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Abstract—New petrography and “°Ar-*’Ar ages have been obtained for 1-3 mm sized rock
fragments from Apollo 16 Station 13 soil 63503 (North Ray crater ejecta) and chips from
three rocks collected by Apollo 16 and Apollo 17 missions. Selection of these samples was
aimed at the old “°’Ar->’Ar ages to understand the early history of the lunar magnetic field
and impact flux. Fifteen samples were studied including crustal material, polymict
feldspathic fragmental breccias, and impact melts. The impact ages obtained range between
approximately 3.3 and 4.3 billion years (Ga). Polymict fragmental breccia 63503,1 exhibits
the lowest signs of recrystallization observed and a probable old relic age of 4.547 + 0.027.
The plateau age of 4.293 £ 0.044 Ga obtained for impact melt rock 63503,13 represents the
oldest known age for such a lithology. Possibly, this age represents the minimum age for the
South Pole-Aitken (SPA) Basin. In agreement with literature data, these results show that
impact ages >3.9 Ga are found in lunar rocks, especially within soil 63503. Impact
exhumation of deep-seated warm crustal material onto the lunar surface is considered to
explain the common 4.2 Ga ages obtained for weakly shocked samples from soil 63503 and
Apollo 17. This would directly imply that one or more basin-forming events occurred at
that time. Some rock fragments showing none to limited petrologic features indicate thermal
annealing. These rocks may have lost Ar while resident within the hot-ejecta of a large
basin. Concurrent with previous studies, these results lead us to advocate for a complex
impact flux in the inner solar system during the initial approximately 1.3 Ga.

INTRODUCTION

The scarred surface of the Moon has been shaped
by an intense bombardment of impactors. The impact
events formed a higher density of craters over the
ancient lunar crust than on the maria (basaltic lava
flows, often confined within the large basins) due to the
younger ages of the mare flows and a lower impact flux
during the past approximately 3.5 Ga. It is generally
accepted that the primary lunar crust formed more than
4.4 Ga ago (Jessberger et al. 1974; Nyquist et al. 1981;
Carlson and Lugmair 1988; Snyder et al. 2000; Norman
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et al. 2003). Thereafter, lunar stratigraphy is divided
into five main systems, from oldest to youngest: pre-
Nectarian (30 impact basins; a basin is a crater
>300 km), Nectarian (12 basins), Imbrian (3 basins),
Erastothenian (0 basins), and Copernican (0 basins)
(Wilhelms 1987). The current estimate of 45 basins
(Wilhelms 1987) is being challenged as new detailed
elevation maps are available from orbiting spacecraft,
with the suggestion that the lunar basin population is
probably 2-3 times larger (Frey 2011). Based on sample
age data, estimates of basin ages formation are
probably dominated by laterally extensive basin
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deposits: Nectaris (Jansen Formation), Imbrium (Fra
Mauro Formation), and Orientale (Hevelius Formation).
The Erastothenian and Copernican systems, in which no
major basin events occurred, are identified based on
crater size-frequency distribution. The largest basins in
the pre-Nectarian system are South Pole Aitken (SPA),
Tranquilitatis, and Fecunditatis. Basins in the Nectarian
system include Nectaris, Crisium, Moscovienses, and
Serenitatis (Wilhelms 1987), while the Imbrium and
Orientale basins belong to the lower Imbrian system.
Overall, there is considerable uncertainty regarding the
absolute ages of the events that formed these basins and
ejecta layers (Stoffler et al. 2006). For example, the age
for Nectaris Basin lies somewhere between 4.10 and
392 Ga and the age of Imbrium impact event is
constrained to be between 3.91 and 3.77 Ga (Stoffler
et al. [2006] and references therein). Also, there is some
controversy on which samples are most representative for
the age determination of Crisium (3.95-3.85 Ga),
Serenitatis (3.98-3.87 Ga), or Orientale (3.77-3.72 Ga).
The most easily recognizable basins are thus only
constrained to have formed in a period between 4.10 and
3.72 Ga (an interval of approximately 380 Ma).

An important debate in lunar science concerns the
dominant age of approximately 3.9 Ga obtained using
different radiometric dating techniques (i.e., Ar/Ar, Rb/
Sr, and U/Pb) on samples from the lunar highlands.
The observed peak of radiometric ages at approximately
3.9 Ga is commonly thought to be due to either 1) the
resetting of the different radiogenic chronometers (e.g.,
Rb/Sr, Ar/Ar) because of a concentration of impact
events around 3.9 Ga (i.e., Stoffler et al. [2006] and
references therein); or 2) because all Apollo missions
sampled mainly Imbrium ejecta (Baldwin 1974; Haskin
et al. 1998). The approximately 3.9 Ga peak does not
clearly reflect whether this age demarks the end of a
declining impact flux (Hartmann 1975, 2003) since the
formation of the solar system (approximately 4.57 Ga:
Bouvier and Wadhwa 2010) or due to a sudden increase
in the flux at this time (lunar cataclysm: Turner et al.
1973; Tera et al. 1974; Ryder 1990; Bogard 1995;
Bottke et al. 2007). Alternatively, the impact flux could
be characterized by sporadic increases in the flux
causing spikes in the size and frequency of impacts onto
the lunar surface at different times (Tera et al. 1974;
Cadogan and Turner 1977; Norman 2009). This has
relevance for models regarding the orbital evolution of
the giant planets and the architecture of the solar
system (e.g., Gomes et al. 2005; Bottke et al. 2007).
Moreover, the impact history of the Earth-Moon
system is directly linked to the evolution of life on
Earth (e.g., Shoemaker 1983; Maher and Stevenson
1988; Nisbet and Sleep 2001; Ryder 2003), and for the
robustness of crater counting statistics for the initial
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1 Ga of solar system history (e.g., Hartmann and
Neukum 2001).

Apollo and Luna samples potentially record the
lunar impact history through both their petrographic
textures and radiometric ages. In this study, the thermal
history of lunar rocks is investigated by high-resolution
YOAr/*°Ar step-heating ages and petrographic descriptions
of shock and thermal metamorphic features of Apollo 16
and Apollo 17 samples. Petrography and argon step-
heating data for fragments from soil 63503 are presented.
In addition, the thermal history and argon step-heating
ages are revisited for the weakly shocked FAN rock
60025, the strongly shocked norite 78235 (Wilshire 1974;
Jackson et al. 1975), and the thermally annealed breccia
78155 (Bickel 1977). For these rocks (in contrast to the
rake samples), chronologic data from isotopic systems
with different closure temperatures are available
(Schaeffer and Husain 1973, 1974; Turner and Cadogan
1975; Nyquist et al. 1981, 2008; Aeschlimann et al. 1982;
Carlson and Lugmair 1988; Premo and Tatsumoto 1991;
Borg et al. 2011).

To acquire a more comprehensive view of the
impact history of the Earth-Moon system, these data
are integrated with isotopic ages reported by other
groups (Kirsten et al. 1973; Schaeffer and Husain 1973,
1974; Kirsten and Horn 1974; Cadogan and Turner
1976, 1977; Schaeffer and Schaeffer 1977; Maurer et al.
1978; McGee et al. 1978; Staudacher et al. 1978;
Dalrymple and Ryder 1996; Culler et al. 2000; Levine
et al. 2005; Barra et al. 2006; Norman et al. 2006, 2007;
Zellner et al. 2006; Hudgins et al. 2008).

APOLLO 16 AND APOLLO 17 LANDING SITES
OVERVIEW

Apollo 16 landed on the relatively smooth Cayley
Plains between the bright North and South Ray craters.
The smooth and low-lying Cayley Formation extends to
the west and north. To the east and south is the hilly
terrain  of the Descartes Mountains Formation.
Regionally, surface materials at the Apollo 16 landing
site are dominated by the 70-220 m thick Cayley
Formation (Hodges et al. 1973) lying on top of the
Descartes Formation (approximately 1 km thick; Milton
1968). Apollo 16 samples are commonly divided into a
KREEP-free “Old Eastern Highland Rock Suite” and a
KREEP-bearing “Young Western Highland Rock
Suite” (Stoffler et al. 1985; Korotev 1994; KREEP:
K = potassium, REE =rare earth elements, and
P = phosphorus; and also enriched in U and Th-
elements). The Descartes Formation is interpreted as
being either 1) ejecta from the Nectaris Basin probably
modified by the Imbrium impact (Stoffler et al. 1985);
or 2) emplaced or reworked Imbrium ejecta (Hodges
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et al. 1973; Ulrich 1973; Norman et al. 2010). The
Cayley Formation is generally interpreted as a
continuous deposit from the Imbrium Basin that may
have been modified by the event that formed the
Orientale Basin (Horz et al. 1981; Spudis 1984,
Wilhelms 1987). The soil fragments used in this study
were collected at Station 13 and were described by
Korotev (1997) as being ejecta from the North Ray
crater (1000 m diameter and 230 m depth; Wilhelms
1987). Beside Apollo 16 station 11 (Smoky Montain)
the North Ray crater ejecta is considered to be the best
source for samples from the Descartes Formation
(Stoffler et al. 1985).

The Apollo 17 landing site is located in a deep,
narrow valley called Taurus-Littrow on the eastern rim
of Mare Serenitatis. The landing site is in a dark
deposit between massifs of the southwestern Montes
Taurus and south of the dark haloed crater Littrow.
This crater has been interpreted as a cinder cone
probably formed by explosive volcanic activity (e.g.,
Wilhelms 1987). The valley floor is essentially flat with
only a gentle incline. It is located about 750 km east of
the Apollo 15 landing site and about the same distance
north of the Apollo 11 landing site. Due to its old
appearance, Serenitatis Basin was suggested by
Wilhelms and McCauley (1971) and Head (1974) to be
pre-Imbrium in age. The highlands near the eastern
Mare Serenitatis appeared to have Imbrium influence in
the form of radial striations and blanketing deposits.
However, ancient rock was probably exposed at
relatively sharp massifs of pre-Imbrium Serenitatis
Basin rim (Wilhelms 1992). From the South Massif,
there is a continuous, relatively younger, bright-mantle
initially thought to represent ancient rock (Wilhelms
1992), and thus, it would probably provide some
understanding on the basin-forming processes.
Similarly, distinct units of tightly packed domical
features termed Sculptured Hills were thought to
provide information on basin formation processes. The
morphology of the Sculptured Hills appears similar to
the knobby ejecta of the Orientale and Imbrium basins
(Montes Roock and Alpes, respectively). The relative
age of the Serenitatis Basin is based on the distribution
and stratigraphic relations of the Sculptured Hills.
Apollo 17 Station 8 was chosen with the aim to obtain
material from the Sculptured Hills, which was
interpreted as an ejecta facies from the Serenitatis Basin
(Wolfe et al. 1981; Head 1974, 1979). However, ages
obtained from highland samples brought by the Apollo
17 mission, and identified as originating from the
Serenitatis Basin, suggested this basin to be slightly
older (approximately 3.87 Ga) than Imbrium
(approximately 3.85 Ga) (Stoffler et al. 2006). Spudis
and Ryder (1981) suggested that the Sculptured Hills
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are instead deposited over large crater rims that are
superposed on the Serenitatis rim and their radial
lineation suggests a relation to Imbrium Basin ejecta
(Spudis and Ryder 1981). Spudis et al. (2011), using
recent high-resolution images from lunar reconnaissance
orbiter camera (LROC) wide angle camera (WAC),
renew the suggestion that Sculptured Hills are a facies
of Imbrium ejecta. Moreover, Spudis et al. (2011),
Haskin (1998), and Haskin et al. (1998) suggested that
Imbrium ejecta material overlies a multitude of large
post-Serenitatis impact craters. By implication, most
material having a KREEP signature was suggested by
Haskin et al. (1998) to be derived from the Imbrium
Basin.

SAMPLE SELECTION AND METHODS

The Apollo 16 and Apollo 17 rocks and 1-3 mm
soil fragments studied here were originally obtained
from NASA for paleomagnetic analyses based on
previous studies suggesting very ancient “°Ar/*’Ar ages
(Kirsten et al. 1973; Kirsten and Horn 1974; Huncke
and Wasserburg 1975; Husain and Schaeffer 1975;
Turner and Cadogan 1975; Maurer et al. 1978; Nyquist
et al. 1981; Aeschlimann et al. 1982). Soil 63503
fragments were handpicked from the parent splits
63503,77 and 63503,79 with the main focus on selecting
what appeared to be anorthositic breccias. From split
63503,77, 10 fragments were chosen and given the
numbers 1-10 (i.e., 63503,77,1, hereon labeled 63503,1).
Similarly, from split 63503,79, 14 fragments were chosen
and given numbers from 11 to 24 (i.e., 63503,79,11,
hereon labeled 63503,11). One fragment was obtained
from split 78235,139 (hereon labeled 78235), another
from 78155,9,154 (herecon labeled 78155), and one
fragment from split 60025,845 (hereon labeled 60025).

Each sample was chipped in a class 10,000 clean
room into two fractions, with one fraction analyzed
with scanning electron microscopy (SEM), electron
microprobe analyses (EMPA), Raman spectroscopy,
and transmitted light microscopy and the second
fraction wused for *°Ar/*’Ar age determination.
Compositional and backscattered scanning electron
(BSE) microscopy analyses were obtained using the
University of California at Berkeley five-spectrometer
CAMECA SX50 electron microprobe with online data
reduction. A cup current of 1520 nA with an
acceleration potential of 15 keV, and an electron beam
diameter of <2 uym was used for individual mineral
analyses to minimize loss of sodium during the
measurements. Peak counting time was 30 s for most
elements with the exception of Na with counting time of
20 s and Mn of 40 s. The background was evaluated for
15s on either side of the peak. BSE images were
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acquired for general characterization of these samples
using the same instrument. After removing the carbon-
coat from the thin sections, micro-Raman spectroscopy
was carried out using a notch filter based confocal Dilor
LabRam with a HeNe laser of 632 nm wavelength at
the Museum fur Naturkunde-Berlin, to obtain
crystallographic information of the analyzed minerals.
YOAr/°Ar step-heating measurements were carried out
at the Berkeley Geochronology Center. Prior to step-
heating analyses, the fraction of the Apollo 16 and
Apollo 17 samples separated for age determination were
irradiated for 100 h in the Cd-shielded CLICIT facility
(to minimize undesirable isotopic interference reactions)
of the TRIGA reactor at Oregon State University,
USA. Bulk samples and the neutron fluence monitor
PP-20 hornblende (the same as Hb3gr: Turner et al.
1971; Jourdan and Renne 2007; Schwarz and Trieloff
2007) were loaded into pits within two aluminium disks.
Samples are loaded in pits carved into Al-disks, and 2-3
age-monitors are put in pits between the samples. An
average J-value is calculated per disk, and used for the
samples in that disk. All errors reported are shown
at lo level. The J-values for the two irradiation disks
are  0.02647 £ 0.00059 and 0.02645 + 0.00021 (see
Appendix S3 for data tables and respective J-value used
per sample) and were calculated relative to an age of
Hb3gr = 1072 + 11 Ma (Turner et al. 1971) and using
the decay constants of Steiger and Jager (1977). The
uncertainty related to the determination of each J-value
(0.8-2.0%; 1o) is included in the age calculation. The
propagation of the J-value error causes a very small
change in the age error: a 20 times increase in the error
in the J-value corresponds to a 0.45% increase in the
calculated age error. The corrections to account for the
decay of *’Ar, during and after irradiation until
analyses were performed, were done according the
generalized equation by Wijbrans (1985) and after
Brereton (1972) and Dalrymple et al. (1981). The
correction factors and respective errors for interfering
isotopes correspond to the weighted mean of 10 years
of measurements of K—Fe and CaSi, glasses and CaF,
fluorite in the TRIGA reactor: (PAr/*’Ar)c,
=(6.95 £ 0.09) x 107%,  (°Ar/Ar)c, = (2.65 £ 0.02)
x 1074 (*Ar/°Ar)x = (7.30 £ 0.902) x 107*, and
(®Ar/°Ar)g = (12.20 £ 0.03) x 107>, Before argon was
measured, each bulk soil fragment was inserted in a
platinum-iridium foil packet to couple with a 30 W
diode laser (A = 810 nm) and to improve temperature
control (Cassata et al. 2009; Shuster et al. 2010). Up to
32 heating steps were performed to degas each sample
using pyrometer feedback control. The gas was purified
in a stainless steel extraction line using two Zr-Al C-50
getters and a cryogenic condensation trap. Argon
isotopes were measured in static mode using a MAP
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215-50 mass spectrometer with a Balzers electron
multiplier, using 10 cycles of peak-hopping. A detailed
description of the mass spectrometer and extraction line
is given by Renne et al. (1998). Blank measurements
were generally obtained after every three sample runs,
and  typical blanks in nA are at lo:
“OAr =4.85 £0.02 x 1072, Ar=0.70 £ 0.20 x 10°%,
¥Ar = 6.50 £ 0.70 x 107>, *Ar =3.13 £ 0.10 x 1077,
and °Ar =265+ 0.07 x 10~*. Mass discrimination
was monitored several times a day by analysis of air
aliquots from an online pipette system and provided a
mean value of 1.008 + 0.0018 per atomic mass unit. Ar
isotopic data were corrected for blank, mass
discrimination, interference, and radioactive decay. In
several cases, the “°Ar/*’Ar analyses were replicated
using multiple sample aliquots. The sample weight
varied from 0.32 to 1.24 mg. Further details for data
reduction procedures are given in Burgess and Turner
(1998), Renne et al. (1998), Fernandes et al. (2000,
2003), and Fernandes and Burgess (2005). All
uncertainties shown in the figures are at the 1o level.

PETROGRAPHY AND CHEMISTRY OF THE
APOLLO 16 AND APOLLO 17 SAMPLES

A total of 15 different samples from Apollo 16
(60025 and 12 fragments from soil 63503) and Apollo
17 (78155, 78235) were investigated. Sample 60025 was
collected near where the lunar module (LM) landed,
and soil 63503 was collected at Station 13 located on
the North Ray Crater ejecta, approximately 2 km north
of the LM. The Apollo 17 samples were collected at
Station 8 situated on the foothills of the Sculptured
Hills, approximately 4 km E of the LM and
approximately 2 km NE of Camelot and Horatio
craters.

Shock-pressure and -temperature determinations
will be provided for the relatively large (>200 g), and
well-studied rocks (e.g., Jackson et al. 1975; Bickel
1977; James et al. 1991) 78155, 78235, and 60025. The
petrology and chemical composition of the 12 fragments
of mm size from the rake soil sample 63503 were not
previously investigated. Other fragments from this rake
sample were previously characterized by Maurer et al.
(1978) and James (1981). The petrographic,
geochemical, and shock metamorphic results and the
type of investigations applied are summarized in
Tables 1 and 2 and Fig. 1. BSE images of each sample
are shown in Figs. 2-6. Additional information on the
studied samples, including optical micrographs in
transmitted and polarized light are provided in Figs.
S1-S5 in Appendix Sl. Petrographic study of the
samples enabled them to be categorized as (Tables 1-3):
(1) fragments from crustal rocks (78155, 78235,139,
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Table 1. Chemical composition and modal abundances.
Chemical composition Modal abundance in %vol
Sample Analytics Pl Ol Px Pl Ol Px tr
Apollo 16
Crustal rock
60025,1 1-3 An96—98 None En67,56FS30741 WOZ*]O >98 Non <2, incl.
Enjs 33Fs1308 W02149
63503,1 1 1-4 An96798 None En51,58FS3543W05712 ~95 ~5 Sp
En3s 43Fs15 20W040 45
63503,15 1-4 Angs 97 None Px ~99 <1 in matrix
63503,20 1-4 Angs g; None Ensg 64Fs33.41 W05 3 >90 Non <10 opx grains + cpx incl
Ensg 45Fs 319W040 45
63503,2] 1-4 An97,9g FO4344 CpX >90 <5 <2 incl
63503, 16 1-4 An96798 F048750 CpX >90 <5 <5 Tr
63503,14 1-4 Angg Opx <1
63503,17 1-4 Angé,gg FO79,3() En80F517WO3 ~80 ~20 <1 Cr
Breccia
63503,1 1-2; 4 Ang, o7 ~90 ~1 ~8 II, Cr FeNi
63503,3 1*2; 4 An95,93 F06l—62 En56,67Fs30,34W03,10 ~90 ~2 ~8 CI', FeNi
Enz7_49Fs162sW021-50
63503,4 1*2, 4 AI]97,98 None En60,56FS41,38 W02,4 ~95 ~5 11
Ensg 41Fs1418 W04q 45
Impact melt
63503,9 1*2, 4 An83,97 None El’l434gFS]9731 W037,21 ~95 ~4 FeNi
63503,1 3 1*2, 4 An93,96 F061763 En63766F523730WO3,1 1 ~95 ~1 ~4
Ens;_s7Fs19.23W025 29
Apollo 17
Crustal rock
78155 1-3 AI]94,97 F065 En60,63F826,30W08713 ~75 ~10 ~15 Cr, 11
EnysFs;7Wos36
78235 1-3 An93,94 None En77,78F519,20 W02,3 ~50 ~50 Cr
Analytics: 1 = scanning electron microscopy, 2 = Electron microprobe analyses, 3 = Raman spectroscopy; 4 = Optical mircroscopy; note that

thick sections were studied by optical microscopy, thus interference colors are of higher order compared with thin sections of 30 um sample

depth. Modal abundance derived by BSE image analyses.

Pl = plagioclase; Ol = olivine; Px = pyroxene; Cpx or Opx = clinopyroxen or orthopyroxene identified by Raman; spectroscopy; incl = mineral
occurs as few micron-sized inclusions in plagioclase. Tr = accessory mineral, Cr = chromite, Il = ilmenite. Sp = Ti and Cr rich spinel.

Tr = troilite; FeNi = um-sized iron-nickel phases.

60025,1, and the 1-3 mm sized soil fragments 63503,11,
.14, -15, -16, -,17, -20, and -,21); (2) polymict
fragmental breccias (63503-,1, -,3, and -4); and (3)
impact melt rocks 63503,9 and -,13. With the exception
of the Apollo 17 rocks and the soil fragment 63503,17,
which are akin to the Mg-suite, all other samples are
ferroan anorthosite (FAN) rocks (Fig. 1).

Apollo 17 Samples

Samples 78155 and 78235 (Figs. 2a and 2b) are
shocked crustal Mg-suite rocks (Bickel 1977; Wilshire
1974; Jackson et al. 1975). Sample 78155 (Fig. 2a) is a
thermally annealed polymict breccia of anorthositic
norite composition (Bickel 1977). Although no thin
sections for optical microscopy were available, Raman
spectroscopy (see Fritz et al. [2005a] for procedure
details) revealed that its plagioclase is crystalline,

indicating maximum shock pressures of 20-24 GPa
(Stoffler et al. 2006; Fernandes et al. 2010).

Sample 78235 (Fig. 2b) is a heavily shocked, coarse-
grained norite cumulate akin to Mg-suite rocks (Wilshire
1974) and represents the only large, unbrecciated norite
collected on the lunar surface (Jackson et al. 1975). Our
Raman spectroscopic investigations revealed that
plagioclase in 78235 is almost completely transformed
into maskelynite, indicating peak shock pressures
approximately 24 GPa (Stoffler et al. 2006; Fernandes
et al. 2010). Mafic minerals are dominantly represented
by low-Ca pyroxene (EngFs;9Wo3). Earlier Sm-Nd age
determinations suggest that sample 78235 crystallized at
443 £ 0.05 Ga (Nyquist et al. 1981; and by U-Pb,
Premo and Tatsumoto 1991). However, more recent
Sm-Nd work by Nyquist etal. (2008) suggests a
younger crystallization age of 4.320 £ 0.087 Ga for
sample 78235. “°Ar/°Ar ages of 4.22 + 0.04 Ga are
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Table 2. Petrography and shock-metamorphism.

V. A. Fernandes et al.

Shock features Petrology
Sample Rock type Pl Ol Px GPa Shock stage Deformation Annealing
Apollo 16
Crustal rock
60025,1 Anorth. Ta—Ib Cataclasis n.d.
63503,11 Anorth. A Ta—Ib Granular bands No — weak
63503,15 Anorth. A 10-25 Ia-Ib Cataclasis No — weak
63503,20 Anorth. A a 10-25 Ta—Ib Cataclasis No — weak
63503,21 Anorth. A a 10-25 Ta—Ib Cataclasis Partly
63503,16 Anorth. A a 10-25 Ta-Ib Cataclasis Strong
63503,14 Anorth. No No No No 0 No Partly
63503,17 Anorth. Troc. No No No No 0 No No
Breccia
63503,1 PB No No No No 0-Ib Breccia n.d.
63503,3 PB No No No No 0 Breccia Partly
63503.,4 PB No No No No 0 Breccia Strong
Impact melt
63503,9 Anorth. No No No No 0 No -
63503,13 Noritic Anorth. No No No No 0 No -
Apollo 17
Crustal rock
78155 Noritic Anorth. Pl n.d. n.d. <25 0-Ib Breccia Strong®
78235 Norite B n.d. 25-30 2a No n.d.

“Bickel (1977).

Anorth. = anorhtosite; Anorth. Troc. = anorhtositic troctolite PB = polymict breccia: GB = granulitic breccia; Shock stages after Stoffler and
Grieve (2007), using the granitic-feldspathoid scheme for anothosites and the scheme for basaltic-gabbroic rocks for the more mafic norite and
troctilite. Pl = crystalline plagioclase determined by Raman spectroscopy; a = weak and A = strong undulatory extinction. B = partly
crystalline plagioclase and partly maskelynite as identified by Raman spectroscopy. n.d. = not detected.

100 —————————
| soil 63503 fragments
o0l 3K anoth. troc. i
& impact melt -
® brecda  __--=""
& 80 M feldspatic == -
© O 63503,16
@ rocks Mg Suite
£ 0r ¢ 60025 .
o A 78235
e a0 W 78115 . 4
é!—, ) - -
40 - 4
30 1 1 1 1 1 1 1 1 1 1 1 1 1 1
85 90 95 100

An [plagioclase]

Fig. 1. Average values and standard deviations of the
magnesium numbers (Mg#) of mafic minerals (ol + px) and
anorthite content (An) of plagioclase for the individual rock
and rake samples. Chemical composition of the individual
minerals is determined by EMPA analyses and tabulated in
the Appendix S3. The field for the ferroan anorthosites (FAN
suite) and the magnesium suite rocks (Mg suite) is adopted
from Wieczorek et al. (2006).

thought to represent impact-related disturbances (Turner
and Cadogan 1975). Jackson et al. (1975) suggested that
the rock actually underwent one or two disturbance

events at 4.11 £ 0.02 Ga (obtained by *“Ar/*Ar:
Aeschlimann et al. 1982) and/or at 4.27 £+ 0.02 Ga
(“Ar/°Ar: Turner and Cadogan 1975; Nyquist et al.
1981).

Apollo 16 Samples

Sample 60025

Sample 60025 (Fig. 3a) is a cataclastic FAN breccia
containing up to mm-sized-plagioclase fragments
(Angg og) hosting um-sized pyroxene inclusions (Hodges
and Kushiro 1973; Walker et al. 1973; Dixon and
Papike 1975; Ryder 1982; James et al. 1991). No thin
section for optical microscopy was available, but
Raman spectroscopy indicates that all plagioclase is
crystalline. Sample 60025 contains both high-Ca
(EnzgFs>0Woy44) and low-Ca (EnssFs;uWo,) pyroxene.
Previously, an Sm-Nd crystallization age of 4.44 +
0.02 Ga (Carlson and Lugmair 1988) and an older Pb-
Pb crystallization age of 4.520 + 0.007 Ga (Hanan and
Tilton 1987) were reported. Schaeffer and Husain (1973)
report a “*Ar-*Ar shock age of 4.19 + 0.02 Ga. More
recently, Borg et al. (2011) reported a younger age of
4.360 £+ 0.003 Ga obtained by using a combination of
Sm/Nd and Pb/Pb isotopic data.
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Fig. 2. Backscattered electron images (BSE) of Apollo 17 rocks a) sample 78155, a thermally annealed polymict breccia of
anorthositic norite. b) BSE image of sample 78235, a heavily shocked norite cumulate with plagioclase partly shocked to
maskelynite. Points I-IV show where Raman spectra were obtained. ¢) Raman spectra of plagioclase and maskelynite observed
in sample 78235: I) spectra of unshocked plagioclase with Angs from troctilite 63503,17; II-1V). Crystallinity of the plagioclase
decreases from I to IV with IV being indicative of complete maskelynite conversion of plagioclase. Mask = maskelynite,

Pl = plagioclase, Cr = chromite, and Px = pyroxene.

Fragments from the Apollo 16, 63503 Soil

The 1-3 mm rake fragments from soil sample 63503
range from single mineral phases (e.g., plagioclase,
pyroxene, olivine, and ilmenite) to lithic clasts (e.g.,
anorthosite, impact melt, and norite).

Crustal rocks. The anorthosites 63503,11, 63503,15,
63503,16, 63503,20, 63503,21 (Figs. 3b-f) are composed
dominantly of large anorthite crystals and smaller
interstitial grains of pyroxene with accessory olivine.
These FAN rocks show a relict coarse-grained texture
that was deformed by cataclasis and subsequent thermal
annealing in a few samples (Table 2). In general, the
components in the fragmental breccias are angular in
shape. Using transmitted light microscopy, the finely
brecciated regions appear brownish while the larger

plagioclase fragments appear transparent. Most
plagioclase displays strong undulatory extinction and no
maskelynite is observed. We could not discern whether
samples 63503,11, -,15, and -,20 were affected by weak
recrystallization or if they lack any recrystallization
features (Table 2) because the available thick sections
are thicker than the components comprising their finely
cataclastized zones. However, cataclastic anorthosites
lacking recrystallization features are thought to be very
rare in Apollo 16 samples (Stoffler et al. 1985).

Sample 63503,11 (Figs. 3b, S1, and S2a) almost
completely consists of a single plagioclase grain cross-
cut by granular bands composed dominantly of
plagioclase and occasionally by pyroxene fragments. A
100 pm-diameter pyroxene grain (Figs. 3b and S1)
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63503,21

Fig. 3. BSE images of anorthosites:

400 pm

a) cataclastically deformed anorthosite composed of heavily fractured plagioclase with

inclusions of pyroxene; b) single plagioclase grain cross-cut by granular bands; ¢) anorthositic breccias with traces of pyroxene in
the catalastic matrix; d) anorthositic breccia with some CPx and OPx fragments; e—f) cataclastic anorthosite with minor olivine
and pyroxene. Sample number is denoted in the lower right of the image. Mask = maskelynite; Pl = plagioclase; Px = pyroxene.

OPx = orthopyroxene, CPx = clinopyroxene, and Ol = olivine.

contains 2 um  diameter  orthopyroxene  and
approximately 5 um diameter clinopyroxene exsolution
lamellae with submicron sized Ti- and Cr-rich spinel
inclusions in the clinopyroxene region (phase
identification by Raman spectroscopy; see Fig. S1b).
Samples 63503,15 (Figs. 3¢ and S2b) and -,20
(Figs. 3d and S2c) are monomict anorthositic breccias
with randomly oriented plagioclase fragments set in a
cataclastic matrix. No signs of recrystallization were
observed. In both samples, plagioclase (Angy_g7)
displays strong undulatory extinction and pyroxene
displays weak undulatory extinction, indicating peak
shock pressures of 5-20 GPa. In sample 63503,20, a
300 um diameter plagioclase grain appears unshocked
(Slc), possibly indicating that a brecciation event was

the last shock event (>5 GPa) recorded in this sample.
Fragment 63503,20 shows two compositionally different
pyroxenes (Fig. 3d), where orthopyroxene (Eng_gsFs33_37
Wo,) is the host of small clinopyroxene (Eng,Fs;3Woys)
inclusions. In sample 63503,15 (Fig. 3c), pyroxene is only
present as small fragments in the matrix and not as
inclusions within the large plagioclase fragments.

Sample 63503,21 (Figs. 3e, S2e, and S2f) is
dominated by anorthite (Ang;_9g) with minor olivine
(Fo43_44). Pyroxene occurs as inclusions in mm-sized
plagioclase grains. The cataclastic anorthosite consists
of a 500 um diameter plagioclase adjacent to a
brecciated zone of randomly oriented angular
plagioclase fragments. One region of the brecciated zone
displays a granoblastic texture in which some fragments
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Fig. 4. BSE images of igneous rocks fragments: a) anorthosite
composed of single plagioclase grain and an attached zone of
recrystallised plagioclase (lower right); b) troctlite with
plagioclase and olivine showing a magmatic texture. Pl =
plagioclase, Px = pyroxene, Cr = chromite, and Ol = olivine.

have 120° grain boundaries (Fig. S2f). This indicates a
higher degree of thermal annealing (e.g., >500 °C Kruhl
[2001] and references therein) compared with the
previously described anorthosites.

Sample 63503,16 (Figs. 3f and S2d) is a
granoblastic to granulitic breccia. This olivine-noritic
anorthosite is composed of large plagioclase fragments
hosting small inclusions of clinopyroxene. Small mafic
minerals such as clinopyroxene, olivine, and rarely
troilite grains are also present in the feldspathic matrix.
The granoblastic texture indicates a high degree of
thermal annealing and recrystallization. In addition,
both plagioclase (Angg_og) and olivine (Foyg_so) crystals
are fractured and plagioclase displays strong undulatory
extinction, indicating peak shock pressures of
approximately 10-20 GPa.

In contrast to the cataclastic anorthosites, samples
63503,14 and -,17 (Figs. 4a and 4b, S3a, and S3b)
represent mechanically undeformed crustal rocks.
Sample 63503,14 (Figs. 4a and S3a) is an anorthosite
consisting of a chemically zoned, 800 um diameter
plagioclase grain adjacent to a granoblastic textured
region containing 50-100 pm diameter plagioclase crystals
with well-developed 120° grain boundaries (upper left side
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of Fig. S3a). The chemically similar crystals developed
different textures in the two regions, thus providing
evidence for a secondary thermal event that resulted in
either crystallization or recrystallization of the smaller
plagioclase grains. No shock features are observed in
either of the texturally different plagioclase crystals,
indicating peak shock pressures <5 GPa. Sample 63503,17
(Figs. 4b and S3Db) is an anorthositic troctolite composed
of calcium-rich plagioclase (Angg 9g) and magnesium-rich
olivine (Fo79_g9) with traces of pyroxene and chromite.
Olivine grains range in diameter from 10 to 400 um and
have rare orthopyroxene inclusions (EngyFs;;Wo3).
Micrometer-sized clinopyroxene inclusions in plagioclase
were identified by Raman spectroscopy. Both olivine and
plagioclase crystals have well-developed 120° grain
boundaries (S3b). The equilibrium texture indicates
cooling of an igneous rock in a plutonic environment or
a larger impact melt pool. Using the optical microscope
with crossed polarizers, all minerals display sharp
extinction and no signs of shock metamorphic overprint
are observed, indicating shock pressures <5 GPa.

Polymict feldspathic fragmental breccias. The three
polymict feldspathic fragmental breccias 63503,1,
63503,3, and 63503,4 (Figs. S5a—c and S4a-d) contain
fragments of individual minerals (e.g., olivine, pyroxene,
plagioclase, chromite) and lithic clasts. The individual
mineral and lithic fragments range in diameter from
approximately 2 to 30 ym and 200 to 500 pm,
respectively. The majority of the lithic clasts are partly
to totally metamorphosed primary rocks or even
breccias, and impact melt clasts. Some impact melt
clasts in samples 63503,1 and 63503,3 contain pm-sized
FeNi particles (Figs. 5a and 5b). The degree of thermal
annealing increases from fragment 63503,1 to 63503.,4
(Figs. 5a, 5 ¢, S4a, and S4b). Evidence for later thermal
annealing was not observed in the lithic breccia 63503,1,
which has a matrix consisting mainly of mineral clasts.
The lithic breccia 63503,3 (Figs. 5b, S4c, and S4d)
contains crystallized (devitrified) impact melt clasts and
some regions of the breccia are recrystallized in situ.
The granulitic texture of breccia 63503,4 documents
strong thermal annealing and complete recrystallization.
The relic olivine and pyroxene in this sample developed
reaction rims with the neighbouring plagioclase crystals
and melt.

Impact melts. Two very distinct impact melt rocks
were identified amongst the particles analyzed, 63503,9
and 63503,13 (Figs. 6a, 6b, and S5a-c). The
intergranular impact melt rock 63503,9 (Figs. 6a and
S5c¢) is composed of angular to subrounded plagioclase
fragments (Anogs 97) surrounded by interstitial and
unequilibrated quenched pyroxenes (Engs_4gFsjo_3;
Wo37.5;) and a myriad of pores. The interstitial regions
in 63503,9 host a large number of um-sized FeNi
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100 pm

Fig. 5. BSE images of a—c) feldspathic breccia consisting of mineral, lithic, and impact melt clasts. The sample number is
denoted in the lower right of the image. Pl = plagioclase, Ol = olivine, Cr = chromite, and Px = pyroxene.

Fig. 6. BSE images of impact melt rocks: a) granulitic impact
melt rock with pm-sized FeNi particles; b) impact melt rock
composed of plagioclase lath with interstitial olivine and
pyroxene. Pl = plagioclase and Px = pyroxene.

particles (Ni up to 30 wt%), but no sulfur-rich particles
(i.e., troilite). The intersertal impact melt rock 63503,13
(Fig. 6b, S5a, and S5b) is composed of plagioclase laths
(Ang; o¢) radially emerging from different centers and
cross-cutting each other. Olivine (Fog_¢3) and
orthopyroxene (Opx = Eng;_gsFs»3_30Wo3_;; and Cpx =
Ens;_s7Fs19.53Wo055_59) occur interstitially. Vesicles were
observed in a few regions of the quickly quenched melt
(S5b). The texture of the intersertal melt rock indicates
cooling in a melt sheet thicker than 5 m to allow
formation of plagioclase crystals (see Deutsch and
Stoffler [1987] and references therein). This indicates a
later emplacement to the Apollo 16 site. In contrast, the
quickly quenched intergranular impact melt rock could
be directly transported to the Apollo 16 site.

Petrological Constraints on the Thermal History

In the 15 lunar samples studied, we have
documented a range of shock pressures from unshocked
(<5 GPa for 63053,13, 63503,14, and 63503,17) to
moderately shocked (20-24 GPa, for 60025 and 78235).
As a group, the FAN suite rocks from 63503 soil are
weakly shocked (5-20 GPa) with plagioclase displaying
strong undulatory extinction. Generally, nonporous
igneous rocks, in which plagioclase was not transformed
into maskelynite, experienced a postshock temperature
increase of <100-200 °C (i.e., Artemieva and Ivanov
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Fig. 7. “*Ar/*°Ar results obtained for 13 samples from Apollo 16 and 2 samples from Apollo 17. Data presented as apparent age
and Ca/K versus fraction (%) PAr: a) 63503,9; b) 78155,1a; ¢) 78235,139; d) 60025; e) 63503,14; f) 63503,16; g) 63503,17; h)
63503,20; 1) 63503,21; j) 63503,1; k) 63503,4; 1) 63503,11; m) 63503,13; n) 63503,15; o) 63503,3.

2004; Fritz et al. 2005b). However, diffusive loss of
radiogenic *°Ar could be induced by shock heating and
later emplacement into a warm to hot ejecta blanket
(330430 °C: Fernandes and Artemieva 2012). Sustained
temperatures in excess of 500 °C can lead to the
development of 120° grain boundaries in plagioclase
(Kruhl [2001]; and references therein). Such thermal
annealing and/or recrystallization features are observed
in the anorthosite 63503,14 (Fig. 4a), the anorthosites
63503,16 and -21 (Figs. 3¢ and 3f), the polymict
breccias 63503,3 (Fig. 5b), and especially in 63053,4
(Fig. 5c), and for the polymict noritic anorthosite
breccia 78155 (Bickel 1977) (Fig. 2a).

YAR-*AR MEASUREMENTS

YOAr/°Ar data for 60025, 63503 soil particles, 78155
and 78235 are shown as apparent age and Ca/K (derived
from *7Arc,/*’Arg) Cumulative %> Ar released spectra in
Fig. 7. A summary of the results is given in Table 3 (errors
at 1o level of uncertainty) and the complete data set is
presented in Appendix S3 of the Online Supporting
Material. This is the first report of argon data for rake
samples 63503,14, -16, -17, -20, and -,21. Part of the argon
data for soil fragments 63503,1, -,3, -4, -9, -,11, -,13, and
-,15 discussed below were previously used for diffusion
calculations to address post-Imbrium partial resetting of
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the K-Ar systematics (Shuster et al. 2010). Here are
presented the argon release spectra together with first
petrographic and geochemical data with the aim to
investigate the pre- and post-Imbrium impact history. This
approach is required for discriminating between
crystallization and impact-reset Ar ages and for placing
the ancient high-temperature release ages into a geological
context. Bulk chemical composition will be used to derive
the appropriate cosmic ray production rates for each
sample, a requirement for calculating the best estimate for
cosmic ray exposure (CRE) ages. To aid in intrepreting the
high-resolution Ar step heating release patterns of
thermally affected Apollo samples, the weakly shocked
rock 60025, the strongly shocked rock 78235, and
thermally annealed breccia 78155 were also analyzed.
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The “°Ar-*’Ar release data obtained for the 15
Apollo samples are divided into three main groups
based on their release pattern for ease and condensation
of data description. The reported “plateau” ages are
based on consecutive intermediate and high-temperature
heating steps, which are dominated by radiogenic “’Ar,
their apparent ages are consistent, and have no trapped
component as determined from 3°Ar/**Ar versus
FAr/*Ar plots (not shown). The argon comprising
these steps contained only radiogenic “°Ar and some
cosmogenic “°Ar confirmed by the cosmogenic
BAr/*Ar value for these steps. The lower “°Ar/K ratios
observed at low release temperatures of several samples
are interpreted as indicating the maximum apparent age
for the most recent argon loss event. Cosmic-ray



Impact bombardment of the Moon

63503,21 aliquol-2  Olivine bearing anorthosite i)
- [/
f Mplan
& ; teq Parengig. 4.233+0.019 Ga
= | Ar
=
2 — :
g
g
< W Partial re-setting
<3.992+0.021Ga
-—
0 150
E e e :[1 e
)II' B
=
50
] i) X Ll 2 1] n 1] €N 0
Cumulative % Ar Released
i : 4 e o s
635034 aliquot-2 - Fragmental highland breccia k)
500
2 @ 4.190+0.037 Ga
§| |_|‘_‘=|:
- 01
=
g
]
o
£ \
- Partial re-setting
) <3.615+0.058 Ga
=00 ]
[ 800
I L -
b:p—‘:"_'_' F &0 =
F 20
T T T 0
0 0 0 k] L 5 1] n 1] 50 100
Cumulative % A Released

Fig. 7. Continued.

exposure ages, reported below and summarized in
Table 3, were calculated using 21 geometry for the **Ar
production rates based on bulk rock composition
(Eugster and Michel 1995) determined from the mineral
modal abundance (Table 1) and chemical composition
(Appendix S2).

Crystallization and Impact Ages

The argon release for fragments 635039, 78155,1
and 78235,139 is straightforward and shows a plateau
over 85-95% of the total *°Ar-release (Figs. 7a—c;
Table 3). The “°Ar released over this release interval is
solely radiogenic, and the **Ar/*°Ar over these steps
shows a mixture between solar wind and cosmogenic
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components. The initial 5-15% >°Ar-released at low
temperatures suggests a small contribution from excess/
parentless (or adsorbed) “°Ar, and thus the ages
determined for these steps have no geologic meaning.
The ages calculated at intermediate and high
temperatures are 4.208 + 0.045 Ga (63503,9), 4.194 +
0.037 Ga (averaged over four aliquots of 78155; Fig. 7b
shows one of the aliquots), and 4.188 + 0.013 Ga
(78235). These ages are indistinguishable from
previously reported “°Ar-*’Ar ages (corrected for
monitor age and the K-decay constant where applicable;
Steiger and Jager 1977) obtained for fragments of soil
63503 (Maurer et al. 1978), 78235 (Nyquist et al. 1981;
Aeschlimann et al. 1982) and 78155 (Turner and
Cadogan 1975; Oberli et al. 1979; Hudgins et al. 2008).
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60025, 63503,14, 63503,16, 63503,17, 63503,20 and
63503,21 (Figs. 7d—i; Table 3). The age spectra of these
samples suggest that the Ar release shows one or more
shock-related phenomena, such as implantation and
partial degassing of argon. The initial approximately
50% of *Ar release is dominated by trapped *°Ar/*°Ar
(0.54-1.46) and corresponds to geologically meaningless
old apparent ages. These ages are initially as high as
6.0 Ga and are followed by a decrease to ages of
approximately 3.91 Ga to approximately 4.3 Ga at
intermediate temperatures. This is then followed by a
plateau comprised only of radiogenic “°Ar, with a
constant Ca/K, and a total *°Ar release between 23%
and 53%. Two samples show evidence for only one
thermal event at 4.027 4+ 0.037 Ga (63503,17; Fig. 7g)
and 4.249 + 0.023 Ga (63503,20; Fig. 7h). There are
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three samples suggesting two distinct events at

intermediate- (/) and high- (%) temperature heating
steps, 63503,14 (i= <4.080 £ 0.021 Ga and h=
4.448 + 0.025 Ga; Fig. 7e), 63503,16 (i= <3.990 +
0.034 Ga and 5/ =4.419 + 0.055 Ga; Fig. 7f) and
63503,21 (i= <3.992 + 0.021 Ga and h=4.233 +
0.019 Ga; Fig. 7i), Table 3. The high-temperature ages
of 4.448 + 0.025 Ga for 63503,14 (approximately 16%
¥Ar release; Fig. 7e) and of 4.419 + 0.055 Ga for
63503,16 (approximately 24% *Ar release; Fig. 7f)
suggest these to be a relic crystallization age of the
primary crustal rock and the younger ages suggest the
time in which these samples underwent an episode of
partial degassing. The ages reported for sample
63503,21 (Fig. 7i) do not suggest an older crystallization
age. Instead, the approximately 4.23 Ga age is
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interpreted as a cooling event (equivocal as to whether
this is a primary crystallization age or a later event) and
the younger age likely a partial degassing event such as
an impact. Sample 60025 shows during the first
approximately 10% *’Ar release a small effect of
implanted argon yielding relatively high apparent ages.
These ages decrease to a minimum of 3.905 + 0.057 Ga,
which is interpreted as the maximum age of a partial
degassing event. For the last approximately 53% of
FAr release, an age of 4.249 + 0.038 Ga is calculated.
The effects of the implanted argon observed in the low-
temperature steps can be corrected to some extent if a
value for trapped *°Ar/°Ar is assumed within
reasonable values for the lunar environment (e.g., 0-3).
The trapped component is not the same for each of the
affected steps of any one sample, and it decreases as
the heating temperature increases (which is evident by
the relatively older apparent ages from the onset of the
argon release and their decrease with increase in heating
temperature). It is feasible that this effect is due to
fractionation of preshock radiogenic “Ar that is
outgassed during impact heating and then re-implanted
back into minerals. During shock implantation, the
excess “"Ar is injected into the rock, and its
emplacement decreases into more retentive regions of
the material. Thus, the effect of old apparent ages
decreases with increase in temperature.

63503,1, 635034, 63503,11, 63503,13, 63503,15
(Figs. 7j-n). The samples in this group show that
approximately 25-40% of the argon release at low
temperature was partially disturbed by a thermal event
(e.g., impact). There are three impact ages suggested
based on this initial *Ar release, <3.3 Ga (63503,1,
63503,11, and 63503,15; Figs. 7j, 71, and 7n), <3.6 Ga
(63503,4; Fig. 7k), and <3.9 Ga (63503,13; Fig. 7m).
At intermediate to high temperature heating steps, well-
defined plateaux over approximately 60-70% of the
¥Ar release correspond to ages of 4.190 + 0.037 Ga
(63503, 4; Fig. 7k), 4.293 + 0.044 Ga (63503,13;
Fig. 7m), 4.236 + 0.039 Ga (63503,11; Fig. 71), and
4.209 + 0.068 Ga (63503,15; Fig. 7n). Sample 63503,1
(a feldspathic fragmental breccia) shows, at intermediate
and high-temperature steps (approximately 51% *°Ar-
release), an age of 3.872 4+ 0.015 Ga (Fig. 7k). The
maximum apparent age of 4.547 + 0.027 Ga is
observed for the last heating step. This last heating step
might hint at a minimum crystallization age of a more
retentive clast within this regolith fragment.

Finally, the release of polymict feldspathic breccia
63503,3 is complex and suggests 2-3 thermal events
(Fig. 70). Some of the effects observed in the release
pattern are likely due to the nature of this sample,
which is probably comprised by clasts with different
composition and/or grain size as evidenced by the Ca/K
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spectrum. The oldest event at 4.118 + 0.038 Ga is
recorded by the high-temperature release comprising
approximately 12% of the “°Ar release. The
intermediate temperature steps suggest a second thermal
event at 3.909 + 0.037 Ga (approximately 26% of the
total *°Ar release), and the initial argon release steps
suggest a partial degassing at <3.387 + 0.081 Ga.

In summary, the *°Ar-*’Ar data collected in this
work (Table 3) for 13 fragments from Apollo 16 and 2
from Apollo 17 suggest that five crustal rocks (soil
fragments 63503,11, -,15, -,21, and rocks 78155 and
78235), two lithic breccias (63503,3 and -,4) and two
impact melts (63503,9 and -,13) record thermal events at
~4.2 Ga and ~4.3 Ga. Two other fragments of crustal
material, 60025 and 63503,20, also have relatively older
ages at ~4.25 Ga. Anorthosites 63503,16 and 63503,14
have a maximum apparent “°Ar-*’Ar age for the last
heating step at ~4.4 Ga. Similarly, breccia 63503,1 also
shows a relic apparent age of ~4.55 Ga. Four crustal
rocks and one impact melt (60025, 63503,13, -,14, -,17
and -,21) also suggest a later partial resetting between
3.9 and 4.0 Ga. A single breccia (63503,4) has evidence
of a partial resetting at ~3.6 Ga. Two other crustal
rocks and two breccias (63503,1, -,3 -,11, -,15) show an
even later partial resetting at approximately 3.3 Ga, as
discussed in detail by Shuster et al. (2010). Thus, these
ages are likely recording several resetting events that
occurred in the vicinity of Apollo 16 and Apollo 17
landing sites and/or by far away basin-forming events.

Cosmic Ray Exposure (CRE) Ages of the Apollo 16 and
Apollo 17 Fragments

Determination of CRE ages of the individual
fragments presents similar challenges to “°Ar-*’Ar age
determination due to the existence of cosmogenic,
trapped, and nucleogenic **Ar components, the latter
being formed by neutron absorption by *°K during the
irradiation procedure. The presence of **K-derived **Ar
was corrected by the irradiation interference ratios as
specified in the Methods section. Samples containing a
mixture of trapped and cosmogenic **Ar have *Ar/*°Ar
values of between 0.187 and 1.54, respectively. CRE ages
are summarized in Table 3 and were calculated from the
BAr/*"Ar values obtained for the total release and for
high-temperature steps when most of the *’Ar is
released. For 14 of the samples analyzed, 2n geometry
(lunar surface) for **Ar production rates (Pss) were
determined using the approach suggested by Eugster and
Michel (1995), which takes into consideration the bulk
rock (in this case fragment) chemical composition (bulk
Ca, Fe, Ti, K, Cr, and Ni). Using this approach, the
cosmogenic **Ar is not derived 100% from Ca (the main
producer of *Ar); instead, the Ca contribution varied
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Table 3. Summary of *°Ar-*’Ar age results for Apollo 16 and Apollo 17 samples analyzed in this study. Errors

are 1o level of uncertainty.

Max. age
at high-T Early event 2nt CRE-
Sample wt K* (Ga) (Ga) Later event age
Lithology (mg) (ppm) [PAr%] [PAr%] (Ga) (Ma)
Apollo 16
Crustal Rock
60025,1,b Anorthosite 0.42 224 4.44 + 0.02° 4.249 + 0.038 <3.905 + 0.057 2.1 +£0.3
4.36 + 0.02° [53]
63503,14 Anorthosite 0.55 74 4448 + 0.025 4.080 + 0.021 - 55+£3
[16]
63503,16 Anorthosite 0.65 51 4419 £ 0.055 - <3.990 £ 0.034 60 £ 5
4]
63503,17 Anorthositic 0.65 636 - 4.027 £+ 0.037 - 261 £ 5
troctolite [39]
63503,20 Anorthosite 0.82 142 - 4.249 4+ 0.023 - 126 + 8
[52]
63503,21 Anorthosite - 67 - 4233 £ 0.019 <3992 +£ 0.021 46 + 1
[20]
63503,11 Anorthosite 0.53 197 - 4.236 +£ 0.039 <3.304 £ 0.097 51 + 1
[75]
63503,15 Anorthosite 0.50 330 - 4209 + 0.068 <3.344 + 0.046 46 + 2
[63]
Breccia
63503,1 Polymict breccia 0.86 235 4.547 £ 0.027% 3.872 £ 0.015 <3.298 + 0.052 53 +2
[51]
63503,3 Polymict breccia 0.81 226 4.118 £ 0.038 3.909 +£ 0.037 <3.387 £ 0.081 46 £2
(12]
63503.,4 Polymict breccia 1.18 191 - 4.190 £ 0.037 <3.615 4+ 0.058 45+ 2
[71]
Impact melt
63503.9,a Anorthosite 0.50 748 - 4.208 + 0.045 - 43 +3
63503,13 Noritic anorthosite  0.53 101 - 4293 £ 0.044 <3.863 £ 0.049 346 £ 10
[59]
Apollo 17
Crustal Rock
78155 (x4) Noritic anorthosite  0.39-0.85 730 - 4.195 £+ 0.037 - 17 £ 1
(88]
78235,139,1 Norite 0.64 610 4.43 + 0.05° 4.188 £ 0.013 - 262 £ 5
[94]

“Bulk K content reported was calculated based on the average chemical composition of plagioclase, pyroxene, and olivine obtained by EMP

(Appendix S2) and the modal abundance of these minerals (Table 1).
®Sm/Nd age determined by Carlson and Lugmair (1988).
“Sm/Nd and Pb/Pb age determined by Borg et al. (2011).
dMaximum apparent age comprised of the last step at high-temperature and likely the minimum crystallization age of the primary rock.
°Sm/Nd age determined by Nyquist et al. (1981).

between 68% and 97%. The remainder *Ar production
came from the minor contributors (Fe, Ti, K, Cr, and
Ni), which caused an overall lowering of the production
rate. The bulk composition for samples 60025, 78155,
and 7825 were taken from the literature (Nakamura
et al. 1973; Rose et al. 1973; Winzer et al. 1975; Higuchi
and Morgan 1975; Wanke et al. 1976, 1977). The bulk
composition for fragments from soil 63503 was
estimated based on the mineral modal abundance and

respective mineral chemical composition as listed in
Table 1 and Appendix S2. The Psg varied from 0.9 to
1.0 x 10 cm® g=' Ca Ma~'. The exception was the
fragmental breccia 63503,1, for which there are no
pyroxene and olivine chemical composition data.
Because the mineral modal abundance for breccia
63503,1 1is similar to that of 63503,20, the same
P35 = 0.914 x 107 cm? g*l CaMa' was used to
calculate the CRE-age of 63503,1. It is worth noting that
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Fig. 8. Gaussian probability curve calculated using published
YOAr/°Ar impact ages obtained for samples from Apollo 12,
14, 16, and 17 and Luna 16 and 24 missions (this work;
Kirsten et al. 1973; Schaeffer and Husain 1973, 1974; Kirsten
and Horn 1974; Cadogan and Turner 1976, 1977; Schaeffer
and Schaeffer 1977; Maurer et al. 1978; McGee et al. 1978;
Staudacher et al. 1978; Dalrymple and Ryder 1996; Culler
et al. 2000; Levine et al. 2005; Barra et al. 2006; Norman et al.
2006, 2007; Zellner et al. 2006; Hudgins et al. 2008) and lunar
meteorites (Fernandes et al. 2000, 2004, 2008, 2009; Daubar
et al. 2002; Gnos et al. 2004; Cohen et al. 2005; Takeda et al.
2006; Burgess et al. 2007; Haloda et al. 2009; Sokol et al.
2008; Joy et al. 2011). To calculate this curve, the age and
error were combined in bins of 0.05 Ga (50 Ma), which is
representative of the average error in ‘Ar/°Ar age
determination. The normalized Gaussian curve calculated for
each age bin (age column) was obtained by taking into
consideration the width of the Gaussian curve calculated and
the measured uncertainties. Each column was added and the
result normalized to an integer. This integer was used to
normalize all curves shown in the diagram. Thus, the height of
the curve/peak (y-axis) reflects the relative frequency of a
certain age (x-axis). Where necessary, the age was corrected
for monitor age and decay-constant. The thick black line is
the cumulative impact ages for Apollo, Luna, and meteorites
and does not include the Culler et al. (2000) data (see main
text). However, for comparison, the same curve with the
Culler et al. (2000) data is plotted and shown using the thin
dotted line. The black vertical lines indicate the time of flux
increases that are better deconvolved with the current
available data. The gray vertical lines are only suggestive of
potential increase in the impact flux.

shielding depth is not accounted for; thus, currently, it is
not possible to directly evaluate whether all the
fragments have experienced different burial histories.
For the present sample set of 12 fragments from
soil 63503, 9 of these fragments representing different
lithologies show a prevalent age of approximately
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50 Ma. This is in agreement with previously determined
CRE-ages for Apollo 16 fragments from 63503 soil
reported by Arvidson et al. (1975) and Maurer et al.
(1978) and assigned to the event that excavated the
North Ray crater. Other studies suggest younger CRE
ages (Schaeffer and Husain 1973; Shuster et al. 2010).
The younger CRE ages reported for the same fragments
by Shuster et al. (2010) resulted from a calculation
using a *®Ar production rate based on the assumption
that the cosmogenic **Ar was all produced from Ca (it
was not included the input from other elements) and the
P35 was calculated for a 4n geometry scenario. This led
to an overestimation of the Ps;g and therefore the
younger ages reported in the Shuster et al. (2010). The
CRE ages reported here (Table 3) suggest that most of
the fragments in soil 63503 have remained in the same
vicinity since they were exposed by the event that
excavated the North Ray crater at approximately
50 Ma and were not exposed to cosmic rays prior to
their excavation wherever they resided. Three other
fragments from soil 63503 (samples 63503,13, -,17 and -,20)
have CRE ages between 126 and 346 Ma, suggesting a
longer exposure to cosmic radiation, and thus a
different history as regolith components. The cosmic ray
exposure age of approximately 2 Ma calculated for the
ferroan anorthosite 60025 is in agreement with previous
reports and suggested as ejecta from the South Ray
crater (Arvidson et al. 1975; Drozd et al. 1977).

CRE ages for the two Apollo 17 rocks analyzed
suggest an age of 17 Ma for 78155, which is similar to
that reported by Hudgins et al. (2008), but younger
than that reported by Turner and Cadogan (1975).
Finally, the CRE age determined for 78235 is calculated
to be 262 Ma and similar to that previously reported by
Drozd et al. (1977) using the *'Kr-Kr method.

DISCUSSION

The K/Ar ages of the measured Apollo samples
range between 4.547 + 0.027 and <3.298 + 0.052 Ga.
They are, thus, opening a window to the impact flux
onto the Earth—-Moon system prior to the putative lunar
cataclysm centered around approximately 3.9 Ga.
Therefore, the petrologic and chronologic data obtained
from the Apollo 16 and Apollo 17 samples will be
discussed in the context of lunar impact history.

The Ancient Lunar Crust

An older apparent age of 4.547 + 0.027 Ga
observed in this study was obtained from the highest
temperature step of the feldspathic fragmental breccia
63503,1 (Fig. 7j). Preservation of such an ancient age
would be in agreement with the lack of thermal
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annealing features in this breccia (i.e., the temperature
was low enough to allow some fragments in the breccia
to preserve an old, relic age). Previously, Jessberger
et al. (1974) reported ages on sample 65015, a poikilitic
melt with relic lithic fragments showing at the high-
temperature steps a similar argon-release pattern and
old age to that obtained for soil fragment 63503,1. The
broad plateau in the intermediate temperature step
during 63503,1 Ar release provides an age of
3.872 4+ 0.015 Ga that probably marks the formation of
the breccia. Later at <3.298 4 0.052 Ga, the breccia
experienced a minor thermal event (see also Shuster
et al. 2010), which caused the observed partial resetting
at low temperature (Fig. 7j). Thus, this fragment bears
witness to the first approximately 1.3 Ga of the Earth-
Moon system.

Four of the ten crustal fragments investigated
(Table 3) suggest the preservation of old crystallization
ages: Sm/Nd and Pb/Pb age for rock 60025 (4.44—
4.36 Ga) are reported by Carlson and Lugmair (1988)
and Borg et al. (2011). For 78235, an age of 4.43 Ga is
reported (Nyquist et al. 1981), Table 3, and recent Sm-
Nd investigations on the paired samples 78236 and
78238 (Nyquist et al. 2008; Edmunson et al. 2009;
respectively) have suggested a somewhat younger
crystallization age of approximately 4.33 Ga. Similarly,
relic ages of 4.45 and 4.42 Ga are preserved at the high-
temperature steps during Ar release for two Apollo 16
soil samples 63503,14, and 63503,16, respectively. These
four samples also show the effects of later (younger)
thermal events (Table 3) at 4.3, 4.2, 4.0, and 3.9 Ga,
which will be discussed in the following sections.

Impact Ages of 4.3-4.2 Ga Observed in Different
Lithologies and Landing Sites

Ar ages in the range of 4.3-4.2 Ga were determined
from a total of 11 of 15 Apollo 16 and Apollo 17 samples
analyzed. Therefore, these ages provide insights into the
likely irregular increases in the impact flux during the
overall decline of the available material for these events,
and possibly not just one large peak at approximately
3.9 Ga (see also Husain and Schaeffer 1975). Impact-
related Ar ages of 4.2 and 4.3 Ga are clearly obtained
from impact melt fragments 63503,9 and -,13,
respectively; the completely recrystallized fragmental
breccia 63503,4; and the thermally annealed breccia
78155. The fragmental breccia 63503,3, although not
completely recrystallized, contains abundant impact melt
fragments and recrystallized regions in its matrix. This
suggests that the 4.118 4+ 0.038 Ga Ar age for high-
temperature steps in this breccia dates an impact event
on the Moon and a later brecciation event at
3909 £+ 0.037 Ga. The breccia was later partially
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degassed by a thermal event at <3.4 Ga. Thus, these
impact-reset rocks demonstrate that impact ages of 4.2
and 4.3 Ga are still preserved on different localities of
the lunar surface.

Evidence for impact-resetting is less clear for the
remaining samples. Anorthositic troctolite 63503,17 has
an Ar age of 4.027 £ 0.037 Ga, and the FAN
fragments 63503,11, -,15, -,20, and -,21, have maximum
YOAr/*?Ar ages around 4.25 Ga comprising 23-76% of
the *Ar release at intermediate and high step-heating
temperatures. The approximately 4.2 Ga Ar ages
obtained for the FANs 63503,11, -,15, -,20, and -,21 are
consistent with corrected (Hb3gr monitor age—Turner
1971; Renne et al. 1998; Schwarz and Trieloff 2007—
and K-decay constant: Steiger and Jager 1977)
“OAr/*Ar ages obtained by Maurer et al. (1978),
Schaeffer and Husain (1973), and Norman et al. (2006,
2007) on fragments found in the soil from Apollo 16 in
the vicinity of the North Ray crater (Stations 11 and
13). However, none of the latter 63503 show well-
developed annealing features (see the Petrography and
Chemistry of the Apollo 16 and Apollo 17 Samples
section). Meanwhile, FAN rock 60025 (collected close
to the lunar module) has an ancient Sm-Nd and Pb/Pb
age (4.44 Ga: Carlson and Lugmair 1988; 4.36 Ga Borg
et al. 2011), but a younger “°Ar/*’Ar age (Fig. 7d;
Table 3). Similarly, the 4.43 Sm-Nd age of Apollo 17
rock 78235 (Nyquist et al. 1981) is older than the
YOAr/*Ar ages from the intermediate and high-
temperature Ar-release steps (Fig. 7c; Table 3). Thus,
the *°Ar/*Ar ages for Apollo 17 rock 78235 and Apollo
16 rock 60025 are not dating the crystallization of these
rocks at 4.2 and 4.25 Ga, respectively, but instead a
later complete resetting of the K-Ar system due to a
thermal disturbance. Nonetheless, neither shock nor
annealing features (see the Petrological Constraints on
the Thermal History section and Table 2) are
sufficiently developed in these samples to be consistent
with resetting of the Ar ages. In addition, the lack of
well-developed annealing features (e.g., granoblastic to
granulitic texture) in norite 78235 and anorthosites
60025, 63503,11, -,15 and -,20 does not provide
petrological evidence for a complete resetting of the Ar
ages (e.g., instead, the probable emplacement of cold
rock fragments into a hot ejecta blanket). An extended
exposure to moderate temperatures (i.e., 330-430 °C)
cannot be excluded (Fernandes and Artemieva 2012).

Formation Age and/or Impact Exhumation Age

To explain the relatively young Ar ages of weakly
thermally annealed FAN rocks and the discrepancy in
ages measured by other isotopic chronometers, an impact
exhumation scenario is discussed that considers 1)
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crystallization in deep and warm crustal levels with open-
system behavior for some isotopic systems, and 2)
exhumation of this deep-seated crustal material by basin-
forming impacts and cooling on or near the lunar surface.

The age discrepancy between Sm-Nd and K-Ar
data measured in the norite 78235 (see Table 3) was
proposed by Nyquist et al. (1981) to be caused by a
two-stage cooling history: initial crystallization at
approximately 4.4 Ga deep within the lunar crust where
temperatures (e.g., Spohn et al. 2001; Meyer et al. 2010)
remained above the closure temperature of the K-Ar
system and a later cooling to lunar surface temperatures
at the time the rock was exhumed by a basin-forming
event (~4.2 Ga). Identical conclusions were derived
earlier by Wilshire (1974) and Jackson et al. (1975) who
suggested that this rock was formed at depths of 8-
30 km and exhumed by a large basin-forming event.

Sm-Nd analyses by Carlson and Lugmair (1981) on
samples 73244,27,45 (a noritic clast within a polymict
breccia) and 67667 (a feldspathic lherzolite) gave similar
ages at approximately 4.2 Ga. These authors suggested
that either the 4.2 Ga age was due to prolonged
endogenous igneous activity that produced plutonic
rocks for an extended period of the lunar early history
or due to the age of an event that exhumed material
from deep within the lunar crust (see also Snyder et al.
2000; Nemchin et al. 2008). In this latter case, the rock
was maintained “warm” and likely in an areca where
temperatures exceeded the Sm/Nd closure temperature
(>1000 °C: Carlson and Lugmair 1981Db).

Similarly, several attempts to acquire a crystallization
age for troctolite 76535 using different radiogenic systems
(Sm/Nd, Rb/Sr, U/Pb, and K/Ar: Husain and Schaeffer
1975; Huneke and Wasserburg 1975; Bogard et al. 1975,
Papanastassiou and Wasserburg 1976; Lugmair et al.
1976; Premo and Tatsumoto 1992; Hinthorne et al. 1975)
suggest a crystallization age of approximately 4.2 Ga.
More recently, Nyquist et al. (2012), in a work where the
age of this rock was revisited, argued for an older Sm/
Nd age of 4.34 + 0.071 Ga. McCallum et al. (2006)
conducted cooling rates experiments on orthopyroxenes
from troctolite 76535. These experiments suggested that
this troctolite was exhumed from the lower crust where it
was maintained at temperatures above the closure
temperatures for Sm-Nd, U-Pb, and Ar-Ar isotopic
systems. These temperatures were kept by heat diffusing
from concentrations of U- and Th-rich KREEP material
at the base of the crust.

This impact exhumation scenario can also explain
the difference between the Sm-Nd crystallization age
and the K-Ar age for some FAN rocks (e.g., 60025 with
crystallization at 4.44 Ga and resetting of the K-Ar
system at approximately 4.2 Ga; Carlson and Lugmair
1988; Schaeffer and Husain 1973, 1974; and this work).
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It could also explain the 4.36 Ga Pb-Pb age, and
4.32 Ga '*Sm-'**Nd ages reported recently for 60025
(Borg et al. 2011) within the petrological context of the
standard lunar magma ocean (LMO) model. The
standard LMO model (Shearer et al. [2006] and
references therein) interprets FAN rocks as flotation
cumulates that formed during crystallization of the
LMO. Following the assumption that FAN rock 60025
is an LMO product, it formed earlier than the 4.36 Ga
Pb-Pb ages. The LMO crystallization is constrained to
have been completed before 4.42 Ga ago, as given by
the isotopic age of the KREEP reservoir (Shearer et al.
2006; Nemchin et al. 2009a). The impact excavation
model could explain the isotopic age of FAN rocks
being younger than the reservoir age of the KREEP
source. FAN rock 60025 could have formed early
(>4.42 Ga) during the LMO crystallization at deep
crustal levels where temperatures remained for an
extended period of time above the closing temperatures
of the different isotopic systems.

Impact-induced emplacement of material from more
than 20 km depth is expected. For example, Wieczorek
and Phillips (1999) calculated that the Nectaris impact
exhumed material from up to 45 km depth onto the
lunar surface. Stoffler et al. (1985) calculated that 30%
of the Nectaris ejecta reaching the Apollo 16 site came
from >20 km crustal depth. Thus, impact exhumation
of hot crustal material onto the lunar surface should be
considered especially for basin-forming events during
the early lunar history, a period characterized by a
higher thermal gradient within the lunar crust compared
with today (Spohn et al. 2001; Meyer et al. 2010).

In the context of the 4.2-4.3 Ga Ar ages recorded
in Apollo 16 and Apollo 17 samples, it is interesting to
note that U-Pb analyses of zircons found in Apollo 14
and Apollo 17 breccias by Pidgeon et al. (2007),
Nemchin et al. (2008, 2009b), and Grange et al. (2009)
were interpreted as peaks in the lunar impact flux at
approximately 4.2 and 4.3 Ga, which probably induced
periods of enhanced KREEP magmatism. It is also
likely that prior to the earlier peak reported here
(~4.3 Ga), there were other peaks that affected this
region of the solar system.

Younger Resetting Ages at 4.0, 3.9, 3.6, and 3.3 Ga

The “°Ar/*’Ar measurements of the 63503 soil
fragments reported here also permitted the identification
of ages probably representing other partial resetting
thermal events. Four of the fragments suggest a partial
resetting at  approximately 4.0 Ga, three at
approximately ~3.9 Ga, one at 3.6 Ga, and four at
3.3 Ga (this latter event is further explored by Shuster
et al. 2010). Together with the 4.3 and 4.2 Ga peaks,
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these more recent peaks suggest that the impact flux
onto the Earth—-Moon system is complex.

This complexity of the impact flux can be explored
by compiling the literature data into an age Gaussian
probability curve. Figure 8 shows a compilation of a
total of 276 “°Ar/*Ar impact ages from Apollo and
Luna samples (this work; Kirsten et al. 1973; Schaeffer
and Husain 1973, 1974; Kirsten and Horn 1974;
Cadogan and Turner 1976, 1977; Schaeffer and
Schaeffer 1977; Maurer et al. 1978; McGee et al. 1978;
Staudacher et al. 1978; Dalrymple and Ryder 1996;
Culler et al. 2000; Levine et al. 2005; Barra et al. 2006;
Norman et al. 2006, 2007; Zellner et al. 2006; Hudgins
et al. 2008) as well as lunar meteorites (Fernandes et al.
2000, 2004, 2008, 2009; Daubar et al. 2002; Gnos et al.
2004; Cohen et al. 2005; Takeda et al. 2006; Burgess
et al. 2007; Haloda et al. 2009; Sokol et al. 2008; Joy
et al. 2011). To calculate the Gaussian probability
curve, and ease in plotting the curve, the age bins were
used with widths of 0.05 Ga (50 Ma), which is a
conservative average of the error in “’Ar/*°’Ar age
determination. The normalized Gaussian curve
calculated for each age bin (age column) was obtained
by taking into consideration the width of the Gaussian
curve calculated and the measured uncertainties. Each
column was added and the result normalized to an
integer. This integer was used to normalize all curves
shown in Fig. 8. Thus, the height of the curve/peak (y-
axis) reflects the relative frequency of a certain age (x-
axis). Where necessary, the literature ages were
corrected for monitor age and K-decay constant
(Steiger and Jager 1977). The thick black line in Fig. 8
is the cumulative impact ages of samples from for
Apollo and Luna missions and lunar meteorites. This
black line does not include the Culler et al. (2000) data
as there is no chemical composition information for the
glasses dated by these authors (such that it is not
possible to distinguish whether the glasses dated are
either of impact or volcanic origin). This line suggests
that the data from a total of 65 impact-related ages
extracted from different lunar meteorites and 211
impact-related ages acquired from the Apollo and
Luna samples represent a complex impact flux from 4.5
to 0.2 Ga. The largest peak 1is noticeable at
approximately 3.92 Ga as observed in the lunar
literature; however other peaks at 4.3, 4.2, 4.0, 3.9,
[3.5, 3.3, 2.9, 24], 2.1, 1.95, 1.7, [1.35, 1.05], 0.85, 0.75,
0.50, 0.40 and 0.25 Ga are also resolvable in the
cumulative curve. This Gaussian curve is by no means
the final representation of the Moon impact history;
however, it corresponds to the current data set and
what can be deconvolved from what is presently
available. As more impact-reset ages become available
and earlier literature ages are corrected for K-decay
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constant and monitor samples age, it will be possible
to derive peaks with better age accuracy. Nonetheless,
a Gaussian probability curve diagram provides an
overview of the available data, and factors influencing
data availability and representativeness are to be
considered while interpreting these spikes.

Thus, the reason for the dominant peak at
approximately 3.9 Ga can either be due to the large
number of impacts onto the lunar surface around this
time (i.e., Turner et al. 1973; Tera et al. 1974), or
alternatively due to a higher availability of material
with this age at the Apollo (and Luna) landing sites
(Baldwin 1974; Haskin 1998). This bias could be due to
the fact that the samples were collected over a restricted
and surficial area of the Moon.

Sample Bias and the Continuous Gardening of the Lunar
Surface

With the advent of remote sensing data obtained
from satellites orbiting the Moon (e.g., Clementine and
Lunar Prospector, Chandrayaan-1 missions), it has been
possible to make global chemical maps of lunar surface
chemistry (Lawrence et al. 1998; Elphic et al. 2000;
Gillis et al. 2003, 2004; Prettyman et al. 2006). With
these global chemical maps, it is obvious that the
terrains surrounding most of the Apollo landing sites
have a similar composition (Haskin 1998; Korotev
2000) and probably are not representative of the whole
Moon. Most of the surface in the region where the
Apollo landing sites were located is affected by the
KREEP signature of the ejecta excavated by the event
that created the Imbrium Basin. In addition to KREEP,
the Mg-suite rocks (including norites, troctolites,
dunites, and alkali anorthosites) are also considered to
concentrate within the Procellarum-KREEP Terrane
(PKT) (Korotev 2005).

Different authors (e.g., Haskin 1998; Korotev 2000;
Baldwin 1974, 2006) suggest that most of the Apollo
mission landing sites contain material that was ejected
by the impact that formed the Imbrium Basin (e.g., Fra
Mauro and Cayley formations) and distributed material
over a large region of the lunar nearside and possibly
some to the lunar farside (Petro and Pieters 2006; Hood
and Artemieva 2008). The three Luna missions landed
farther east of the PKT and so are potentially less
contaminated by Imbrium Basin ejecta material.

Another parameter is the decline in impact flux after
approximately 3.9 Ga. Considering the large amount of
ejecta produced during the formation of basins around
this time (or possibly ending at this time) followed by a
comparatively lower impact flux, it is expected that the
predominance of material on the lunar surface with the
~3.9 Ga age signature overwhelms the ages obtained
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from material at any one locality. Moreover, the lower
impact flux and decrease in impactor size implies
comparatively less mixing of the upper regolith and
likely comparatively minor mixing with deeper
megaregolith. Thus, the more recent (and smaller) events
dominate gardening and the ejecta material at the top of
the stratigraphic column of any lunar area. As a result,
the top of the lunar stratigraphic column will contain
less older/earlier impact-reset materials (see fig. 3 in
Hartmann 2003). In contrast, the record of older events
is likely to be preserved in deeper stratigraphic layers of
the lunar regolith, probably at depths greater than the
deepest core drilled during the Apollo 17 mission
(~3 m). Petro and Pieters (2006) modeled the range of
megaregolith thickness to be between 800 and 1000 m in
the region surrounding the Imbrium Basin, which is
capped by regolith with a thickness of approximately
100 m (Hartmann 2003) and composed of comminuted
rocks. It is probable that some of the samples collected
by the Apollo and Luna missions came from deeper
stratigraphic layers, such as those collected on impact
ejecta of small craters and reflecting material from older
basins. This is the case of samples collected from the
ejecta of North Ray crater, which is approximately
230 m deep and is the source of the samples analyzed in
this study.

Considering the estimated depths of formation of
regolith and megaregolith and the possible decrease in
the impact rate of the lunar surface through time, it is
currently difficult to have a good estimate of the
temporal lunar impact flux; essentially because the
samples were obtained from the lunar surface or from
relatively shallow depths such as those acquired by the
Apollo (and Luna) missions. Hence, the mixing of rocks
with different reset ages will be focused more on regolith
affected by more recent events. This will cause the
decrease in abundance of rocks showing reset ages
during the initial 600 Ma. Nevertheless, the present
work demonstrates that rock material from the ejecta
blanket of the young (50 Ma) North Ray crater record
pre-3.9 Ga impacts preserved in stratigraphically deeper
layers of the lunar regolith. Samples that have been
ejected from other relatively young impact craters may
also preserve an archive of >3.9 Ga impact events and
should be sampled by future missions to the Moon to
provide a more complete understanding of the ancient
impact bombardment. Finally, the lunar meteorites
represent samples from upper layers of the lunar regolith
(possibly deeper than the Apollo and Luna samples). In
contrast with Apollo mission samples, which were
restricted to the lunar equatorial nearside, the lunar
meteorites probably originated from various random
locations from several meters depth, and, thus, are
considered to be more representative of the lateral

composition and history of the lunar surface. The age
distribution of impact melt clasts in meteorites does not
show a dominance of the 3.9 Ga age, but it shows
several peaks in the range between approximately 4.3
and 2.5 Ga (Fig. 8) (Chapman et al. 2007). The impact
age distribution shown by the lunar meteorites does not
support a “terminal lunar cataclysm.” Instead, it appears
to show that the age distribution for the samples
obtained by Apollo and Luna missions is biased toward
a predominance of ~3.9 Ga ages.

The Descartes Formation

To place the diverse lithologies with 4.2 Ga ages
obtained in this study into a selenological context, we
briefly revisit the previous work on the Descartes
Formation and its relation to the Nectaris Basin. The
ejecta from the North Ray crater (Stations 11 and 13) is
considered to have excavated material of the Descartes
Formation (Stoffler et al. 1985). Whether the Descartes
Formation was emplaced or reworked by either
Nectaris or Imbrium ejecta is still controversial (see
James 1981; Stoffler et al. [2006] and references therein;
Norman et al. 2010). However, samples from the
Apollo 16 landing site, and especially those collected at
Stations 11 and 13, have been used to date the Nectaris
Basin. Presently, the age range proposed for Nectaris is
between 4.2 Ga (Schaeffer et al. 1976) and 3.85 Ga
(Schaeffer et al. 1985).

Based on Sm/Nd and Rb/Sr (Nyquist and Wiesmann
1981; Reimold et al. 1985) and Ar/Ar ages (Schaeffer
et al. 1976) of several rocks inferred to be from the
Descartes Formation, an age of 4.1-4.2 Ga for Nectaris
was proposed by Schaeffer et al. (1976), Reimold and
Nieber-Reimold (1984) and Reimold et al. (1985).

Maurer et al. (1978) reported Ar ages of KREEP-
free fragments clustering around 4.2 Ga (now decay-
constant-corrected [Steiger and Jager 1977]), and
KREEP-rich fragments clustering around 3.9 Ga. On
the basis of the working hypothesis that the KREEP
layer was globally distributed under the lunar crust and
excavated by multiple basin-sized impact events, Maurer
et al. (1978) concluded that the 4.2 Ga cluster
represents a series of impacts smaller than basin-sized
impacts. The 3.9 Ga cluster was suggested by Maurer
et al. (1978) to represent a series of basin-sized impacts
including Nectaris and Imbrium. This line of reasoning
is called into question by the Lunar Prospector mission
that provided global elemental maps revealing that
KREEP material is almost exclusively restricted to the
PKT region (Lawrence et al. 1998; Prettyman et al.
2006) and by implication was distributed to all Apollo
landing sites mainly by the Imbrium (Haskin et al.
1998; Norman et al. 2010) and possibly Serenitatis
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impacts, but not by the Nectaris event. Except for one
plagioclase fragment in impact melt rock 63503,9 with
high K values (approximately 1100 ppm), all the studied
samples display low bulk K contents (50-750 ppm;
Table 3) showing that no KREEP signature was
identified in the studied rocks. However, a KREEP-like
signature in a rock with a 4.2 Ga Sm-Nd isochron was
also reported for breccia 67955 collected at the rim of
the North Ray crater (Norman et al. 2007).

A popular line of argument for the age of Nectaris
Basin relies on the formation ages of fragmental breccia
rocks collected on the rim of the North Ray crater.
James (1981) argued that a 3.9 Ga age for the Descartes
Formation, and by implication the Nectaris impact, is
provided by the formation ages of these breccias (i.e.,
being equal to or younger than the youngest clast
within these breccias). Later, a consortium study of
Apollo 16 samples revealed ages for these fragmental
breccias as young as 3.85 Ga (Stoffler et al. [1985] and
references therein). However, a 3.85 Ga age for Nectaris
would be in conflict with identical ages proposed for the
stratigraphically younger Imbrium Basin (see Stoffler
et al. 2006). Deutsch and Stoffler (1987) tried to resolve
these inconsistencies by dating the Imbrium impact to
an age of 3.77 Ga. Norman et al. (2010) conducted
geochemical and Ar-Ar chronological work on the
fragmental breccias 67016 and 67455 collected from the
rim of the North Ray crater. These authors identified
KREEP-rich impact melt rock clasts with ages of
3.85 Ga interpreted to be their time of formation by the
Imbrium event. They concluded that fragmental
breccias collected at the rim of the North Ray crater
provide no chronological information for assigning an
age to the Nectaris impact. This could imply that either
the Descartes Formation is part of the Imbrium ejecta
(Norman et al. 2010), or the formation of these breccias
is not related to the emplacement of the Descartes
Formation.

Relating individual samples collected from the lunar
surface with a specific impact basin will always be
ambiguous to some extent. However, the basins
Tranquilitatis, Nectaris, and Serentitatis substantially
contributed to the substratum forming the Apollo 16
landing site (Petro and Pieters 2006) and, thus, probably
are represented by impact-reset ages for rocks in the
Apollo 16 sample collection. This work confirms the
“OAr/*Ar studies of Schaeffer et al. (1976) and Maurer
et al. (1978) by showing that 4.2-4.3 Ga old impact-reset
rock fragments were collected by Apollo 16 astronauts.
This shows that impact-reset rocks as old as 4.2-4.3 Ga
substantially contribute to the Descartes Formation,
which covers a wide area of the lunar surface.

Assigning an age of 4.2 Ga to a large basin like
Nectaris (Schaeffer et al. 1976; Reimold and Nieber-
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Reimold 1984; Reimold et al. 1985; Warren 2003) and/
or Tranquilitatis and Serentitatis would be implicit from
impact excavation models (see the Formation Age and/
or Impact Exhumation Age section) and consistent with
the viscosity arguments presented by Baldwin (1974,
2006). Baldwin (1974, 2006) argued that the ages of
lunar basins can be deduced by comparing the
topographic relief of the impact structures (categorized
from young to old corresponding to class 1-10,
respectively). Older crater structures (>161 km diameter)
that formed in a less viscous (warmer) lunar crust
would display a higher degree of topographic smoothing
compared with younger crater structures that formed on
a cooler and thus a more supportive lunar crust.
Baldwin (1974, 2006) argued that the prominent
morphological differences in Orientale (class 2) and
Nectaris (class 7) require the later basin to be older by a
few 100 Ma.

A less viscous (warmer) crust impacted by the
Tranquilitatis, Nectaris, or Serentitatis projectile would
corroborate the interpretation that the 4.2 Ga Ar ages
of FAN rocks date the time at which the material was
excavated from warm deep crustal levels and
subsequently cooled below the Ar-closure temperature
on the lunar surface (see the Formation Age and/or
Impact Exhumation Age section).

Ancient Impact Ages and Implications for the Age of
South Pole Aitken Basin

The available impact record dates back to
approximately 4.3 Ga ago (this work; Schaeffer and
Husain 1973, 1974; Schaeffer et al. 1976; Maurer et al.
1978; Nyquist et al. 1981; Carlson and Lugmair 1981;
Nemchin et al. 2008, 2009; Pidgeon et al. 2007; Grange
et al. 2009). Independent from assigning a specific
source crater or basin to the different impact rocks, the
ages of the oldest impact melt rocks may constrain the
formation age of the oldest impact structures. The SPA
Basin presents not only the oldest but also the largest
impact basin on the Moon identified by photo-
geological investigations of the lunar surface (Wilhelms
1987). Although there may be basins older than the
SPA (Frey 2011), we consider it less probable that
several impact-reset rocks from pre-SPA impact craters
were collected by different Apollo missions. If so, the
ages of the oldest impact melt rocks provide constraints
for the youngest possible age for the SPA impact event.
Hence, we hypothesize that the South Pole-Aitken Basin
is equal to or older than 4.293 + 0.044 Ga as given by
the high-temperature steps of the intersertal impact melt
rock 63503,13 (Table 3). An ancient age for SPA
(>4.3 Ga) is supported by the fact that this giant basin
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(approximately 2500 km) is more than twice the size of
the second largest basin, Imbrium (approximately
1150 km). The apparent gap in basin size may indicate
that the SPA formed by a different population of
projectiles compared with those forming the majority of
younger and substantially smaller basins. A very early
formation age of SPA and some of the stratigraphically
younger lunar basins would be consistent with very
large impact events before 4.0 Ga ago on other parent
bodies, as documented by (1) impact ages >4.4 Ga in
HED meteorites (Bogard and Garrison 2003), (2)
H-chondrites (Fernandes et al. 2006; Swindle et al.
[2009] and references therein), (3) IAB iron-meteorites
(Vogel and Renne 2008), (4) GRA 06129 (Shearer et al.
2010; Fernandes and Shearer 2010), (5) impact ages
>4.35 Ga in enstatite chondrites (Bogard et al. 2010),
(6) impact ages of 4.27 Ga in LL-chondrites (Trieloff
et al. 1989, 1994; Dixon et al. 2004), (7) 4.20 Ga in
Bencubbin meteorite (Marty et al. 2010), (8) 4.1 Ga in
ureilitic meteorites (Bogard and Garrison 1994), and (9)
a 4.1 Ga age for the Martian ALH 84001 (Ash et al.
1996; Turner et al. 1997, Bogard and Garrison 1999;
Cassata et al. 2010). As a great variety of impact events
older than 4.0 Ga ago are recorded in a variety of
parent bodies, it is expected that the Moon did not
escape impacts during this early period.

CONCLUSIONS

The 15 samples studied comprise three major
lithologic types: crustal rocks, breccias, and impact melt
rocks. Within the crustal material, the range of rock
types was FAN, olivine-bearing anorthosite, noritic
anorthosite, and an anorthositic troctolite. The
“OAr/*?Ar data obtained for 15 Apollo fragments (13
from Apollo 16 and 2 from Apollo 17) witness an
extended period of lunar geologic history. These
fragments probably preserve not only a relic
crystallization age but also partial and total resetting of
the K-Ar clock due to later thermal events.

The polymict feldspathic fragmental breccias
63503,1, 63503,3, and 63503,4 display different degrees of
thermal overprinting: breccia 63503,1 hints at the
preservation of a relict Ar age of 4.547 + 0.027 Ga, and
the strongly recrystallized 63503,4 was completely reset at
approximately 4.2 Ga. Two impact melt rocks developed
different igneous textures caused by differences in their
cooling times. The quickly quenched impact melt 63503,9
represents molten ejecta from an impact crater that
formed approximately 4.2 Ga ago. In contrast, the
crystallized impact melt rock 63503,13 probably cooled
inside a melt pond (~4.3 Ga), with a later impact at
approximately 3.9 Ga delivering the rock fragment to the
Apollo 16 landing site.
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The observed shock features and the deduced shock
temperatures are not sufficient to explain substantial to
complete resetting of the K-Ar chronometer. An extended
period at elevated temperatures (i.e., in a hot ejecta
blanket) could cause the resetting of the K-Ar clock (e.g.,
Fernandes and Artemieva 2012). Alternatively, the
apparent Ar ages (and their younger ages relative to their
Sm-Nd ages) could be explained by exhumation of hot
crustal material from deep crustal levels (e.g., 2045 km)
onto the lunar surface and subsequent cooling below the
Ar-closing temperature. Interpreting the 4.3-4.2 Ga ages
of Apollo 16 anorthosites as impact exhumation ages
directly implies that these ages relate to a large and likely
basin-forming impact event(s) (e.g., Tranquillitatis,
Serenitatis, and Nectaris). Interestingly, two Apollo 17
samples analyzed in this work also recorded a thermal
event (i.e., impact) at approximately 4.2 Ga, further
suggesting that either this event was large enough so that
its ejecta were spread over a radius of at least
approximately 1000 km or that there were more than one
impacts on the Moon at this time.

A compilation of 280 *°Ar/*’Ar of lunar samples
(literature data and this work; see Fig. 8) indicates a
complex impact history of the Earth—-Moon system with
events at 4.3, 4.2, 4.0, 3.9, [3.5, 3.3, 2.9, 2.4], 2.1, 1.95,
1.7, [1.35, 1.05], 0.85, 0.75, 0.50, 0.40, and 0.25 Ga. To
better understand this early period of the inner solar
system, further work will be necessary on samples
collected by the Apollo and Luna missions as well as
samples from other regions of the Moon. Thus, future
missions should be planned for locations afar from the
PKT regions and collected with improved geologic
contextual information.

The deepest drilling depth cored during the Apollo
missions was just approximately 3 m (Apollo 17: 70001-
70006). The samples collected at Apollo 16 Stations 11
and 13, which were naturally excavated from an
estimated depth of approximately 230 m, are therefore
likely samples from the deepest stratigraphic level of the
lunar regolith sampled by the Apollo (and Luna)
missions. Several of the fragments from this site give
K-Ar ages older than the approximately 3.9 Ga (a
period thought to have had a high impact flux), and
thus the ejecta blanket of the North Ray crater serves
as a window to an older period of the Earth-Moon
early history (and inner solar system). This highlights an
important caveat when dealing with Apollo samples: the
likely stratigraphic and compositional bias imposed by
the samples. Samples collected during the Apollo
missions were mostly from the lunar surface, and thus
probably showing the effects of the more recent large
thermal event (e.g., at 3.9 Ga).

Based on the oldest “°Ar/*’Ar age obtained for an
impact melt (4.293 £ 0.044 Ga) and those reported for
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zircons by Nemchin et al. (2008, 2009), Pidgeon et al.
(2007), and Grange et al. (2009) and interpreted as due
to resetting events, the present work suggests a possible
minimum age of the SPA Basin. The age of this basin is
argued to be >4.3 Ga because the oldest impact melt
rock recovered from the lunar surface provides the
minimum age for the oldest lunar impact structure. It
appears that the Earth-Moon system during its initial
600 Myr was probably affected by different periods of
increased impact bombardment (i.e., peaks) during the
overall decrease in the impact size and rate over time.
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plane and crossed polarizers are combined to illustrate
the petrographic and shock metamorphic features of the
samples. Note that all mineral show unusual
interference colours because the available thin sections
are substantially thicker than common 25 pm.

Appendix S2: Electron microprobe analyses.

Appendix S3: “°Ar/*°Ar data.




