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Abstract

Twenty-one 2–4 mm rock samples from the Apollo 12 regolith were analyzed by the 40Ar/39Ar geochronological technique in order to
further constrain the age and source of nonmare materials at the Apollo 12 site. Among the samples analyzed are: 2 felsites, 11 KREEP
breccias, 4 mare-basalt-bearing KREEP breccias, 2 alkali anorthosites, 1 olivine-bearing impact-melt breccia, and 1 high-Th mare basalt.
Most samples show some degree of degassing at 700–800 Ma, with minimum formation ages that range from 1.0 to 3.1 Ga. We estimate
that this degassing event occurred at 782 ± 21 Ma and may have been caused by the Copernicus impact event, either by providing
degassed material or by causing heating at the Apollo 12 site. 40Ar/39Ar dating of two alkali anorthosite clasts yielded ages of
3.256 ± 0.022 Ga and 3.107 ± 0.058 Ga. We interpret these ages as the crystallization age of the rock and they represent the youngest
age so far determined for a lunar anorthosite. The origin of these alkali anorthosite fragments is probably related to differentiation
of shallow intrusives. Later impacts could have dispersed this material by lateral mixing or vertical mixing.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Although the lunar samples collected from the Apollo
and Luna missions in the 1960s and 1970s represent an
incomplete sampling of lunar geology, the samples have
provided valuable information in understanding the mag-
matic and impact events that have affected the Moon.
The Moon has preserved most of its magmatic and impact
history since its origin �4.5 billion years ago, unlike Earth,
where the earliest records of these processes have been
erased through plate tectonics and crustal recycling. Thus,
the Moon provides important information to understand
the early history of the Earth–Moon system.

Lunar samples have been studied extensively for more
than three decades and have provided insights on lunar
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geochemistry and geochronology. Compared to our under-
standing of lunar geochemistry, which has increased sub-
stantially during the last decade with the Lunar
Prospector and Clementine missions and lunar meteorites,
the absolute chronology of lunar events is sparse. To prop-
erly assess the different processes involved in the evolution
of the Moon, our understanding of lunar geochemistry
should be better coupled with geochronological studies.

The Apollo 12 landing site (Fig. 1) in Oceanus Procella-
rum is on a volcanic plain (Mare Insularum) composed of
low-Ti mare basalts that cover nonmare material of the Fra
Mauro or Alpes Formations, which are deposits of Imbri-
um ejecta (Wilhelms, 1987). Exposures of nonmare materi-
al occur within 50 km of the site (Jolliff et al., 2000). Three
large craters lie north of the site (Fig. 1A): Copernicus
(400 km to rim), the Eratosthenian Reinhold crater
(200 km) and the Upper Imbrian Lansberg (100 km) crater.
The Apollo 12 sample suite consists mainly of four classes
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Fig. 1. (A) Location of the Apollo 12 landing site. Also shown are the major craters Copernicus (93 km diameter), Reinhold (48 km diameter) and
Lansberg (39 km diameter). (B) Apollo 12 traverses showing the locations of the lunar samples discussed in this study. *Denotes reported location of
sample 12032; **denotes proposed alternative location of sample 12032.
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of material (Fig. 2): (1) three varieties of low-Ti mare ba-
salt, all with low concentrations of Th, (2) a variety of
glassy and crystalline breccias of noritic composition with
very high concentrations of Th and other incompatible ele-
ments, (3) uncommon to rare lithologies, mainly alkali
anorthosites and norites, felsites, and material from the
feldspathic highlands, and (4) regolith and breccias com-
posed of all of the other three classes of material. The
Th-rich glasses and breccias of Apollo 12 were the first
material to which the term KREEP was applied (Hubbard
et al., 1971), and we will refer to them here generically as
‘‘KREEP breccias’’.



Fig. 2. Compositional classification diagrams for Apollo 12 lithic fragments of this study. (a) Th and FeO concentrations in all fragments analyzed by
neutron activation. Most points that plot at intermediate FeO and �0 Th are for unrepresentative fragments of mare basalt that contain an excess of
plagioclase. (b) The subset of fragments analyzed by 40Ar/39Ar geochronology. (c and d) Similar plots for Na2O and FeO concentrations.
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The geochemistry of the Apollo 12 mare basalts is well
studied (e.g., Neal et al., 1994) and geochronological inves-
tigations using different isotopic systems such as K–Ar,
40Ar/39Ar, Rb–Sr, and Sm–Nd, have yielded ages ranging
from 3.1 to 3.3 Ga (e.g. Compston et al., 1971; Papanastas-
siou and Wasserburg, 1971; Turner, 1971; Stettler et al.,
1973; Alexander and Davis, 1974; Horn et al., 1975; Ny-
quist et al., 1977; Nyquist et al., 1979; Nyquist et al.,
1981). Most geochemical and geochronological studies on
the nonmare materials of the Apollo 12 site were done
within 10 years of the mission (July, 1971). Alkali-suite
samples have yielded ages between 3.8 and 4.0 Ga (e.g., Lu-
natic Asylum, 1970; Turner, 1971; Shih et al., 1993; Meyer
et al., 1996), whereas 40Ar/39Ar geochronology on ropy
glasses from samples 12032/12033 (Eberhardt et al., 1973;
Alexander et al., 1976; Bogard et al., 1992) consistently
provided ages of �800 Ma. Similarly, a single lunar granite
fragment from sample 12033 also yielded a 40Ar/39Ar age
of 800 ± 15 Ma (Bogard et al., 1994). All these �800 Ma
ages have been interpreted as the age of the Copernicus
crater, or as a reset age in the case of the granite fragment
from sample 12033, caused by the Copernicus impact since
a ray from this crater crosses the landing site. This work is
part of a broader study to characterize the nonmare com-
ponents of the Apollo 12 regolith and interpret their origin
in a modern context. The approach in the geochemical
investigation is a modification of one used in the past for
samples from other Apollo landing sites (Jolliff et al.,
1991, 1996; Korotev and Rockow, 1995; Korotev, 1997;
Zeigler et al., 2006) wherein the chemical composition of
several hundred lithic fragments from 2 to 4 mm grain-size
fraction of the regolith is determined by INAA (instrumen-
tal neutron activation analysis), which is nondestructive. A
subset of the samples, selected on the basis of composition,
is then characterized by standard petrographic techniques
or by determination of bulk major-element composition.
Unusual or unique samples can be studied further by other
techniques (e.g., Jolliff, 1991). For the present study, we
included monitors required for 40Ar/39Ar geochronological
analysis with the samples during the neutron irradiation for
INAA. Preliminary results of the compositional analysis
were reported in abstracts (Korotev et al., 2000, 2002).
Here, we present new 40Ar/39Ar geochronological data on
21 selected samples in order to further constrain the age
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and source of these materials and to provide insights on the
processes that have affected the rocks at the Apollo 12 loca-
tion. Although we expected to be dating crystallization
ages in most cases, it became clear from our data that in-
stead we have found ubiquitous evidence for one or more
late impact events, most likely Copernicus.

2. Sample selection

Each of the samples of this study is a lithic fragment that
we hand-picked from 2 to 4 mm grain-size fractions of
Apollo 12 regolith samples at the astromaterials curation
facility of the NASA Johnson Space Center. The selection
process favored large, crystalline, nonmare fragments,
although numerous mare basalts were included for com-
pleteness (Fig. 2). For geochronology, a small subset of
fragments was selected on the basis of their composition
(Table 1). Most are nonmare materials, although we
included one mare basalt of unusual composition and
two fragments for which the compositions are consistent
with regolith breccias.

The 21 fragments selected for this study derive from six
regolith samples. Sample 12001 was taken near the lunar
module, samples 12023 and 12024 were taken near Sharp
crater, whereas samples 12032 and 12033 were collected
on the north rim of Bench crater and from the bottom of
a 15 cm deep trench inside the rim of Head crater, respec-
tively (Shoemaker et al., 1970; Warner, 1970) (Fig. 1B).
Korotev et al. (2000) questioned the location of sample
12032, however, and proposed an alternate location on
the north rim of Head crater based on a similar chemical
composition with sample 12033. Hence, both samples
12032 and 12033 were likely collected from the same trench
at Head crater (Fig. 1B). Sample 12037 was collected on
the north rim of Bench crater and sample 12070 is part
of the contingency sample (Warner, 1970).

3. Methodology

For INAA and 40Ar/39Ar geochronology, samples were
irradiated at the University of Missouri Research Reactor
along with MMhb-1 hornblende, CaF2, and K2SO4 salts
for a duration of 24 or 36 h in a thermal neutron flux of
5.15 · 1013 cm�2 s�1. For Ar geochronology, hornblende
was used as a neutron flux monitor and CaF2 and K2SO4

for correction of reactor-induced interferences on Ca and
K, respectively. The INAA data reported in Fig. 2 required
six separate neutron irradiations; however, the subset of
samples discussed in this study were irradiated in three
different batches (W334, W335, and W337) and then
analyzed by INAA followed by Ar geochronology.
Samples 12033,634-06, 12037,225-03, and 12023,146-02
were irradiated in batch W334 with a J factor of
0.0018886 ± 0.0000052, whereas samples 12001,912-02,
12001,907-05, 12033,634-18, 12032,366-41, 12032,366-30,
12033,634-04, 12033,634-15, 12033,634-24, 12033,634-07,
12001,911-01, 12032,366-13, 12033,634-26, 12023,145-03,
12070,882-14, and 12070,882-02 in batch W335, with a J

factor of 0.00287 ± 0.00015. Samples 12024,074-04,
12032,366-18, and 12032,366-07 were all irradiated in batch
W337 and the J factor was 0.00192 ± 0.00013.

For INAA, samples were radioassayed at Washington
University by c-ray spectrometry four times between 6
and 30 days following the irradiation to determine concen-
trations of 27 major, minor, and trace elements (Table 1;
Jolliff et al., 1991; Jolliff et al., 1996).

For Ar geochronology, samples were analyzed at the
University of Arizona noble gas laboratory following the
procedure described by Swindle and Olson (2004). Each
sample was degassed in a series of temperature extractions
(steps) using a resistance-heated furnace and the isotopic
composition of the released argon was measured on a
VG5400 mass spectrometer by ion counting using an elec-
tron multiplier. Data corrections include system blanks,
radioactive decay, reactor-induced interferences, cosmic-
ray spallation, and solar wind. Blanks are run at room tem-
perature at the start of every day and between samples.
Additionally, ‘‘hot’’ blanks are run with the furnace heated
to a temperature of 1550 �C. Blank corrections are based
on an average of blank runs in the same time period as the
sample analysis. Typical blank averages in 10�11 cm3 STP
are 40Ar = 24.80 ± 3.72, 39Ar = 9.6 ± 1.4, 38Ar = 3.4 ±
0.5, 37Ar = 5.2 ± 0.8, and 36Ar = 17.1 ± 2.6. Corrections
for radioactive decay of 39Ar are usually minor due to its rel-
atively high half-life (269 years), but can be significant for
37Ar because of its much shorter half-life (35 days).

Besides the formation of 39Ar from 39K in the nuclear
reactor, a series of additional reactions occur. These inter-
fering reactions, or reactor-induced interferences, are a
function of the reactor facility and total irradiation time.
The primary interfering reactions are 40K fi 40Ar,
40Ca fi 36Ar, 40Ca fi 37Ar, 42Ca fi 39Ar, and 38Cl fi 38Ar.
In addition to the interfering reactions that produce argon
isotopes, there is Ar that is produced by cosmic-ray spalla-
tion. The interaction of high-energy particles with the lunar
surface produces the same reactions that occur within the
nuclear reactor resulting in 36Ar, 38Ar, and 40Ar from cal-
cium- and potassium-bearing minerals. The amount of Ar
produced by cosmic-ray spallation that is subtracted from
the sample is determined by deconvolving the proportion
of 36Ar from spallation and solar wind (Cohen, 2000).
These two components, cosmic-ray spallation and solar
wind, have known 38Ar/36Ar ratios of 1.54 and 0.188,
respectively (Eberhardt et al., 1972; Hohenberg et al.,
1978) and hence the contribution of each component can
be determined. In some cases, after subtraction of argon
produced by cosmic-ray spallation there is still some 36Ar
and 38Ar left. These remaining argon isotopes are assumed
to have been implanted on the uppermost layer (few milli-
meters thick) of the lunar surface by the solar wind, which
has a 36Ar/38Ar ratio of 5.26 ± 0.00005 (Eberhardt et al.,
1972). Although this 36Ar/38Ar ratio is well-derived, this
isotopic ratio can undergo significant fractionation during
diffusion loss from grain surfaces on the moon, and a range



Table 1
Results of instrumental neutron activation analysis

Sample AZ ID WU ID Chem.
class

Na2O
(%)

CaO
(%)

Sc
(lg/g)

Cr
(lg/g)

FeO
(%)

Co
(lg/g)

Ni
(lg/g)

Rb
(lg/g)

Sr
(lg/g)

Zr
(lg/g)

Cs
(lg/g)

Ba
(lg/g)

La
(lg/g)

Ce
(lg/g)

12001,912 02 L01 335.030 Felsite 0.90 2.6 8.1 34 5.10 3.6 97 250 76 1090 4.9 2970 75.1 175
12032,366 07 F 337.033 Felsite 1.39 6.2 17.5 790 6.65 11.7 60 83 210 980 3.2 7260 46.4 118
12023,145 03 L15 335.117 KREEP 0.97 13.5 29.0 1650 11.95 24.6 120 8 190 1070 0.51 860 79.0 204
12032,366 13 L13 335.134 KREEP 1.18 10.6 17.7 770 9.19 30.6 290 9 230 1670 0.52 1280 122.0 308
12032,366 30 L06 335.140 KREEP 1.22 9.4 21.0 1245 9.55 16.8 45 46 170 1080 1.6 1780 84.6 215
12033,634 04 L08 335.014 KREEP 1.03 10.8 28.7 1560 11.45 22.0 90 20 230 1270 0.75 1130 94.2 243
12033,634 07 L11 335.108 KREEP 1.12 11.9 21.9 1120 9.26 16.8 <110 17 260 1280 0.86 970 87.1 222
12033,634 15 L09 335.113 KREEP 1.08 13.3 26.0 1395 10.3 18.6 <120 14 210 1130 0.64 1050 97.5 253
12033,634 24 L10 335.017 KREEP 1.34 11.1 17.5 780 8.99 17.1 80 16 190 1930 1.00 770 130.0 325
12033,634 26 L14 335.018 KREEP 1.19 10.9 16.5 740 9.30 37.1 350 26 160 1400 0.96 1360 99.4 252
12037,225 03 L07 334.033 KREEP 1.04 11.5 23.2 790 10.5 17.8 130 24 200 2490 1.0 1290 158.0 399
12070,882 14 L16 335.041 KREEP 0.77 11.1 19.8 1375 11.4 42.6 480 8 190 1020 0.45 645 87.6 225
12033,634 18 L04 335.016 KREEP 1.01 12.3 23.6 880 11.15 16.8 120 <20 210 2350 0.66 1560 176.0 442
12001,911 01 L12 335.012 K–MB 0.79 11.1 32.5 2110 13.7 31.2 100 <20 180 950 0.55 730 68.5 176
12023,146 02 L17 334.020 K–MB 0.76 11.2 32.8 1890 13.4 27.0 100 8 200 960 0.48 730 67.3 173
12024,074 04 46 337.146 K–MB 0.91 12.3 31.1 1590 10.8 16.6 <130 <21 200 920 0.4 670 60.6 158
12070,882 02 L18 335.037 K–MB 0.67 11.2 34.5 2110 13.9 31.8 130 <15 170 790 0.42 650 54.0 139
12032,366 18 H 337.030 MB 0.78 12.7 52.5 1355 19.7 30.6 <80 <12 270 600 0.31 500 41.2 106
12032,366 41 L05 335.146 Ol-IMB 0.38 10.7 9.2 1360 9.15 32.2 230 <5 180 979 0.22 490 77.7 200
12001,907 05 L03 335.032 AlkAn 1.05 16.4 5.1 330 1.72 4.9 30 <3 352 1250 0.17 680 54.2 137
12033,634 06 L02 334.010 AlkAn 1.79 15.8 2.1 50 0.84 1.0 <20 1 455 74 0.07 440 22.8 52

Uncertainty (%) 1 5 1 1 1 1 25 20 15 4 10 2 1 1

Sample AZ ID WU ID Chem.
class

Nd
(lg/g)

Sm
(lg/g)

Eu
(lg/g)

Tb
(lg/g)

Yb
(lg/g)

Lu
(lg/g)

Hf
(lg/g)

Ta
(lg/g)

Ir
(ng/g)

Au
(ng/g)

Th
(lg/g)

U
(lg/g)

Mass
(mg)

12001,912 02 L01 335.030 Felsite 75 23.1 1.58 6.38 55.9 8.15 34.1 10.0 <2.0 <3.0 58.5 19.0 9.2
12032,366 07 F 337.033 Felsite 65 19.4 3.29 4.23 20.8 2.97 24.5 3.80 <4.0 <6.0 20.5 8.0 15.7
12023,145 03 L15 335.117 KREEP 117 35.0 3.09 7.13 25.4 3.48 26.0 3.33 <7.0 <10.0 14.0 3.8 13.6
12032,366 13 L13 335.134 KREEP 181 52.5 4.00 10.7 38.3 5.25 40.1 4.72 8.7 <14.0 22.3 6.2 14.5
12032,366 30 L06 335.140 KREEP 121 35.1 2.45 7.46 31.0 4.26 26.1 4.55 <5.0 <8.0 23.1 6.4 15.4
12033,634 04 L08 335.014 KREEP 138 41.6 3.20 8.54 30.9 4.25 31.9 4.11 <6.0 <25.0 19.4 5.5 11.0
12033,634 07 L11 335.108 KREEP 126 37.9 3.61 7.71 27.5 3.74 31.1 3.52 <8.0 <12.0 15.4 4.3 13.0
12033,634 15 L09 335.113 KREEP 152 44.4 3.35 8.75 29.0 3.95 27.3 3.78 <6.0 <16.0 15.7 4.4 13.0
12033,634 24 L10 335.017 KREEP 190 52.6 3.72 10.2 39.2 5.26 43.9 4.20 5.7 <8.0 26.9 6.2 9.8
12033,634 26 L14 335.018 KREEP 142 41.1 2.27 8.70 32.7 4.45 35.4 4.39 12.3 <10.0 21.1 5.4 10.6
12037,225 03 L07 334.033 KREEP 235 68.0 3.20 13.6 49.0 6.63 57.9 5.8 3.0 <13.0 28.1 8.1 20.3
12070,882 14 L16 335.041 KREEP 133 37.9 2.53 7.75 26.6 3.60 26.3 3.34 12.5 11 16.0 4.1 10.9
12033,634 18 L04 335.016 KREEP 249 73.3 4.31 14.8 55.9 7.60 53.9 6.60 <10.0 <18.0 31.4 8.6 11.5
12001,911 01 L12 335.012 K–MB 99 30.5 2.53 6.14 22.6 3.13 23.1 3.00 <9.0 <17.0 12.2 3.5 12.3
12023,146 02 L17 334.020 K–MB 101 30.1 2.64 6.14 22.1 3.02 23.6 2.83 <6.0 <30.0 11.9 3.3 21.8
12024,074 04 46 337.146 K–MB 91 27.7 2.52 5.63 20.6 2.82 21.4 2.55 <8.0 <9.0 11.0 3.1 8.8
12070,882 02 L18 335.037 K–MB 79 24.4 2.34 5.03 18.9 2.62 19.7 2.31 <10.0 <12.0 9.4 2.8 12.5
12032,366 18 H 337.030 MB 69 20.3 2.90 4.35 15.2 2.11 15.7 1.84 <5.0 <10.0 6.9 1.7 42.0
12032,366 41 L05 335.146 Ol-IMB 116 33.8 2.76 6.59 21.6 2.92 24.7 2.82 <3.0 <7.0 12.4 3.0 13.7
12001,907 05 L03 335.032 AlkAn 83 24.4 4.64 4.87 15.5 2.02 26.2 1.12 <3.0 <4.0 8.2 2.8 11.8
12033,634 06 L02 334.010 AlkAn 28 7.0 6.59 1.18 3.4 0.45 1.8 0.59 <1.3 <3.0 1.6 0.4 17.3

Uncertainty (%) 3 1 1 1 1 1 1 3 25 35 2 5

All Fe is reported as FeO although some Fe occurs as metal. Uncertainties are one-standard-deviation estimates of analytical precision based mainly on
counting statistics. The Washington University (WU) and University of Arizona (AZ) laboratory designations of each fragment are listed in the second
and third columns. The chemical classifications are based on plots such as Fig. 2: AlkAn, alkali anorthosite; K–MB, composition consistent with mixture
of KREEP and mare basalt; MB, mare basalt; Ol-IMB, olivine-bearing impact melt breccia.
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in 36Ar/38Ar ratios has been measured in soils and breccias.
Variations in the 36Ar/38Ar ratio will be particularly signif-
icant in low temperature steps (<500 �C) with 36Ar/38Ar ra-
tios close to the 5.26 value. These low temperature steps
usually yield unreliable age information, mostly due to ter-
restrial argon contamination and hence we do not assign
any relevance to variations in the 36Ar/38Ar solar-wind
ratio.
The amount of ‘‘parentless’’ 40Ar accompanying solar
wind in samples (Eugster et al., 2001) is determined by con-
structing an isochron diagram to constrain the initial
40Ar/36Ar ratio for the high-temperature steps (Fig. 3a
and b). As mentioned above, in some cases, low tempera-
ture steps yield an 40Ar/36Ar ratio close to the terrestrial
value (295.5) suggesting contamination by terrestrial argon
(Swindle and Olson, 2004). In others they do not fall on an



Fig. 3. Isotope correlation diagrams showing two examples of reasonably good correlation (a) and (b), and two examples of poor correlation (c) and (d).
The initial 40Ar/36Ar determined from the three-isotopes plots for samples 12023,146-02 (a) and 12070,882-02 (b) was 0.8 ± 0.1 and 1.0 ± 0.1, respectively.
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isochron (i.e., show a poor correlation, Fig. 3c and d),
yielding meaningless apparent ages. In those cases where
no reliable 40Ar/36Ar was obtained we applied a nominal
correction assuming 40Ar/36Ar = 5 ± 5, spanning the range
expected (Eugster et al., 2001). This correction was applied
to samples with ages over 2.5 Ga (sample 12037,225-03),
whereas in other cases, where the ages were in the range
of 700–800 Ma, we took a 40Ar/36Ar of 1 ± 1 value for
our correction (i.e., samples 12001,912-02, 12032,366-13,
12032,366-18, 12032,366-30, 12032,366-41, 12033,634-07,
12033,634-15, 12033,634-18, 12033,634-24, and 12033,
634-26). The magnitude of this solar-wind correction is
not significant for these samples, since this correction is
most relevant in samples that have high contents of 36Ar,
and in those particular cases we were able to obtain an ini-
tial 40Ar/36Ar from the three-isotopes plot.

Although most data reduction was fairly standard, as
described in the above section, we used an unusual tech-
nique to correct for the 39Ar produced by irradiation of
Ca in the reactor, both necessitated and enabled by our
specific experimental circumstances.

The most abundant argon product of irradiation of Ca
is 37Ar, and since 37Ar is radioactive (with a 35-day half-
life) and not produced in significant amounts by any other
process in the reactor, most of the 37Ar in an irradiated
rock sample will come from Ca. However, because of the
short half-life of 37Ar, samples must be analyzed within a
few months of irradiation to detect it. The normal tech-
nique is to include samples of CaF2 in the irradiation as
monitors of the reactions producing Ar from Ca, particu-
larly of the 39Ar/37Ar ratio, which then can be used in con-
junction with the 37Ca measured in the sample to determine
the amount of Ca-derived 39Ar.

We had CaF2 monitors in all of our irradiation packages,
but could not effectively use the 37Ar because we analyzed
some samples two years or more after irradiation, when
the 37Ar had decayed to levels comparable to our blanks.
However, one of the reasons for the delay was that the sam-
ples were analyzed via INAA to determine the abundances
of many elements, including Ca. Hence, we know the
amount of Ca in the sample we analyzed, so we can deter-
mine the 39Ar/[Ca] ratio (where the symbol in brackets re-
fers to the elemental abundance) in the CaF2 for an
irradiation, then combine that with the Ca abundance in
each sample to determine the total amount of Ca-derived
39Ar in each sample. However, this still does not tell us
how much of the 39Ar in each heating step is Ca-derived.

To apportion the Ca-derived 39Ar among the different
heating steps, we note that (a) most of the cosmic-ray-spall-
ation 36Ar and 38Ar in Ca-rich lunar samples such as these
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come from Ca and (b) lunar samples contain little Cl
(which can produce noticeable amounts of 38Ar in irradi-
ated terrestrial samples or meteorites). This means that
the 36Ar and 38Ar are basically two-component mixtures
of Ca-derived spallation and solar wind, each with
known 38Ar/36Ar ratios. We determine how much Ca-de-
rived 38Ar each step contains, sum those, and then find
what fraction of the total each step contains. Since Ca-
derived 38Ar (from spallation) and Ca-derived 39Ar (from
irradiation) should occupy the same lattice sites, we can
then calculate an amount of Ca-derived 39Ar in each
step.

Such a technique would not work for samples (meteor-
itic or terrestrial) with measurable amounts of 38Ar from
Cl, or on Ca-poor samples in which the Ar spallation is
not as clearly dominated by Ca, but it appears to work well
here (we obtained reasonable agreement on samples for
which we did have measurable 37Ar amounts). We are less
confident in the technique on a Ca-poor sample (in which
the Ar spallation is not dominated by Ca) such as
12001,912-02, but we found on that sample that the low-
Ca (and high K) meant that the details of how the correc-
tion for Ca-produced 39Ar was done made an insignificant
difference in the final calculated apparent ages.

Plateau diagrams were constructed using ISOPLOT
(Ludwig, 2001) and here a plateau is defined as three or
more consecutive steps that release 60% or more of the
39Ar, with apparent ages overlapping within their 1-r
Table 2
Summary of 40Ar/39Ar ages (in Ma) for regolith samples discussed in text. (er

Sample Split Weight
(mg)

Chemical
classification

Lower age Other a

Limit Error Plateau Error Plateau

12001,912-02 A 0.504 Felsite 767 9
B 1.375 745 3 769 26

12032,366-07 0.577 Felsite 680 5 685 8
12023,145-03 13.627 KREEP 752 9 1659
12032,366-13 14.523 KREEP 700 11 706 6
12032,366-30 A 3.981 KREEP 845 11

B 2.717 680 39
12033,634-04 11.050 KREEP 770 7 790 13
12033,634-07 13.028 KREEP 755 32 913
12033,634-15 13.057 KREEP 765 34 862 38 1425
12033,634-24 9.811 KREEP 770 15 792 12
12033,634-26 10.627 KREEP 726 21 788 11
12037,225-03 A 4.595 KREEP 3823 130

B 1.253 2337 115
12070,882-14 10.973 KREEP 2559 89
12033,634-18 5.476 KREEP 805 2 822 60
12001,911-01 12.327 K–MB 1018 14 1575
12023,146-02 21.694 K–MB 981 185 1059
12024,074-04 A 1.241 K–MB 995 27 1054

B 2.398 973 37 1054
12070,882-02 12.456 K–MB 426 37 663 17
12032,366-18 A 1.884 Mare basalt 548 21 688 10

B 0.338 487 41
12032,366-41 A 4.270 KREEP 750 20

B 5.383 871 48
12001,907-05 11.799 AlkAn 1720 558
12033,634-06 17.307 AlkAn 1561 30
uncertainties. In some cases, where several various consec-
utive steps have similar apparent ages but do not conform
to a plateau age, a weighted average age is calculated using
ISOPLOT (Ludwig, 2001). Although not a plateau age,
these weighted average ages are our best estimate of the
age in these particular cases. All uncertainties are reported
at 1-r level.

K/Ca histograms for each sample are based on
38Arspallation/39Ar ratios and are normalized to the highest
value obtained for the sample. In those cases where we
analyzed splits of a single sample, normalization was
based on the highest K/Ca ratio obtained from both
analyses.

4. Results

Results of INAA show that the Apollo 12 regolith con-
sists of a variety of lithologies (Fig. 2a and c). Most lithic
fragments in the 2–4-mm grain-size fraction are mare bas-
alts and KREEP breccias. Also abundant are breccias with
compositions intermediate to KREEP impact-melt breccia
and mare basalt. Most of these are probably regolith brec-
cias because they have compositions similar to the <1-mm
fines (‘‘A12 soil’’ in Fig. 2). Some, however, particularly
those that plot close to the KREEP breccia field of Fig. 2
and are enriched in Sc (Table 1), are probably impact-melt
breccias dominated by some form of KREEP but with a
component of mare basalt. In the discussion below, such
rors at 1-r)

ge High age Comments

Error Limit Error Plateau Error

2103 38
2867 40
1039 12

61 2045 81
2349 27
2265 42
2003 47
1208 20

24 1311 7
31 2018 30

1589 40
2127 24

3991 25 Little or no resetting at 700–800 Ma
3085 56 Little or no resetting at 700–800 Ma

3829 78 Little or no resetting at 700–800 Ma
2509 109

33 1917 22
10
6 1066 9

31 2869 191
1640 104
2329 48 Involved in later thermal event
2736 210 Involved in later thermal event
3137 80
3597 75

3105 58
3256 22
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fragments (>30 lg/g Sc) are designated KREEP–mare-ba-
salt breccias (K–MB in Tables 1 and 2). Other minor lithol-
ogies include felsite, alkali anorthosite, alkali norite, and
plagioclase-rich lithologies derived from the feldspathic
highlands. Below we describe results for the 21 samples
for which we obtained Ar–Ar data (Fig. 2b and d). The iso-
topic composition of Ar released and apparent age for each
heating step are provided in the electronic annex file EA-1.
A summary of results and amounts of sample analyzed is
shown in Table 2.

4.1. Felsite 12001,912-02

Sample 12001,912-02 is a felsite (granite) rock fragment.
It has low concentrations of FeO, Sc, and Cr, and high
concentrations of alkali elements (K2O = 8.8 wt%), Ba,
Zr, Hf, Ta, Th, and U (Table 1, Fig. 2), and a shallow
V-shaped REE pattern showing enrichment of the HREE,
typical of lunar granite (e.g., Jolliff, 1991). Two splits of
this sample were analyzed for Ar–Ar geochronology, A
and B. In split A, a total of 11 heating steps were made
(Fig. 4-1). The first three low temperature steps (extrac-
tions) provided meaningless age information, probably
Fig. 4. Plots of apparent 40Ar/39Ar age and K/Ca versus fraction of K-derived
is actually the ratio of 39Ar (produced in the reactor by neutron-capture on K)
ratio measured in the sample (see Section 3).
due to terrestrial argon contamination. Three consecutive
steps released 73% of the 39Ar, with most of it (41%) re-
leased in a single step. These three steps have ages between
767 and 910 Ma. Higher temperature steps have a maxi-
mum apparent age of �2.1 Ga, which is probably the lower
limit of the crystallization age. In split B eight consecutive
steps released �66% of 39Ar with apparent ages between
745 and 836 Ma. Of these eight extractions, six have appar-
ent ages between 745 and 782 Ma, with 53% 39Ar. A
weighted average of these six extractions gave an age of
769 ± 26 Ma (Fig. 4-2). At higher temperatures, steadily
increasing ages are associated with increasing extraction
temperatures, from 920 to 3143 Ma, with around 33%
39Ar. The pattern suggests a rock with a minimum crystal-
lization age of 2.8 Ga that was mostly, but not completely,
degassed around 769 Ma.

4.2. Felsite 12032,366-07

Felsite sample 12032,366-07 shows a pattern of degas-
sing at a recent age and air contamination at the first
temperature extraction (Fig. 4-3). Two consecutive extrac-
tions at 500 and 650 �C with 41% of the 39Ar give an age of
39Ar released for whole rock Apollo 12 regolith samples. The ‘‘K/Ca ratio’’
to 38Ar produced by spallation reactions on Ca, normalized to the highest
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685 ± 8 Ma, suggesting that degassing occurred at that
time. The highest apparent age is 1039 Ma. A polished sec-
tion of this sample shows coarse segregations of silica and
K–feldspar–silica granophyre, and a mafic, vitrophyric ma-
trix, that penetrates and embays the coarse, felsic crystal-
line components. Macroscopically, this vitrophyric phase
also coated the original rock particle. The matrix may be
quenched impact melt, which is consistent with the exten-
sive degassing of this sample.

4.3. KREEP breccia 12023,145-03

Analysis of sample 12023,145-03, which probably con-
tains a minor component of mare basalt (Sc = 29 ppm),
showed air contamination at the lowermost temperature
steps and steadily decreasing ages at low extraction temper-
atures (<950 �C), reaching a minimum of 752 ± 9 Ma, fol-
lowed by increasing ages with increasing temperature steps.
Eight consecutive steps with 37% of the 39Ar have ages be-
tween �1.6 and �1.8 Ga with a weighted average of
1659 ± 61 Ma (Fig. 4-4). The pattern indicates a rock with
a formation age of at least �2.0 Ga (oldest apparent age)
and partial degassing at around 750 Ma.

4.4. KREEP breccia 12032,366-13

For fragment 12032,366-13, the same pattern of increas-
ing apparent ages with increasing extraction temperature
was observed. Ten consecutive steps, with approximately
62% of 39Ar give a weighted average age of 706 ± 6 Ma
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(Fig. 4-5). The oldest apparent age is 2349 Ma and is inter-
preted as the minimum age of formation, with a partial
degassing event at �700 Ma.

4.5. KREEP breccia 12032,366-30

We analyzed two splits of fragment 12032,366-30. Split
A shows an Ar-release pattern with a minimum crystalliza-
tion age of around 2.2 Ga that was partially degassed at
�845 Ma or later (Fig. 4-6). Split B also shows this pattern,
with four consecutive steps, which have ages between 680
and 830 Ma (Fig. 4-7). Two consecutive high-temperature
steps, i.e., 1050 and 1150 �C, released more than 40% of
39Ar and have associated ages of 1.0 and 1.1 Ga, respec-
tively. The estimated minimum formation age for this sam-
ple is 2.0 Ga.

4.6. KREEP breccia 12033,634-04

Fragment 12033,634-04, which may contain a minor
component of mare basalt (29 lg/g Sc, Table 1), shows a
pattern of steadily increasing age with increasing extraction
temperature, from 783 to 1305 Ma. This pattern includes
seven consecutive extractions with 25% of the 39Ar that
have a weighted average age of 790 ± 13 Ma. A single
high-temperature step (1175 �C) released 36% of the 39Ar
and has an apparent age of 1211 Ma (Fig. 4-8). This step
falls within the pattern of steadily increasing ages, however,
so it probably has no significance beyond that. The overall
age pattern is of a rock formed at 1.2–1.3 Ga or earlier and
partially degassed around 800 Ma.

4.7. KREEP breccia 12033,634-07

For sample 12033,634-07, the lowest temperature steps
show some terrestrial argon contamination and hence the
associated ages are not reliable. Sixty-five percent of the
39Ar was released in two consecutive high-temperature
extractions (1175 and 1200 �C) that have ages of 913 and
916 Ma, respectively (Fig. 4-9). The overall pattern of this
sample is of a rock with a minimum crystallization age of
�1.3 Ga (highest apparent age) that was mostly, but not
completely, degassed around 755 Ma. Another possible
interpretation is that this sample was strongly degassed at
913 Ma and the slightly younger ages at lower temperatures
represent later diffusion loss. This 913 ± 24 Ma age is within
error of the 862 ± 38 Ma age for sample 12033,634-15 and
might represent a common degassing event.

4.8. KREEP breccia 12033,634-15

The low temperature steps showed evidence of some de-
gree of terrestrial argon contamination. Subsequent higher
temperature extractions showed steadily increasing ages
with increasing temperature steps, from 780 to �3.4 Ma.
Six consecutive steps with 37% of the 39Ar have ages be-
tween 764 and 890 Ma with a weighted average of
862 ± 38 Ma. Two consecutive high-temperature extrac-
tions with 26% of the 39Ar yielded a weighted average
age of 1425 ± 31 Ma. The pattern indicates a rock with a
formation age of at least 2.0 Ga (oldest apparent age)
and partial degassing at 860 Ma or later, very possibly
765 Ma or later (Fig. 4-10).

4.9. KREEP breccia 12033,634-24

For sample 12033,634-24, five consecutive steps released
68% of 39Ar with apparent ages between 770 and 799 Ma,
with a weighted average of 792 ± 12 Ma (Fig. 4-11). A pat-
tern of steadily increasing ages associated with increasing
extraction temperatures is also observed in this sample,
from 800 Ma to 3.4 Ga. The pattern is similar to the one
described for previous samples, i.e., a rock with a minimum
formation age around 1.6 Ga that was degassed �780 Ma.

4.10. KREEP breccia 12033,634-26

Twenty-nine temperature extractions were performed on
sample 12033,634-26. The first three temperature extrac-
tions showed evidence for terrestrial argon contamination
and did not yield reliable ages. The following 16 consecu-
tive low temperature steps (475–900 �C) with 66% of the
39Ar have ages between 726 and 812 Ma. These steps yield
a weighted average of 788 ± 11 Ma (Fig. 4-12). The pattern
is of a rock with a minimum formation age around 2.1 Ga
that was partially degassed �790 Ma.

4.11. KREEP breccia 12037,225-03

Two splits of this sample were analyzed, A and B. In
split A, a total of 22 heating steps were made. Sixteen
consecutive steps with approximately 93% of the 39Ar
have apparent ages between 3.8 and 4.0 Ga. Eleven con-
secutive steps with 83% of 39Ar yielded a plateau age of
3991 ± 25 Ma (Fig. 4-13). This is the oldest age ob-
tained in the analyzed sample set. Split A does not
show the degassing pattern observed in the other sam-
ples. Surprisingly, >70% of the 39Ar is released by
675 �C—only one other sample (12070,882-02) released
as high a fraction that early. Lower ages at the high
temperature end suggest a possible recoil effect. Based
on an Arrhenius plot (not shown), the activation energy
is �39 kcal/mol. Though higher than some activation
energies determined, this is within 2 kcal/mol of samples
12033,634-15 and 12033,634-24, both of which appear to
have been almost completely degassed in a later impact.
The second split (B) did not yield a plateau age, but six
consecutive steps released �55% of 39Ar with apparent
ages between 2.9 and 3.2 Ga and a weighted average
of 3085 ± 56 Ma (Fig. 4-14). The two splits had distinct-
ly different K/Ca ratios (Fig. 4-13 and -14). This indi-
cates that the age difference between the fractions is
probably caused by mineralogical heterogeneities be-
tween the splits.
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4.12. KREEP breccia 12070,882-14

We made 41 extraction steps on sample 12070,882-14
but obtained no useful age information from extractions
below 500 �C. A single-step extraction released 22% of
the 39Ar with an age of 2559 Ma. Overall the ages for
this sample range from 2.5 to 3.8 Ga (highest apparent
age), with most of the ages between 2.8 and 3.3 Ga
(Fig. 4-15).

4.13. KREEP impact-melt lithology 12033,634-18

Sample 12033,634-18, like other fragments classified
here as ‘‘KREEP,’’ has a composition consistent with a
KREEP-rich impact-melt breccia. Sample 12033,634-18
differs, however, in that it appears unbrecciated and is
one of a cluster of about 12 rock fragments (of 358 frag-
ments) that have significantly greater concentrations of
incompatible elements (e.g., �30 lg/g Th) than the mean
(�17 lg/g; Fig. 2). For comparison, ‘‘average high-K
KREEP’’ as defined by Warren (1989) has 22 lg/g Th.
Sample 12033,634-18 is similar in composition to the im-
pact-melt breccia lithology in lunar meteorite Sayh al
Uhaymir 169 (Gnos et al., 2003). Analysis of sample
12033,634-18 showed that 92% of the 39Ar gave steadily
increasing ages with increasing temperature steps, from
805 to �3.6 Ga (Fig. 4-16). Three consecutive steps with
36% of the 39Ar have ages between 805 and 850 Ma. The
pattern indicates a rock with a formation age of at least
�2.5 Ga and degassing around 800 Ma.

4.14. KREEP–mare-basalt breccia 12001,911-01

The composition of sample 12001,911-01 is consistent
with a mixture of KREEP and mare basalt, but dominated
by KREEP. The rock fragment was glassy or aphanitic
with a soil coating. Most of the extractions yielded ages be-
tween 1.0 and 1.5 Ga with 67% of the 39Ar released in a sin-
gle extraction at 1075 �C with an age of 1575 ± 33 Ma
(Fig. 4-17).

4.15. KREEP–mare-basalt breccia 12023,146-02

For sample 12023,146-02, a mare-basalt-bearing
KREEP breccia, �99% of the 39Ar corresponds to a pla-
teau age of 1059 ± 10 Ma, with 70% of the 39Ar released
in the last temperature extraction (Fig. 4-18). The last
extraction was at only 1140 �C, because the furnace burned
out at this point, but most samples had released most of
their gas by this point, so we suspect our extraction was
close to complete.

4.16. KREEP–mare-basalt breccia 12024,074-04

We analyzed two splits of sample 12024,074-04, A and
B. The low temperature steps (<400 �C) in split A did not
yield reliable age information. Two consecutive extractions
at 950 and 1100 �C with around 79% of the 39Ar give ages
of 1049 and 1066 Ma, respectively. Overall split A has a
plateau age of 1054 ± 6 Ma with 80% of the 39Ar (Fig. 4-
19). We were able to make more temperature extraction
steps on split B because the sample mass was higher. Again
we see low temperature steps with unreliable age informa-
tion. The lowest apparent age is 973 Ma at an extraction
temperature of 600 �C and the highest apparent age is
�2.8 Ga. Around 55% of 39Ar gives a weighted average
age of 1054 ± 31 Ma (Fig. 4-20), which is consistent with
the age of previous split (A) and could reflect the age of
degassing.

4.17. KREEP–mare-basalt breccia 12070,882-02

Sample 12070,882-02 is also a mare-basalt-bearing
KREEP breccia. The first temperature step (300 �C)
showed terrestrial argon contamination. Around 88% of
39Ar corresponds to ages between 418 and 798 Ma. Five
consecutive low temperature extractions from 450 to
575 �C have ages between 631 and 671 Ma, yielding a
weighted average of 663 ± 17 Ma (Fig. 4-21). The oldest
apparent age is �1.6 Ga.

4.18. High-Th Mare Basalt 12032,366-18

Sample 12032,366-18 is a crystalline mare basalt that is
compositionally unique, with a high concentration of Th
(7 lg/g, Jolliff et al., 2005). The Jolliff et al. (2005) study
reported that 12032,366-18 is in fact a crystalline mare ba-
salt, and not a mixture of basaltic and KREEPy materi-
als. Split A shows two consecutive steps with 50% 39Ar
that have a weighted average age of 688 ± 10 Ma
(Fig. 4-22), then increasing ages with increasing extraction
temperature, with an oldest apparent age of �2.3 Ga.
This suggests a crystallization age of 2.3 Ga or older
and degassing at approximately at 690 Ma. Split B shows
air contamination in the lower temperature steps and
increasing ages with increasing extraction temperature.
A single extraction with 17% of the 39Ar gives an age
of �487 Ma and the following extraction with 30% of
39Ar gives an age of 617 Ma. The oldest apparent age is
�2.7 Ma at an extraction temperature of 1000 �C, fol-
lowed by an extraction at 1100 �C with an associated
age of 1569 Ma, suggesting possible recoil (Fig. 4-23).
Since both splits, A and B yielded minimum apparent
ages of <550 Ma, it is also possible that this sample was
affected by some event slightly later than the pervasive
�700–800 Ma event at the Apollo 12 site.

4.19. Impact melt lithology 12032,366-41

Sample 12032,366-41 has an unusual composition com-
pared to other KREEP-rich samples. It has low Na, Sc,
Rb, Cs, and Ba, and its composition is at the low end in
terms of incompatible-element enrichment compared to
the other KREEP-rich rock fragments. Its low Sc/Cr is
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consistent with an olivine-bearing impact-melt breccia.
Two splits of this sample were dated. In split A, 14 steps
were performed, the first three steps (temperature
<550 �C) provide meaningless age information. Sixty per-
cent of the 39Ar gave increasing ages with increasing extrac-
tion temperature, from 760 to 2879 Ma, followed by a
temperature step that released �27% of the 39Ar and yield-
ed a younger age of 2156 Ma (Fig. 4-24). This was proba-
bly by different phases that degassed at different
temperatures. Split B shows steadily increasing ages, which
are associated with increasing extraction temperatures,
from 870 to 3597 Ma (Fig. 4-25). Taken together, these
patterns suggest a rock with a minimum formation age of
�3.6 Ga that was partially degassed �750 Ma or later.
The difference in apparent ages between both splits is prob-
ably caused by variable clast content of the fractions or
splits.

4.20. Alkali anorthosite 12001,907-05

Sample 12001,907-05 has compositional characteristics
similar to those of alkali anorthosite. Under the binocular
microscope, it appears to be coarsely crystalline and rich in
plagioclase. Glassy areas indicate that this rock has been
partially impact melted. Its Ar-release pattern shows
decreasing ages associated with the lower temperature steps
(<725 �C) and then increasing ages from �1.9 to 3.2 Ga.
Eleven consecutive steps with approximately 68% of the
39Ar have apparent ages between 2.9 and 3.2 Ga that yield-
ed a weighted average of 3105 ± 58 Ma (Fig. 4-26). This
rock probably formed around 3.2 Ga and was partially de-
gassed at �1.7 Ga or more recently. The plateau age is
slightly younger than previously reported in Barra et al.
(2004) due to a better correction of Ca interferences and so-
lar-wind correction as explained in Section 3.

4.21. Alkali anorthosite 12033,634-06

Sample 12033,634-06 is an alkali anorthosite by virtue of
its low concentrations of Fe, Sc, and Cr and high concentra-
tions of Ca, Na, Sr, and Eu. The first three temperature steps
show evidence of terrestrial atmospheric contamination.
Increasing temperature extractions showed steadily increas-
ing ages from�1.5 to�3.3 Ga. Six consecutive high-temper-
ature steps yielded a plateau age of 3256 ± 22 Ma (Fig. 4-27).
The Ar-release pattern was distinct from any other sample
we analyzed, with most of the 39Ar (48%) released in a single
step at 1425 �C, and >77% release at T > 1250 �C (no other
sample released >5% at T > 1250 �C). The pattern indicates
a rock that formed around 3256 Ma and was partially de-
gassed at the time of the youngest apparent age (1560 Ma)
or more recently. Not surprisingly, given the high release
temperature and refractory composition, this sample seems
to have been far less affected by later impact events than most
of the others.

We determined limits on the cosmic-ray exposure (CRE)
ages of all samples, based on the measured amounts of
calcium (from INAA) and cosmogenic 38Ar, and upper
limits on the production rates (Hohenberg et al., 1978).
We will not go into these in detail in this paper (we plan
to do so elsewhere), but note that the vast majority of
the CRE ages are consistent with exposures beginning dur-
ing or after the suggested 800 Ma event. The highest mini-
mum CRE age is 940 Ma, and it is the only one >850 Ma.
Four samples do have minimum CRE ages 10–30% higher
than our preferred Ar–Ar ages for the samples, but in each
case, the apparent ages in the high-temperature extractions
(where the bulk of the cosmogenic Ar is released) are
>1000 Ma, so it is possible that the cosmogenic Ar was
not completely degassed in the events that partially reset
the K–Ar system.

5. Discussion

The origin of the nonmare material in the Apollo 12
regolith is not known in detail. The site is nominally a
mare site because mare volcanics cover nonmare materi-
al of the Fra Mauro or related Alpes Formations. The
regolith, nevertheless, consists of about 43% nonmare
material (<1-mm fines; Korotev et al., 2000). The com-
position of the nonmare component of the Apollo 12
regolith is similar to that of the Apollo 14 regolith. This
similarity is not surprising because the Apollo 14 site is
only 180 km to the east on the Fra Mauro Formation.
It is reasonable to expect that some of the nonmare
component of the Apollo 12 regolith derives from im-
pacts that penetrate the basalts and exhume underlying
and perhaps interlayered nonmare material (i.e. ‘‘vertical
mixing’’) (Rhodes, 1976). The basalts at the site are
some 300 m thick (DeHon, 1979), so vertical mixing
may have proceeded in part by impacts that occurred
during the intervals of basaltic volcanism in the region
(Jolliff et al., 2000). Exposures of Alpes Formation
(nonmare) occur within 50 m of the landing site, so it
is also reasonable to expect that ‘‘lateral mixing’’ by
many impacts into adjacent nonmare areas has also
delivered nonmare material to the site over this dis-
tance. However, Clementine data suggest that such mix-
ing is efficient only within 10–20 km of the contact
(Jolliff et al., 2000; Li and Mustard, 2000, 2003). Final-
ly, ejecta from the large craters Copernicus and proba-
bly Reinhold (Fig. 1A) occur at the site. Ejecta from
the Upper Imbrian crater Lansberg are buried by the
youngest basalts at the Apollo 12 site, but perhaps they
occur in a paleoregolith at some depth less than the full
300 m thickness of basalts at the site. However, crater-
ejecta models do not account for addition of as much
as 43% material at the Apollo 12 site solely as ejecta
from these three craters (Jolliff et al., 2000).

Regardless, the Apollo 12 regolith contains a large frac-
tion of nonmare materials. A goal of this study is to pro-
vide some insights on the source of these nonmare
materials. Following is a discussion of the Ar–Ar geochro-
nology results of samples used in this study.
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5.1. Plateau ages

Plateau ages are considered here as three or more consec-
utive steps that release 60% or more of the 39Ar with appar-
ent ages overlapping within their 1-r error. Only a few
samples dated by Ar–Ar geochronology in this work yielded
plateau ages. Sample 12037,225-03 is a KREEP impact-
melt breccia, and a split of this sample yielded a plateau
age of 3991 ± 25 Ma (Fig. 4-13). This is the only impact-
melt breccia of the set of samples that gave a plateau age.
Although this age (pre-Imbrium) is older than other im-
pact-melt breccia fragments (e.g., samples 12033,634-18
and 12033,634-24) we cannot assign any major significance
to this result because we could not reproduce this age in the
other split (Fig. 4-14) and in the other impact-melt breccias.
Further work is needed in order to properly evaluate if some
other impact-melt breccias from the Apollo 12 landing site
are actually pre-Imbrium in age.

Samples 12001,911-01, 12023,146-02, 12024,074-04, and
12070,882-02 are all impact-melt breccias with composi-
tions consistent with 2-to-1 mixtures of KREEP or
KREEP-rich regolith and mare basalt. Plateau ages were
obtained for samples 12023,146-02 (Fig. 4-18) and a split
of sample 12024,074-04 (Fig. 4-19), which are �1059 and
1054 Ma, respectively (Table 2). Sample 12001,911-01 did
not yield a plateau sensu stricto, but 65% of 39Ar was re-
leased in a single step with an associated age of 1575 Ma.
These samples likely formed locally in impacts large en-
ough that the melt volume was mainly below the veneer
of mare basalt. The mare component may be largely clastic.
Although these three samples have very similar composi-
tions (Table 1), they come from three different sample loca-
tions (Fig. 1 and Table 1), which could explain the different
ages. Another possible explanation is that these plateau
ages actually represent partial degassing ages and the actu-
al formation age is much older.

Regarding the alkali anorthosite sample 12033,634-06,
the 40Ar/39Ar analyses yielded a plateau age of
3256 ± 22 Ma. This age is the youngest so far determined
for a lunar anorthosite. Analysis of another alkali anortho-
site (sample 12001,907-05) did not yield a plateau age, but
11 consecutive steps with approximately 68% of the 39Ar
yielded a weighted average of 3105 ± 58 Ma. Previous geo-
chronology on lunar alkali anorthosites have yielded ages
between 4.34 and 4.02 Ga (e.g., Lunatic Asylum, 1970;
Turner, 1971; Shih et al., 1993; Meyer et al., 1996). Meyer
et al. (1989) provided U–Pb zircon ages for two alkalic
Apollo 14 rocks. Sample 14321,16 (alkali anorthosite)
yielded an age of 4028 ± 6 Ma and sample 14066,47 (alkali
gabbronorite) gave an age of 4141 ± 5 Ma. These authors
also analyzed a zircon from an Apollo 16 alkali gabbronor-
ite, obtaining an age of 4339 ± 5 Ma. Snyder et al. (1995)
analyzed two fragments of alkali affinity from the Apollo
14 collection using Sm–Nd and Rb–Sr systematics, and ob-
tained a four point Sm–Nd isochron of 4108 ± 53 Ma on
an alkali anorthosite (sample 14304,267). Rb–Sr determi-
nation on the same sample yielded an errorchron
(MSWD > 4) with an age of 4336 ± 81 Ma. On the basis
of these results, Snyder et al. (1995) concluded that alkalic
magmatism occurred over an extended period of time
(�300 Myr) from 4.34 to 4.02 Ga and suggested an origin
of the alkali suite as cumulates from KREEP-basalt melts.

If the 40Ar/39Ar ages obtained here for the Apollo 12
alkali anorthosites represent the crystallization ages, then
an origin of these alkali anorthosites as magmatic differen-
tiates of KREEP basalt parent magmas is unlikely on the
basis of published KREEP basalt ages. On the other hand,
Hawke et al. (2003) identified anorthosites within the Pro-
cellarum region using telescopic near-infrared spectra and
multispectral images from the Galileo and Clementine mis-
sions. Hawke et al. (2003) proposed that these anorthosites
could result from extended differentiation of Mg-suite plu-
tons. The products of this magmatism (i.e., granites, quartz
monzodiorites, alkali anorthosites, and alkali norites and
gabbros) could have reached the Apollo 12 landing site
by lateral and/or vertical mixing following impacts into
the source rocks. Such rocks do occur at the Apollo 12
landing site as well as at the Apollo 14 landing site, even
if only as small rock fragments (Jolliff et al., 1991). A sec-
ond possibility is that these ages represent complete reset-
ting of the argon systematics in a �3.2 Ga impact event.

5.2. Degassing/resetting ages

Most of the samples analyzed here show some degree of
degassing at around 700–800 Ma (Fig. 5). This characteris-
tic is particularly evident in samples 12023,145-03 (Fig. 4-4),
12032,366-13 (Fig. 4-5), -30 (Fig. 4-6 and -7), 12033,634-04
(Fig. 4-8), -07 (Fig. 4-9), -15 (Fig. 4-10), -24 (Fig. 4-11), -26
(Fig. 4-12), -18 (Fig. 4-16) and 12070,882-02 (Fig. 4-21),
which are all KREEP-bearing lithologies. Degassing at
700–800 Ma is also observed in the two felsite samples: sam-
ple 12032,366-07 (Fig. 4-3), and in both splits of sample
12001,912-02 (Fig. 4-1 and -2). Minimum formation ages
for the samples that show partial degassing at 700–
800 Ma range from �1.0 Ga (sample 12032,366-07) to
�3.1 Ga (sample 12032,366-41A), with most concentrated
in the 2.0–2.3 Ga range. Looking at the data in more detail,
we find nine of the 27 samples or splits have plateaus (or at
least weighted averages of similar points) between 663 and
822 Ma, with another at 860 Ma. Four ages range between
769 and 792 and overlap within errors. These samples yield-
ed a weighted average of 789 ± 13 Ma, which overlaps with
the 800 ± 15 Myr age given by Bogard et al. (1994) for
Copernicus crater. Four samples give younger ages of
663 ± 17, 685 ± 8, 688 ± 10, and 706 ± 6 Ma, which may
reflect a younger degassing event. Two other samples have
older ages of 822 ± 60 and 862 ± 38 Ma, which overlap
within errors and which may reflect an older degassing
event (Fig. 5). An analyses of the lower-limit age of all sam-
ples show that 11 samples have minimum ages between 700
and 805 Ma, and yields a weighted average of 782 ± 21
(1-r), which we adopt as our best estimate of the time of
some important event at the Apollo 12 site (Table 2).



Fig. 5. Probability density plots for degassing/resetting ages. (a) Plot for samples that yielded a plateau age or weighted averages of similar points, main
peaks at 790 and 686 Ma; (b) plot for samples with minimum ages less 1.1 Ga and that did not yield young age plateaus or weighted averages.
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The consistent degassing age of 700–800 Ma observed in
most of the samples is concordant with previous geochro-
nological studies on Apollo 12 KREEP-rich soils. Eber-
hardt et al. (1973) inferred an age of 800 ± 40 Ma for
Copernicus based on Ar–Ar analyses of two separates from
sample 12033. Similarly, Alexander et al. (1976) suggested
an age for Copernicus of 800 + 400, �50 Ma. Meyer et al.
(1996), using U-Pb systematics on four zircons from a
granite fragment from sample 12033,507, obtained crystal-
lization ages of �3.9 Ga, with two analyses showing distur-
bance at �760 ± 200 Ma. Later, Bogard et al. (1994)
obtained an age of 800 ± 15 Ma for a granite fragment from
sample 12033,507. This degassing age has been interpreted as
the most precise age determination for the Copernicus im-
pact event (Bogard et al., 1994). On the other hand, a recent
study of Apollo 12 glass spherules by Levine et al. (2005)
shows that most have ages less than 500 Ma. In another
study on impact-melt glasses from the Apollo 14 and 17 land-
ing sites, Zellner et al. (2006) concluded that a transient in-
crease in the impact flux occurred at �800 Ma.

The results presented here suggest that many samples at
the Apollo 12 site carry the same age signature. This signa-
ture could have been embedded on the landing site from
the hot ejecta associated with the Copernicus impact event
that caused the thermal resetting of the Ar systematics.
Estimates of the ejecta deposit formed by the Copernicus
event at the Apollo 12 landing site suggest addition of
around 0.45 m equivalent thickness of material, calculated
using the mathematical expression in Melosh (1989). The
resetting at the Apollo 12 site appears to have been more
widespread than might have been expected.

To reset the K–Ar system, the temperature of a rock
has to be elevated over its closing temperature for a suf-
ficient period. In most impacts, far more material is trans-
ported or disturbed than is heated sufficiently to have its
K–Ar system reset. Hence, if the material at the Apollo 12
landing site is in part Copernicus ejecta, we would not
necessarily expect it to have reset ages. Alternatively, an
impact can cause age resetting by emplacing ejecta that
is hot enough (or deposits enough energy) to heat the reg-
olith underneath it. But at this distance from Copernicus,
we would expect ejecta deposition to be ballistic, and to
result in more churning and mixing than heating. One
possibility is that because the Apollo 12 site is within a
ray of Copernicus, this led to more substantial heating ef-
fects than would otherwise occur. Another possibility is
that these resetting ages do not all reflect the influence
of Copernicus. Concentrations of apparent impact reset-
ting ages of 700–800 Ma have also been seen in some
Apollo 14, 16, and 17 glass spherules (Zellner et al.,
2005, 2006), other lunar samples (Delano, personal com-
munication), and some L chondrite meteorites (Kring
et al., 1996), so these ages may reflect or have been a part
of some larger series of impact events clustered in this
time interval.

If we apply the same equation for determining the ejecta
deposit contribution (Melosh, 1989) of Lansberg and Rein-
hold at the Apollo 12 site, we find that about 0.91 and
0.30 m equivalent thickness of material on average, would
have been added from these two craters, respectively.
Although those materials were buried by the youngest ba-
salt flows at the Apollo 12 site, they may be present in the
surface regolith as a result of impact gardening over the
past 3 Ga. It is thus possible that the nonmare material
found in the Apollo 12 regolith is a mixture from these
three different craters, namely Copernicus, Reinhold, and
Lansberg; however, we do not see in the age data any indi-
cation of clustering of older resetting ages that might cor-
respond to the older craters. Instead, it appears that the
700–800 Ma age signature imparted by the Copernicus
ejecta and/or other Copernican impact event(s) dominates
the 40Ar/39Ar geochronological data.

6. Conclusions

The most notable conclusion of this work is that most
samples analyzed here show some degree of degassing dur-
ing the interval 700–800 Ma, with a best estimate of
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782 ± 21 Ma (1-r). This age overlaps, within error, the deg-
assing age of �800 Ma reported for a lunar granite frag-
ment of sample 12033,507 that has been interpreted as
the age of Copernicus (Bogard et al., 1994). The data
reported here suggest that most of the nonmare materials
are affected by a �700–800 Ma event, presumably the
Copernicus impact and ejecta, but possibly as part of some
other impact event or series of events associated with an in-
crease in the impact flux at �800 Ma as visualized by Zell-
ner et al. (2006).

Two alkali anorthosite samples yielded ages of
3256 ± 22 Ma (plateau age) and 3105 ± 58 Ma (weighted
average age). We interpret this age as the crystallization
age of the fragments. These are coincidentally similar to
crystallization ages for basalts from the Apollo 12 site (Stöf-
fler and Ryder, 2001 and references therein). These crystal-
lization ages are the youngest age so far determined for
lunar anorthosites, so we suspect they may be related to late
differentiation processes associated with relatively young
magmatic activity. A pre-Imbrium age (�3.99 Ga) was
determined for an impact-melt breccia, but it is not clear
if this age has any real implications or if it represents an out-
lier (for example, as a result of an undegassed clast). Further
work is necessary to properly evaluate the presence of pre-
Imbrium nonmare material at this site and its implications.
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39Ar–40Ar ages and 37Ar–38Ar exposure ages of lunar rocks. Proc.

Lunar Sci. Conf. 4, 1865–1888.
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