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Abstract—We report secondary ion mass spectrometry (SIMS) U-Pb analyses of zircon and apatite
from four breccia samples from the Apollo 14 landing site. The zircon and apatite grains occur as
cogenetic minerals in lithic clasts in two of the breccias and as unrelated mineral clasts in the matrices
of the other two. SIMS U-Pb analyses show that the ages of zircon grains range from 4023 + 24 Ma
to 4342 £+ 5 Ma, whereas all apatite grains define an isochron corresponding to an age 0f 3926 £+ 3 Ma.
The disparity in the ages of cogenetic apatite and zircon demonstrates that the apatite U-Pb systems
have been completely reset at 3926 = 3 Ma, whereas the U-Pb system of zircon has not been
noticeably disturbed at this time. The apatite U-Pb age is slightly older than the ages determined by
other methods on Apollo 14 materials highlighting need to reconcile decay constants used for the
U-Pb, Ar-Ar and Rb-Sr systems. We interpret the apatite age as a time of formation of the Fra Mauro
Formation. If the interpretation of this Formation as an Imbrium ejecta is correct, apatite also
determines the timing of Imbrium impact. The contrast in the Pb loss behavior of apatite and zircon
places constraints on the temperature history of the Apollo 14 breccias and we estimate, from the
experimentally determined Pb diffusion constants and an approximation of the original depth of the
excavated samples in the Fra Mauro Formation, that the breccias experienced an initial temperature

of about 13001100 °C, but cooled within the first five to ten years.

INTRODUCTION

Zircon U-Pb geochronology has already made an
important contribution to the understanding of lunar evolution
(Compston et al. 1984a; Meyer et al. 1996; Pidgeon et al.
2007; Nemchin et al. 2008). However, the U-Pb system of
lunar apatite has rarely been used despite its potential for
dating lunar events, especially as apatite (together with
merrillite) is widely available in lunar rocks compared to
zircon, which appears to be restricted to rocks that carry a
KREEP signature. Whereas the use of apatite will increase the
pool of lunar rocks available for U-Pb dating its relatively low
U concentration and generally high content of initial Pb
present significant problems for achieving precise age
measurements. In recent years, the SHRIMP group in
Hiroshima have investigated phosphates in a number
extraterrestrial materials including lunar meteorites (e.g.,
Terada and Sano 2003; Terada et al. 2007). Results have
shown that it is possible to extract meaningful ages from the
apatite and merrillite contained in lunar rocks, but the
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relatively large errors of about 100 Ma inhibit the resolution
of small scale age variations. However, increased counting
times on all isotopes, used in this study, as described below,
has greatly improved the analytical precision allowing
meaningful comparisons of apatite ages with those from other
techniques.

The low closure temperature (typically estimated as
450-500 °C, e.g., Cherniak et al. 1991; Krogstad and Walker
1994; Chamberlain and Bowring 2000) of the U-Pb system
makes apatite susceptible to isotopic disturbance or resetting
during meteoritic bombardment. While this could introduce
ambiguities in the interpretation of the U-Pb results the large
difference in thermal stability of apatite and zircon provides
an opportunity to better resolve the impact and possibly
thermal history of the Moon. The purpose of present study
was to make use of the contrasting behavior of the two U-Pb
systems by investigating the U-Pb age patterns of co-existing
zircons and apatites from the same samples of lunar breccias
from Apollo 14 landing site. The aims were to investigate the
geochronological possibilities of apatite and the implications
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of the ages for understanding the conditions of formation of
the host breccias and the Fra Mauro Formation.

APOLLO 14 SAMPLES

The objective of Apollo 14 mission was to sample
material ejected from the Imbrium basin. The landing site was
an area of low rounded hills covered by regolith with a
scattering of boulders, with the larger boulders concentrated
near the rim of the nearby Cone crater. It has been proposed
that, at the landing site, the regolith, with a depth of 5-12 m
(Eggleton and Offield 1970) or 10-20 m (Swan et al. 1971),
overlays the Fra Mauro Formation, interpreted as
representing the Imbrium basin ejecta sheet, with an
estimated thickness of 100200 m (Wilhems 1987). The
presence of boulders, including complex fragmental breccias,
impact-melt breccias and clast-poor impact melts with
generally basaltic and KREEP-rich compositions at the
surface (Hiesinger and Head 2006) has been attributed to
ejection of Fra Mauro Formation material during impact
formation of the 25 Ma old Cone crater (Turner et al. 1971;
Wilhelms 1987). However, Heisinger and Head (2006)
comment “that it is still unclear which Apollo 14 samples
represent true Imbrium ejecta and which represent locally
derived materials.” While the question of the ultimate source
of the boulders has implications for the interpretation of
geochronological results, the consistent “CAr-3°Ar ages
determined on whole rocks and fines (Turner et al. 1971,
1972; Kirsten et al. 1972; Alexander and Davis 1974) and Rb-
Sr ages on whole rock samples from Apollo 14
(Papanastassiou and Wasserburg 1971; Compston et al. 1972)
of about 3.87 Ga, have been interpreted as dating formation of
the Imbrium basin (Wilhelms 1987; Stoffler and Ryder 2001).
This age contrasts with SIMS determined U-Pb ages of
zircons from Apollo 14 breccias, which range from about
4.00 Ga to 4.40 Ga with distinct age peaks at 4.35 Ga and
420 Ga (Meyer et al. 1996; Nemchin et al. 2008),
demonstrating that materials from the Fra Mauro breccias
have a significantly older, pre-Imbrium history. Whereas
temperature and shock associated with formation of the Fra
Mauro Formation were sufficient to reset the “0Ar-3°Ar and
Rb-Sr ages, the zircon ages show that these conditions were
not of sufficient intensity to disturb the zircon U-Pb systems.
To further advance this understanding we have determined U-
Pb ages of apatite and zircon from four breccias, including a
norite clast (thin section 14306,60), an anorthosite clast (thin
section 14321,16) and two examples (14066,47; 14303,52) of
unrelated but closely spaced zircon and apatite clasts in the
matrix of the same breccia.

In the breccia thin sections zircon and apatite co-exist on
the scale of less than one centimeter and as a consequence,
have experienced a common PT and transport history during
formation of the breccia. The PT conditions may not have
been uniform for all breccias in the Apollo 14 sampled area
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and to investigate this we have made SIMS measurements on
zircon and apatite grains from breccia sample 14321 taken
from a large boulder in the vicinity of Cone crater and
samples 14306, 14066 and 14303 from boulders about one
kilometer to the south west in the vicinity of the Lunar
Module. To investigate the possibility of partial Pb loss the
internal consistency of the U-Pb systems of many grains have
been tested by making more than one SIMS measurement on
a number of the apatite and zircon crystals. The following
presents a brief description of the analytical methods,
followed by a description of SIMS U-Pb analytical results for
zircon and apatite grains from each studied thin section, and
discussion of the implications of these results for lunar impact
history and the thermal conditions during deposition of the
Fra Mauro Formation.

ANALYTICAL TECHNIQUE

Polished thin sections 14306,60, 14066,47 14303,52
and 14321,16 were systematically searched using SEM/
EDS to locate grains of apatite and zircon, which were
identified using a combination of BSE grey-scale images
and semi-quantitative EDS analysis. U-Pb analyses on
zircons and apatites in the first two samples were made
using the Western Australian consortium SHRIMP II at
Curtin University of Technology. The other two samples
were analyzed using CAMECA IMS 1270 ion probe in
Stockholm.

SHRIMP analyses of zircon grains were made using
procedure described by Compston et al. (1984a) and
Kennedy and de Laeter (1994). Analyses of apatite
followed similar protocol, but integration times have been
increased 3—4 times for Pb and U isotopes in order to
increase the total number of collected counts. The SIMS
methodology used at the Nordsim facility closely followed
previously published analytical descriptions (Whitehouse
et al. 1999; Whitehouse and Kamber 2005; Nemchin et al.
2008).

U/Pb ratios in zircons were calibrated against the Sri-Lankan
zircon CZ3 (Pidgeon et al. 1994). Initial data reduction was
made using SQUID (Ludwig 2001) for SHRIMP analyses and
in-house developed software at Nordsim for the IMS 1270
analyses.

A large apatite crystal with an age of 2058 Ma and U
concentration of 67 ppm was used as the reference during all
analytical sessions both on SHRIMP and IMS 1270. U/Pb
ratios in lunar apatite grains were calibrated using linear
relationships in the Ln(2%°Pb/238U) versus Ln(?33U'0/238U))
coordinates. It is difficult to establish the slopes of the lines
for individual ion probe sessions as the variation of 238U'6Q/
238U is very small (Fig. 1a). However, all standard analyses
combined define a slope of 1.80. The variation of 238U'6Q/
2380 in the lunar apatites is about five times larger than that of
the standard, which is probably a consequence of the thin
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Fig. 1. U-PDb calibration lines for SIMS analyses of apatite. a) Analyses of 2058 Ma apatite used as a reference material. b) All analyses of lunar
samples whose combined slope of 1.84 = 0.17 has been used to correct Pb/U in all lunar apatite analyses.

sections having less perfect surfaces than the standard grain
mount. Data collected during five ion probe sessions have a
combined slope of 1.84 + 0.17 (Fig. 1b). This slope was used
to correct Pb/U in all lunar apatite analyses.

All errors of individual analyses are presented at 2-sigma
level (SD), whereas the average ages are calculated as 95%
confidence limit.

Common Pb Correction
(Analysis of Olivine from the Breccia Sample 14321,16)

The initial Pb correction of lunar samples is complicated
by the highly radiogenic Pb compositions of many lunar rocks
(e.g., Gale 1972; Tera and Wasserburg 1972). Meyer et al.
(1996) used a model where the initial Pb selected for the
correction was calculated as a mixture of meteoritic Pb

(assumed to be similar to Canyon Diablo troilite Pb) and
radiogenic lunar Pb determined in feldspars from the felsic
clasts found in lunar breccias (Compston et al. 1991).
However, Nemchin et al. (2008) suggested that most of 204Pb
in the lunar samples is a result of contamination with the
terrestrial Pb, most likely originated from the cutting and
polishing of the samples. To investigate the question of initial
Pb correction further we have analyzed isotopic composition
of Pb in an olivine clast from the sample 14321,16 in the
assumption that olivine would not contain original lunar Pb.
The analyses were made using the Cameca IMS 1270 at
Nordsim operating in static multi-collector configuration
using four ion-counting electron multipliers. The data were
accumulated during 40 cycles with 30 s integration during
each cycle. Relative detector efficiencies were calibrated
using measurements of basalt glass BCR-2 (Woodhead and
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Table 1. Isotopic composition of Pb in olivine from the sample 14321,16.

Spot 206pPh (cps™) 206pp/204Ph  Yperr 207pb/204Pb  Yerr 208pp/204Ph  Yerr
Ol-1 16.1 18.03 3.1 15.33 3.1 36.94 3.0
0Ol-2 1316.8 18.16 0.3 15.79 0.3 37.70 0.3
0Ol-3 1699.8 18.16 0.3 15.85 0.3 37.69 0.3
Average 18.12+0.15 15.66 £ 0.57 37.44 £0.87

(Single stage Stacey and Kramers model age = 493 Ma)

*Counts per second.

Hergt 2000). The results (Table 1) indicate the presence of a
variable but significant proportion of Pb in the olivine despite
cleaning the sample surface before gold coating and pre-
spattering each spot before analysis. The measured isotopic
compositions are also consistent with the terrestrial origin of
Pb giving single stage Stacey and Kramers model ages
(Stacey and Kramers 1975) ranging between about —160 and
800 Ma. Consequently all analyses of lunar samples in this
study have been corrected using an average composition of
Pb determined from the analyses of olivine.

SAMPLES AND ANALYTICAL RESULTS
Breccia Thin Section 14306,60

Sample 14306 is classified as a crystalline matrix breccia
(Simonds et al. 1977). Polished thin section 14306,60
contains one large fragment (5 X 4 mm) of noritic gabbro
microbreccia which consists of coarse-grained aggregates and
broken crystal fragments (up to 1 mm) of plagioclase and
pyroxene set in a dark glassy matrix (Fig. 2a). This fragment
appears to represent a single rock clast that has been broken
into several pieces that have rotated against each other before
consolidating together again in the breccia matrix. This partly
broken plagioclase-pyroxene clast contains numerous apatite,
zircon and ilmenite grains ranging in size up to 0.7 mm for the
largest apatite and 0.4 mm for the largest zircon. Apatite and
zircon grains vary from euhedral crystals in the better
preserved pieces of the original clast (Fig. 2b) to broken
fragments in the more broken parts of the norite.

Single SIMS analyses of seven zircon grains were
obtained from the sample 14306,60. All seven analyses
uncorrected for common Pb contribution fall on a line in the
3D 207Pb/206Pp — 204Pp/206PY — 2381J/206Ph gystem with MSWD
of 1.5. This line defines an initial 22°Pb/2%4Pb of 17.4 £ 4.3 and
initial 297Pb/?%4Pb of 14.7 £ 3.2. When corrected for the
common Pb obtained from the analyses of olivine all analyses
fall on the concordia curve in the 207Pb/2%Pb — 238UJ/206Ph
plain and define an age of 4203 = 7 Ma (Fig. 3), while the
weighted average of 27Pb/2%Pb common Pb corrected ages is
4201 = 6 Ma. These ages are similar to the age of 4203 +
25 Ma determined for a zircon grain from the same thin
section by Compston et al. (1984b) and we interpret them as
dating crystallization of the norite which includes the
cogenetic apatite.

SIMS U-Pb measurements were made on nine apatite
grains from this thin section (Table 2). At least two analyses
were made on each grain. Compared to other analyzed
samples, all grains from 14306,60 show low U concentrations
between 20 and 44 ppm and a variable Th/U between 9.7 and
26.8. The relatively low U content is accompanied by a high
proportion of common Pb, with 2060Pb/204Pb from 31 to above
300. The high common Pb, combined with the apparent
homogeneity of individual apatite grains, results in relatively
imprecise ages calculated for these grains (Table 3). When
combined on a 3D-concordia plot the intercept with concordia
in the 238U/206Pb-207Pb/206Pb-204Ph/206Ph coordinates gives
an age of 3865 + 110 Ma (Fig. 4), while the 204Pb/206Pb—
207pp/206Ph isochron age for the same data set is 3944 +24 Ma
(Fig. 5) and the weighted average of the common Pb
corrected 297Pb/2%Pb age is 3918 + 14 Ma.

Breccia Thin Section 14066,47

Sample 14066 is classified as a crystalline matrix breccia
(Simonds et al. 1977) with medium grey lithic fragments in a
pale grey matrix. Polished thin section 14066,47 consists of
subhedral to euhedral single crystals and broken fragments of
plagioclase and pyroxene (up to 1.4 mm) together with a few
rounded, darker grey, fine-grained lithic fragments (up to
1 mm) set in a fine-grained, pale grey, plagioclase-rich
matrix. Some of the rounded lithic fragments are surrounded
by narrow, highly birefringent reaction rims. The section
contains numerous grains of apatite, zircon and ilmenite
disseminated through the fine-grained matrix. The largest
apatite grain is about 100 mm and the largest zircon grain is
about 200 mm in size. However, most of these grains are 10 to
20 um in diameter, and only a few were large enough for ion
microprobe analysis.

Five zircon grains analyses (Table 2) fall into three
distinctly different age groups when initial Pb uncorrected
data are plotted on Tera-Wasserburg diagram (Fig. 6).
Analyses of three grains define a single line in the 3D 207Pb/
206pp204pp/206ph-2381J/206Ph  system with a concordia
intercept age of 4155 + 20 Ma (MSWD = 3.1). Similar age of
4158 £ 19 Ma (MSWD=3.3) can be determined by averaging
common Pb corrected 297Pb/2%Pb for these analyses. SIMS
U-PDb analyses for two other grains are concordant and have
common Pb corrected 297Pb/2%Pb ages of 4352 + 6 Ma and
4225 + 18 Ma.
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Fig. 2. Analyzed zircon and apatite grains from the noritic gabbro
clast in the breccia thin section 14306, 60 (plane polarized light); a)
fragment of the noritic gabbro clast surrounded by the dark matrix; b)
zircon and apatite crystals surrounded by the pyroxene grains inside
the noritic gabbro clast. Px, pyroxene; Pl, plagioclase; Ap, apatite;
Zr, zircon.

Seven analyzed apatite grains show a range of U and Th
contents and Th/U ratios indicating they are independent
crystals possibly of different primary ages as are the zircons
in the matrix. Also, the variation of 20Pb/2%4Pb between 930
and 8583 makes the results insensitive to the common Pb
correction. The 297Pb/29Pb ages range of the seven grains is
3916 £ 6 to 3939 £ 9 Ma. These ages are significantly younger
than the ages of co-existing zircons. The 3D-concordia
intercept in  the  238U/206pb-207Ppb/206ph204ph/206Ph
coordinates of the apatite data gives an age of 3915 +
17 Ma (Fig. 4), while 204Pb/206Pb-207Pb/206Pb isochron age
for the same data set is 3919 £ 18 Ma (Fig. 5) and the
weighted average of the common Pb corrected 207Pb/29Pb
age is 3925 + 7 Ma.

1721

207py,/206p),

0.75 0.85 0.95 1.05 1.15
238;,206p},

Fig. 3. Tera-Wasserburg concordia diagram showing analyses of
zircon from the noritic gabbro clast found in the thin section
14306,60. Open ellipses, data uncorrected for common Pb; grey
ellipses, data corrected for the common Pb obtained from the
analysis of olivine.

Breccia Thin Section 14303,52

Sample 14303 is classified as polymict breccia with a
holocrystalline matrix enclosing lithic, plagioclase and rare
olivine and pyroxene fragments (Carlson et al. 1978). Section
14303,52 contains a population of crystal clasts dominated by
plagioclase, pyroxene, olivine and a minor opaque mineral.
Some norite, pyroxene and olivine rich clasts and older
generation breccias are also present in the section. Ten apatite
grains ranging in size between 50 and 200 wm have been
found in the breccia matrix. One zircon is incorporated into a
~1-1.5 mm OI-Px rich lithic clast, while two others are found
in smaller 0.2-0.3 mm Px and Px-Pl aggregates. The
remaining six zircon grains are contained in the breccia
matrix.

Thirteen analyses of the nine zircons from the sample
14303,52 (Table 2) show a range of 206Pb/294Pb varying
from 121 to 5668 supporting conclusion that the surface of
this sample has the higher level of contamination of the
group of four analyzed sections, which is also evident in
the apatite analyses. U and Th concentrations ranging from
41 to 305 ppm and 27 to 418, respectively, are similar to
zircon grains from the sample 14066,47. The range of ages
displayed by zircons in these two samples is also similar with
exception of one grain (Table 2) that shows a common Pb
corrected 207Pb/2%Pb age of 4002 + 8 Ma. However, the
analysis is strongly reversely discordant and it is difficult to
determine how reliable it is (group-1, Fig. 7). The remaining
twelve analyses fall broadly into two age groups (Fig. 7). The
older group includes five analyses on the grains-2, -5 and -6
and one of two analyses of grain-3. These analyses show a



1722

A. A. Nemchin et al.

o .o Age=3915+17Ma 14066
084 MSWD= 3.4
0O 050 -
§n' 0.46 0.43
8
,\n- 0.42
& 0.38 P 0.41
os| AQe=3875+110 Ma™
MSWD= 5.0 3600
0.30 0.39 . . . . 5
0.6 0.8 1.0 1.2 1.4 0.8 0.9 1.0 1.1 1.2 1.3 1.4
238 206p, 238 ) 206p
0.85 0.75 ——
- so0 14303 .
a '\\ ‘ 0.65 ‘ N )
8 S 0.55 .
§n- 0.55 ' . >
@ 0.45 _ -
" Age=3887+93Ma Q%e\:NSQ:S?;_r ?34 Ma
. IMSWD=57 SO '
’ 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 035 0.1 0.3 0.5 0.7 0.9 1.1
238 206p, 2385 206p,

Fig. 4. Projection of 3D 207Pb/206pb-204ph/206ph2381J/206P} apatite data for all analyzed samples on to Tera-Wasserburg concordia plane. Dark
grey ellipses, orthogonal projection of common Pb uncorrected data; light grey ellipses, data projected along the best fit lines (projections of

these lines are shown on the diagrams).

range of common Pb corrected 207Pb/2%Pb ages between
4342 + 5 Ma and 4306 £ 7 Ma (Table 2). However, even this
spread is slightly larger than that expected for a single
population and therefore a single age cannot be calculated
for this group. The younger analyses show an even larger
spread between 4208 £ 4 Ma and 4103 £ 17 Ma (Table 2). It
is important to note that, while three analyses of the grain-5
and two analyses of grain-4 show internal consistency falling
into the older and younger group respectively, two analyses of
grain-3 appear to fall into two different age groups (Table 2),
suggesting that the younger group may represent a resetting
of 4.34 Ga grains during a secondary event.

SIMS analyses were made on eight apatite grains from
this breccia. Common Pb is uniformly higher in apatites from
this section compared to the other samples. Three analyses
were made on the grain-2 and five on the grains-4, 5 and 7.
Analyses show a relatively narrow range of U and Th
concentrations determined by the slight difference between
the grains rather than internal within-grain variations (e.g., U

content in grain-4 varies from 49 to 64 ppm, and in grain-5
from 29 to 42 ppm). The ages of individual grains with
multiple analyses are uniform within the errors (Table 2).
When combined all analyses give 3D-concordia intercept of
3887 + 93 Ma (Fig. 4), 204Pb/206pPb—207Pb/206Ph isochron age
of 3898 * 33 Ma (Fig. 5) and weighted average of the
common Pb corrected 207Pb/2%°Pb age of 3858 + 16 Ma,
indicating that the apatites are significantly younger and more
uniform in age than zircons from the same breccia sample.

Breccia Thin Section 14321,16

Sample 14321 was classified as a crystalline matrix
breccia (Simonds et al. 1977) with about 30% clasts
representing a variety of rock types and older generation
microbreccias. The majority of non-breccia clasts are
aluminous basalts with only small number of pristine plutonic
rocks preserved in the sample. Two zircon and five apatite
grains were identified within a single anorthosite clast in thin
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The comparative behavior of apatite-zircon U-Pb systems in Apollo 14 breccias
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Table 3. Ages of individual apatite grains calculated from the multiple ion probe analyses.

207pp/204pp—206PH204ph Weighted average
Sample/grain 3D-concordia intercept age isochron age 207pp*/206Pb* age
14306-32 3911 £ 290 Ma 3950 + 180 Ma 3898 + 58 Ma
14306-56 3901 + 140 Ma 3931+ 110 Ma 3892 + 60 Ma
14306-71 3955 £ 150 Ma 3964 £ 140 Ma 3912 £ 34 Ma
14306-7 3794 £ 810 Ma 3921 £ 90 Ma 3906 £ 42 Ma
14306-73 3844 £ 250 Ma 3954 £ 36 Ma 3940 £ 24 Ma
14303-2 3615 £ 2800 Ma 3660 = 1500 Ma 3869 + 44 Ma
14303-5 3908 + 150 Ma 3909 + 58 Ma 3876 £ 32 Ma
14303-6 3919 + 340 Ma 3920 =100 Ma 387131 Ma
14303-9 3879 £ 360 Ma 3851 £130 Ma 3838+ 39 Ma

section 14321,16 (Fig. 8). Zircon grains are 30—40 microns in
size and imaging made after ion probe analysis revealed that
only one spot was placed entirely within the zircon. The other
two spots have a small overlap with the surrounding
plagioclase grains. As a result, these two analyses show a high
proportion of 2%4Pb with 206Pb/294Pb ratios of 48 and 127,
respectively. The third analysis has higher 296Pb/2%4Pb of
1804. Nevertheless, when corrected for common Pb all
analyses fall within a limited 297Pb/2%Pb age range (Table 2)
with an average of 4023 £ 24 Ma. This is interpreted as the
best estimate of the crystallization age of the anorthosite.

Seven analyses of five 30—50 micron apatite grains show
variation of U concentration between 10 and 57 ppm and
consistent Th/U between 8 and 11.4. One apatite analysis has
a relatively high 296Pb/2%4Pb of 454 whereas the others range
from 30 to 81, which combined with the small size of these
grains highlights once again that an increase in the proportion
of 204Pb is associated with the surface contamination of the
sample which is more pronounced at the grain boundaries and
near the cracks. A line defined by all seven analyses
determines 3D-concordia intercept of 3950 £ 84 Ma (Fig. 4),
while the 204Pb/2%Pb — 207Pb/206Ph isochron age is 3951 +
22 Ma (Fig. 5) and the weighted average of the common Pb
corrected 207Pb/20Pb ages is 3950 + 15 Ma. The last two are
slightly younger than the age of anorthosite, indicating that
the apatite was reset by a process similar to that affecting all
other analyzed samples.

DISCUSSION
Apatite Analyses

The relatively high proportion of 204Pb in at least two
samples (13406, 60 and 14303, 52) makes these samples very
sensitive to the correction for initial Pb especially in view of
observations suggesting high p-values are characteristic of
lunar rocks (e.g., Meyer et al. 1996). Meyer et al. (1996) used
a model where the initial Pb selected for the correction was
calculated as a mixture of meteoritic Pb and radiogenic lunar
Pb. However, all our apatite data, shown on a 207Pb/2°Pb
versus 204Pb/20Pb plot, form a single line (Fig. 9) giving an
age of 39272 £ 2.8 Ma, with a MSWD of 1.05 and a

probability of fit of 0.36. These MSWD and probability
values indicate that the data fall on an isochron within the
experimental errors and that the initial Pb composition is
similar for all analyses. These data also indicate a single
source of a non-radiogenic Pb for all samples. It is likely that
this source is terrestrial contamination of the samples during
their cutting and polishing as the best fit line passes slightly
below modern Stacey and Kramers common Pb on a 297Pb/
206pp versus 294Pb/2%Pb plot and intercepts the terrestrial Pb
growth curve at about 4.2 Ga (Stacey and Kramers 1975).
However, even a significant variation of the initial Pb
composition would result in a very small change in the slope
of the line. For example correcting all apatite analyses using
common Pb obtained from the analysis of olivine clasts in the
sample 14321,16 results in an average 207Pb/?°Pb age of
3923.2 £ 4.3 Ma with a slight increase of MSWD to 2.4. This
age is similar to that obtained from the best fit in the 207Pb/
206pp versus 204Pb/2%Pb coordinates. Alternatively, if all data
are corrected for a 3.9 Ga lead calculated from the model
assuming Canyon Diablo troilite as a starting composition
and selecting 238U/2%Pb (u value) to produce the starting
composition of Stacey and Kramers at 3.7 Ga, the average
207pp/206Ph age obtained from all apatite analyses is 3926.4 +
2.3 Ma (MSWD =2.7).

Alternatively, calculating the best linear fit through the
uncorrected data in 3D (204Pb/206Pb—207Pb/206Pb—2381J/206PDy)
system or constraining isochrons in the 204Pb/20¢Pb—207Pb/
206ph plane can help to avoid making a decision with respect
to the selection of exact initial Pb composition. Ages
calculated from the best fit lines constrained to the nearest
concordia intercept in 3D and using all analytical points for
individual samples as well as the best fit lines constrained
using 204Pb/20Pb—207Pb/2%Ph data are similar within the
errors (Figs. 10 a, 10b). This suggests that apatite grains have
experienced a complete loss of radiogenic Pb in all samples at
the same time around 3.92 Ga, which is attributed to the
extreme pressure and temperature spike associated with
breccia formation during the Imbrium impact. The best
estimate of the time of this impact can be obtained by
combining U-Pb apatite data for all analyzed samples. When
some of the most common Pb rich analyzed (2°°Pb/204Pb less
than 100) are excluded from the calculations, the 3D (2%4Pb/
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Fig. 5. 207Pb/206Pb—204Pb/206Ph isochrons for analyzed apatite in the 4 breccia samples.
206pp-_207pp/206PH-238(J/206Pb) line and 204Pb/29Pb—207Pb/
206pp isochron constrained using uncorrected data as well as 055 | 4400
the 207Pb/206Pb data corrected for the common Pb obtained
from the olivine analyses define exactly the same age
(Figs. 10a—c). The 204Pb/206Pb-207Pb/206Ph isochron is least 0.53
affected by the uncertainties associated with the common Pb o 4320
correction and ion probe fractionation of U/Pb ratios. & 051 -
Therefore, the 3926 + 3 Ma age determined from this isochron 8\ '
is the best estimate of the time of impact associated resetting =
of the U-Pb system in apatite. S o049
o 42
Comparison with Zircon U-Pb Ages
P g 0ar | =——
U-Pb ages of zircon in the breccias are all significantly %;?
older than the age of 3926 = 3Ma of coexisting apatites. In 0.45 : .
addition the ages of zircons in the breccia matrices show a 0.9 1.0 1.1 1.2

considerable variation suggesting that other minerals in the
breccias have parent rocks covering a wide range of ages. The
zircon age of the norite clast of 4201 = 6 Ma (breccia
14306,60) dates the norite and the cogenetic apatite, clearly
demonstrating that the apatite age has been reset as a

1727

238, 206p,

Fig. 6. Tera-Wasserburg concordia diagram showing analyses of
zircon grains from thin section 14066,47 (open ellipses—common
Pb uncorrected data; grey ellipses—corrected for the common Pb
obtained from the analysis of olivine).
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Fig. 7. Tera-Wasserburg concordia diagram showing 13 common Pb
uncorrected analyses of nine zircon grains from the thin section
14303,52. The older group is composed of zircon grains -2, -5, -6 and
one analysis of grain-3, and the younger group is composed of grains
-4, -7, -8, -9 and the second analyse of grain-3. Each different pattern
filling the ellipses correspond to a different zircon grain, identified as

gr-#.

consequence of heating during the Imbrium impact. Similarly
the age of zircon of 4023 + 24 Ma in the anorthosite clast in
sample 14321,16 dates both the anorthosite and cogenetic
apatite. The U-Pb system of zircon shows no evidence of
isotopic disturbance during this event. This conclusion is
supported by the absence of ca. 3.9 Ga ages in the overall
population of zircons analyzed in lunar samples (Meyer et al.
1996; Nemchin et al. 2008). A rare exception is the group of
grains investigated by Gnos et al. (2004) in the impact melt
preserved in the lunar meteorite Sayh al Uhaymir (SAU) 169.
This group defined an average 207Pb/29Pb age of 3909 +
13 Ma. Additional zircon grains from the same meteorite
were analyzed by Liu et al. (2009) who reported an average
of 3918 £ 9 Ma. Both zircon ages are similar to the age 3926
+ 3 Ma determined for the apatite grains in Apollo 14
breccias.

The Age of Imbrium Impact

A narrow range of Rb-Sr and Ar-Ar ages of 3.79 to 3.90 Ga
has been reported for a variety of rocks, minerals and breccia
matrices from Apollo 14 (as summarized by Wilhelms 1987).
This suggests that the Ar-Ar and Rb-Sr ages are independent
of the nature of the sample, i.e., all samples behave as though
the Ar-Ar and Rb-Sr systems of all breccia fragments,
matrices and analyzed mineral clasts have been completely
reset at some time within this time interval. Based on these
data the most recently proposed age for the Imbrium impact is
defined as 3.85 = 0.02 Ma (Wilhelms 1987; Ryder 1990,
1994; Spudis 1993; Hartmann et al. 2000; Stoffler and Ryder

A. A. Nemchin et al.

Fig. 8. Analyzed zircon and apatite grains from the anorthosite clast
in breccia thin section 14321,16. a) Anorthosite clast (crossed
polars). b) Zircon (Zr). c) Apatite (Ap) crystals surrounded by
plagioclase grains (plane polarized light).

2001). This age is clearly younger than both 3909 £ 13 Ma
and 3926 *+ 3 Ma suggested, respectively, by zircon (Gnos
et al. 2004) and apatite data (this work). However,
recalculation of Ar-Ar age using decay constant suggested by
Min et al. (2000) will result in about 1% increase in the Ar-Ar
age, making it similar within the errors to the age estimated
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Fig. 9. Combined 207Pb/206Pb—204Pb/296Ph apatite data shown relative to different sources of initial Pb.

from the zircon (Gnos et al. 2004) and apatite analyses.
Nevertheless, this recalculation does not solve a discrepancy
between U-Pb and Rb-Sr data. The Rb-Sr ages of basaltic
clasts from Apollo 14 breccias presented by Papanastassiou
and Wasserburg (1971) are similar within the errors to the U-
Pb apatite age. However, these Rb-Sr ages were calculated
with a Rb decay constant that is now considered inaccurate.
When recalculated with the currently accepted decay constant
value (Steiger and Jager 1977) these ages become
significantly younger that those determined from apatite U-Pb
systems. The observed discrepancies highlight that the
precise and accurate chronology of lunar impact history
requires reconciliation of different isotopic systems,
especially if a significant number of major impacts is
predicted to occur in a very short period of time according to
the model of Late Heavy Bombardment. Consequently,
current apatite results can be viewed only as providing U-Pb
age of Fra Mauro Formation. Following widely accepted
interpretation that this formation represents Imbrium ejecta
the apatite data also determine U-Pb age of Imbrium impact.

Thermal History of Breccias at the Apollo 14 Landing Site

Considering that both apatite and zircon grains in the
studied breccia samples are mineral clasts that originally
crystallized in the rocks predating breccia formation, the
thermal history of the breccias from the Apollo 14 landing site
in the aftermath of the Imbrium impact can be evaluated on
the basis of observed U-Pb resetting patterns of apatite and
zircon and Pb diffusion data available for these two minerals
(Cherniak et al. 1991; Cherniak and Watson 2001). The Pb
diffusion parameters of apatite and zircon are very different,
therefore, the observed difference in the behavior of U-Pb
systems in these minerals found in the same thin sections of

lunar breccia can constrain the cooling history of the samples
and the ejecta blanket. The process can be modeled assuming
a specific thickness of the ejecta blanket (/) and an initial
temperature (7). Setting temperature at the surface to 0 °C for
any time (7), the question of ejecta cooling is reduced to a one
dimensional conductivity problem in semi-infinite half-space,
with the initial conditions 7(0 <d <) =T, and T(l < d) =0.
This problem has a standard analytical solution (e.g., Carslaw
and Jager 1959):

re Doy (34 ) -pr (2 ) e ()] 0

where £ is thermal diffusivity.

Equation 1 defines the temperature at any time and at
any depth within the cooling ejecta blanket. Diffusion of
Pb from apatite and zircon can be modeled, assuming a
specific depth (d) within the ejecta blanket. The
temperature decrease for this depth calculated from
Equation 1 is translated into the change of the diffusion
coefficient D (D = D,Exp[—E/RT]) in the mass diffusion
equation, which for a spherical geometry of the grains,
assuming homogenous, isotropic diffusion and no
boundary effects, can be written as:

JoC _ 9(,0C 2. 0C
T a—(Da—) D5 2)

where C is Pb concentration and r is a radial coordinate (i.c.,
distance from the centre of the sphere).

Equation 2 was solved numerically using the Crank-
Nicholson finite difference scheme based on a published
solution for Ar diffusion (e.g., Wheeler 1996). The model has
been applied to a range of sample depths (d) and initial
temperature of the ejecta blanket (7,). The thickness of the

r r r
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blanket (/) was fixed at 200 m based on the estimated
thickness of Fra Mauro Formation of Eggleton and Offield
(1970). However, this parameter has only minor influence on
the calculated diffusion behavior of Pb, especially
considering that the studied samples are expected to cool at
relatively shallow levels within the ejecta blanket from where
they were delivered to the surface during excavation
subsequent to the cooling. This relatively shallow original
position of the samples is dictated by the lower probability of
sample delivery to the surface (where they were collected)

from deeper stratigraphic levels, unless all Apollo 14 samples
represent material ejected from the Cone crater. The apatite
and zircon grains were assumed to be 100 and 30 um in
diameter respectively, based on the largest apatite and
smallest zircon analyzed in the breccia samples. It was further
assumed that if 95% of Pb is lost from the apatite grains, the
residual 5% would be impossible to detect as it would result
in a change of 207Pb/29Pb age by about 15-20 Ma, which is
within the average scatter of U-Pb analyses of individual
spots in the apatite and zircon. Similarly it will be difficult to
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Fig. 11. Temperature and depth constraints for the resetting U-Pb
systems in zircon and apatite. The curves indicate possible 7-d
conditions required to allow diffusion of Pb in a 30 um zircon and
100 um apatite. The zone between the curves corresponds to the
conditions required to allow complete resetting of U-Pb in apatite
and no resetting of this system in zircon.

detect a 5% loss of Pb from the zircon. Therefore, calculations
were made to determine limits 7, and d fitting the
requirements of 95% loss of Pb from the apatite and the
absence of more than 5% Pb loss from zircon. The results of
these calculations are shown in Fig. 11 as two curves
bounding the behavior of Pb in apatite and zircon. Area above
the apatite curve represents 7, and d where the apatite will
lose more than 95% of the accumulated Pb, whereas the area
below the zircon curve represents 7, and d where zircon will
retain more than 95% of the accumulated Pb. The area
between two curves represents a set of parameters where the
resetting of U-Pb system of 100 um apatite is possible
without resetting this system in 30 pum zircon.

The first important implication of the model predictions
is that the initial temperature of the blanket cannot exceed
1300 °C, which corresponds to the shallowest possible
position of the samples at about 3.5-4 m below the surface.
However, at this depth and temperature the field between the
apatite and zircon curves is very narrow indicating a very
restricted set of possible conditions. Therefore, while this
combination of temperature and depth is not impossible, it is
highly unlikely that the strict set of conditions can be
maintained for the numerous samples collected in the
different locations within the landing site. On the other hand,
if the samples are located deep within the impact ejecta sheet
the probability of their excavation and delivery to the surface
is significantly reduced, which is important as all Apollo 14
samples where apatite and zircon were analyzed so far show
similar patterns of resetting of U-Pb system and therefore have
been under a similar range of thermal conditions. The temperature
conditions can be further restricted by the assumption that the
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analyzed breccia samples came from the level directly under
the regolith and that the regolith thickness reflects the
original extension of the ejecta blanket. This thickness at
the Apollo 14 landing site is estimated between 5 and 12 m
(e.g., Eggleton and Offield 1970), which restricts the
initial temperature range for the ejecta blanket to about
1280-1120 °C (Fig. 11). The diffusion behavior of Pb in
apatite and zircon in a sample at 9 m depth and an initial
temperature of the blanket of 1200 °C is illustrated in Fig. 12.
Under these conditions the temperature of the sample will
decrease to about 500 °C within the first 4 years of cooling
(Fig. 12 a). At this temperature both apatite and zircon should
be effectively closed for Pb diffusion. However, after about
5—6 months the amount of Pb left in the entire apatite grain is
far beyond the limit that can be detected from the variation of
207pb/206Ph ages (Figs. 12b, ¢). During the same time interval
the temperature decreases to a level lower than the closure
temperature of the U-Pb system in zircon which results in a
very small proportion of Pb loss from the outer 1 um layer in
the zircon grain, while the rest of the grain is completely
unchanged (Figs. 12d—e).

Alternatively, the observed similarity of thermal history
shown by different samples can be explained by the initial
temperature of the blanket in the range between about 1150
and 1100 °C. For example, if the initial temperature is 1150 °C
(Fig. 11), U-Pb systems of apatite grains in samples located
between about 10 and 40 m will be completely reset, while
zircon will not show any significant Pb-loss. At 1100 °C
zircon grains will preserve their original isotopic signatures
even at 75 m, estimated depth of the Cone crater. The
excavation depth of the samples is unlikely to be significantly
lower than the depth of the Cone crater, as a deeper location
would require initial temperature of the ejecta blanket to be
lower than the solidus of dry basalt, which would contradict
the wide occurrence of impact melts in the breccia samples.

Results of diffusion modelling of Pb in zircon and apatite
from Apollo 14 breccias find an additional support in the
textural characteristics of studied breccia samples. Simonds
et al. (1976) modelled thermal equilibration of mixtures of
initially cold clasts and impact melts and predicted
temperatures attained by the breccia samples with different
petrographic characteristics. Their models suggest that the
crystalline impact melt breccias such as investigated here
samples from Apollo 14 collection, will equilibrate at the
temperature in the range of 1400-1000 °C. This is similar to
the predictions made on the basis of Pb diffusion in apatite
and zircon.

CONCLUSIONS

SIMS measurements on cogenetic zircon and apatite
show that the significantly younger apatite grains have been
isotopically reset during an event at 3926 + 3 Ma. Multiple
SIMS measurements on individual apatite grains failed to
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identify any memory of older radiogenic Pb, although the
primary apatite ages, as determined from SIMS U-Pb age on
cogenetic zircon, were at least 100 Ma older. Moreover, the
uniformity of the apatite ages for breccia samples from all
parts of the Apollo 14 traversed area suggests that the breccia
samples derived from the same source, interpreted to be the
underlying Fra Mauro Formation. The widespread response
of apatite to conditions existing during the deposition of the
Fra Mauro Formation demonstrates the value of apatite in
lunar chronology as it has enabled us to date this unit. The

open system behavior of the apatite contrasts with that of the
zircon which shows no indication of having been isotopically
disturbed during the 3926 Ma event. This contrasting
behavior places constraints on the thermal conditions of
formation and we conclude, from a consideration of the Pb
diffusion parameters of these minerals, that in the vicinity of
Cone crater and the Apollo 14 landing site the Fra Mauro
Formation was deposited 3926 + 3 Myr ago at a temperature
between 1300 and 1100 °C and cooled down within a few
years.
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