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Introduction:  Presently accepted models of lunar 

evolution propose that the Moon has experienced an 
episode of intense meteoritic bombardment in the pe-
riod between ~3.9 and 3.8 Myr. The timing of this 
episode, referred to as the late lunar cataclysm, is 
based on a large number of ages obtained using Rb-Sr, 
U-Pb, K-Ar and Ar-Ar systems on whole rock and 
mineral samples as well as impact melts from lunar 
highland rocks [1 and references therein]. However, 
the model of terminal lunar cataclysm has been ques-
tioned on the grounds that evidence of a pre 3.9 Ga 
impact history could have been obliterated by this late 
meteoritic bombardment [e.g. 2]. In this contribution 
our purpose is to discuss the problem of the lunar im-
pact history in the light of new and previous SIMS U-
Pb data on apatite and zircon from the same thin sec-
tions of breccias from Apollo 14 and Apollo 17 and 
SIMS U-Pb data of shocked and partially reconstituted 
zircon also from the breccia samples. 

We have made SIMS U-Pb analyses of apatite and 
zircon from the same thin section from three breccia 
samples from Apollo 14 and one from Apollo 17. Both 
minerals are found within lithic clasts and in the brec-
cia matrices. The size of the apatite and zircon grains 
found in the breccia matrices commonly far exceeds 
that of other minerals in the matrix suggesting that 
both apatite and zircon are mineral clasts that predate 
formation of the breccia samples. 

The apatite U-Pb ages: The measured apatite 
206Pb/204Pb ratios vary significantly between samples 
and correlate with the 206Pb/204Pb ratios of zircon 
grains analysed in the same thin sections. This indi-
cates that most of the 204Pb is related to contamination 
of the samples with terrestrial lead (most likely intro-
duced during cutting and polishing of the thin sec-
tions). As the composition of initial Pb is uncertain, we 
have calculated ages using isochrones in 238U/206Pb-
207Pb/206Pb-204Pb/206Pb space as this appears to involve 
the least number of assumptions. The resulting four 
ages are similar within the errors (3934±38 Ma for 
sample 14306,60; 3920±13Ma for sample 14066,47; 
3894±78Ma for sample 14303,52 and 3928±20Ma for 
sample 73217,52). They are also similar to the age of 
3909±8 Ma reported for the zircon grains from the 
crystallised impact melt observed in the lunar meteor-
ite SAU169 [3]. Based on the high concentration of 
incompatible elements observed in this crystallised 
melt it was inferred to represent part of the Fra Mauro 
formation while the zircon age was interpreted to indi-
cate the time of Imbrium impact.  

Ages of cogenetic zircon and apatite: Both zircon 
and apatite in thin section 14306, 60 are found in a 
single norite clast. We interpret these as cogenetic and 
the zircon age of 4202±12, which is taken as the age of 
norite crystallization, is also interpreted as the primary 
age of the apatite. The present apatite age of 3934±38 
Ma is significantly younger than the zircon age and is 
interpreted as having undergone complete Pb loss dur-
ing the Imbrium event.  

Zircon and apatite in the breccia matrices:  
Apollo 14.  Five zircon grains from the matrices of 

breccia thin section 14066,47 have ages of 4148±12 
Ma (three grains), 4226±18 Ma and 4352±6 Ma. All 
three are significantly older than the apatite age of 
3920±13 Ma, which we also interpret to have been 
completely reset during the Imbrium event. Sixteen 
analyses of eleven zircon grains from the sample 
14303,52 show a spread of ages between 4343±10 and 
4002±16 Ma. Even the youngest grain is still signifi-
cantly older than the apatite age of 3894±78Ma. Im-
portantly, three of the eleven grains are large enough 
to accommodate more than one analytical spot. One of 
these grains was analysed twice with both analyses 
giving similar ages defining an average of 4208±7 Ma. 
This suggests that this zircon has not been isotopically 
disturbed and that the age records the primary age of 
zircon crystallisation. The other two were analysed 
three times and show different degrees of variation in 
the ages of the different spots (4313±48 to 4129±40 
Ma and 4343±10 to 4306±14 Ma). This suggests that 
these two grains were variably reset by a younger 
event.  

Apollo 17. A similar pattern is shown by two zir-
con grains found in the section 73217, 52. Two analy-
ses of one of these grains are indistinguishable within 
the error and define an average of 4332±5 Ma, while 
two analyses of the second grain give ages of 4308±44 
Ma and 4241±12 Ma, which spread slightly outside the 
analytical errors, indicating the possibility of a minor 
disturbance of the U-Pb system. These are all older 
than the 3928±20Ma apatite age for sample 73217,52, 
which is identical to the apatite ages from the Apollo 
14 samples, demonstrating a uniformity of behaviour 
of apatites in breccias from the Apollo 14 and 17 land-
ing sites. 

Disturbance of the U-Pb system in zircon:  It is 
evident that while the apatite U-Pb system is com-
pletely reset during the 3.8-3.9 Ga meteorite flux, zir-
con grains largely preserve their primary ages. Only 
two zircon grains in the analysed population of 112 
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grains from Apollo 14 and 17 show ages of 3976±30 
and 3969±6 Ma comparable although still slightly 
older than those of apatite. Nevertheless, about 10% of 
the grains that have been analysed more than once 
display significant variation of observed ages indicat-
ing some degree of disturbance. In most of these grains 
the small number of analytical spots (limited by 2 or 3) 
makes it difficult to determine if this disturbance 
represents a partial Pb loss during the 3.8-3.9 Ga event 
or complete resetting of U-Pb system as a result of 
some older impacts. 

However we now have several examples where a 
large number of analyses on a single grain permit pre-
cise estimation of both primary and secondary ages.  

One of these examples is a large zircon grain in the 
anorthosite clast found in the thin section 73235,82. 
Detailed imaging of this grain using electron micro-
scope and RAMAN microprobe revealed that it con-
sists of a combination of fragments that preserve pri-
mary ages and are surrounded by the secondary zircon 
that has lost crystallinity and experienced significant 
chemical changes [4]. This secondary zircon was in-
terpreted as reflecting modifications induced by ex-
treme shock. The consistent age of 4187±11 Ma ob-
tained for this secondary zircon is therefore viewed as 
the time of impact that affected the anorthosite hosting 
this zircon grain. 

Another example of an extensively studied grain is 
the large zircon fragment in the matrix of the sample 
73215. Crystallographic orientation analysis using 
EBSD revealed a deformation pattern consistent with 
the shock. Several areas of this grain display chemical 
modifications similar to those observed in the secon-
dary zircon in the sample 73235. U-Pb analyses of 
these areas define a consistent age of 4333±7 Ma, 
which is significantly younger than the ages observed 
in the less modified parts of the grain. This age is in-
terpreted as reflecting the time of impact that disturbed 
lattice, chemistry and resetted U-Pb system in several 
domains within the zircon grain. 

Reset apatite and zircon U-Pb ages and the lu-
nar impact history: We interpret all apatite ages from 
the Apollo 14 and Apollo 17 samples as ages of com-
plete resetting in response to the late 3.8-3.9 Ga mete-
orite flux referred to as the late cataclysm. However, 
the U-Pb systems in the bulk of zircon grains have not 
been disturbed by this major event. Several zircon 
grains show variation in their ages suggesting a distur-
bance of their U-Pb system. However, this disturbance 
is not necessary related to the late bombardment. Half 
of the zircons that show this disturbance have their 
youngest ages near 4.3 Ga, which could reflect an 
older impact event, possibly similar in age to that re-
corded in the grain from sample 73235. The youngest 

recorded ages of spots on the remaining grains (with 
the exception of one) are all older than 4.1 Ga. These 
results suggest a number of significant impacts oc-
curred before the 3900 Ma cataclysm.  

The observed difference in behaviour of apatite 
and zircon is consistent with the estimates of closure 
temperature of U-Pb system in these minerals. Ex-
perimental studies suggest that apatite will equilibrate 
its Pb at a temperatures above 450-500oC, while the U-
Pb system of zircon remains closed in excess of 1000 

oC [5]. This suggests that while the late lunar cata-
clysm introduced enough energy to reset all apatite U-
Pb systems within the Apollo 14 and Apollo 17 sam-
ples, it was incapable of producing a significant dis-
turbance of the zircon grains. However, some zircon 
grains appear to be affected by pre 3.8-3.9 Ga impacts, 
suggesting extreme shock and temperature conditions 
occurred significantly before the ca 3.8-3.9 Ga cata-
clysm. Two early impacts at 4333±7 and 4187±11 Ma 
can be identified on the basis of our present data, 
which suggests that the impact history of the Moon 
extended far beyond the terminal lunar cataclysm. 
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