
REVISTING THE PB ISOTOPIC SYSTEM IN LUNAR FERROAN ANORTHOSITE 60025. 
J. N. Connelly1 and L.E. Borg2, 1Centre for Star and Planet Formation, Geological Museum, Natural History Museum of Den-
mark, 1350 Copenhagen Denmark; 2Lawrence Livermore National Laboratory, Livermore CA 94550 USA. 
 
Introduction: Lunar ferroan anorthosites (FANs) are 
thought to be flotation cumulates formed by early crys-
tallization of a lunar magma ocean.  The lunar magma 
ocean model predicts that these cumulates are the old-
est lunar crustal rocks and, therefore, provide a means 
to determine the age of the earliest solidification of the 
moon.  As a result, significant effort has been ex-
pended on resolving the age of FAN crystallization.   
Determining the ages of individual FANs, however, 
has been hampered by their nearly monomineralic na-
ture, their low abundances of parent and daughter nu-
clides, and that they have been strongly shocked at ca. 
3.9-3.8 Ga.  For example, the isotopic systems Ar-Ar 
and Rb-Sr have been disturbed by shock metamor-
phism and do not yield crystallization ages.  The U-Pb 
isotopic system has also yielded conflicting results, 
primarily because Pb has been mobilized during the 
late heavy bombardment that disrupted both U-Pb con-
cordia and Pb-Pb isochron age determinations.  The 
most successful system has been the Sm-Nd system, 
which has yielded ages between 4.29 and 4.53 Ga 
[Figure 1; 1-4]. However, the fact that the four mafic 
FANs that have been dated have positive initial εNd

143 
values of +1 to   +3 [1-4] is inconsistent with petroge-
netic models of magma ocean crystallization [e.g. 4] 
and casts some doubt on the validity of these ages.  
Here, we report a sequential leaching and digestion 
technique that permits Pb mobilized on the lunar sur-
face to be removed from mineral separates from the 
FAN 60025.  Our preliminary age of 4382 ± 8 Ma is 
significantly younger than some ages determined pre-
viously for FANs and Mg-Suite samples.  This age is, 
however, in general agreement with the 4440 ± 45 Ga 
Sm-Nd age previously determined for this sample [1], 
as well as the age of lunar differentiation estimated 
from the short-lived 146Sm-142Nd chronometer. 
 
Analytical techniques:  A large (2 g) clast of 60025 
was selected for analysis during a visit to the lunar 
curation facility at the Johnson Space Center.  This 
clast was chosen because it had a large proportion of 
pyroxene.  The clast was crushed and sieved at 150-
75mm mesh size.  Plagioclase and mafic minerals were 
separated using a Frantz magnetic mineral separator, 
which yielded mineral fractions that were >97% pure. 
All crushing and mineral separation was conducted at 
Lawrence Livermore National Laboratory.  In the 
clean laboratory at the Geological Museum, Copenha-
gen, the two fractions were pre-cleaned in 12 cycles 
consisting of distilled water, ethanol and acetone (for a 

total of 36 steps), where the fractions were heated to 
60ºC and ultrasonicated for 5 minutes at each step. For 
the last 2 cycles, 0.02M HBr was used rather than wa-
ter. The Pb isotopic composition of cycles 6 through 
12 (with water, ethanol and acetone combined) were 
analyzed to determine whether contaminant Pb was 
being successfully removed in these steps. Satisfied 
that radiogenic Pb signatures were returned for the 
mafic fraction for the last pre-cleaning steps, stepwise 
dissolution commenced for both fractions by using 
progressively stronger acids. Final and complete diges-
tion was accomplished using concentrated HF and 
HNO3. Five acid steps were used for the mafic fraction 
and 3 steps for the plagioclase fraction. Chemical sepa-
ration and mass spectrometry followed that of [5], ex-
cept that the Triton at the Geological Museum, 
Copenhagen was used for the isotopic analyses.  
 
Results: Digestions steps 2 through 5 of the mafic 
fraction define a line in 204Pb/206Pb vs 207Pb/206Pb space 
with an intercept corresponding to 4382±8 Ma (Figure 
2). All fractions were corrected for a laboratory total 
procedural blank of 0.30±0.10 pg). With a 0.15 pg 
loading blank, the blank error represents a 66% uncer-
tainty on the pre-loading blank. The most radiogenic 
fraction contains 6.8 pg of Pb (all stated Pb contents 
after blank correction) and the other 3 fractions defin-
ing the line contain 1.0 – 2.9 pg of Pb. The first disso-
lution step of the mafic fraction lies slightly above the 
line and contains 0.5 pg. The three fractions of plagio-
clase contain 1.6 – 11 pg of Pb and plot variably above 
the line.  
 
Taken at face value, 4382±8 Ma represents the crystal-
lization age of 60025, an age that is approximately 70 
myr younger than the Sm/Nd age of 4440±45 Ma [re-
calculated from 1]. Given that laboratory blank ac-
counts for between 5% and 30% of the total Pb in the 4 
fractions defining the line, the largest uncertainty in the 
age lies in the blank correction. We have confidence in 
the consistency and amount of blank subtracted given 
the monitoring of laboratory blanks for the 6 months 
leading up to and including this study. Furthermore, 
subtraction of more than 0.5 pg of Pb drives the most 
radiogenic fraction to a prohibited negative value. As 
such, the blank of this series must be less than this 
value. Varying the assigned blank between 0.15 pg 
(the loading blank) and 0.5 pg (the maximum allowed 
by the most radiogenic fraction) varies the errors and 
MSWD of the regression significantly but changes the 
absolute age by less than 1 myr. This reflects the fact 
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that the modern terrestrial Pb field overlaps the re-
gressed line. As such, we cannot fully discount this 
line representing a mixture of modern terrestrial Pb 
and a highly or purely radiogenic end-member. If this 
were the case, the age may still be correct if the data 
reflect a two component system of undisturbed radio-
genic Pb that was formed in a closed system and mod-
ern terrestrial Pb. That modern terrestrial Pb field over-
laps the regressed line is not unexpected if BSE and 
the Moon evolved from a common homogeneous Pb 
isotopic reservoir after impact but with different mu 
values.  
 
The three dissolution steps of the plagioclase fraction 
all lie slightly to significantly above the line defined by 
the mafic fractions, indicating resetting during late 
bombardment and/or a contamination of anomalously 
radiogenic Pb from the lunar soil. This work suggests 
that the mafic minerals retain chronometric informa-
tion and that future Pb work should concentrate on 
these phases and exclude plagioclase.  
 

 
 
Figure 1.  Best lunar crustal ages.  Green diamonds are 
model ages, yellow circles are Sm-Nd ages on FANs, 
blue squares are Sm-Nd ages from Mg-suite samples, 
and red triangles are U-Pb zircon ages from Alkali 
suite samples [see references in 3-7].  Dot in symbols 
represent ages determined with the Sm-Nd system. 
Solid vertical line is Pb-Pb age determined for 60025 
(this study).   
 
Significance of Pb-Pb Age:  The Pb-Pb age reported 
here is preliminary.  These initial measurements were 
completed on a 10 mg mafic mineral separate, and we 
anticipate further work on a larger fraction.  Even so, 
the similarity between the Sm-Nd age of [1] and our 

Pb-Pb age reported here suggests that the crystalliza-
tion age of the sample is indeed ~4.4 Ga. 
 

  
Figure 2. Pb-Pb diagram for stepwise dissolution steps 
for a mafic fraction of 60025.  
 
Previous suggestions that 60025 is genomict, and that 
the young Sm-Nd age potentially reflected the fact that 
the mafic and plagioclase fractions are derived from 
separate sources [e.g. 1] seems unfeasible, because 
such binary mixing of different samples is unlikely to 
yield nearly concordant ages in two different isotopic 
systems.  If this rock represents a floatation cumulate 
formed during the later stages of magma ocean solidi-
fication, its young age indicates that the solidification 
age of the Moon is significantly younger than previ-
ously believed.  This implies that older ages deter-
mined from internal isochron measurements on other 
samples are in error.  A young age of lunar formation 
is, however, supported by Rb-Sr and Sm-Nd model 
ages of KREEP formation of ~4420 ± 50 Ma; [7, 9] 
and 146Sm-142Nd model ages mare basalt differentiation 
of 4350 ± 22 [5] and 4320 ± 48 Ma [6].   
 
References: [1] Carlson & Lugmair (1988) EPSL 90, 
119-130. [2] Alibert et al. (1994) GCA 58, 2921-2926.  
[3] Norman et al. (2003) MAPS 38, 645-661. [4] Borg 
et al., (1999) GCA 63, 2679-2691. [5] Rankenburg et al 
Sci, 312, 1369-1372. [6] Nyquist et al. (1995) GCA 59, 
2817-2837. [7] Edmunson et al (2009) GCA, 73, 514-
527. [8] Connelly & Bizzarro (2009) Chemical Geol-
ogy 259, 143-151. [9] Nyquist & Shih (1992) GCA 56, 
2213-2234.  
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