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Abstract

The results of our combined U–Pb, Rb–Sr, and Sm–Nd isotope study of mare basalt 10017 contribute to the understanding
of the petrogenetic processes involved in the origin of geochemical diversity in lunar mare basalt sources, as well as the U–Pb
isotope systematics of the Moon. The Rb–Sr, Sm–Nd, and 238U–206Pb isotope systems yield concordant crystallization ages of
3.633 ± 0.057 Ga, 3.678 ± 0.069 Ga, and 3.616 ± 0.098 Ga, respectively. The 235U–207Pb isochron yields an older, though still
concordant, age of 3.80 ± 0.12 Ga. Neither the 206Pb–207Pb system nor U–Pb concordia system yields an age for 10017 that is
concordant with the age determined from the Sm–Nd, Rb–Sr, and 238U–206Pb systems. The initial 87Sr/86Sr of 10017 is
0.69941 ± 7 and the initial eNd is +3.2 ± 0.4. Initial Pb isotopic compositions, determined from the U–Pb isochrons, are
206Pb/204Pbi = 31 ± 11 and 207Pb/204Pbi = 34 ± 15. Together, these initial Pb compositions constrain the l value of the
10017 source to be 70 ± 30, assuming a single-stage Pb growth model. This is considerably lower than l values typically esti-
mated for mare basalt sources (�100–600). Regardless, the l values calculated for the sources of mare basalts, as well as other
lunar samples, show a range that is larger than can be explained by fractionation of U from Pb solely by crystallization of
silicate phases and ilmenite during magma ocean solidification and formation of lunar mantle sources. The U–Pb isotope sys-
tematics may reflect late-stage formation of a sulfide phase, which strongly fractionates Pb from U but has minimal effect on
Rb/Sr or Sm/Nd compositions, during crystallization of the lunar magma ocean.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Lunar mantle sources have the highest and apparently
most variable l (238U/204Pb) values determined for any ter-
restrial planetary body (e.g., Stacey and Kramers, 1975;
Nyquist and Shih, 1992; Borg et al., 2005; Gaffney et al.,
0016-7037/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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2006). Thus, a detailed understanding of these distinctive
U–Pb isotope systematics has the potential to offer insights
into issues such as elemental fractionation during magma
ocean solidification and the degree of volatile depletion in
the Moon. Because of both the volatile and chalcophile nat-
ure of Pb, the U–Pb isotope system may record evidence of
these petrogenetic processes that is not preserved in Rb–Sr,
Sm–Nd or Lu–Hf isotope systems. However, results of
studies on lunar U–Pb isotope systematics are difficult to
interpret because of the low abundance and very radiogenic
nature of lunar Pb, as well as disturbance to lunar U–Pb
isotope systems by impact processes and terrestrial Pb con-
tamination during sample handling and analysis (e.g., Tat-
sumoto, 1970; Tera and Wasserburg, 1972). Extracting
useful petrogenetic, as opposed to geochronologic, infor-
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mation from the U–Pb isotope system in lunar samples re-
quires the ability to confidently establish the initial Pb iso-
topic composition from an isochron, and with this
information, to determine the long-term l value of the
mantle source from which the sample originated.

Most Pb isotope studies of lunar samples rely on
206Pb–207Pb isochrons or U–Pb concordia to constrain
ages. These data representations are favored because they
do not require precise measurements of 204Pb, which is
the least abundant of the Pb isotopes and therefore the
most susceptible to contamination and poor analytical pre-
cision. However, the drawback of these diagrams is that
they do not directly provide the initial Pb isotopic compo-
sition of the sample, that is, the Pb isotopic composition of
the magma at the time of crystallization. In order to infer
an initial Pb isotopic composition from a Pb–Pb isochron
or a U–Pb concordia diagram, a model history for Pb iso-
topic growth in the sample’s mantle source prior to melt
extraction must be assumed. In contrast, initial Pb isotopic
compositions can be determined directly from
238U/204Pb–206Pb/204Pb and 235U/204Pb–207Pb/204Pb isoch-
rons for undisturbed samples, provided that the 204Pb
abundance can be measured precisely. Current analytical
capabilities have enabled significantly decreased total pro-
cedural laboratory Pb blanks, on the order of 10s of pico-
grams, and analytical technology has advanced to allow
the use of ion counters to measure the very low abundance
204Pb mass. Together these advances provide the means to
determine the 204Pb abundance in lunar samples more pre-
cisely than what has been possible in the past. With precise
measurements of 204Pb, data can be represented as
238U/204Pb–206Pb/204Pb and 235U/204Pb–207Pb/204Pb isoch-
rons which, for some samples, enable confident determina-
tion of initial Pb isotopic compositions.

This combined U–Pb, Rb–Sr, and Sm–Nd isotopic study
of mare basalt 10017 contributes to the understanding of pet-
rogenetic processes involved in the origin of geochemical
diversity in mare basalt source regions, as well as the U–Pb
systematics of the Moon. Our approach was to measure all
three isotope systems on the same mineral and whole rock
fractions, and to examine the U–Pb isotope systematics in
the context of crystallization ages determined with more ro-
bust Sm–Nd and Rb–Sr isotope systems. In this study we: (1)
define the crystallization age for 10017 using Rb–Sr, Sm–Nd,
and U–Pb isotope systems, (2) describe the disturbance
apparent in the U–Pb isotope systems and evaluate possible
explanations for this disturbance, (3) determine the l value
of the 10017 mantle source, and (4) discuss the nature and
origin of U/Pb heterogeneity in lunar mantle source regions.

2. ANALYTICAL PROCEDURES

2.1. Sample description

The sample chosen for this study, 10017,328, is a high-
Ti, high-K mare basalt collected during the Apollo 11 mis-
sion. It contains 45–55% clinopyroxene (0.04–0.12 mm),
24–35% plagioclase (0.2–2.0 mm), 15–20% ilmenite (0.03–
0.1 mm) and �8% mesostasis (Schmitt et al., 1970; Apollo
11 Lunar Sample Catalogue, 1977; Beaty and Albee,
1978). Trace phases include cristobalite, tridymite, troilite,
apatite, whitlockite, ulvöspinel, and Fe-metal (Papike
et al., 1976; Beaty and Albee, 1978). Ilmenite is lath-like,
skeletal and sieve-textured (Apollo 11 Lunar Sample Cata-
logue, 1977). Given the range in crystal size and mineralog-
ical mode published for this sample, it is unlikely that the
small sub-sample used for this study is truly representative
of the entire specimen. Although this is not critical to the
construction of isochron diagrams and their use for deter-
mining ages and initial isotopic compositions of 10017, this
does suggest the possibility that the mineral and whole rock
fractions analyzed do not completely account for possible
chemical heterogeneity in this sample. For example, 10017
contains relatively abundant mesostasis, and heterogeneous
distribution of this component throughout the rock would
result in different isotopic and trace element compositions
for different whole rock sub-samples. The sample chip used
in this study is a piece left over from an experimental shock
study undertaken by F. Hörz (personal communication;
Nyquist et al., 1987). Although this chip had been drilled
during preparation for the shock experiment, we took spe-
cial care to exclude from our study any pieces that had been
in contact with the drill bit surface. As discussed in the fol-
lowing sections, we do not observe any effects in the isotope
systematics that can be consistently explained by contami-
nation related to drilling.

2.2. Analytical techniques

A 739 mg aliquot of 10017,328 was crushed in a sapphire
mortar and pestle and sieved in a stainless steel and nylon
sieve set to 100–200 mesh (74–150 lm) and 200–325 mesh
(44–74 lm) grain size fractions. Only the 100–200 mesh
fraction was used for the mineral separates. A second chip
was powdered and homogenized for bulk analyses. One
�10 mg sub-sample of this powder was spiked and used
for the whole rock isotopic composition and concentration
measurements. A second �100 mg sub-sample was left
unspiked and used to measure the Sm isotopic composition
in order to evaluate the effects of neutron fluence on the
sample. A Frantz isodynamic magnetic separator was used
to make plagioclase-rich, pyroxene-rich, and ilmenite-rich
mineral separates. This sample contains abundant oxide
(assumed to be predominantly ilmenite) and mesostasis,
and thus the plagioclase-rich and pyroxene-rich magnetic
separates contained significant amounts of these additional
components. Plagioclase-rich and pyroxene-rich magnetic
separates were purified by hand-picking to remove grains
containing oxide inclusions or other silicate mineral impuri-
ties. Approximately 60% of the plagioclase magnetic sepa-
rate was rejected during hand-picking and �90% of the
pyroxene fraction was rejected during hand-picking. The
purified plagioclase and pyroxene fractions are visually esti-
mated to contain 99% plagioclase and 95% pyroxene,
respectively. The Plag-rej and Px-rej mineral fractions com-
prise grains rejected during hand-picking of the plagioclase-
rich and pyroxene-rich magnetic separates, respectively,
and contain abundant oxide inclusions, composite grains
and mesostasis. We visually estimate that the Plag-rej frac-
tion contains 95% plagioclase, and that the Px-rej fraction
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contains 75% pyroxene. It was impractical to further purify
the ilmenite magnetic fraction with hand-picking. Ilmenite
grains are small (30–100 lm), lath-like and sieve-textured,
so there are very few pure ilmenite grains present in the
ilmenite-rich magnetic fraction.

Mineral fractions were not further crushed after hand-
picking. All fractions were cleaned with 0.5 N acetic acid
for 10 min in an ultrasonic bath to remove Pb contamina-
tion on grain surfaces. This cleaning step was followed with
a quartz-distilled water rinse. Special care was taken to not
preferentially remove fine-grained material when pipetting
liquid off the sample. The purified plagioclase and pyroxene
fractions, as well as the whole rock fraction, were leached in
2 N HCl, for 10 min at room temperature in an ultrasonic
bath. The leaching step was followed with a quartz-distilled
water rinse. The HCl leachate and final water rinse for each
sample were combined, processed, and analyzed for their
isotopic composition. Residue mineral fractions that were
leached are denoted with the suffix (R), and leachates with
the suffix (L). Although the ilmenite fraction was washed in
acetic acid, it was not treated to an HCl leaching step be-
cause ilmenite is soluble in this acid. The mineral separation
procedure is shown schematically in Fig. 1.

After the acetic acid wash and HCl leaching (whole
rock, purified plagioclase, and purified pyroxene fractions
only), all mineral, whole rock, and leachate fractions were
spiked with mixed Rb–Sr, Sm–Nd, and U–Pb isotopic trac-
ers for elemental concentration measurements. Mineral
fractions were digested with a combination of HCl, HF,
and HNO3. Uranium, Pb, Rb, Sr, Sm, and Nd were sepa-
rated sequentially from these digestions and leachates fol-
lowing the procedures described by Borg et al. (2005).
Procedural blanks were: U = 4 ± 3 pg, Pb = 12 ± 6 pg,
Rb = 6 ± 4 pg, Sr = 11 ± 4 pg, Sm = 5 ± 3 pg, and
Nd = 9 ± 3 pg (1 sigma). These values do not include blank
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Fig. 1. Mineral separation scheme for 10017. S
contributions associated with the tracers, because the
amounts of tracer solution used varied from fraction to
fraction. The Rb–Sr and Sm–Nd tracer solutions were pre-
pared from stock solutions from which Pb had been re-
moved with ion exchange techniques. Additional Pb
blank associated with tracer solutions ranges from 7 to
87 pg Pb. The data reported in Tables 1–3 have been cor-
rected for procedural blank as well as blank associated with
the tracer solutions. Isotopic analyses were conducted using
a Micromass (VG) Sector 54 mass spectrometer at the Uni-
versity of New Mexico. Details on mass spectrometry are
presented by Borg et al. (2005). Analytical results are shown
in Tables 1–3.

3. RESULTS—ISOCHRONS AND AGES

3.1. Sm–Nd isochron

The Sm–Nd isochron age for 10017 is 3.633 ± 0.057 Ga
(Fig. 2). This age is calculated from the six mineral and
whole rock fractions analyzed: Plag(R), Plag-rej, Px(R),
Px-rej, Ilm, and WR(R). The low MSWD (0.55) indicates
a good fit of the isochron to the data. This isochron gives
an initial eNd of 3.2 ± 0.4, calculated using the method of
Fletcher and Rosman (1982). eNd notation describes devia-
tion of the sample 143Nd/144Nd value from the chondritic
value at the time of interest (time of crystallization, in this
context), in parts per 104. This is consistent with the initial
eNd of 3.1 ± 0.4 determined from a single whole rock anal-
ysis of 10017, assuming an age of 3.59 Ga (Snyder et al.,
1994). The three leachates have similar and relatively
unradiogenic compositions, and fall very close to the iso-
chron regressed through the mineral fractions. The age cal-
culated for all analyzed fractions (purified minerals, rejects,
whole rock and leachates) is 3.65 ± 0.10 Ga
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3.18 mg 
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haded boxes indicate analyzed fractions.



Table 1
Sm–Nd isotopic compositions of 10017

Fraction wt. (mg) Sm (ppm) Sm (ng) Nd (ppm) Nd (ng) 147Sm/144Nda 143Nd/144Ndb

Plag (R) 7.21 0.797 5.74 2.906 20.95 0.16575 ± 0.00017 0.512064 ± 0.000010
Plag (L) 0.88 2.83 0.18894 ± 0.00082 0.512648 ± 0.000012
Plag rej 9.20 1.686 15.51 5.226 48.08 0.19503 ± 0.00020 0.512765 ± 0.000010
Px (R) 3.48 6.48 22.53 13.256 46.13 0.29531 ± 0.00030 0.515167 ± 0.000010
Px (L) 6.68 21.31 0.18938 ± 0.00019 0.512553 ± 0.000010
Px rej 23.18 6.60 152.99 16.858 390.77 0.23668 ± 0.00024 0.513759 ± 0.000010
Wr (R) 10.72 6.228 66.77 15.108 161.95 0.24923 ± 0.00025 0.514094 ± 0.000010
Wr (L) 74.37 232.00 0.19380 ± 0.00019 0.512703 ± 0.000010
Ilm 26.60 45.2 1203.1 137.8 3665.7 0.19842 ± 0.00020 0.512836 ± 0.000010

La Jolla (n = 3)c 10 0.511869 ± 0.000040

Plag, plagioclase; Px, pyroxene; Wr, whole rock; Ilm, ilmenite; (L), HCl leachate; (R), residue of HCl leachate; rej, portion of mineral fraction
rejected after hand-picking. All samples and standards run as NdO+.
Isochrons are calculated using either 2rp (from standard runs) or 2rm (from measured isotope ratios), whichever is larger.
a Error limits include a minimum uncertainty of 0.5% plus 50% of the blank correction for Sm and Nd added quadratically.
b Normalized to 146Nd/144Nd = 0.7219. Uncertainties are 2rm calculated from the measured isotope ratios. 2rm = [

P
(mi � l)2/(n(n�1))]1/2

for n ratio measurements mi with mean value l.
c Error limits are 2rp. 2rp = [

P
(Mi � p)2/(N�1)]1/2 for N measurements Mi with mean value p.

Table 2
Rb–Sr isotopic compositions of 10017

Fraction wt. (mg) Rb (ppm) Rb (ng) Sr (ppm) Sr (ng) 87Rb/86Sra 87Sr/86Srb

Plag (R) 7.21 0.483 3.48 511.4 3687 0.00273 ± 0.00003 0.699591 ± 0.000011
Plag (L) 0.026 6.4 0.0120 ± 0.0014 0.700265 ± 0.000010
Plag rej 9.20 0.715 6.57 471.4 4337 0.00439 ± 0.00004 0.699658 ± 0.000010
Px (R) 3.48 1.32 4.6 121.20 422 0.03155 ± 0.00032 0.701029 ± 0.000010
Px (L) 0.034 7.4 0.0133 ± 0.0012 0.700678 ± 0.000010
Px rej 23.18 1.690 39.18 209.2 4850 0.02337 ± 0.00023 0.700645 ± 0.000010
Wr (R) 10.72 4.47 47.91 122.10 1309 0.1059 ± 0.0011 0.704768 ± 0.000010
Wr (L) 0.43 287 0.00435 ± 0.00004 0.699871 ± 0.000011
Ilm 26.60 16.53 439.63 182.4 4851 0.2622 ± 0.0026 0.713315 ± 0.000010

NBS 987 (n = 7)c 500 0.710257 ± 0.000030

Plag, plagioclase; Px, pyroxene; Wr, whole rock; Ilm, ilmenite; (L), HCl leachate; (R), residue of HCl leachate; rej, portion of mineral fraction
rejected after hand-picking.
Isochrons are calculated using either 2rp (from standard runs) or 2rm (from measured isotope ratios), whichever is larger.
a Error limits include a minimum uncertainty of 0.5% plus 50% of the blank correction for Rb and Sr added quadratically.
b Normalized to 86Sr/88Sr = 0.1194. Uncertainties are 2rm calculated from the measured isotope ratios. 2rm = [

P
(mi � l)2/(n(n�1))]1/2 for

n ratio measurements mi with mean value l.
c Error limits are 2rp. 2rp = [

P
(Mi � p)2/(N-1)]1/2 for N measurements Mi with mean value p.
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(MSWD = 2.6), nearly identical to the age determined from
the purified mineral and reject fractions alone, and consis-
tent with the observation that the leachates fall close to
or on the isochron. The small uncertainty on the calculated
age, the concordance of this age with previously determined
ages for this sample (discussed in Section 3.2), the fact that
all mineral (purified and reject) and whole rock fractions
define this isochron, the observation that the 147Sm/144Nd
ratios of the purest mineral fractions and whole rock are
distributed along the isochron in an order that is consistent
with igneous crystallization, and that the leachates do not
show significant scatter from the isochron, indicate that
the Sm–Nd systematics in this sample most likely define
its crystallization age and that this isotope system has not
suffered significant disturbance since crystallization. Fur-
thermore, the amounts of Nd in the fractions were large
(ranging from 3 ng to 3.7 lg), so blank corrections were
trivial and internal precision for mass spectrometry was
excellent.

The leachates contain a significant fraction of the total
rare earth element (REE) budget for the sample. The
WR(L) fraction contains 53% of the total Sm and 59% of
the total Nd. These large proportions are not the result of
inadvertent incorporation of fine-grained rock powder into
the leachate during decanting of the leachate because: (1)
visual inspection indicated that only a minimal amount
(micrograms) of fine-grained powder was present in the
decanted leachate, (2) the acid used for leaching was 2 N
HCl, which is not strong enough to dissolve the small
amount of fine-grained material remaining in the leachate
at room temperature and during the short times (minutes)
involved, and (3) all solutions were centrifuged prior to
loading on ion exchange columns to separate any insoluble
residue from the sample solution. The large abundance of



Table 3
U–Pb isotopic compositions of 10017

Fraction wt. (mg) U (ppm) U (ng) Pb (ppm) Pb (ng) 238U/204Pba 206Pb/204Pbb 207Pb/204Pbb 208Pb/204Pbb

Plag (R) 6.48 0.024 0.155 0.102 0.662 42.1 ± 3.2 69.5 ± 2.0 58.3 ± 1.7 79.5 ± 1.7
Plag (L) 0.025 1.308 1.30 ± 0.14 20.624 ± 0.029 17.549 ± 0.030 40.974 ± 0.073
Plag rej 8.18 0.06 0.520 0.306 2.499 26.70 ± 0.67 47.47 ± 0.36 35.17 ± 0.24 64.78 ± 0.37
Px (R) 3.12 0.21 0.658 0.371 1.159 205.1 ± 2.4 175.11 ± 0.88 82.58 ± 0.43 159.92 ± 0.83
Px (L) 0.097 0.767 17.16 ± 0.70 43.00 ± 0.23 32.83 ± 0.16 80.52 ± 0.42
Px rej 20.49 0.24 4.919 0.603 12.359 115.2 ± 1.0 123.05 ± 0.20 72.48 ± 0.14 138.60 ± 0.30
Wr (R) 8.47 0.55 4.697 0.844 7.151 741.3 ± 6.5 590.3 ± 2.1 257.39 ± 0.96 459.4 ± 1.8
Wr (L) 1.438 3.279 115.8 ± 1.6 89.98 ± 0.98 49.85 ± 0.53 164.7 ± 1.8
Ilm 26.6 2.4 62.727 3.98 105.993 721.3 ± 3.1 573.79 ± 0.92 248.52 ± 0.45 588.6 ± 1.2

All Faraday runs: NBS 981 (n = 10)c 2 16.902 ± 0.034 15.440 ± 0.038 36.54 ± 0.11
Faraday-Daly runs: NBS 981 (n = 17)c 0.5–2 16.889 ± 0.081 15.436 ± 0.091 36.53 ± 0.24

Plag, plagioclase; Px, pyroxene; Wr, whole rock; Ilm, ilmenite; (L), HCl leachate; (R), residue of HCl leachate; rej, portion of mineral fraction
rejected after hand-picking.
Isochrons are calculated using either 2rp (from standard runs) or 2rm (from measured isotope ratios), whichever is larger.
a Error limits include a minimum uncertainty of 0.5% plus 50% of the blank correction for U and Pb added quadratically.
b Uncertainties are 2rm calculated from the measured isotope ratios. 2rm = [

P
(mi � l)2/(n(n-1))]1/2 for n ratio measurements mi with mean

value l.
c Error limits are 2rp. 2rp = [

P
(Mi � p)2/(N-1)]1/2 for N measurements Mi with mean value p. The greater uncertainty on the Faraday-Daly

standard runs reflects the added uncertainty from the Faraday-Daly gain calibration.
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Sm and Nd in the leachate as well as the proximity of the
leachate compositions to the isochron suggest that the
leachates are dominated by primary igneous phosphates.
The high abundances of REE in phosphates and the control
of Sm–Nd isotope systematics in leachates by dissolved
phosphates has been well documented in the lunar and mar-
tian literature (e.g., Jolliff et al., 1993; Borg et al., 1997,
2003). The compositions of the leachates are similar to
those of the Plag-rej and Ilm fractions, both of which are
unleached, again indicating that the phosphates have a
large control on the REE budget in this sample. Only one
of the three leachates (Px(L)) falls below and outside of
uncertainty of the isochron. This may represent a minor
disturbance to the phosphates or REE on grain boundaries
and surfaces.

The isotopic composition of lunar samples can be mod-
ified through capture of thermal neutrons generated by
spallation reactions resulting from bombardment of the lu-
nar surface by high-energy cosmic radiation. The total ther-
mal neutron fluence that a sample experiences is a function
of the integrated time-depth history of the sample’s resi-
dence in the lunar crust, the composition (density) of sur-
rounding material (which can shield the sample from
thermal neutrons), and fluctuations in intensity of cosmic
radiation over time. Apollo 15 and 17 drill cores, which ex-
tend to depths of 500 g/cm2 (reported as g/cm2 to account
for varying density of material throughout the core;
535 g/cm2 corresponds to an absolute depth of 289 cm in
the Apollo 17 core, Curtis and Wasserburg, 1975), show
measurable neutron fluences, as monitored with 149Sm,
155Gd, and 157Gd, over their entire lengths (Russ et al.,
1972; Curtis and Wasserburg, 1975; Hidaka et al., 2000).
Of concern to our study are the potential effects of thermal
neutron capture on the Sm and Nd isotopic composition of
10017.

Samarium-149 has a very large thermal neutron capture
cross section (4 · 10�24 m2), orders of magnitude larger
than that of any of the other isotopes of Sm or Nd, so we
use 149Sm/152Sm measured on an unspiked aliquot
(�100 mg) of 10017 whole rock powder to monitor and cor-
rect for neutron fluence. It is particularly important to cor-
rect for the effect of thermal neutron fluence on 149Sm
because this is the principal (�98%) mass in the Sm spike.
In order to accurately deconvolute the spiked sample data,
it is necessary to know the isotopic composition of Sm in
the sample; it is not appropriate to assume natural propor-
tions in a sample that has experienced a significant neutron
fluence. The measured 149Sm/152Sm for 10017 is 0.514753.
This corresponds to e149Sm = �40.75, where e149Sm repre-
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sents the deviation of 149Sm/152Sm in the sample from the
natural ratio, in parts per 104. This ratio, as well as the cor-
respondingly high measured 150Sm/152Sm (0.278176), are
used as the actual sample Sm compositions in the spike
deconvolution calculations for the Sm data. All other Sm
isotopes are present in natural proportions.

The corrections on 143Nd/144Nd are minor, and are
based on the measured 149Sm/152Sm value according to
the relationship: DeNd = 0.004 * e149Sm (Nyquist et al.,
1995). This expression is a simplification of the algorithms
of Lingenfelter et al. (1972), and has been shown to be a
good approximation for lunar conditions (Nyquist et al.,
1995). The corresponding absolute correction on the
10017 fractions is D143Nd/144Nd = �0.000008, which is
smaller than the analytical uncertainty.

3.2. Rb–Sr isochron

The best Rb–Sr age, calculated from five purified and
reject mineral fractions, is 3.678 ± 0.069 Ga (MSWD =
4.8), with an initial 87Sr/86Sr of 0.69941 ± 0.00007
(Fig. 3). This age is concordant with the Sm–Nd age.
The amounts of Sr analyzed in the 10017 fractions range
from 400 ng to 5 lg; thus blank corrections and in-run sta-
tistics for mass spectrometry runs do not make a significant
contribution to the analytical uncertainties (Table 2). Sev-
eral studies have previously reported Rb–Sr ages and
87Sr/86Sr initials for 10017. These ages, corrected to
k87

Rb ¼ 0:01402 Ga�1 (Minster et al., 1982; Begemann
et al., 2001) are: 3.56 ± 0.05 Ga (Papanastassiou et al.,
1970), 3.54 ± 0.22 Ga (Gopalan et al., 1970), and 3.67 ±
0.07 Ga (Nyquist et al., 1987). Initial 87Sr/86Sr values in-
clude: 0.69942 ± 0.00002, calculated from a whole rock
and an assumed crystallization age of 3.59 Ga (Snyder
et al., 1994); 0.69942 ± 0.00006, calculated from an iso-
chron (Papanastassiou et al., 1970); and 0.69931 ±
0.698
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Fig. 3. 87Rb/86Sr–87Sr/86Sr isochron for 10017. All analyzed
fractions are shown in the plot. Plag(R), Plag-rej, Px(R), Px-rej,
and Ilm fractions (gray symbols) are used for the age calculation.
Age was calculated using Isoplot/Ex rev 2.49 (Ludwig, 2001), and
k87

Rb ¼ 0:01402 Ga�1. Analytical uncertainty is smaller than sym-
bol size. Inset shows deviation in epsilon units of individual
fractions from the isochron calculated using all mineral and whole
rock fractions (3.67 ± 0.11 Ga, initial 87Sr/86Sr = 0.69938 ±
0.00017, MSWD = 11.7).
0.00007, also calculated from an isochron (Nyquist et al.,
1987). The initial value cited above from the Caltech lab
(Papanastassiou et al., 1970) has been adjusted to NBS
987 87Sr/86Sr = 0.71025, to be consistent with the standard
values from the JSC (Nyquist et al., 1987), Michigan (Sny-
der et al., 1994) and UNM labs. Although our age agrees
with the Caltech age only at the limits of uncertainty, there
is a good agreement between our age and the JSC age. Our
age is also in agreement with the UCLA age (Gopalan
et al., 1970), in part because the quoted uncertainties on
this age are so large. Although there is some variability
in the initial 87Sr/86Sr values determined by the multiple
labs, this is a function of variation in the corresponding
crystallization ages. When considering the initial values at
a common crystallization age, our value is within uncer-
tainty of all other previously published initials, although
scatter among the values is still evident.

The Rb–Sr age calculated using the same six fractions
(WR(R) and all minerals) used for the Sm–Nd age is
3.67 ± 0.11 Ga (MSWD = 11.7), with an initial 87Sr/86Sr
of 0.69938 ± 0.00017. Although this age and initial are
within agreement of the best age and initial determined
using only the mineral fractions, they have considerably lar-
ger uncertainties, introduced by the inclusion of the WR(R)
fraction in the calculation. The WR(R) fraction is not with-
in uncertainty of the 3.67 ± 0.11 Ga isochron, even though
it was included in the calculation of the isochron (Fig. 3 in-
set). The whole rock fraction was leached as a powder,
whereas the Plag(R) and Px(R) fractions were leached as
fragments 74–150 lm in size, and the other fractions
(Plag-rej, Px-rej, Ilm) were not leached at all, so the leach-
ing may have more effectively removed a minor radiogenic
component from the whole rock fraction than from the
mineral fractions. However, the recombined WR fraction
(R + L) also lies outside of uncertainty of the isochron
(not shown), indicating that, regardless of leaching, the
recombined WR fraction represents some post-crystalliza-
tion disturbance of the sample that is not evident in any
of the mineral separates.

The three leachate fractions fall outside of uncertainty of
this isochron. In contrast to the Sm–Nd system, where the
leachates lie very close to or within uncertainty of the
isochron and have compositions that are controlled by pri-
mary igneous phosphates, the Rb–Sr isotopic compositions
of the leachates reflect contamination or disturbance to the
system. The observation that the leachates lie above the iso-
chron defined by the mineral fractions may result from the
loss of 87Rb from mineral surfaces due to volatilization dur-
ing a post-crystallization heating event. This would shift
points to the left on the isochron diagram. In this case,
the amount of 87Rb mobilization is quite small, as the
leachates contain <1% of the total Rb for each recombined
(residue + leachate) fraction. Alternatively, this may simply
indicate that the leaching step effectively removed a minor
component of terrestrial Sr contamination, that was added
to the sample during handling. However, even if there is a
component of terrestrial contamination in the leachates, it
is evident that it does not dominate the compositions, as
this Sr is much less radiogenic than the least radiogenic ter-
restrial Sr (87Sr/86Sr �0.702).
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3.3. U–Pb isotope systematics

3.3.1. U–Pb isochron diagrams

The age calculated from the line regressed through all
six mineral and whole rock fractions in the
238U/204Pb–206Pb/204Pb isochron diagram is 3.616 ±
0.098 Ga (MSWD = 86) and the initial 206Pb/204Pb is
31 ± 11 (Fig. 4a, Table 3). The age calculated from the
line regressed through these same fractions on the
235U/204Pb–207Pb/204Pb isochron diagram is 3.78 ±
0.12 Ga (MSWD = 455) and the initial 207Pb/204Pb is
34 ± 15 (Fig. 4b). The amounts of Pb analyzed in these frac-
tions range from �650 pg to �105 ng, and the sample-to-
blank (procedural blank + spike blank) ratios range from
�7 to �1300. The relatively high MSWD values for these
ages may indicate, in part, that the analytical uncertainties
are underestimated. However, more importantly, they may
point to some degree of disturbance to the U–Pb isotope sys-
tematics, especially to the 235U–207Pb system, in which min-
eral fractions show greater scatter about the isochron than
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isochrons for 10017. All analyzed fractions are shown in the plot.
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Ex rev 2.49 (Ludwig, 2001).
in the 238U–206Pb system. Regardless, both of these ages
are within uncertainty of the ages determined from the
Sm–Nd and Rb–Sr isochrons (Fig. 5) and thus the measured
U–Pb isotope systematics must at least approximate the
undisturbed igneous compositions.

The unradiogenic ends of the U–Pb isochrons are con-
trolled by the plagioclase and pyroxene fractions. The
Plag-rej and Px-rej fractions are both less radiogenic than
their counterpart purified, leached mineral fractions, con-
firming that terrestrial contamination is still present in the
unleached fractions and that the leaching step effectively re-
moves some, and possibly most, of the terrestrial contami-
nation. The radiogenic end of the isochron is defined by the
WR(R) and Ilm fractions. Glass-rich mesostasis is a com-
ponent that is common to both of these fractions, and likely
controls their U/Pb ratios and Pb isotopic compositions.
Because mesostasis is the very latest-stage crystallization
product, it is very enriched in incompatible trace elements.
Thus, a small amount of mesostasis can have a large effect
on the incompatible trace element concentrations of a min-
eral or whole rock fraction. Conversely, ilmenite has very
low partition coefficients for U and Pb, so pure ilmenite
does not exert a significant control on the budgets of these
elements in a sample. However, because ilmenite was a late-
crystallizing phase in 10017, and the Ilm fraction was not
purified by hand-picking, it is likely that the U–Pb compo-
sition of this fraction is actually controlled by the high
incompatible element concentrations of mesostasis. The
Ilm fraction was not leached, so it also contains a compo-
nent of terrestrial Pb contamination. However, the Ilm frac-
tion has a nearly identical composition to the leached
WR(R) fraction, suggesting that terrestrial contamination
does not make a significant contribution to the Pb isotopic
budget of the Ilm fraction. Lastly, based on the relatively
unradiogenic Pb composition of the WR(L) fraction com-
pared to the very radiogenic WR(R) fraction, it is evident
that leaching does not dissolve the glassy, high-l mesostasis
component. If phosphates have high U/Pb ratios, then the
unradiogenic nature of Pb in the leachates suggest this
phase contributes minimally to the Pb budget of the
leachate.
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Fig. 5. Comparison of ages calculated for 10017, from isochrons
shown in Figs. 2–4. Shaded field represents weighted average age
calculated from Rb–Sr, Sm–Nd, and 238U–206Pb systems.
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The leachates contain a significant proportion of the Pb
and U in the sample: 30–60% of the total Pb for each min-
eral or whole rock fraction, relative to reconstructed abun-
dances (leached residue + leachate) and 13–23% of the total
U. The leachates contain a combination of Pb derived from
both terrestrial and lunar sources. The leaching step is de-
signed to remove terrestrial contamination, and it accom-
plishes this, as evident in the observation that the
leachates are generally the least radiogenic fractions ana-
lyzed. However, although the leachates are unradiogenic
relative to the rest of the fractions, they are more radiogenic
than terrestrial Pb, indicating that the leachates also con-
tain lunar Pb. There are several ways that lunar Pb may
be incorporated into the leachates; lead-rich soluble phases
(e.g., sulfides) may be dissolved in the leachate, the leachate
may remove lunar-derived contamination that adhered to
grain surfaces, or leaching may sample Pb that has diffused
to grain boundaries during minor thermal metamorphism.
The fact that all the leachates, leached residues and unle-
ached fractions fall close to the isochrons indicates that
leaching does not generate significant U–Pb fractionation,
regardless of the large amounts of Pb in the leachates.

Using the concordancy of ages determined from the
238U–206Pb and 235U–207Pb isochron diagrams with Sm–
Nd and Rb–Sr ages as an indication that the U–Pb system
in this sample preserves primary petrogenetic information,
we use the initial 206Pb/204Pb and 207Pb/204Pb determined
from these diagrams to constrain the l value of the 10017
mantle source. Assuming single-stage Pb growth from
4.558 to 3.633 Ga, starting from the initial Pb composition
of Canyon Diablo Troilite (Tatsumoto et al., 1973; Chen
and Wasserburg, 1983), the l value calculated from the ini-
tial 206Pb/204Pb is 80 ± 41. An analogous l value of 61 ± 39
is calculated from the initial 207Pb/204Pb. The range of l
values that satisfies constraints from both 206Pb/204Pb and
207Pb/204Pb initials is 70 ± 30.

Another reasonable framework in which to consider the
mantle source history of 10017 is a two-stage model for Pb
growth. The 206Pb/204Pb and 207Pb/204Pb initial values are
also consistent with this model. In the context of the lunar
magma ocean model, which is commonly used to explain
many of the geochemical and petrologic features of lunar
rocks (e.g., Smith et al., 1970; Wood et al., 1970; Warren,
1985), the first stage of Pb growth corresponds to the earliest
stages of the Moon’s history, during the time of the lunar
magma ocean. The 238U/204Pb during this stage of growth,
l1, is inferred to be the bulk l value of the Moon. The sec-
ond stage of Pb growth began when the magma ocean crys-
tallized to form the various lunar mantle geochemical
reservoirs. The second stage of Pb growth ended when the
lunar mantle melted to give rise to the 10017 parent magma.
The 238U/204Pb during this stage of growth, l2, is the l value
of the 10017 mantle source. We model the pairs of l1 and l2

that are consistent with this model. In this calculation, T0 is
4.558 Ga, and the initial Pb isotopic composition is that of
Canon Diablo Troilite. The calculation is repeated three
times, using three possible values for t1: 4.527 Ga (Hf–W
age inferred for lunar magma ocean crystallization, Kleine
et al., 2005), 4.42 Ga (KREEP model age, Nyquist and Shih,
1992), or 4.32 Ga (146Sm–142Nd closure age, Nyquist et al.,
1995). t2 is 3.633 Ga, the crystallization age determined from
the Sm–Nd isochron. Permissible pairs of l1 and l2 are in-
versely correlated, and l1/l2 increases as t1 increases. At
t1 = 4.32 Ga, l1 < 285 and l2 < 150; at t1 = 4.42 Ga,
l1 < 470 and l2 < 125; at t1 = 4.527 Ga, l1 < 2000 and
l2 < 105. The values listed here are all maxima. Because l1

and l2 are inversely correlated, if one l value is at its max-
imum, then the other will be at its minimum (as low as 10, in
these calculations). Estimates of lunar bulk l values, based
on low l values measured in some anorthosites and primi-
tive basalts (Premo et al., 1999), are much lower than those
commonly estimated for mare basalt sources (e.g., Nyquist
and Shih, 1992). Thus, assuming that l1 < l2, l1 is likely
to be much lower than the maximum estimates calculated
here. Regardless of the parameters used to calculate l2,
the inferred source l for 10017 is less than 150. However,
this calculation does not place significant independent con-
straints on the bulk l value of the Moon.

3.3.2. Pb–Pb diagram

Lead–lead plots, in both conventional format
(206Pb/204Pb vs. 207Pb/204Pb) and Tera–Wasserburg (T–
W) format (204Pb/206Pb vs. 207Pb/206Pb, Tera and Wasser-
burg, 1974) fail to yield coherent age information for this
sample (Fig. 6). This indicates that Pb in this system has
experienced some disturbance. On the T–W diagram
(Fig. 6a), the six mineral and whole rock fractions do not
define a single line. Even the best lines regressed through
subsets of points yield ages with high uncertainties and
MSWDs. The age determined from the line regressed
through all six mineral fractions is 3.85 ± 0.66 Ga
(MSWD = 1959). The fractions Plag(R), Px-rej, WR(R)
and Ilm yield an age of 3.79 ± 0.39 Ga (MSWD = 135),
and the fractions Plag-rej, Px(R), WR(R) and Ilm yield
an age of 3.89 ± 0.20 Ga (MSWD = 386). Although the
data appear more linear in the conventional Pb–Pb diagram
(Fig. 6b) than in the T–W diagram, the conventional data
representation also yields ages that are older than the
Sm–Nd age and that have large uncertainties: the age deter-
mined from all six mineral fractions is 3.90 ± 0.13 Ga
(MSWD = 1624), the fractions Plag(R), Px-rej, WR(R)
and Ilm yield an age of 3.85 ± 0.12 Ga (MSWD = 107)
and the fractions Plag-rej, Px(R), WR(R) and Ilm yield
an age of 3.95 ± 0.091 (MSWD = 750).

In Pb–Pb compositional space, the WR(R) and Ilm frac-
tions are not consistent with the combination of the
3.633 Ga crystallization age and the initial Pb isotopic com-
position determined from the U–Pb isochrons. These frac-
tions fall above the 3.633 Ga reference isochron drawn in
the conventional Pb–Pb plot to intersect the initial Pb com-
position (Fig. 6b). In the T–W Pb–Pb plot, the Ilm, and
WR(R) fractions are proximal to the y-axis, and therefore
should closely represent the composition of radiogenic Pb
in the sample (207Pb/206Pb = 0.33 at 3.633 Ga). However,
the 207Pb/206Pb in these fractions is higher, at 0.43. These
observations indicate either that the Ilm and WR(R) frac-
tions have been contaminated by Pb with very high
207Pb/206Pb, or that the true initial 207Pb/206Pb for the sample
is much higher than calculated from the U–Pb isochrons.
These possibilities are discussed further in Section 4.
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3.3.3. U–Pb concordia

Uranium–lead concordia diagrams use proportions of
radiogenic Pb in a sample to infer ages of major geologic
events that resulted in U–Pb fractionation in a sample or
its mantle source. The proportions of radiogenic Pb in a
sample are calculated by subtracting the Pb initially present
in the sample from the measured Pb isotopic compositions.
In order to determine the appropriate composition of initial
Pb for a sample, it is necessary to make some assumptions
about its history. The traditional approach for lunar sam-
ples is to assume that the initial Pb is primordial, and there-
fore that the sample preserves a coherent history extending
back to the formation of the Moon. This approach works
reasonably well for ancient lunar samples that formed dur-
ing initial differentiation of the Moon, but is less successful
for younger mare basalts that formed during a subsequent
episode of mantle melting. In principle, calculating radio-
genic Pb isotopic compositions using the initial Pb incorpo-
rated into the basalt at the time of crystallization should
yield the crystallization age on a concordia diagram.

Regardless of the chosen composition for initial Pb,
10017 fails to yield any age on a concordia diagram that
is concordant with the crystallization age. Furthermore,
we have identified no initial Pb composition that resulted
in colinearity of more than four mineral or whole rock frac-
tions. Using primordial Pb as the initial Pb composition,
four fractions, WR(R), Ilm, Px(R) and Px-rej are reason-
ably colinear, and the upper and lower concordia intercepts
derived from these four fractions correspond to ages of
4.324 ± 0.097 and 3.02 ± 0.29, respectively, with a MSWD
of 4.5 (Fig. 7). The two plagioclase fractions lie above the
concordia, in the field of ‘unsupported Pb’. Using an initial
Pb composition determined from the U–Pb isochrons yields
results that are no more consistent with the known history
of the sample. There is no combination of 206Pb/204Pbi and
207Pb/204Pbi within the uncertainties on these values deter-
mined from the U–Pb isochrons that results in colinearity
of all six rock and mineral fractions on the concordia dia-
gram, or results in any sub-set of values that define a line
with an intercept that corresponds to an age that is concor-
dant with the 10017 Rb–Sr and Sm–Nd crystallization age.
From these observations, it is evident that the mineral frac-
tions record a disturbance to their U–Pb systematics. The
nature of the disturbance to the U–Pb system is discussed
in detail below.

4. DISTURBANCE TO U–PB ISOTOPE

SYSTEMATICS

As shown in the preceding discussion, it is possible for
one Pb geochronologic system to yield coherent age infor-
mation (U–Pb isochrons) where other Pb systems fail
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(Pb–Pb isochron, U–Pb concordia). This is also the case for
a number of other lunar samples (e.g., Unruh and Tatsum-
oto, 1977; Premo and Tatsumoto, 1991; Edmunson et al.,
2006). Thus, for any lunar sample, it is necessary to evalu-
ate all U–Pb isotope data in the context of known Rb–Sr
and Sm–Nd crystallization ages in order to extract useful
petrogenetic information from the Pb isotope systematics.
This is especially important because most, if not all, lunar
samples show some disturbance to their U–Pb isotope sys-
tematics. Evidence for disturbance in 10017 includes: (1) a
slightly older 235U–207Pb age compared to 238U–206Pb,
Sm–Nd, and Rb–Sr ages; (2) best U–Pb concordia intercept
ages that do not record the crystallization age; (3) Pb–Pb
ages that are older than the Sm–Nd crystallization age,
and have large uncertainties and MSWDs; and (4) non-
colinearity of the mineral fractions in concordia and Pb–
Pb compositional space. In the following section, we discuss
possible mechanisms that could account for these observa-
tions of the U–Pb systematics of lunar samples. Simply sta-
ted, the possibilities are that the sample has lost or gained
uranium, lead or both. We assume the crystallization age
is that given by the concordant Sm–Nd and Rb–Sr isochron
ages.

Two ways that disturbance to U might affect the daugh-
ter Pb isotope systems are, (1) differential loss of 222Rn and
219Rn, the gaseous intermediate daughter products in,
respectively, the 238U and 235U decay chains, and (2) ther-
mal neutron capture effects. The 10017 results are not con-
sistent with the predicted effects for either of these
mechanisms. Diffusional loss of Rn would have the effect
of lowering the apparent 238U–206Pb age relative to the
235U–207Pb age, as well as lowering both of these ages rela-
tive to the crystallization age. However, the 235U–207Pb age
is greater than the 238U–206Pb age, which in turn is concor-
dant with the Rb–Sr and Sm–Nd ages. Therefore, this sam-
ple does not appear to have experienced Rn loss. The Sm
isotopic composition of this sample indicates that it has
experienced a large thermal neutron fluence, which has
the potential to affect its U isotopic composition. However,
given the thermal neutron capture crosssections of U, this
mechanism is predicted to generate less than a 0.002%
change in 238U/235U. This is considerably lower than the
analytical uncertainty on the U concentration
measurements.

Disturbance to the Pb isotope systematics of 10017 may
result from either loss or gain of Pb. Lead loss occurs
through diffusion, which may be enhanced for radiogenic
Pb that resides in lattice sites damaged by alpha particles re-
leased though radioactive decay of U. Because of the short-
er half-life of 235U relative to 238U, the ratio of radiogenic
207Pb to radiogenic 206Pb, 207Pb*/206Pb*, decreases continu-
ously over time. Therefore, either continuous or instanta-
neous diffusional loss of radiogenic Pb at some time in
the past would result in a Pb–Pb age that is younger than
the actual crystallization age of the sample. However, the
best Pb–Pb ages for 10017 are older than the crystallization
age, indicating 10017 has not experienced significant diffu-
sional Pb loss.

Lead contamination is another possible explanation for
the disturbance of the U–Pb isotope systematics in 10017.
This contamination may be either lunar or terrestrial in ori-
gin. The conventional Pb–Pb diagram illustrates the effects
of contamination (Fig. 6a). A line corresponding to the
3.633 Ga crystallization age has a slope lower than that of
the array defined by the mineral fractions. Thus, either
the fractions at the unradiogenic end of the array (plagio-
clase and pyroxene) have 207Pb/206Pb compositions that
are too low relative to the compositions of the Ilm and
WR(R) fractions for a crystallization age of 3.633 Ga, or
the fractions at the radiogenic end of the array (WR(R)
and Ilm) have 207Pb/206Pb compositions that are too high
relative to the plagioclase and pyroxene. Both of these pos-
sibilities are consistent with contamination. Terrestrial Pb
preferentially added to plagioclase and pyroxene would
lower 207Pb/206Pb in these fractions, whereas ancient Pb
with high 207Pb/206Pb derived from the lunar surface prefer-
entially added to the WR(R) and Ilm fractions would in-
crease the 207Pb/206Pb in these fractions. Although both
scenarios are possible, they are not equally probable.

Any terrestrial Pb contamination present in 10017 was
acquired through the process of sample handling. Because
the Pb blanks associated with chemical processing are very
low and well known, it is unlikely that the data include sig-
nificant unrecognized chemistry blank. Although the other
steps of sample handling and processing, prior to the sam-
ple entering the clean lab for analysis, may have contrib-
uted terrestrial Pb contamination to the sample, this
contamination is likely to be present only on grain surfaces
in the sample. The sample has not been exposed to terres-
trial Pb for long enough time under conditions that would
facilitate diffusion of terrestrial Pb into the crystals. Fur-
thermore, the unradiogenic compositions of the HCl leach-
ates show that the leaching step effectively removes
terrestrial Pb from the sample. Lastly, in order for terres-
trial Pb contamination to be the principal cause of distur-
bance, it would require that terrestrial Pb preferentially
contaminate the plagioclase and pyroxene fractions.

During its 3.633 billion year residence history on the sur-
face of the Moon, 10017 has very likely had ample oppor-
tunity for contamination with ancient, high-207/206 Pb
derived from the lunar surface. Lead may be volatilized
and re-condensed with each meteorite impact event during
the Moon’s protracted bombardment history, and this is a
geologic process through which 10017, or any other lunar
sample, may gain lunar Pb contamination (e.g., Silver,
1970; Dickinson et al., 1989; Premo et al., 1999). This con-
tamination is likely concentrated in the glassy mesostasis,
which should be more susceptible than the crystalline com-
ponents to Pb diffusion during periods of higher tempera-
tures following impacts. Because this mesostasis is
abundant in the WR(R) and Ilm fractions, and dominates
their incompatible trace element signatures, these fractions
show the largest effects of lunar Pb contamination. Addi-
tionally, all the leachates contain a lunar Pb component.
On the other hand, the Plag(R) and Px(R) fractions have
been purified by hand-picking specifically to remove meso-
stasis, so these fractions should have the lowest amounts of
lunar Pb contamination of all the fractions, and most faith-
fully represent the true Pb isotopic composition and source
l value of 10017. This mechanism of contamination would
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not affect the refractory REEs, so the Sm–Nd age is im-
mune to this process. The Rb–Sr systematics of the leach-
ates and the WR(R) fraction also show some evidence of
Rb mobilization, as discussed in Section 3.2.

These inferences about Pb contamination in lunar sam-
ples have some important implications. The hand-picked,
leached mineral fractions preserve the best representation
of the true Pb composition inherent to the sample, whereas
the mesostasis-rich Ilm and WR(R) fractions are funda-
mentally more susceptible to contamination derived from
the surface of the Moon. Therefore, it is not reliable to de-
pend solely upon whole rock samples to determine initial
Pb compositions and source l values, unless there is sup-
porting evidence, in the form of a U–Pb or Pb–Pb age that
is concordant with a Sm–Nd or Rb–Sr age, that the Pb iso-
tope systematics of the whole rock are not disturbed. It is
also important to note that there are many mechanisms
by which Pb in a lunar sample may be disturbed, and there-
fore there is no single reliable test for disturbance—each
sample must be evaluated on a case-by-case basis (e.g.,
Edmunson et al., 2006). It is only with Pb isotope data
for multiple mineral fractions, accompanied by Rb–Sr or
Sm–Nd data (preferably on those same mineral fractions),
that the effects of disturbance to the Pb isotope systematics
can be adequately evaluated. Therefore, in the following
section, the petrogenetic discussion is restricted to samples
for which the U–Pb or Pb–Pb isotope systematics reflect
minimal post-crystallization disturbance, and for which
reliable petrogenetic information can be obtained from
the Pb isotope systematics.

5. LEAD ISOTOPE CONSTRAINTS ON THE ORIGIN

OF GEOCHEMICAL DIVERSITY IN THE LUNAR

MANTLE

The volatile and chalcophile nature of Pb means that the
U–Pb isotope system can potentially record unique infor-
mation about the geologic history of the Moon. Thus, the
U–Pb isotope systematics of a variety of lunar sample suites
can be used to constrain the controlling factors for a num-
ber of petrogenetic issues such as the degree of volatile
depletion in the Moon as a result of the giant impact and
the role of sulfides during lunar magma ocean crystalliza-
tion. Here, we use our new results for 10017, as well as
existing isotope data for other lunar samples, to discuss
the insights gained from the Pb isotopic record and their
contribution towards understanding the evolution of the
Moon.

Much of the lunar petrologic and geochemical record is
consistent with a magma ocean model for formation of lu-
nar mantle sources. In this model, an early, global molten
layer in the Moon progressively crystallizes, and forms pet-
rologically and geochemically distinct components in the
mantle and crust (e.g., Smith et al., 1970; Wood et al.,
1970; Warren, 1985). The general crystallization
sequence is olivine–orthopyroxene–clinopyroxene–plagio-
clase–ilmenite, and throughout this sequence crystallization
is dominated by co-precipitation of multiple phases (e.g.,
Snyder et al., 1992; Shearer and Papike, 1999). The final
crystallization product is KREEP, which forms during the
latest stages of magma ocean solidification, and is highly
enriched in incompatible elements (including K, REEs, P,
U, and Th). Sinking of ilmenite-bearing cumulates due to
density instabilities may generate some mixing between
ilmenite-free cumulates, ilmenite-bearing cumulates and
KREEP (e.g., Shearer and Papike, 1999; Elkins Tanton
et al., 2002).

According to the standard magma ocean model, lunar
rock suites are either magma ocean crystallization products
or melts of these products. For example, plagioclase is
thought to have floated during crystallization to form the
ferroan anorthosites, whereas the early formed mafic cumu-
lates (ol + opx + cpx) are thought to dominate the source
of the low-Ti mare basalts, and the late-formed mafic
cumulates (ilmenite-bearing) dominate the source of the
high-Ti mare basalts. KREEP is a major component in
the high-Mg suite magmas as well as the KREEP basalts,
and is a minor component in some of the mare basalts (Sny-
der et al., 1992, 1994). The predicted elemental fraction-
ation during silicate and ilmenite crystallization in the
magma ocean is consistent with 87Rb/86Sr, 147Sm/144Nd,
and 176Lu/177Hf ratios of mare basalt compositional end-
members (Nyquist et al., 1977, 1979; Unruh et al., 1984;
Snyder et al., 1994; Beard et al., 1998). We now add obser-
vations of the U–Pb isotope system to the discussion on the
characteristics and origin of mare basalt source
heterogeneity.

In order to compare mare basalts to one another on the
basis of their source compositions, we calculated long-term
238U/204Pb ratios of mare basalt source regions using previ-
ously published isotope data as well as our new results for
10017 (Fig. 8). Because the U–Pb isotope data for lunar
samples presented in the literature records varying extents
of disturbance, we used some criteria to filter the data
and identify samples from the literature with the least dis-
turbed U–Pb systematics. These criteria are: an Rb–Sr or
Sm–Nd age has been obtained for the sample; U–Pb isoto-
pic data have been measured on mineral separates; and
either the U–Pb or Pb–Pb system records an age that is con-
cordant with the Rb–Sr or Sm–Nd age. Samples for which
only whole rock U–Pb data exist are not included, as whole
rock analyses do not provide adequate information with
which to evaluate Pb disturbance in the sample. There are
only six mare basalts that meet all three criteria. Two addi-
tional mare basalts (15555, 71055) that have 238U–206Pb
and 235U–207Pb ages that are concordant with each other,
but that are �300 Ma older than Rb–Sr or Sm–Nd ages,
are also included in the discussion.

Parent–daughter ratios of basalt sources are calculated
using the initial isotopic composition of the sample, the
crystallization age of the sample (defined by either Rb–Sr
or Sm–Nd isochrons), and a model history (one- or two-
stages of isotope ingrowth) of the sample’s source. The ini-
tial isotopic composition of the sample is determined di-
rectly from the isochron, and therefore represents the
composition of the magma at the time of crystallization.
This is taken to be the magma’s ‘source composition’,
and it reflects the cumulative geologic history of the sam-
ple’s source, including any and all melting, mixing or crys-
tallization events that may have occurred prior to
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crystallization of the basalt. Any constraints on the timing
or mechanism of mixing among compositional end-mem-
bers to form the ‘source composition’ specific to each sam-
ple are necessarily model-dependent, and our calculations
make no attempt to place such constraints.

For the U–Pb system, the l values of the basalt sources
are calculated assuming single-stage growth in a reservoir
with an initial Pb composition of Canyon Diablo Troilite
(Tatsumoto et al., 1973; Chen and Wasserburg, 1983), from
4.558 Ga until the Rb–Sr or Sm–Nd crystallization age of
the sample. For samples with 238U–206Pb and 235U–207Pb
ages that are both concordant with Rb–Sr or Sm–Nd ages,
both initial 206Pb/204Pb and initial 207Pb/204Pb are used to
calculate the source l values. The uncertainties associated
with source l values plotted for the various samples repre-
sent the range of source l values that generate initial Pb
compositions mutually consistent with Pb initials from both
238U–206Pb and 235U–207Pb isochrons. For samples with
only one U–Pb age that is concordant with the Rb–Sr or
Sm–Nd age, only the Pb initial from the concordant iso-
chron is used to calculate the source l value and uncer-
tainty. If the source l reported in the original publication
includes evaluation of uncertainty, this is plotted as origi-
nally reported.

The l values we calculate for the mare basalt source re-
gions are generally much lower than values commonly esti-
mated in other studies (see summary in Nyquist and Shih,
1992). However, our calculated l values are still much high-
er than l values of any other terrestrial planet, and thus the
Moon retains its characteristic as the ‘high-l’ terrestrial
body. The ‘low’ mare basalt l values presented here most
likely reflect the fact that many of the previously published
l values for mare basalt sources are based upon whole rock
analyses, which can lead to overestimations of initial Pb
isotopic compositions. Lead isotope data from whole rock
samples that have been contaminated by Pb derived from
the lunar surface may yield high but spurious l values for
the mantle sources. For example, in the case of 15555, the
original Pb isotope study reported a l value of 240 for
the mantle source (Tera and Wasserburg, 1974). Although
some disturbance is evident in 15555, it is plausible that
the total rock fraction shows effects of contamination by lu-
nar Pb that are not evident in the plagioclase separate, and
thus the source l value based on the whole rock may be too
high. Although our estimate of the initial Pb isotopic com-
position determined from the isochron may be too low, as
the result of contamination of plagioclase and total rock
fractions by terrestrial and lunar Pb, respectively, the true
initial Pb composition and l value of the source are prob-
ably lower than the values derived solely from the total rock
analysis. For 15085, the original study (Unruh and Tatsum-
oto, 1977) also inferred a high l value for the mantle source
(�250–300). However, the U–Pb compositions of 15085
mineral and whole rock fractions do not appear to be sig-
nificantly disturbed, and by using the initial Pb isotope ra-
tios determined from U–Pb isochrons, we calculate a much
lower l value of �35. Two mare basalt meteorites, Asuka-
881757 and Yamato-793169, were recovered from Antarc-
tica and thus may have become contaminated with terres-
trial Pb during their residence in Antarctic ice. Asuka-
881757 yields U–Pb ages that are concordant with Sm–
Nd and Rb–Sr ages (Misawa et al., 1993). Therefore, any
contamination is relatively minor, so this sample should
give a reliable initial Pb composition and source l values.
Yamato-793169 shows some discrepancy among ages deter-
mined by various isotope systems, but the concordance of
the 238U–206Pb age derived from all mineral fractions with
the Sm–Nd age indicates that some initial Pb isotopic char-
acteristics are preserved, and that the source l value pre-
sented in this study is probably a good approximation of
the actual value (Torigoye-Kita et al., 1995).

In Fig. 8, the calculated l values of the mare basalt
sources are compared to 87Rb/86Sr or 147Sm/144Nd compo-
sitions of the sources for these same samples. We calculate
source parent–daughter ratios using initial 87Sr/86Sr and
143Nd/144Nd and crystallization ages determined from
isochrons for as many samples as possible. For two of the
samples shown in Fig. 8 (15555, 70017), only whole rock
Sm–Nd isotope data exist, so we use these data, combined
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with Rb–Sr crystallization ages, to determine the initial
143Nd/144Nd. The calculations of source composition as-
sume simple evolutionary histories of the source regions.
The 147Sm/144Nd calculation assumes growth in a chon-
dritic reservoir from 4.558 to 4.42 Ga (the KREEP model
age, Nyquist and Shih, 1992), followed by growth from
4.42 to the time of eruption (ti) in a source with
147Sm/144Nd that results in the initial 143Nd/144Nd deter-
mined from the isochron. The 87Rb/86Sr calculation uses
a single-stage model with growth in a reservoir starting with
the Sr isotopic composition of LUNI (LUNar Initial, Ny-
quist, 1977) at 4.558 Ga. For reference, most mare basalt
sources have 147Sm/144Nd < 0.27, and KREEP basalt
sources have 147Sm/144Nd P 0.18 (Nyquist and Shih,
1992; Snyder et al., 1995, 2000; Edmunson et al., 2005).
Apollo 11, 12, and 17 collections each contain mare basalts
that originate from sources with 147Sm/144Nd close to the
upper bound of �0.27, indicating that a depleted mare ba-
salt source component is relatively widespread. Although
these basalts originating from high-147Sm/144Nd sources
are also all high-Ti basalts, some high-Ti basalts are charac-
terized by sources with lower 147Sm/144Nd values (Paces
et al., 1991; Snyder et al., 1994; not shown in Fig. 8 because
none of these samples have corresponding Pb data). Be-
cause the compilation of selected data includes so few sam-
ples, the range of source compositions shown in Fig. 8
cannot be considered to be truly representative on a global
scale. Snyder et al. (1994, 1997) illustrate that
87Rb/86Sr–147Sm/144Nd variation among mare basalt
sources requires heterogeneity greater than what can be de-
scribed by only two components. The extent of this varia-
tion is not reflected by the samples shown in Fig. 8, and
even on a very basic level there are no two samples that
can be taken to represent compositional end-members in
mare basalt sources.

The calculations summarized in Fig. 8 indicate that the
mare basalt mantle sources have l values that vary by at
least an order of magnitude, despite the large uncertainties
inherent to most lunar Pb isotopic data. This is an impor-
tant observation that is not adequately explained in current
models for the petrogenesis of mare basalt mantle sources.
From the available data, it appears that there is no correla-
tion between the l value of the mantle source and either the
147Sm/144Nd or the 87Rb/86Sr of the source (Fig. 8). In fact,
mantle sources with high l values (> � 75) have
147Sm/144Nd and 87Rb/86Sr compositions that nearly span
the range observed for all mare basalts. Furthermore, the
most depleted mare basalt sources (based on highest
147Sm/144Nd) have l values that vary by an order of mag-
nitude, whereas mare basalts from enriched sources (with
low 147Sm/144Nd) have moderate source l values. Although
this may, in part, reflect the limited nature of this subset of
samples, it additionally may indicate that different geologic
processes control U–Pb fractionation than those that con-
trol Rb–Sr and Sm–Nd fractionation in the mare basalt
sources.

It has been shown that crystallization of silicate phases
(olivine, orthopyroxene, clinopyroxene, plagioclase) and
ilmenite, in the context of the magma ocean model, can
generate the range in Rb/Sr, Sm/Nd, and Lu/Hf composi-
tions determined for mare basalt source regions (Snyder
et al., 1994; Beard et al., 1998). However, crystallization
of these phases alone cannot generate the order-of-magni-
tude variation in l values observed for lunar mantle
sources. It is therefore necessary to call upon the involve-
ment of some additional phase(s) or process(es) to generate
large extents of U–Pb fractionation during magma ocean
solidification. Furthermore, because l is not correlated with
87Rb/86Sr or 147Sm/144Nd in mare basalt sources, the addi-
tional phase(s) or process(es) must have a minimal effect on
these isotope ratios. Fractionation of sulfide minerals or an
immiscible sulfide liquid in the late-stages of magma ocean
crystallization may provide such a mechanism. Based on
correlation of S with PGE contents in mare basalts, Neal
et al. (2001) proposed that sulfide fractionation occurred
during magma ocean crystallization. Lead is compatible
in sulfide minerals, so sulfide fractionation generates
remaining silicate melts with elevated U/Pb, which in turn
imparts a high-l signature on subsequently formed cumu-
lates (Neal and Ely, 2002). Furthermore, varying extents
of sulfide fractionation result in dramatic l variability in
residual liquids, and ultimately, late-stage KREEP with
very high and possibly heterogeneous l values.

Although currently there are not sufficient data to eval-
uate this model on a global level, we compare its first order
predictions to the available observations. In this model, sul-
fide saturation occurs during the later-stages of the magma
ocean crystallization sequence, after progressive crystalliza-
tion of silicates (±ilmenite) has generated an increase in S
concentrations in the remaining melt. Thus, ilmenite-free
mafic cumulates, which formed early in the crystallization
sequence, prior to or during the early stages of sulfide sat-
uration, should have relatively low l values. After sulfide
saturation occurs, and sulfides or an immiscible sulfide li-
quid forms and sinks from the silicate portion of the system
due to density differences, the l value of the remaining sil-
icate liquid progressively increases as sulfide continues to
form and fractionate. Therefore, ilmenite-bearing cumu-
lates, which formed later in the crystallization sequence,
after sulfide began fractionating, should have higher l val-
ues. Although there is not a distinct division between low-
Ti and high-Ti basalts in terms of their l values, the low-
Ti basalts generally have l values at the low end of the
range observed in mare basalts and high-Ti basalts gener-
ally have l values at the high end of the range.

Much of the U–Pb isotope record for other lunar sam-
ples is also broadly consistent with this scenario. Ferroan
anorthosite 60025 is inferred to have formed from a low-
l source (16–55, Hanan and Tilton, 1987), which, together
with the lunar meteorites (Misawa et al., 1993; Torigoye-
Kita et al., 1995) and volcanic glasses (Tatsumoto et al.,
1987) may closely represent the bulk l of the moon
(8–35, Premo et al., 1999). This indicates that the major lu-
nar U–Pb fractionation occurred after plagioclase flotation
in the lunar magma ocean as well as formation of the man-
tle sources of the low-l basalts. Plagioclase crystallization
probably increased U/Pb in the remaining liquid to some
degree. However, we consider the later-stage sulfide frac-
tionation was likely the primary process that generated or-
der-of-magnitude variation in U/Pb ratios of the magma
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ocean products, because the partition coefficient for Pb in
sulfide is so much higher than for plagioclase. KREEP is
the geochemical complement to magma ocean cumulates
and formed last in the crystallization sequence. Thus, be-
cause it has experienced the greatest amount of sulfide frac-
tionation, it is likely to have the highest l values of any
lunar source. Basalt and high-Mg suite samples enriched
in KREEP have some of the highest l values (>300–500)
observed for lunar samples (Premo and Tatsumoto, 1991,
1992; Premo et al., 1999), consistent with the sulfide-frac-
tionation scenario. This sulfide model carries the implica-
tion that there should exist a very low-l, S-rich reservoir
in the lunar mantle, or possibly the core. Such a reservoir
is apparently not represented by any material in the current
lunar sample suite.

The sulfide-fractionation model has specific implications
for platinum group element (PGE) concentrations in the
various geochemical reservoirs that form during magma
ocean crystallization. However, PGEs have not been mea-
sured for most of the specific samples we discuss and no
complete PGE sets have been measured for any of these
samples. Thus, it is not possible to make any direct compar-
isons between calculated l values of the mare basalt sources
and PGE indices of sulfide fractionation. However, PGE
measurements that are thought to represent pristine con-
centrations have been published for a few other mare bas-
alts (e.g., Walker et al., 2004; Day et al., 2007). PGE
patterns show greater variation for high-Ti basalts relative
to the low-Ti basalts, which may reflect greater heterogene-
ity in the mantle source of the high-Ti mare basalts (Day
et al., 2007). Furthermore, sulfur and PGE abundances
and Pd/Ru and Pd/Rh ratios for low-Ti and some high-
Ti mare basalts are consistent with sulfide fractionation
during formation of the basalt sources (Neal et al., 2001;
Neal and Ely, 2002). Mare basalts collected during the
Apollo missions (both low- and high-Ti) have source l val-
ues that are generally higher than the bulk moon l value
(8–35, Premo et al., 1999). This provides an additional indi-
cation that all of the mare basalts collected from the Apollo
sites are derived from sources that experienced some degree
of sulfide fractionation. However, the amount of sulfide
fractionation that occurred prior to formation of the basalt
sources varies among samples. For example, among the
Apollo samples presented in Fig. 8, it appears that the
source of one of the high-Ti basalts (70017) experienced
the greatest amount of sulfide fractionation (and thus has
the highest l value), whereas the source of one of the
low-Ti basalts (15085) experienced the least amount of sul-
fide fractionation (and thus has the lowest l value). In con-
trast to the Apollo samples, the two meteorites have source
l values that are within the bulk moon range, and therefore
are inferred to originate from sources that formed prior to
sulfide fractionation. The simplest explanation for the com-
bined observations from the existing PGE and Pb isotope
data is that sulfide fractionation within the lunar magma
ocean was heterogeneous on the scale of the different Apol-
lo sampling sites, and that neither the Pb nor PGE data sets
are extensive enough to completely represent the full extent
of compositional variation in either l value or PGE of the
mare basalts and their mantle sources.
The relatively high l value that historically has been in-
ferred for the bulk moon (e.g., Unruh and Tatsumoto,
1977) contrasts with the low l values inferred from this
study as well as by Premo et al. (1999). This may reflect
the fact that the Apollo collection is dominated by high-
l, KREEP-rich material. Although, KREEP is likely a vol-
umetrically minor component of the Moon, impacts may
have distributed KREEP-rich material, derived from the
Procellarum KREEP Terrane (cf., Jolliff et al., 2000), over
much of the lunar nearside. Soil that contains a component
of KREEP-derived material will be characterized by radio-
genic (ancient, high-l) Pb, and is abundantly available as a
contaminant of nearside lunar samples. Volatilization of Pb
by impact also contributes to the re-distribution of this
KREEP-derived radiogenic Pb.

It has long been recognized that the bulk l value for the
Moon is significantly larger than that for the Earth (�8–9).
In contrast, the bulk l value for Mars (�2–4, Chen and
Wasserburg, 1986; Borg et al., 2005; Gaffney et al., 2006)
is much lower than for either of these bodies. Although
cores of different size and composition, which preferentially
incorporate Pb relative to U, can explain some of the differ-
ence in bulk l values of these planets, the relative abun-
dances of volatile elements (Pb, Rb) is probably the
dominant control on bulk planet Rb/Sr and U/Pb compo-
sitions. This is supported by the inverse correlation between
estimates of bulk 87Rb/86Sr and 238U/204Pb for the Moon,
Earth, and Mars.

6. CONCLUSIONS

Samarium–Nd, Rb–Sr, and 238U–206Pb isochrons
yield concordant crystallization ages for mare basalt
10017 of 3.633 ± 0.057 Ga, 3.678 ± 0.069 Ga, and 3.616 ±
0.098 Ga, respectively. The 235U–207Pb isochron yields an
older, though concordant, age of 3.80 ± 0.12. Neither the
Pb–Pb isochron nor concordia system yields meaningful
age information for 10017. The spread of the data in Pb–
Pb space is consistent with contamination of the Ilm and
WR(R) fractions by Pb with high 207Pb/206Pb, derived from
the lunar surface. However, this contamination did not
have a dramatic effect on any of the other isochron systems.
Consequently, we are able to determine initial Pb isotopic
compositions from the U–Pb isochrons. These are:
206Pb/204Pbi = 31 ± 11 and 207Pb/204Pbi = 34 ± 15. The
10017 source l value calculated assuming a single-stage of
Pb growth and these initial Pb isotopic compositions, is
70 ± 30.

By using U–Pb isochrons in combination with Rb–Sr or
Sm–Nd crystallization ages to evaluate the published U–Pb
data sets for possible Pb disturbance, we find that the range
of ‘reliable’ l values for mare basalt sources is smaller and l
values are lower (10–215) than commonly inferred for mare
basalt source regions (100–600). However, the order-of-
magnitude variation in l values of mare basalt sources
appears to be characteristic. Calculated l values of mare
basalt sources do not correlate with 147Sm/144Nd or
87Rb/86Sr, indicating that the U–Pb system reflects compo-
sitional heterogeneity that is not evident in these other
isotope systems. This heterogeneity may reflect the involve-
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ment of a phase or process during magma ocean crystalliza-
tion that has minimal effect on Rb–Sr, Sm–Nd or Lu–Hf
isotope relationships. Fractionation of sulfides or an immis-
cible sulfide liquid in which Pb is highly compatible is a
mechanism that can produce both very high l sources
and large U–Pb fractionations during lunar magma ocean
crystallization and formation of mare basalt mantle source
regions. Generation of large variations in the l values of lu-
nar mantle source regions by sulfide crystallization in the
lunar magma ocean is consistent with a much lower lunar
bulk l (8–35; Premo et al., 1999) than commonly estimated.
The lunar bulk l is higher than that for other terrestrial
planets (�8–10, Earth; 2–4, Mars), and may be a funda-
mental reflection of the volatile-poor nature of the Moon
relative to Earth or Mars.
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