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7.2), 20 mM Mg acetate, 150 mM NH,Cl for 20 min
at 37°C and for 20 min on ice. Construction of the
A-site complex was as described for the P-site com-
plex except that after addition of gene 32 mMRNA,
70S ribosomes were first incubated with 50 pmol of
E. coli tRNAMet for 10 min at 37°C, followed by
addition of 150 pmol of 5'-Fe-BABE-ASL, then incu-
bation for 20 min at 37°C and 20 min on ice. Hydrox-
yl radical strand scission was initiated as described
(77). Extraction of rRNAs, primer extension, and gel
electrophoresis were carried out as described (43).
All of the observed Fe-BABE-dependent strand
scissions were observed in at least three indepen-

dent experiments and were quantified by Phosphor- -

Imager analysis (Molecular Dynamics).
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Age and Origin of the Moon

Der-Chuen Lee,* Alex N. Halliday, Gregory A. Snyder,
Lawrence #. Taylor

The age and origin of the moon heave

beer studied with the use of the recently

developed short-lived hafnium-tungsicin chronometer (182Hf-182W, half-life of nine
million years). The tungsten isotopic compositions of 21 lunar samples range from
chondritic to slightly radiogenic (g,, = —0.50 = 0.60 to +6.75 = 0.42). This hetero-
geneity may have been inherited from material excavated from Earth and the putative
impactor, but it is more likely the result of late radioactive decay within the moon itself;
in this case, the moon formed 4.52 to 4.50 billion years ago, and its mantle has since

remained poorly mixed.

The most widely accepted model for the
origin of the moon is that during the later
stages of Earth’s accretion the impact of a
colliding planet at least the size of Mars
generated both the hot debris to form the
moon and the angular momentum of the
Earth-moon system (1, 2). Yet, inconsis-
tencies in this model persist (3, 4). For
example, it has long been argued on geo-
chemical grounds that most of the mate-
rial that formed the iron-depleted moon
was derived from the silicate Earth after
the formation of its core (4). This view is
disputed by some (5), and others have
argued, on the basis of their simulations,
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that the moon must have been derived
largely from the mantle of the impactor
(2, 6). This latter view is considered by
some to be inconsistent with the moon’s
many “Earth-like” features (7, 8).

The '82Hf-182W [half-life = nine mil-
lion years (m.y.)] chronometer can be used
to investigate this problem. Because haf-
nium and tungsten are both highly refrac-
tory, planets and planetesimals that
formed early in the history of the solar
system should have relative proportions of
these elements similar to those found in
chondrites (9-11). However, Hf is litho-
phile (silicate-loving), whereas W is nor-
mally siderophile (metal-loving), such
that core formation results in a dramatic
intraplanetary fractionation of Hf and W.
If this fractionation takes place during the
lifetime of !82Hf, the silicate reservoir,
which has a high Hf/W ratio, will develop
an excess abundance of '82W relative to
that found in chondritic bodies. Impacts
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Table 1. Hf and W isotopic data. The e, of each W isotopic measurement is
expressed as the deviations in parts per 10* relative to the NIST-3163 W stan-
dard, which gives a 182W/184W = 0.865000 + 18 (n = 20). For all samples,

Tenur 18 calculated assuming (18OHf/184W)

chond

= 1.568 + 0.078, ('82W/

184yy)

chond

= 0.864985 + 25, and a "8Hf/184W = 55 + 35 for the lunar magma
ocean, with the exception of the A-17 picritic orange glasses, for which we used
the measured "8°Hf/'84W. Concentrations are in parts per million or billion {ppm
and ppb). SE, standard error; Qz, quartz; Ol, olivine; norm., normative.

Sampe Hf w 18041184y NS oyt 20 SE Tonur
Type Number (ppm) (ppb) *20 SE w (m.y. = 20)
Terrestrial
Loihi 1802-4A 2.804 148.6 22.26 0.864992 =+ 33 —0.09 + 0.38 —
Atlantic MORB A127 (D-15) 1.227 100.7 14.37 0.865021 + 31 +0.24 = 0.36 —
Mare basalts
High-Al basalt 140563 6.766 326.2 24.47 0.864993 = 42 —-0.08 + 0.48 —
Picritic basalt . 15385 1.369 69.7 23.2 0.86504 =+ 13 +04 =15 —
Qz-norm. basalt™ 15475 2.15 59.0 43.2 0.864953 + 52 —0.50 = 0.60 —
Ol-norm. basalt 15016-1 2.697 137 22.3 0.865382 = 83 +4.4 *+0.96 45*7,
Ol-norm. basalt 15016-2 2.573 114 26.6 0.865331 = 78 +3.8 *+0.82 47*7
Ol-norm. basalt 156555 2.16 77.0 32.8 0.865584 =+ 36 +6.75 = 0.42 4077,
High-Ti basalt 10032 16.79 428.8 46.20 0.865205 =+ 43 +2.37 + 0.50 53+7,
Pigeonite basalt 12011 3.680 148.7 29.19 0.865115 = 54 +1.33 = 0.62 6078,
llmenite basalt 12045 4.162 92.0 53.4 0.865416 = 83 +4.81 = 0.96 44*7,
Lunar meteorite Asuka-881757 ~ 2.812 73.70 45.04 0.865102 = 71 +1.18 £ 0.82 6129,
KREEP basalts
16382 22.86 1223 22.05 0.865133 + 26 +1.54 = 0.30 58%7,
15386 30.51 1743 20.66 0.865193 * 22 +2.23 + 0.26 5317,
Apollo 17 soils
Picritic orange glass 74220 (bulk) 5.807 226.4 30.27 0.865086 = 55 +0.99 = 0.64 55%7,
Picritic orange glass 74220 (picked) 4.852 68.6 83.5 0.86544 =12 +50 *=1.4 49+2
Picritic orange glass 74241 (bulk) 6.969 208.0 39.54 0.865235 = 71 +2.72 = 0.82 4714
Highlands
Ferroan anorthosite 60025 0.0282 4.08 8.27 0.86526 = 14 +31 =17 508,
Ferroan anorthosite 65315 0.00403 6.48 0.734 0.865156 = 93 +1.8 =11 56+8,
Ferroan anorthosite 15415 0.0134 7.26 2.18 0.86500 =+ 12 0.0 =14 —
Ferroan anorthosite 62255 0.0239 3.46 8.15 0.86499 = 21 -0.07 24 —
Troctolite 76535 0.2699 28.46 11.19 0.865266 + 55 +3.08 = 0.64 50*7,
Norite 78235 1.085 568.9 2.251 0.865063 + 14 +0.73 = 0.16 6675,
Norite 77215 3.213 276.6 13.71 0.865060 *+ 14 +0.69 = 0.16 6778,
Mg-granulite 67955 1.948 157.0 14.65 0.865039 = 29 +0.40 = 0.34 —

after the core has formed can result in
entire planetary bodies, such as the moon,
with nonchondritic lithophile- to sidero-
phile-element (hence Hf/W) ratios. The
W isotopic composition of the moon
would be expected largely to reflect that
inherited from the particular mixture of
silicate-rich debris derived from Earth,
and the impactor at the time the moon
formed (9, 10). However, it is also possible
that W isotopic heterogeneity was gener-
ated within the moon itself as a result of
the decay of live '8?Hf. Radioactive decay
is an exponential process, such that suffi-
ciently large parent-to-daughter (Hf/W)
ratios can still produce observable W iso-
topic variations at a late stage. It is
thought that the earliest history of the
moon may have involved a magma ocean,
which could have fractionated Hf/W to
such extreme values (I11).

The geology of the moon. Despite its
small size, the moon had an active igneous
history that lasted throughout its first 1.5
billion years, resulting in a differentiated

crust and probably a small Fe-rich core (3,
12). The most prominent igneous rocks on
the lunar surface, constituting over 90%
of the crust, are ferroan anorthosites and
Mg-rich rocks (in roughly equal propor-
tions) from the lunar highlands. Mare
basalts cover about 17% of the lunar
surface but constitute only ~1% of the
crust (12, 13). Other rock types such as
KREEP basalt (enriched in the incompat-
ible trace elements, potassium, the rare
earths, and phosphorous), picritic volca-
nic glass, dunite, alkali anorthosite, and
granite have been reported, but are much
less abundant (12).

Some of the lunar highlands rocks ap-
pear to be very old [>4.4 billion years
(Ga)] and may relate to the earli-
est magmatic conditions that immediately
followed the giant impact (14-19). Be-
cause of its global distribution and
uniform molar Ca/(Ca + Na) ratio of
~0.96, some ferroan anorthosites are
considered to have formed by the flo-
tation of light plagioclase on top of

dense basaltic magmas, possibly on a glob-
al scale (12, 20, 21). Others, however, are
too young to be of the same origin (22).
Many Mg-rich rocks exhibit evidence of
being intrusive cumulates; others are con-
sidered products of impact-induced melt-
ing (12, 23).

All mare basalts are =4.2 Ga in age
and are compositionally diverse. Judging
by their liquidus phases, they could have
been derived from a range of depths (24).
The prominent negative Eu anomalies in
mare basalts are thought to be caused by
the melting of ultramafic cumulates that
were precipitated during the extraction of
anorthositic crust in a magma ocean (12,
24). The liquid residuum of this putative
magma ocean should have been enriched
in incompatible trace elements and may
be a source of KREEP basalts (12, 23).
Finally, the lunar volcanic glasses repre-
sent picritic melts erupted by fire foun-
taining, and derived from great depth (200
to 1000 km) below the mantle that formed
in the magma ocean (7, 24, 25).
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Tungsten isotopic heterogeneity in the
moon. We have analyzed a broad range of
the above rock types (26) and a lunar me-
teorite found in Antarctica, Asuka 881757,
considered to be a mare basalt (27) (Table
1). All of the lunar samples yielded W
isotopic compositions (28) that are, within
uncertainty, chondritic (29) or radiogenic
(30) (Table 1). The only previous W isoto-
pic measurement for a lunar sample was on
mare basalt 14053 (9), which was chon-
dritic within uncertainty. A repeat mea-
surement of this sample yielded a consistent
‘but more precisely defined isotopic compo-
sition (31) of &= —0.08 = 0.48. Howev-
er, only two other mare basalts, two ferroan
anorthosites, and the Mg-granulite yielded
W isotopic compositions that are chon-
dritic within uncertainty; the rest all have a
resolvable !82W excess (gy, = +0.7 to
+6.75) (Fig. 1).

All of the highlands samples included
in this study, with the exception of the
Mg-granulite (67955), are old and pristine
(26). Therefore, it is unlikely that the W
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isotopic compositions have been affected
by contamination. This assumption is en-
dorsed by the fact that the anorthosites
define a range of W isotopic compositions
(e = —0.07 = 2.4 to +3.1 = 1.7) iden-
tical to that of the Mg-suite rocks (&g =
+0.40 *+ 0.34 to +3.1 = 0.6), despite
more than an order of magnitude differ-
ence in W concentration. No correlation
exists between Hf/W ratio and W isotopic
compositions among the eight highlands
samples, such as might be expected if the
isotopic variations reflected in situ decay
(Table 1 and Fig. 2A). This decoupling is
most convincingly shown by the two A-17
norites, which have Hf/W ratios that dif-
fer by a factor of 6 but have identical W
isotopic compositions. The two highlands
samples with the most radiogenic W (g,
= +3), anorthosite 60025 and troctolite
76535, yielded very old ages when mea-
sured by long-lived chronometers, al-
though the exact age of the troctolite is
debated (26). These samples would need
to have formed within the first 30 m.y. of

solar system history for these W isotopic
excesses to reflect in situ decay. This his-
tory is improbable because U-Pb and Sm-
Nd ages for these samples are all <4.53 Ga
(26). The W isotopic variations are more
likely inherited from their parent magmas
and were present during the earliest stages
of the moon’s development.

The mare basalts, including lunar mete-
orite Asuka 881757, define a range of W
isotopic compositions (ey, = —0.50 % 0.60
to +6.75 = 0.42) that completely overlaps
those of the highland rocks, the KREEP
basalts (+1.54 # 0.30 and +2.23 % 0.26),
and the Apollo 17 orange soils (+0.99 =+
0.64 to +5.0 = 1.4) (Table 1 and Fig. 1).
As with the highland rocks, no correlation
exists between Hf/W ratio and W isotopic
compositions among the mare basalts (Fig.
2A), which is consistent with the deriva-
tion of these relatively young magmas from
source regions that may have had a complex
petrogenetic history. The W isotopic vari-
ations must have been generated by radio-
active decay within the first 100 m.y. of the

Lunar
L highlands

+CH 15555
}15016

—{— Asuka 881757 ) T

mare basalts Liquid  Partial ~Residue
melting —>» -
Chondritic W 1
Feldspathic
cumulates  Fractional  Liquid
<C— crystallization ——>» 7
Low-pressure ) N
mare basalts Metal Core  Residue
‘ formaton ——>» 1
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Fig. 1. (Left) The &, values of samples analyzed in this study (Table 1). Also
plotted are previously reported data, including the mean of carbonaceous
chondrites (29) and mare basalt 14053 (9) (shown with an asterisk).
2. (Right) (A) "8H{/184W versus e, for all the lunar samples analyzed in this

1100

(182w/184W); = 0.864952 + 63 (eyy = —0.55 + 0.73)

O-\74220 (bulk)
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Fig.
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study (Table 1). Symbols are the same as in Fig. 1. (B) '8°Hf/184W versus
182184 for A-17 orange glasses and lunar samples with chondritic W
isotopic compositions. The best-fitline is based on the data for the three A-17
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solar system, whereas the basalts are all
=4.2 Ga in age. Even if the variations
developed by decay within the moon itself,
the intervening history of remelting would
be expected to modify the Hf/W ratios in
the lunar mantle on a small scale. A similar
decoupling of W isotopic composition from
Hf/W has been found in martian meteorites
(30), again reflecting the relatively young
formation age for the samples.

Phase relations are consistent with a deep
(higher pressure) source for the olivine-nor-
mative basalts 15016 and 15555 and the
ilmenite basalt 12045 (24). These samples
are characterized by very radiogenic W (ey,
= +4), notably 15555. Conversely, 12011,
15385, and 15475, with chondritic W isoto-
pic compositions, have low-pressure—phase
assemblages (24). High-Ti basalts such as
10032 cover a broad range of assemblages.
The simplest explanation for this mix is that
the lunar mantle is stratified isotopically,
with a more radiogenic W isotopic compo-
sition toward its deep interior. This hetero-
geneity has probably survived since the ear-
liest history of the moon and provides pow-
erful evidence against large-scale convective
mixing of the lunar mantle. Data for the
A-17 orange glasses are consistent with this
finding because they are considered to have
been derived from depth greater than the
mare basalts (25). The bulk samples are
largely glass but contain a mixture of com-
ponents, some extremely fine grained. Hand-
picked and cleaned coarser glass beads from
74220 yield particularly radiogenic W (e =
+5.0 £ 1.4).

Accretionary origin for lunar W iso-
tope heterogeneity. Two classes of models
explain the above results: Either the vari-
ations were inherited as heterogeneities
from Earth and the moon-forming impac-
tor, or the moon differentiated sufficiently
early that radiogenic W was generated by
decay within the moon itself. The latter
appears more likely. Whichever is correct,
the isotopic variations could only have
been produced within the first 100 m.y. of
the solar system, long before the melting
that produced the mare basalts. Although
any viable model has to explain the ap-
parent relation between the depth of melt-
ing and W isotopic composition of these
basalts, thereby reflecting in some way the
large-scale internal structure of the moon,
neither model predicts any particular rela-
tion between W isotopic composition and
the Hf/W of the samples because the
source regions and magmas themselves
may have experienced considerable subse-
quent fractionation of Hf/W.

Because W is highly incompatible,
most of the silicate Earth’s inventory re-
sides in the continental crust (11). Sample
NIST-3163, representative of the crustal
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W isotopic composition, is chondritic to
within 0.5 €y units. We have checked for
W isotopic heterogeneity in the silicate
Earth by analyzing an andesite standard
(AGV-1), a continental tholeiite standard
(WS-E), an Atlantic mid-ocean ridge ba-
salt (MORB) glass (A127), and a Loihi
OIB glass (1802-4A). All of these are
chondritic (Table 1) (9, 29). If the moon

were derived from the silicate Earth today, -

it would have chondritic W, whereas the
compositions of lunar samples are chon-
dritic or radiogenic.

The isotopic variations could reflect
incomplete mixing of debris from Earth
and the impactor. It is also possible that
the current state of the silicate Earth does
not accurately reflect the conditions at the
time the moon formed. Tungsten isotopic
heterogeneity is expected in a growing
planet undergoing concomitant core for-
mation, and the average composition of
the silicate Earth could have been radio-
genic when the moon formed but chon-
dritic today (10). Similarly, there is noth-
ing in the W isotope data to preclude the
possibility that the heterogeneity was in-
herited from the impactor (30). There are,
nevertheless, reasons for doubting any of
these explanations, given current thinking
about the composition and origin of the
moon. '

The reason why a small, late, K-deplet-
ed body such as the moon developed a
magma ocean at all is almost certainly the
phenomenal accretional energy associated
with its birth. Dynamic simulations of the
impact involve temperatures of >10,000
K and the redistribution of matter on a
planetary scale (2). It is inconceivable
that W isotope heterogeneity survived this
process, let alone preserved as a stratified
feature of the lunar mantle. The moon

. would instead have to form in stages from

distinct parent bodies. Recent simulations
sometimes generate multiple fragments
that eventually collide to form the present
moon (6). However, these fragments are
derived from the same source, and the
final collision is unlikely to preserve an
isotopically layered moon.

Late addition of a chondritic veneer
(32) might generate heterogeneities by
variably diluting radiogenic W. However,
the W isotope heterogeneity has been a part
of the moon since its earliest history, where-
as the veneer was probably added up until
3.9 Ga (10). Finally, W/U and Ba/Rb ratios
in basalts formed by remelting of the dif-
ferentiated lunar mantle are uniform and
nonchondritic, implying that the mantle
was well-mixed at one stage (4, 5). Inher-
ited W isotopic heterogeneity is difficult to
explain in a manner consistent with this
observation.
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Early lunar differentiation and W iso-
tope heterogeneity. In contrast to the
above “inheritance” models, the genera-
tion of W isotopic heterogeneity by '82Hf
decay during lunar differentiation and
core formation is fully consistent with cur-
rent models and data for the moon. The
moon inherited a high Hf/W ratio (~20),
but early lunar core formation and extrac-
tion of low-Hf/W silicate melts, leading to
a low-Hf/W crust, must have left a deplet-
ed residual mantle with Hf/W ratios high-
er than that of the bulk moon. If the moon
formed sufficiently early, these reservoirs
would generate relatively radiogenic W,
whereas those with lower Hf/W would
retain chondritic W. The W isotopic vari-
ations in the mare basalts, therefore, re-
flect remelting of heterogeneities pro-
duced by radioactive decay within the
magma ocean, ultramafic cumulate pile,
and residual mantle. Protracted remelting
and mixing at shallow depths may have
eventually partially rehomogenized the W
isotopic composition of the crust and up- -
permost mantle such that low-pressure
mare basalts were erupted from reservoirs
with approximately chondritic W isotopic
compositions.

The basaltic samples analyzed span an
age range of 4.1 to 3.2 Ga (33), covering
almost the entire history of mare magma-
tism. Although some of the highlands
samples could have formed extremely early
and sampled W isotopic variability that
was subsequently homogenized, the pres-
ervation of W isotopic variations in the
source regions of the basalts requires neg-
ligible mixing of the lunar interior since
its earliest differentiation. The magma
ocean is thought by some to have persisted
until 4.4 Ga (12), long after '82Hf would
have become extinct. It is difficult to rec-
oncile the W data with models that in-
volve a long-lived (=200 m.y.), globally
extensive, largely molten magma ocean
(12) undergoing major convective over-
turn (34), because this process will effec-
tively erase any W isotopic anomalies.
Therefore, any magma ocean must have
rapidly become partially restricted and un-
able to mix in order to limit homogeniza-
tion of the W isotopic variations to the
shallowest portions. A partially molten
magma ocean (20) is less likely to have '
reached global W isotopic equilibrium.

The age and origin of the moon. The
orange glasses display a correlation be-
tween W isotopic composition and Hf/W
ratios that is consistent with the preserva-
tion of a relation between the W isotopic
compositions and the parent/daughter ra-
tios in their source regions (Fig. 2B).
Strictly speaking, this relation must be a
mixing line, and the time significance of
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the slope depends on the relations among
the components in the soil. However, it is
considered most likely that these various
components were derived as melts from
the interior of the moon. These particular
soil samples are extremely rich in volcanic
glass and meteoritic contamination is neg-
ligible (25). This composition is con-
firmed by the fact that the bulk samples
contain even higher Hf concentrations
than the hand-picked glass (Table 1). This
result would be consistent with dilution by
other lunar melts such as KREEP basalts
(Table 1) forming part of the finer grained
material, but is difficult to reconcile with
any kind of metepritic contamination.

The HffW and W isotopic heterogene-
ity in the orange glasses most likely re-
flects “scavenging” of melt from the man-
tle at great, but variable, depth (25). Giv-
en that the glasses are picritic and repre-
sent large degrees of partial melting, it is
quite likely that the Hf/W ratios were not
fractionated by melting, and the slope of
the apparent isochron (Fig. 2B) may de-
fine the timing of the formation of this W
isotope heterogeneity. The isochron age
obtained from the orange glass data is
5477 m.y. (20). The "intercept is chon-
dritic within uncertainty, as expected if
the isochron defines the time of differen-
tiation from a parent body with chondritic
time-integrated Hf/W.

Model age (m.y. post-CAl)

0 20 40 60 80 100
T 71T 7T 71 T T 71 71
15016{
15555 —=—
10032 bMare
12011 asalts
12045 —8—}
Asuka 881757
15382 } KREEP
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60025 (An)
65315 (An)
76535 (Tr) Highlands
78235 (Nr)
77215 (Nr)

Mean (£ 26y)

LVG isochron (Fig. 2)
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Fig. 3. T, (in milions of years, =2) for lunar
samples with nonchondritic W isotopic composi-
tions (Table 1) (39). The mean of all the model
ages, 53 = 4m.y. (+20,,); and the isochron age
for the A-17 lunar volcanic glasses (LVG) from Fig.
2B are also shown for comparison.
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With the possible exception of the
Apollo 17 orange glasses, there is no evi-
dence that any of the W isotopic composi-
tions are directly related to the measured
parent/daughter ratios. Although this lack
of evidence is entirely reasonable given the
history of the moon, it means that the
determination of isotopic ages has to be
based on certain model assumptions. In par-
ticular, it is necessary to use a reliable esti-
mate of the maximum range in parent/
daughter ratios that could have generated
the isotopic compositions and to incorpo-
rate this variability directly into the calcu-
lation of the age uncertainty. Fortunately,
isotopic variations produced by short-lived
decay provide relatively accurate age con-
straints on early solar system chronologies,
even if the parent/daughter ratios have
large uncertainties. Using the Hf-W system,
we can determine an age for the moon that
is inherently more accurate and reliable
than those obtained with the use of any
long-lived decay system, simply because the
window of time for producing variations,
such as those reported here, is extremely
narrow.

The mean 8°Hf/'**W atomic ratio (=
1.18 X Hf/W weight ratio) for all lunar
basalts in Table 1 is 36 * 17 (lo). This
variability is comparable to that of highly
incompatible element ratios such as Ba/
Nb and Ce/U ratios in terrestrial MORBs
(35) and implies that there has been only
moderate fractionation from source ratios
during melting. Indeed, the highly en-
riched KREEP basalts have Hf/W ratios
that are only slightly lower than the mare
basalts and picritic orange glasses (Table
1). The behavior of W during melting on
the moon appears to have been different
from its behavior on Earth. In terrestrial
basalts, W is highly incompatible with a
bulk distribution coefficient D comparable
to that of Ba, Rb, or Ra (36). Hafnium, in
contrast, is only moderately incompatible
in terrestrial mantle melting, leading to
two orders of magnitude variability in
Hf/W in modern oceanic basalts (36). The
obvious explanation for this difference be-
tween Earth and the moon is that W was
much less incompatible during lunar man-
tle melting, with a bulk D only slightly less
than, or similar to, that for Hf. Similar
behavior has also been noted for Re (37)
and In (38). This difference is probably
because mare basalts are so highly reduced
that they formed at or near iron metal
saturation (24).

In estimating the Hf/W ratio of the lunar
magma ocean that generated the W isoto-
pic compositions, we took a conservative
approach. The lowest Hf/W ratios of the
lunar basalts are those of the KREEP sam-
ples (Table 1), and it is reasonable to as-
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sume that the magma ocean had a higher
value (8°Hf/'®¥W > 20). The highest
180LIf/184W measured is for the separated
orange glass (Table 1); given that this sam-
ple is an extreme composition from a pic-
ritic liquid at great depth, it is reasonable to
assume that the magma ocean had a '8°Hf/
184 < 90. Therefore, to avoid a sampling
bias, we used '8°H{f/*8*W = 55 = 35, which
covers this entire range for the basaltic
samples (Table 1; mean = 36 * 17). The
Hf/W ratio of the magma ocean from which
the highlands cumulates precipitated was
probably slightly lower, but this difference
has little effect on the age calculation. A
Hf-W model age Ty (30, 39) can then
be calculated for the average protolith ma-
terial of both the highlands rocks and the
basalts. These model ages (Table 1 and Fig.
3) represent the model time after the start
of the solar system when Hf/W ratios were
fractionated as a result of differentiation
from a chondritic reservoir (30, 39). The
late addition of material with chondritic
Hf/W and W isotopic composition, such as
a late veneer, has negligible effect on the
ages.

The average model age for the mare
basalts calculated in this fashion is 50 *
16 m.y. (20). Using the measured Hf/W
ratios of the mare basalts instead of the
model mantle value yields a similar aver-
age model age of 44 = 19 m.y. Because the
orange glasses are thought to be large-
degree partial melts of a source deeper
than the crystalline magma ocean, we in-

-stead used the measured Hf/W ratios to

calculate model ages for their sources. The
mean Tpyr for the KREEP basalts (56 +
7 m.y.), the A-17 orange glasses (50 =
8 m.y.), and the highlands rocks (58 =*
17 m.y.) overlap the mare basalt mantle
model ages. There is no reason why all of
these rocks, which sample the moon as
magmas from the surface to its deep inte-
rior over a time span of 1.5 billion years,
should give about the same result unless
this period defines the time of major lunar
differentiation, probably associated with
the earliest history of the moon. This age
is also implied by the orange glass data,
which define an apparent isochron age of
54*7 m.y. (20), with chondritic initial W
isotopic composition (Fig. 2B), in excel-
lent agreement with the mean model age
of all lunar samples at 53 * 4 m.y. (20)
(Fig. 3). The consistency between Hf-W
model ages and the isochron age (Fig. 3)
suggests that the best-fit line in Fig. 2B
provides meaningful age information and
that all of these ages define the timing of
a global lunar differentiation, including
the formation of a magma ocean. On the
basis of these data, we estimate that the
moon formed and differentiated ~50 m.y.
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after the start of the solar system, within
the time window 4.52 to 4.50 Ga. This
time corresponds to the earliest of previ-
ous estimates (10, 14-19, 33).

It is unlikely that terrestrial core for-
mation occurred after the giant impact
that formed the moon. The chondritic W
isotopic composition of the silicate Earth
also places an upper limit of 4.515 Ga on
the timing of terrestrial core formation,
unless terrestrial accretion was slow (10).
The initial W isotopic composition of the
lunar volcanic glasses source at ~4.51 Ga,
as defined by the intercept on Fig. 2B, is,
within error, identical to chondritic W,
indicating that the protolith had a chon-
dritic Hf/W for most of its history, consis-
tent with the chondritic W isotopic com-
positions of some of the lunar samples and
the chondritic first stage implicit in the
Hf-W model ages. Recent Hf-W studies of
eucrites, iron meteorites, and martian me-
teorites suggest that differentiation be-
tween metal and silicate (or core forma-
tion) occurred early (within 10 m.y.) in
their respective parent bodies (9, 29, 30).
If the moon originated primarily from the
silicate portion of a planet that differenti-
ated early, it is expected to have left a
similar radiogenic W isotopic signature
throughout the entire moon. The chon-
dritic initial W isotopic composition of
the moon is, therefore, consistent with the
hypothesis that the moon was derived
from Earth, or an impactor with a history
of accretion and metal segregation similar

to that found in Earth (4-8).
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