bonds between molecules. More important,
the two different chemical shifts of the sp>
carbons directly confirm the results of our
structural refinement—that is, the symmetry
inequivalence of the two carbon atoms bridg-
ing neighboring molecules in the polymeric
chains. Deconvolution of the spectrum in the
sp? region between 130 and 160 ppm with
Lorentzians reveals seven peaks, as com-
pared to five peaks for the monomeric spe-
cies, and is a further manifestation for cage
deformation upon polymerization.

Although the C,, polymer crystal is stable
at ambient conditions, it reverts to the mono-
meric state upon heating at ambient pressure,
much like C, polymers. Our dilatometric ex-
periments on the single-crystal sample of the
C,, polymer (3/) indicate the onset of depoly-
merization as an abrupt increase of sample di-
mensions starting at about 450 K. Upon com-
pletion of this process, the orientational order-
disorder transitions characteristic of molecular
dynamics in the monomeric C,, are restored
and the Raman spectrum of the material is
identical to that of pristine C,, (Fig. 1A).

Our results demonstrate how nature
solves the seeming problem of incompati-
ble molecular (fivefold) and crystal (six-
fold) symmetries of C,, by forming zigzag
polymer chains. The topochemical poly-
merization is governed by the packing of
molecules in C,, crystal and indicates that
the system topology must play a key role in
the polymerization of higher fullerenes and
formation of 3D networks of cross-linked
fullerene cages.
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Calibration of the
Lutetium-Hafnium Clock

Erik Scherer,* Carsten Miinker, Klaus Mezger

Well-defined constants of radioactive decay are the cornerstone of geochro-
nology and the use of radiogenic isotopes to constrain the time scales and
mechanisms of planetary differentiation. Four new determinations of the lu-
tetium-176 decay constant (\'75Lu) made by calibration against the uranium-
lead decay schemes yield a mean value of 1.865 + 0.015 X 107" year—, in
agreement with the two most recent decay-counting experiments. Lutetium-
hafnium ages that are based on the previously used \'76Lu of 1.93 X 10" to
1.94 X 107" year~" are thus ~4% too young, and the initial hafnium isotope
compositions of some of Earth’s oldest minerals and rocks become less radio-
genic relative to bulk undifferentiated Earth when calculated using the new
decay constant. The existence of strongly unradiogenic hafnium in Early Ar-
chean and Hadean zircons implies that enriched crustal reservoirs existed on
Earth by 4.3 billion years ago and persisted for 200 million years or more. Hence,
current models of early terrestrial differentiation need revision.

Estimates of the timing of dynamic processes in
Ear(n and other planets are almost entirely
based on radioactive decay systems that have
half-lives between 10° and 10'? years. The
Lu-Hf system, with a half-life of ~37 billion
years, is both a versatile geochronometer and a
powerful tool for studying the processes that
control crust-mantle evolution. However,
knowledge of the exact value of the decay
constant for the B~ -decay of '"°Lu to !7°Hf is
vital to the correct interpretation of Lu-Hf data.
The precision and accuracy of both Lu-Hf ages
and initial Hf isotope compositions [€,,.(¢), (/)]
depend directly on \!7°Lu. The first widely
used Lu decay constant, 1.94 + 0.07 X 107!
year~ !, was derived from the slope of a Lu-Hf
isochron for eucrite meteorites of known age (2,
3). This value, based on age comparison, was
used until 1997, when a more precise value
[1.93 = 0.03 X 107! year™!, (4)] obtained by
decay counting was adopted (5). However, all
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other decay-counting experiments made since
1980 (6-10) yield lower values. The recom-
mended (/0) mean of recent decay-counting
results, 1.86 = 0.01 X 10~ year™! (7, 9, 10),
is ~4% lower than both of the aforementioned
decay constants. The accurate application of
Lu-Hf systematics requires the reconciliation of
decay constants determined from both decay-
counting and age-comparison experiments.
Agreement between the two most recent
decay-counting results (9, 10) is due to the
elimination of several experimental difficulties
related to (i) optimizing detector geometry and
calibration, (ii) knowing the exact amount of
76Lu in the sample, and (iii) correcting for the
effects of gamma-ray attenuation, true-coinci-
dence summing, and internal conversion (/0).
Age-comparison studies of minerals and rocks
(2, 3, 11), in which \'7®Lu is calibrated against
the relatively well-constrained U decay con-
stants, have been limited by difficulties with
measuring Hf isotope compositions and Lu
concentrations by thermal ionization mass spec-
trometry (TIMS). Here, we measured Lu and
Hf isotope ratios using multiple-collector in-
ductively coupled plasma mass spectrometry
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(MC-ICP-MS). This method allows high-preci-
sion analyses of small samples (as low as 5 ng
of Hf) that were not possible in previous TIMS-
based age-comparison studies.
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Geologic samples for A!7®Lu calibration by
age comparison were selected according to the
following criteria: (i) They must contain min-
erals highly enriched in the parent elements for
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Fig. 1. U-Pb concordia and Lu-Hf isochron diagrams (A through H). gd, gadolinite; xt, xenotime; ap,
apatite; bd, baddeleyite. Open symbols are excluded from the regressions. U-Pb data are available
online (47). Uranium decay constants: A238U = 1.55125 * 0.00166 X 10~ year~", AZ35U =
9.8485 * 0.0134 X 107 '° year~" [(48); 95% confidence level]. All regressions are model 1 fits (i.e.,
points weighted according to the inverse square of their errors) except for the Hudson Highlands
U-Pb, which is a model 2 fit (i.e., points weighted equally). MSWD statistics of concordia ages (49)
are for combined equivalence and concordance. Lu-Hf errors are smaller than the symbols, except
for Evje where depicted by error ellipses. \'76Lu = In(m + 1)/t , where m is the slope of the Lu-Hf
isochron and t is the U-Pb age of the sample in years. Uncertainties on A'76Lu values are derived
from the 2 SD uncertainties in t and m using o, = [0,,2(IN3m)? + o, 2(dN/ot )2]°>.
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both Lu-Hf and U-Pb dating methods. (ii) They
must have cooled rapidly, so that the potential
effects of differing closure temperatures (7.)
between the Lu-Hf and U-Pb systems or among
different minerals are minimized. (iii) The sam-
ples should have remained closed systems with
respect to Lu-Hf and U-Pb systems since for-
mation. We note, however, that the last criterion
does not necessarily have to be met in the strict
sense for the U-Pb system. Lead loss or changes
in U content, provided they are recent, will not
affect 2°7Pb/?°°Pb ages. Single, ancient Pb-loss
events will produce a discordia whose upper
intercept indicates the time of crystallization.

We analyzed a ~100-cm® gadolinite crys-
tal from a pegmatite at Evje, Norway, a ~1-
cm® xenotime crystal from a pegmatite at
Tvedestrand, Norway, xenotime from a mon-
azite-xenotime gneiss in the Hudson High-
lands, New York, USA, and apatite and bad-
deleyite from a coarsely crystalline carbona-
tite from the Phalaborwa intrusion, South
Africa (/2). The Hudson Highlands gneiss
probably formed by short-lived metasomatic
processes (/3), and the other minerals come
from rapidly cooled intrusions. Though min-
erals from all four localities were previously
dated by the U-Pb system, additional U-Pb
TIMS analyses were made to verify the ages
of the samples used in the present study. All
U-Pb ages and errors that were used to cal-
culate N\'7°Lu values contain the propagated
uncertainties of the U decay constants (/4).

Five fragments of the Evje gadolinite crystal
(EVJ) define a U-Pb upper intercept age of
909 = 14 million years (Ma), and a cluster of
four concordant analyses (gd-5, gd-6, gd-7, and
gd-8) gives a concordia age of 910.5 = 1.6 Ma
(Fig. 1A). These ages agree with the 901 * 20
Ma 2°7Pb/2%Pb age for another gadolinite from
the Evje-Iveland area (/7). Three fragments of
the EVJ gadolinite have the most radiogenic Hf
yet measured in a natural sample ('7°Hf/
177Hf = 260 to 272, Table 1 and Fig. 1B);
99.9% of the '"®Hf was produced by '"°Lu
decay in the gadolinite crystal. The slope of the
Lu-Hf isochron is thus insensitive to the as-
sumed initial '7®Hf/!7’Hf [i.e., that of depleted
mantle at 910 Ma, +20 e-units (/5)] that is used
as a fourth point in the regression. Although the
errors on 7°Lw/!77Hf and '7°Hf/'7"Hf for the
gadolinites are larger than those normally
achieved for less radiogenic minerals (/6),
these errors are correlated and therefore the
slope of the Lu-Hf isochron is relatively well
constrained (*0.8%).

The Tvedestrand xenotime (TVS) comes
from a pegmatite that intruded into a regionally
cooling terrane (the Bamble sector of southern
Norway) whose temperature at the time of in-
trusion is constrained by hornblende “°Ar/*°Ar
ages [(/7) and references therein] to be
=600°C. The T,. for U-Pb in xenotime is sim-
ilar to that of monazite [(/3, 18); i.e., ~725°C
(19)] or higher [=800°C (20)], and thus the
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U-Pb age for sample TVS is taken to be the
crystallization age. Three xenotime fragments
define a U-Pb chord that has an upper intercept
at 1094 = 11 Ma (Fig. 1C). The minor apparent
Pb loss in these fragments was assumed to have
occurred during heating associated with mag-
matism in the Permian Oslo Rift; allanite and
zircon from the Bamble sector exhibit similar
Permian Pb-loss patterns (/7, 21). The lower
intercept was therefore anchored at 280 * 50
Ma. Removing this constraint results in an iden-
tical xenotime age of 1094 +76/—17 Ma.
Though less radiogenic than the EVJ gadolinite,
two TVS xenotime fragments have sufficiently
elevated 7°Lw/'"’Hf and '7°Hf/'”’Hf ratios,
and they lie on an isochron that uses a range of
possible initial 7Hf/'7"Hf ratios [i.e., depleted
mantle at 1094 Ma, *20 g-units (/5)] as a third
point (Fig. 1D).

Three U-Pb analyses of single xenotime
grains from the Hudson Highlands gneiss (RS-
1) are plotted in Fig. 1E together with previous-
ly published (/3) xenotime analyses from the
same outcrop. Aleinikoff and Grauch (/3) ex-
cluded one of four analyses from their discordia
regression and report a Xenotime age of
986.5 * 1.5 Ma. However, the scatter in the
combined data sets precludes any objective
elimination of points, and combining the data
sets yields an upper intercept age of 997 * 25
Ma. The mean square of weighted deviates
(MSWD) is 60, indicating geologic scatter that
we interpret to be a small variability in xeno-
time age (22). The slope of the Lu-Hf isochron
is constrained by two xenotime fractions and
the biotite fraction (Fig. 1F). Zircons and whole
rocks were excluded from the regression be-
cause the zircons contain an inherited Hf com-
ponent (23).

The Phalaborwa carbonatite (PHB) contains
abundant baddeleyite needles and prismatic,
greenish-gray apatite crystals. Two types of
apatite were picked: large (10 mm long by 5
mm diameter) turbid crystals and small (<4
mm long by <1 mm diameter) clear crystals.
Three U-Pb analyses of baddeleyite (bd-1, bd-
3, and bd-4) yield a concordia age of 2059.9 =
3.4 Ma (Fig. 1G). The large apatites are slightly
discordant (+1% and —8%) and lie on or near
a chord between the baddeleyite age and 0 Ma.
The smaller apatites, which are more discordant
(+5 to +18%) and lie substantially below the
discordia, were not used for Lu-Hf analyses.
Both the concordia age and the baddeleyite-
apatite upper intercept age (2059.6 * 6.6 Ma)
agree well with published ages for the Phal-
aborwa carbonatite [2058 to 2061 Ma (24-26)].
A Lu-Hf isochron is defined by the two large
apatites and a baddeleyite fraction (Fig. 1H).
The '7SHf/'77Hf ratio of the baddeleyite has
been confirmed by an unspiked replicate anal-
ysis (Table 1).

The A'7%Lu values determined from the four
independent age comparisons are shown in Fig.
1. There is remarkable agreement among these
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results compared to the scatter among some of
the physical counting experiments of the past
two decades [e.g., (4, 7, 8, 10)], suggesting that
the U-Pb ages and Lu-Hf slopes reflect the true
crystallization ages of the minerals. Our un-
weighted mean results (with 2 SD uncertain-
ties) are: A!7°Lu(B") = 1.865 * 0.015 X 10~ !!
year~! and t»!7°Lu(B”) = 3.717 * 0.030 X
10" year. This decay constant agrees with
those from the two most recent decay-counting
experiments [i.e., \'7°Lu(B~) = 1.86 = 0.02 X
107! year™!, and 1.88 * 001 X 107"
year~! (9, 10)]. Weighting our individual de-
terminations by inverse variance gives a mean
N7Lu of 1.858 + 0.004 X 107! year™! with
a MSWD of 0.59. This mean is strongly influ-
enced by the Phalaborwa carbonatite, which has
the smallest amount of geologic scatter of the
samples. The other three samples, however,
yield systematically higher N\'76Lu values, and
we therefore recommend the unweighted mean
as the result of this study.

The existence of a minor (=4%) decay
branch of 17%Lu to !76Yb by electron capture
has been debated (27, 28). If it does exist, it
can only contribute a maximum bias of
0.18% between counting experiment and age-
comparison results (29). This potential bias is
greatest when the oldest samples (e.g., 4.55
Ga eucrites) are used in the age comparisons.
The mean age of the samples in this study is
1.3 Ga. Correcting our results for e -capture
decay would lower our A'7Lu(B”) by
=0.05%. When e -capture is neglected in
both our A\!76Lu determination and in Lu-Hf
age calculations, this bias cancels out for
~1.3 Ga ages, whereas Lu-Hf ages would be

=0.13% too old for 4.56 Ga samples, and
=0.5% too young for samples younger than
1.3 Ga. These shifts are minor relative to the
present uncertainty of the decay constant, and
we have therefore neglected any e -capture
when calculating our N'7°Lu(B ™) values.

A value of 1.865 * 0.015 X 107! year™!
for A176Lu(B") requires the correction of Lu-Hf
ages and many of the initial Hf isotope ratios
that have been used to document the paired
processes of crust formation and mantle deple-
tion in the early Earth. Most published Lu-Hf
ages are ~4% too young and therefore conclu-
sions drawn from the comparison of Lu-Hf ages
with those of other isotope systems (e.g., Sm-
Nd, Rb-Sr, U-Pb) may need modification. More
importantly, initial Hf isotope compositions re-
ported for some of Earth’s oldest minerals and
rocks need to be recalculated. Most published
initial €, values for early Archean zircons and
evolved, low-LwHf rocks shift downward by 2
to 4 €-units when using the new \'7°Lu. For
example, the reported €,,(f) of 0 to +4.6 for a
set of early Archean gneisses and zircons from
West Greenland (30) drops to —2.8 to +1.7
when recalculated with the new decay constant.
For these low-LwHf samples, most of this
change is caused by the shift in the position of
the chondritic uniform reservoir (CHUR) evo-
lution curve projected back through time, rather
than the shift in the initial Hf isotope composi-
tion of the sample itself. In contrast, the €,,(f) of
rocks that have near-chondritic Lu/Hf will not
change substantially, and rocks having super-
chondritic Lu/Hf will shift to higher €, (7) val-
ues. This adjustment of €,.(f) values has sig-
nificant implications for inferences regarding

Table 1. Lu-Hf data. The 2 SD external reproducibilities of '76Lu/"7’Hf and 7®Hf/'7Hf are 0.2% and
0.005%, respectively. Errors in parentheses refer to the last significant digits and are the greater of
external reproducibility or 2 SE in-run statistics. Hafnium concentrations and '76Lu/"77Hf take into
account the variable atomic weight of Hf (i.e., from 178.5 in zircon to 176 in gadolinite). Reported
176Hf/"77Hf values were adjusted for instrumental bias so that '7®Hf/"77Hf of JMC-475 = 0.282163.

Lu Hf 1761 4/ 177 84§/177,
Sample (ppm) (ppm) Lu/"77Hf Hf/77Hf
Evje (EVJ) 910.5 *+ 1.6 Ma
gd-1 4970 2.262 15,860 (1340) 2723 (22.9)
gd-2 5549 2.498 15,490 (122) 2628 (2.1)
gd-3 5672 2.586 15,150 (130) 260.3 (2.2)
Tvedestrand (TVS) 1094 + 11 Ma
xt-2 4204 118.8 5.122 (10) 0.388416 (19)
xt-3 3844 86.35 6.474 (13) 0.416176 (21)
Hudson Highlands (RS-1) 997 *+ 25 Ma
zrc-1 > 800 pm 1743 15,330 0.001614 (4) 0.282363 (14)
zrc-2 < 250 pm 74.22 10,430 0.001010 (2) 0.282538 (14)
biot-2 0.7598 14.41 0.007484 (15) 0.282597 (32)
wr-1 1243 50.61 3.529 (7) 0.349371 (35)
wr-2 1315 73.46 2.564 (5) 0.330715 (56)
xt-1 2948 16.20 2835 (7) 0.816178 (163)
xt-2 3373 19.82 26.36 (7) 0.779948 (156)
Phalaborwa (PHB) 2059.9 * 3.4 Ma

bd-5 0.4702 14,280 0.00000467 (1) 0.281193 (14)
bd-6 - - - 0.281181 (14)
ap-2 0.3518 0.02496 2.029 (4) 0.360264 (25)
ap-3 0.4188 0.02839 2.125 (4) 0.364150 (22)
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differentiation processes in the early silicate
Earth and on other planetary bodies. Models
based on Hf isotopes have to be revised for: (i)
the ages of Earth’s first enriched reservoirs, (ii)
the minimum residence time of these reservoirs,
and (iii) the early depletion history of Earth’s
mantle.

Amelin et al. (31) have noted that if a
N7%Lu of ~1.86 X 107! year! is correct,
then some of Earth’s oldest zircons [ Jack Hills
(32)] would indicate the existence of enriched
reservoirs that had €,;,, = —3.7to —8.0 at4.1to
4.0 Ga. To produce such highly unradiogenic
Hf compositions by that time, the enriched res-
ervoir(s) (e.g., early crust) must have separated
from the mantle source at or before 4.3 Ga and
then survived until the zircons crystallized
some 200 to 450 million years later (3/-33).
These initial Hf isotope ratios, recalculated with
the new !7®Lu decay constant, therefore imply
the existence of a differentiated silicate crust on
Earth at or before 4.3 Ga. Such early crust
formation in Hadean time (>4.0 Ga) is corrob-
orated by the recently reported 4.3 to 4.4 Ga
crystallization ages of the oldest preserved ter-
restrial zircons (34, 35). Short-lived isotope sys-
tems such as '*®Sm-!#>Nd and *?Nb-"*Zr [e.g.
(36-40)] provide no compelling evidence for
large-scale mantle depletion or crust formation
on Earth before 4.51 Ga. In contrast to **Zr,
which could develop anomalies in crustal res-
ervoirs only until ~4.51 Ga, resolvable *°Nd
anomalies may have been generated in crust as
late as 4.3 Ga (38, 40, 41). Hadean detrital
minerals, which may have preserved these
anomalies, have not yet been analyzed for
142Nd. The available short-lived nuclide data on
terrestrial rocks, together with the reevaluated
Lu-Hf zircon data, suggest that Earth’s first
persistent crust formed between 60 and 260
million years after the condensation of the old-
est solid matter in the solar system [4.566 Ga

(42)].
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Very-Long-Period Seismic
Signals and Caldera Formation
at Miyake Island, Japan
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Over a period of roughly 40 days, starting on 8 July 2000, a caldera structure
1.7 kilometers in diameter developed by means of gradual depression and
expansion of the summit crater at Miyake Island, Japan. At the same time,
very-long-period (VLP) seismic signals were observed once or twice a day.
Source mechanism analyses of the VLP signals show that the moment tensor
solutions are smooth step functions over a time scale of 50 seconds, with
dominant volumetric change components. We developed a model to explain the
caldera and the VLP signals, in which a vertical piston of solid materials in the
conduit is intermittently sucked into the magma chamber by lateral magma
outflow. This model offers potential for making quantitative estimations of the
characteristic physical properties of magma systems.

On Miyake Island (Fig. 1A), one of the Izu
volcanic islands of Japan, quasiperiodic erup-
tions of basaltic magma have been recorded
since 1085 A.D. (/). Three eruptions oc-
curred in 1940, 1962, and 1983, with a rough-
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ly 20-year interval and producing 107 m> of
erupted materials during each eruption (2).
On 26 June 2000, an earthquake swarm be-
neath the island and anomalous changes of
tiltmeters on the island indicated that magma
intruded close to the surface along the south-
western flank (3). However, an eruption did
not occur at that time and the earthquake
swarm migrated toward Kozu Island, 40 km
northwest of Miyake Island (Fig. 1A). On 8
July the first eruption occurred at the summit
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crater of Miyake Island, and the depression of
the summit crater began. The summit crater
gradually sank and expanded until the middle
of August, leaving a caldera 1.7 km in diam-
eter (Fig. 1B) (4). At the same time, very-
long-period (VLP) seismic signals were ob-
served once or twice a day between 11 July
and 18 August. During most of this period,
there were only small eruptions, accompa-
nied by ash ejections from the summit. The
size of the summit eruptions increased grad-
ually after 11 August, and the largest eruption
that has occurred so far took place on 18
August. Sulfur dioxide (SO,) gas emissions
from the summit started on 29 August and
have continued for more than 9 months. In
contrast to the heightened SO, gas emissions,

the earthquake swarm between Miyake and

Kozu Islands gradually decreased after the
largest eruption on 18 August.

The VLP signals showed similar impul-
sive waveforms (Fig. 2A), suggesting a repet-
itive and nondestructive source process. The
VLP signals are not directly associated with
eruptions but rather with a steplike inflation,
followed by slow deflation recorded by the
tiltmeters on the island (3). Source mecha-
nism analyses of the VLP signals recorded by
the Japanese broadband seismometer network
(FREESIA/KIBAN) and a temporary seismic
station on the island show that the source
time functions of the moment tensor are rep-
resented by a smoothed step function over a

Aug. 30, 2000

Fig. 1. (A) Location of Miyake Island. We used broadband seismo-
grams recorded at permanent stations (solid circles) of the FREESIA/
KIBAN broadband seismometer network and a temporary seismic
station (solid square) on Miyake Island. The region indicated by
an ellipse represents the area of the earthquake swarm that occurred
during the period from early July to late August 2000. (B) Airborne
SAR images of Miyake Island (4). A caldera 1.7 km in diameter was
formed during the period between 8 July and the middle of August

2000 by gradual depression and expansion of the summit crater.
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