
1057

than the rest (14). This again implies a mix-
ture of stellar populations, consistent with
more recent merging activity for the
Andromeda Nebula than is implicated for
the Milky Way.

State-of-the art ΛCDM simulations of
galaxy formation (15) predict that a sub-
stantial fraction of each stellar component
of a disk galaxy—even in the thin disk—
consists of tidal debris from merged former
companion galaxies. Thus, much substruc-
ture should be observed in kinematics and in
chemical abundances. Spectroscopic sur-
veys of large numbers of stars are required
to determine the full chemical abundance
and kinematic (radial velocity) distributions.

These data should become available
from ongoing and future surveys. Com-
puter simulations are limited by resolution
and by the simplistic physics of star forma-
tion that are used to model galaxies associ-
ated with dark haloes. Both aspects should
improve. Soon we should be able to say
whether ΛCDM is an appropriate frame-
work for understanding galaxies.
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P
lutonium (Pu) is one of the elements
best known to the general public. Its
notoriety stems from the element’s

nuclear properties: It emits alpha particles,
leading to its radiotoxicity, and is able to
undergo fission with thermal neutrons,
leading to its use in nuclear weapons.

But plutonium has another, more be-
nign, face. Its place in the periodic table
imbues it with exceptional electronic prop-
erties that still defy a clear explanation, 60
years after they were first discovered. A re-
cent theoretical report (1) and the experi-
mental study by Wong et al. on page 1078
of this issue (2) elucidate the elementary
transitions (the movement of atoms in the
solid), an aspect of plutonium that has not
been addressed before. 

Plutonium is midway across the row
called the actinides in which the 5f electron
shell is progressively filled (see the fig-
ure). In the early part of the actinide series,
the 5f electron states contribute to the
bonding between atoms. Here, the atomic
volume dependence on electron count re-
sembles that of a transition metal series. In
contrast, the heavier actinides [americium
(Am) and beyond] have larger atomic vol-
umes that depend little on the electron
count. These properties signal a rare
earth–like behavior; the 5f states are local-
ized and do not participate in the bonding.

In plutonium, the 5f electrons are “on
the edge,” and it is this unique situation
that gives rise to a plethora of unusual
properties (3). Plutonium goes through six

different phases before it melts, more than
any other element. Here, we confine our at-
tention to the simple face-centered cubic
(fcc) phase, which is stable at high temper-
atures and may be stabilized at room tem-
perature by adding a small amount (less
than 1 weight percent) of gallium.

The fact that plutonium is radioactive is
a great impediment to performing experi-
ments on this element. Despite 60 years of
effort, knowledge is limited. For example,
the frequencies of its elementary excita-
tions (or phonons) are poorly known. Many
elastic and thermodynamic properties de-
pend on the phonons. These properties are
known for almost all other elements and

many compounds, mainly from neutron in-
elastic scattering. For plutonium, however,
neutrons are not the answer, because the
technique requires relatively large single
crystals (at least 100 mm3). Furthermore,
special isotopes must be used to avoid the
high absorption of 239Pu.

That the phonons in plutonium would be
interesting is ensured both by its place in
the periodic table and by renowned experi-
ments performed 27 years ago (4). These
measurements showed that the elastic prop-
erties of fcc plutonium are highly direction-
dependent (anisotropic). Ever since, the
field has waited to learn more of the prop-
erties of plutonium, particularly its elemen-
tary excitations at finite q (a parameter that
is inversely proportional to the wavelength
of the excitation).

Now, in the space of 2 months, we have
been treated to two pioneering papers on the
phonons in fcc plutonium. First, Dai et al.
(1) made a theoretical prediction within a
framework (the dynamical mean field theo-
ry, DMFT) that includes the electron corre-
lations so important in plutonium. These
calculations reproduce the large shear
anisotropy of plutonium (2). The authors
went on to explain some of the high-temper-
ature phases of plutonium as a consequence
of its large anharmonicity and the influence
of the phonon entropy.

Wong et al. (2) present experimental re-
sults that complement the theoretical work
of Dai et al. The authors use inelastic scat-
tering of x-rays from a third-generation syn-
chrotron facility (the European Synchrotron
Radiation Facility in Grenoble, France) to
determine the complete phonon dispersion
curves of plutonium.

The agreement between theory and ex-
periment is surprisingly good. However, a
noticeable difference appears in the 〈111〉
direction, especially at short wavelengths.
This feature probably arises from the elec-
tron-phonon interaction. A natural exten-
sion will be to follow such effects as a
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function of temperature. Similar studies
(with neutrons) on uranium led to the dis-
covery of a series of complex charge-den-
sity waves in that material (5).

The two studies (1, 2) provide important
insights into some of the basic elastic and
thermodynamic properties of plutonium.
Furthermore, both the DFMT method and
the microbeam method used in the experi-
ment open up new avenues for investiga-

tion, not only of the actinides but also of
many other interesting materials.

Plutonium emerges as a fascinating ele-
ment. Last year, we learned that some com-
pounds of plutonium superconduct at sur-
prisingly high temperatures (6). Now that
we understand more about the vibrations in
the element itself, there will be many new
efforts to solve some of the riddles of the
past 60 years. Hopefully, these studies will

help to convince those weaned on its con-
troversial nuclear properties that there is
another side to plutonium.
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olcanic hotspots such as Hawaii and
Iceland are believed to be caused by
fixed volcanic sources deep in Earth’s

mantle. As a tectonic plate drifts over such a
hotspot, age-progressive island chains and
seamounts—such as the Hawaiian-Emperor
seamounts—are created. But how do we
know that the hotspots are fixed relative to
one another and that their tracks reflect only
the plate motions above them? New paleo-
magnetic data from drill holes into the
Emperor seamounts, re-
ported by Tarduno et al. on
page 1064 of this issue (1),
show that the story is not
that simple.

The ages of the Em-
peror seamounts indicate
rapid (>5 cm/year) rela-
tive motion between the
plate and the hotspot
source from 81 to 47 mil-
lion years ago. This could
mean that the Pacific
plate was moving north-
ward over a stationary
hotspot source, carrying
the volcanic record of the
Emperor seamounts with
it. Alternatively, the Pa-
cific plate could have
been stationary, underlain
by a southward-moving source of hotspot
volcanism.

Paleomagnetic data can reveal the origi-
nal latitude of the seamount eruptions and the
history of latitudinal motion of the Pacific
plate. These data can thus distinguish be-
tween these two extreme possibilities, which
have very different implications for mantle
dynamics (see panel A of the figure). If all
Emperor seamounts were at 19°N when they
erupted, this would suggest that the hotspot

source was fixed at 19°N with respect to the
North Pole and that there was northward mo-
tion of the Pacific plate. Conversely, if all
seamounts had paleolatitudes equivalent to
their modern latitudes, the Pacific plate
would have been stationary, but the hotspot
plume would have moved southward.

Paleomagnetic results (1, 2) show that
the truth lies somewhere in between. The
latitude of the volcanic centers was not con-
stant with time, but was south from their

modern latitudes for seamounts north of
Koko Seamount. Earlier data showed that
the Pacific plate had a northward compo-
nent of motion (3, 4). The Emperor
Seamount drilling results (1, 2) reveal that
there was also southward drift of the hotspot
plume beneath the Pacific plate, contrary to
the fixed-hotspot hypothesis (5). 

If the hotspots are all fixed relative to
each other, then continental hotspot tracks
could be used to reconstruct plate positions
for times older than the seafloor spreading
record (before 150 million years ago);
kinks in hotspot tracks such as the
Hawaiian-Emperor bend could be linked to

major changes in plate motion. However,
the fixed-hotspot hypothesis has never
been universally accepted, because the cri-
teria for hotspot volcanism are ambiguous
and the tracks and eruptive history of many
of these features are difficult to define.

Hotspot fixity can be tested by comput-
ing past relative plate positions under the
fixed-hotspot assumption and comparing
these with reconstructions based on marine
magnetic anomalies, which record seafloor
spreading in the ocean basins. This method
requires a reliable chronology of the
hotspot traces, which is not always avail-
able, and a good knowledge of the seafloor
spreading history of the plates. Further-
more, it can only be applied to plates con-

nected to each other
through a “plate circuit” of
mid-ocean ridges.

For some Indo-Atlantic
hotspots, the relative plate
motions from magnetic
anomalies and those from
hotspot traces are similar.
There thus appears to be a
self-consistent set of plate
motions in which this sub-
group of hotspot sources
was fixed (6). However,
conclusions differ on
whether all major Pacific
plate hotspots fit a single
reference frame (7, 8).
Comparisons of these two
hotspot groups through the
plate circuit reveal relative
motion between individual

Pacific hotspots and the Indo-Atlantic
hotspots (9, 10).

A mistake in the plate circuit assump-
tions, such as an unrecognized plate
boundary, could account for this misfit, but
no suitable boundary has yet been found
(11). The new data of Tarduno et al. (1) ex-
plain why a missing plate boundary cannot
completely account for the hotspot misfit:
The latitude of the hotspot volcanism in the
Emperor seamounts was changing with
time, while the latitudes of the Indo-
Atlantic hotspots did not change.

What does this result imply for process-
es deep in the mantle? The plates are the
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Different views of hotspot plumes. (A) The plumes are stationary and vertical.As the

plate moves over them, the only control on the hotspot tracks is the plate velocity. (B)

The plume bases are fixed relative to one another, but the plumes are at an angle due

to mantle flow, with the plate moving over them. Thus, there are two controls on the

hotspot tracks: mantle flow and plate motion. (C) The hotspot tracks are due to the

sum of three effects: relative motion between the two plume sources, change in geom-

etry of the plume conduits due to mantle flow, and plate motions at the surface.
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