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provides an upper limit to the rate of
serpentinization and yields a rate of 5.1 �
10�3 km3/year (for 20% alteration of the
massif ). At this rate, it would take another
140,000 years to serpentinize the remaining
volume of peridotite.

Independent of the degree of alteration in
the Atlantis Massif, these calculations illus-
trate that the volume of peridotite is not the
limiting factor in serpentinization-driven hy-
drothermal systems. In the absence of sub-
stantial conductive cooling, the amount of
heat produced by serpentinization has the
potential to drive moderate-temperature, Lost
City–type systems for hundreds of thousands,
if not millions, of years. The rate at which
water is able to enter relatively cool mantle
rocks (�425°C) (17, 19), linked with tectonic
activity, uplift rates, and crack permeabilities,
are much more important in limiting the life
of such systems. These processes in turn will
influence conductive cooling and the effi-
ciency of the system to transport heat re-
leased during serpentinization. Ultimately,
temperature controls the rate of serpentiniza-
tion. Rates are likely to be highest at temper-
atures of �250°C; hydration and diffusion
rates are notably low below 100°C (19, 23).

Our studies indicate that tectonic and hy-
drothermal processes at the LCHF are inti-
mately linked and that they directly influence
fluid-flow paths and the chemical and isoto-
pic evolution of the fluids. Serpentinization
and talc-metasomatism are a direct result of
mantle denudation and most likely com-
menced close to the spreading center. Both
processes are undoubtedly ongoing below the
vent field. As the system evolved, a number
of self-propagating mechanisms increased
permeability and fluid access that may ulti-
mately be crucial for the formation of such
vent fields. For example, along the southern
scarps of the massif, complex networks of
steeply dipping faults, fracturing, and mass
wasting are driven by fracture-zone tectonics
and alteration-induced volumetric expansion
(1, 9). This enhances exfoliation along the
scarp, penetration of seawater into the rela-
tively cool, fresh peridotite, and propagation
of the serpentinization front toward the north
into the central dome of the massif. In addi-
tion, diffusely percolating, high-pH fluids
emanating from the underlying serpentinites
promote rapid sediment lithification (1, 6 ),
which offers an efficient mechanism for
slowing heat loss and maintaining higher
temperatures in the basement. Collectively
these processes have the potential to prolong
hydrothermal activity for tens of thousands of
years. If high-pH, reducing, ultramafic
systems are analogous to early Earth environ-
ments, the LCHF provides a natural labora-
tory to understand the links between serpen-
tinization, carbonate precipitation, and
microbial activity in ancient ecosystems (6 ).
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First-Principles Calculations
of PuO2�x

L. Petit,1,2 A. Svane,1* Z. Szotek,3 W. M. Temmerman3

The electronic structure of PuO2�x was studied using first-principles quantum
mechanics, realized with the self-interaction corrected local spin density method.
In the stoichiometric PuO2 compound, Pu occurs in the Pu(IV) oxidation state,
corresponding to a localized f4 shell. If oxygen is introduced onto the octahedral
interstitial site, the nearby Pu atoms turn into Pu(V) (f3) by transferring electrons
to the oxygen. Oxygen vacancies cause Pu(III) (f5) to form by taking up electrons
released by oxygen. At T � 0, the PuO2 compound is stable with respect to free
oxygen, but the delicate energy balance suggests the possible deterioration of the
material during long-term storage.

Although Pu oxidizes readily, until recently it
was accepted wisdom that PuO2 is the chemical-
ly stable Pu oxide (1); showing no sign of reac-
tion when exposed to air, it was the compound of
choice for the long-term storage of Pu. The
discovery by Haschke et al. (2) of higher com-

position binary oxides, PuO2�x (x � 0.27),
might therefore have wide-ranging implications
(3,4). The oxidation reaction was found to occur
in the presence of water, PuO2 � xH2O 3
PuO2�x � xH2, at temperatures in the range of
25° to 350°C. Nevertheless, despite considerable
experimental evidence, the existence of PuO2�x

remains controversial (5), because many earlier
attempts to prepare oxides containing Pu atoms
with oxidation states above 4 have failed.

We studied changes in the Pu f-electron
configuration induced by the oxidation/
reduction process from PuO2 to PuO2�x/
PuO2�x, based on ab initio electronic structure
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calculations that were performed using the self-
interaction corrected (SIC) local spin density
(LSD) approximation. The quantum mechanical
modeling of Pu and Pu compounds poses a
special challenge because of the position of this
element in the actinide series. The earlier actin-
ides (Th, Pa, U, and Np) are dominated by the
itinerant (delocalized) behavior of the 5f elec-
trons; the later actinides (Am, Cm, Bk, Cf, and
Es) are characterized by localized 5f electrons,
which do not contribute to the bonding in the
solid phase. Depending on chemical surround-
ings, Pu may exhibit more or less localized
character. We modeled this phenomena with the
SIC-LSD approach by describing some of the f
electrons as localized and others as delocalized.
The energetics of the chemical bonding to the
ligands determines the most favorable way to
split the f-electron manifold and allows for an
interpolation between the fully localized and
fully delocalized limits. In the SIC-LSD ap-
proach, the Pu oxidation state is given as the
number of electrons available for band forma-
tion, and a change in Pu oxidation state is man-
ifested as a localization-delocalization transition
in the f-electron manifold. We find that the
oxidation state of Pu in PuO2 readily increases
or decreases upon addition or removal of O,
respectively, which suggests a possible exis-
tence of high composition binary oxides of Pu.

PuO2 crystallizes in the cubic fluorite
(CaF2) structure, with a lattice parameter of
a0 � 5.396 Å, at 25°C (5). Stoichiometric
PuO2 is an insulator, with the assumed
ground-state configuration of the Pu ion be-
ing 5f 4; i.e., in the solid, four f electrons are
localized on each Pu site. Electronic structure
calculations, based on a delocalized descrip-
tion of the f electrons in PuO2, predict me-
tallic behavior with the appearance of narrow
f band at the Fermi level, EF. This is in
disagreement with the insulating behavior of
PuO2. Treating the 5f electrons as atomic-like
states (6, 7 ) results in a lattice constant that is
in good agreement with experiment and a
density of states (DOS) that can explain the
insulating character of PuO2, thus confirming
the localized nature of the f electrons.

Rather than determining the f-electron con-
figuration from a comparison to empirical data,
the SIC-LSD method is entirely ab initio and
relies on total energy considerations. Both local-
ized and delocalized f electrons are treated
equally (8), but with the inclusion of an explicit
energy contribution for an electron localization
(the self-interaction correction) (9). The method
has previously been applied succesfully to many
systems and, among them, both lanthanide (10)
and actinide (11) compounds. By comparing the
total energies for different localized Pu fn con-
figurations, the ground-state configuration can
be deduced from the absolute minimum in the
total energy. For PuO2, the SIC-LSD total ener-
gies as functions of volume have been calculated
for the localized 5f5, 5f4, and 5f3 configurations,
as well as for the fully itinerant f0 configuration
(Fig. 1). The tetravalent 5f4 configuration is
indeed seen to be the global energy minimum,
with the corresponding lattice constant of 5.34
Å, in good agreement with experiment. Local-
ization of only three f electrons per Pu atom
leads to a modestly higher energy (6 mRy per
formula unit), demonstrating the volatility of the
Pu f4 shell. In contrast, with five localized f
electrons on each Pu, the energy is 110 mRy
higher than the f4 ground state, effectively ruling
out this as a realistic model of PuO2.

To study the electronic structure of PuO2�x,
with x � 0.25, a periodic supercell consisting of
four PuO2 formula units (Fig. 2) has been used,
constituting the conventional fluorite cubic cell
of Pu4O8. To realize this high level of doping, an
additional O atom (O impurity) was placed on
the octahedral interstitial site, giving rise to a
hypothetical Pu4O9 compound. The x-ray and
neutron diffraction data confirm that PuO2�x

indeed has a fluorite related face-centered cubic
structure and that the extra O atoms are accom-
modated on the interstitial sites of PuO2 (2). The
inclusion of the extra O atom into the fluorite
lattice has a profound effect on the calculated
electronic structure, as can be seen from a com-
parison of the DOS in the valence and conduc-
tion bands of Pu4

4�O8 and Pu4
4�O9 (Fig. 3, A

and B, respectively). [The 4� superscript for
both compounds indicates that the Pu ions are

all assumed to be in the tetravalent f4 configu-
ration, Pu(IV).] In the case of Pu4O9, a broad
band that originates from the p-p and p-f overlap
between interstitial O atoms and their O and Pu
neighbors spans the energy range where, in
Pu4O8, the insulating gap (theoretical value,
0.94 eV) is situated. The position of EF indicates
that this impurity-derived p band is only partial-
ly filled, which arises because only four valence
p states of the added O atom are occupied.

To what extent would it be favorable to
populate further these O impurity p band states
by delocalizing f electrons on the neighboring
Pu atoms? To address this point, we present the
DOS for a scenario with two additional f elec-
trons delocalized, that is, two of the neighbor-
ing Pu atoms have the 5f3 localized configura-
tion (Fig. 3C). We refer to this configuration as
Pu2

5�Pu2
4�O9. From Fig. 3C, it follows that

the two extra itinerant electrons (compared with
Fig. 3B) are indeed accommodated in the O
impurity p band, as a result of charge transfer
and Pu-O hybridization, indicated by the up-
ward shift of EF. The delocalized f states give
rise to an additional narrow f peak, which oc-
curs above EF and thus remains unoccupied.
Whether the delocalization is energetically fa-
vorable depends on the gain in electrostatic and
kinetic energies caused by this rearrangement
of charge, which must be large enough to over-
come the associated loss in localization (self-
interaction correction) energy. This situation
indeed is the case, as can be seen from Fig. 4,
which shows the total energies and correspond-
ing theoretical equilibrium lattice parameters
for various 5f-electron configurations of the
hypothetical compound Pu4O9. The largest
change in energy, �E � �54 mRy, occurs
when a single f electron becomes delocalized
(Pu5�Pu3

4�O9), with respect to the original
tetravalent configuration (Pu4

4�O9). A consid-

Fig. 1. Total energy versus lattice
parameter for PuO2 assuming
different localized f shells on Pu.
f0, all f electrons are treated as
delocalized band states (black
dotted line); f3 (red line); f4 (blue
line); and f5 (black solid line) cor-
responding to the Pu(V), Pu(IV),
and Pu(III) oxidation states, re-
spectively. Units are Rydberg for
the energy (relative to the ener-
gy of the free neutral atoms)
and Å for the lattice constant,
both per formula unit.

Fig. 2. The conventional cubic unit cell of plutonium
dioxide in the fluorite structure. The cube contains
four PuO2 units (red Pu and dark blueO atoms). The
central O atom (cyan) marks the octahedral inter-
stitial position, where excess O in PuO2�x is accom-
modated. The modeling of PuO2.25 is facilitated by
occupying the central position in all cubic units.
Similarly, the oxygen-deficient PuO1.75 compound is
modeled by leaving one of the dark blue O sites
vacant in addition to the central interstitial site.
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erable gain in energy, �E � �21 mRy, is also
observed when delocalizing a further electron
on a second Pu atom (Pu2

5�Pu2
4�O9), indicat-

ing that the filling of the O impurity p states, by
depopulating Pu f states, is associated with a
large gain in charge transfer and hybridization
energy. The energy gains for delocalizing also
the third (Pu3

5�Pu4�O9) and fourth (Pu4
5�O9)

f electrons are small, respectively 1.6 and 1.2
mRy per PuO2�x formula unit. With the p band
being filled by the first two delocalized elec-
trons, these last two electrons start filling the
narrow f peak (Fig. 3D). The corresponding
gain in band formation energy is small, essen-
tially balancing out the loss in SIC energy,
within the accuracy of the method.

The total gain in energy due to f-electron
delocalization is EPu5�O2.25

–EPu4�O2.25
� �22 mRy.

The main difference between Pu4O8 and
Pu4O9 is that in Pu4O8 the extra p band is not
present, and any delocalized f electron will have
to be accommodated in the narrow f bands above
the band gap. The gain in band formation energy
associated with this transfer is not large enough
to overcome the loss in localization energy, and
the f electrons prefer to remain localized. Thus,
in our approach Pu4O8 is insulating, while Pu4O9

is metallic. The localized and delocalized behav-
iors nearly balancing out for the third and fourth

Pu f electrons may be taken as an indication that
the true state is intermediate between the Pu4�

and Pu5� which means that, on any Pu site, the
Pu ion fluctuates between these configurations in
a correlated way, so that at least two Pu5� sites
are present among the O impurity neighbors. A
similar picture of Ce fluctuating between f1 and
f0 in the vicinity of O vacancies in CeO2 has
been conjectured by Skorodumova et al. (12).

It follows from our calculations that the O
insertion into PuO2 increases the Pu oxidation
state beyond four. The calculated pentavalent
ground-state configuration for PuO2�x is in
agreement with the latest extended x-ray absorp-
tion fine structure results (13), which indicate
the presence of Pu5� ions. Initial x-ray photo-
emission spectroscopy data (14) suggested that,
after the inclusion of the O into PuO2, some of
the Pu4� ions were replaced by Pu6� ions. In the
SIC-LSD approach, this process translates into
delocalizing two f electrons from the same Pu
ion, leading to the formation of Pu6�Pu3

4�O9,
which from our calculations is energetically un-
favorable with respect to any of the previously
studied delocalization scenarios (Fig. 4). The
strong on-site f-f correlations that are involved
when delocalizing a second electron on the
same Pu site cannot be overcome by gain in
hybridization energy.

Measurements reveal that the accommoda-
tion of extra O in the fluorite structure leads to a
vanishingly small increase in the lattice parame-
ter a (2). Thus, for PuO2.265 a lattice parameter of
5.404 Å is obtained, compared with 5.397 Å for
PuO2. This change of the lattice parameter during
the PuO2�x formation does not happen in a con-
tinuous manner, and about half of it is realized in
an initial step as x first exceeds 0 (2). The appar-
ent insensitivity of the lattice parameter to O
inclusion was explained by the combined effect
of the expansion of the lattice due to additional O

and the shrinking of the lattice due to the replace-
ment of the tetravalent Pu ion by higher oxida-
tion-state Pu cations. The theoretical equilibrium
lattice parameters for different Pu configurations
(Fig. 4) confirm this assertion. In particular, the
calculated lattice parameter for Pu4

4�O8 is 5.34
Å, whereas the minimum of the total energy for
Pu4

4�O9 occurs at a � 5.37 Å. As expected, the
inclusion of an extra O atom has led to the
expansion of the fluorite lattice. Subsequently,
when the Pu f electrons are gradually delocalized
(configurations Pu5�Pu3

4�O9 through Pu4
5�O9),

the lattice parameter decreases slightly, as a result
of the increasing number of bonding electrons.
The combined effect of these two trends is a
lattice constant that is almost unchanged with
respect to the lattice constant of Pu4O8, in agree-
ment with experiment by Haschke et al.(2) and
their conjecture. On balance, our calculations
find the lattice constant of PuO2.25 slightly small-
er than that of PuO2, whereas experiment finds it
slightly higher. This difference may indicate the
presence of dynamical correlations in the narrow
band formed by the f electrons that have been
delocalized and for which the static band treat-
ment could have led to an overestimation of their
bonding contribution. This interpretation is sug-
gested by the decreasing lattice parameter after
oxidation of the slightly less correlated UO2 com-
pound (2). The larger spatial extent of the f
orbitals of U compared with Pu results in more
substantive energy gains, due to increased hy-
bridization, in U compounds compared with Pu
compounds, which leads to smaller lattice con-
stants. The observation (15) of U6� ions in
UO2�x is a direct indication of reduced correla-
tions among the delocalized U f electrons in
comparison to the Pu f electrons, which result in
larger fluctuations in the U f occupancies.

When oxygen atoms are removed from
PuO2 to form O-deficient compounds PuO2�x,

Fig. 3. Total density of states (black), Pu f-
projected DOS (red) and interstitial O p-projected
DOS (blue) for (A) the tetravalent Pu4

4�O8 com-
pound, (B) the tetravalent Pu4

4�O9 compound,
(C) the mixed Pu2

5�Pu2
4�O9 compound, and (D)

the pentavalent Pu4
5�O9 compound. The inter-

stitial O DOS is only displayed in (B) and (C). The
energy (in Rydberg) is relative to EF.

Fig. 4. Total energy minima (blue, and left-side axis) and corresponding theoretical equilibrium
lattice constants (red, and right-side axis) for different Pu f configurations of Pu4O9. The energy (in
Ry units) and lattice parameter data (in Å units) are given with respect to the corresponding values
for Pu4O8�[1⁄2]O2.
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noticeable changes in lattice parameter are ob-
served (16). For PuO1.87, for example, a lattice
parameter of 5.446 Å is measured: an increase
of 0.9 % with respect to the lattice constant of
stoichiometric PuO2. Here, we have studied the
electronic structure of PuO1.75. Starting again
from the unit cell shown (Fig. 2), the Pu4O7

supercell has been constructed by removing
one of the eight O atoms (marked in dark
blue). We subsequently calculated the total
energy as a function of lattice parameter, both
for the tetravalent Pu4

4�O7 and for the triva-
lent Pu4

3�O7 configurations; the latter has
been found to be the ground-state solution.
Compared with Pu4O8, we find that the re-
moval of an O atom results in the localization
of one further f electron on each of the Pu
sites, i.e., the opposite trend to adding O atom
to the PuO2 compound. The increased degree
of f-electron localization leads to a distinct
increase in the calculated lattice parameter,
a0 � 5.558 Å, as the bonding O p electrons
are removed and replaced with nonbonding
localized Pu f electrons.

The foregoing discussion implies that the
increase or decrease in the Pu state of oxidation
under O insertion to or extraction from PuO2 can
be explained in terms of a localization/delocal-
ization transition by correcting for the self-inter-
action associated with the strongly correlated 5f
electrons. Whether the oxidation process actual-
ly takes place depends on the thermodynamic
conditions, in particular the chemical potential of
the additional oxygen. We are not able to calcu-
late the entropic contributions to the free energy
here; however the total energy balance of the
reaction

PuO2 � 1

8
O2º PuO2.25 (1)

finds the reduction (left side) to be more
favorable by 25 mRy (using an LSD binding
energy of the free O2 molecule of 0.7 Ry).
Thus, at T � 0 the dioxide is stable, in
agreement with the observed chemical stabil-
ity of this compound. Depending on actual
conditions (temperature and chemical poten-
tial of oxygen), it is conceivable that the
oxidation may become favorable, given the
small energy barrier. The experimental oxi-
dation process of (2) uses H2O as oxidant, at
32 mbar H2O pressure and at temperatures
between 25° and 350°C. In this case oxida-
tion is accompanied by production of H2,
which is favored by high entropy.

This study of the electronic structure of
PuO2�x did not consider such complex species as
O 2

� and O2
2� as possible candidates for the extra

O. Similarly, noncubic distortions of the O sub-
lattice were not considered, although such con-
figurations are often encountered in oxide sys-
tems (15). The relevance of these issues in
PuO2�x compounds depends strongly on the en-
ergy considerations with respect to the indepen-
dent interstitial O. The important outcome of this

work is that Pu ions play an active role in accom-
modating extra O in the PuO2 matrix, because
their localized f states act as electron reservoirs
for the O2� ions: for x greater than 0, the added
O impurities absorb electrons released by the
neighbouring Pu(IV) ions in the process of f-
electron delocalization leading to the formation
of Pu(V) ions. A recent model of corrosion of Pu
(17) assumes an analogous situation. Similarly,
when O atoms are removed from stoichiometric
PuO2, the extra electrons are absorbed in the
formation of Pu(III) ions, with the localized f5

configuration, in the vicinity of O vacancies. We
find PuO2 energetically stable with respect to
interactions with free O2 molecules, consistent
with the results from decades of research on this
subject. The properties of PuO2�x predicted by
our calculations also agree very well with the
experimental findings by Haschke et al. (2).
Thus, higher oxidation states may be possible
under specific experimental or even environmen-
tal conditions. Pu oxidation states of 6 and above
have not been found in PuO2�x, but may be
realizeable in more exotic circumstances (18).
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The Archaeology of Ushki Lake,
Kamchatka, and the Pleistocene
Peopling of the Americas

Ted Goebel,1* Michael R. Waters,2 Margarita Dikova3

TheUshki Paleolithic sites of Kamchatka, Russia, have long been thought to contain
information critical to the peopling of the Americas, especially the origins of Clovis.
New radiocarbondates indicate that humanoccupationofUshki beganonly 13,000
calendar years ago—nearly 4000 years later than previously thought. Although
biface industries were widespread across Beringia contemporaneous to the time of
Clovis in western North America, these data suggest that late-glacial Siberians did
not spread into Beringia until the end of the Pleistocene, perhaps too recently to
have been ancestral to proposed pre-Clovis populations in the Americas.

Anthropologists have long looked to Siberia
for the origins of the first Americans. Much
attention has focused on the search for an
immediate antecedent of Clovis (1–3), the

earliest unequivocal complex of archaeolog-
ical sites in North America (4 ). A clear con-
nection between the Siberian Paleolithic and
early American sites, however, continues to
be elusive.

One Siberian locality pivotal to under-
standing the peopling of the Americas is the
site complex around Ushki Lake, Kamchatka
(Fig. 1). Ushki Lake is located in the mari-
time region of southwestern Beringia, 55°N
latitude. Dikov excavated the Ushki sites
from 1964 through 1990, revealing two late
Paleolithic cultural components in a stratified
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