
and 1.8 mm yr21 with a regional average value of 0.8 mm yr21. Although this figure is
somewhat higher than the trend computed without area weighting, the difference is not
significant considering the poor temporal sampling found in several of the 108 £ 108 areas.
Thus, we conclude that area weighting is not essential to this study. The formal uncertainties
of trends of dynamic height derived from 5-yr means are 0.1–0.2 mm yr21. These are smaller
than the uncertainty values from gauge data because the former are based on area averages.

Except for the Balboa area, which suffers from relatively poor temporal sampling, the
hydrographic results presented in Fig. 2 are not overly sensitive to the size or orientation of
the sample areas. Cutting the width of the California area in half, that is, setting the
offshore boundary at 220 km instead of 440 km as shown, results in a dynamic height trend
of 0.4 mm yr21 instead of 0.5 mm yr21 over 1938–1996. Similarly, cutting the Honolulu
area in half results in a dynamic height trend of 0.4 mm yr21 instead of 0.3 mm yr21 from
1950 to 1999.
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The oxidation state recorded by rocks from the Earth’s upper
mantle can be calculated from measurements of the distribution
of Fe31 and Fe21 between the constituent minerals1–3. The
capacity for minerals to incorporate Fe31 may also be a signifi-
cant factor controlling the oxidation state of the mantle4,5, and
high-pressure experimental measurements of this property

might provide important insights into the redox state of the
more inaccessible deeper mantle. Here we show experimentally
that the Fe31 content of aluminous silicate perovskite, the
dominant lower-mantle mineral, is independent of oxygen fuga-
city. High levels of Fe31 are present in perovskite even when it is
in chemical equilibrium with metallic iron. Silicate perovskite in
the lower mantle will, therefore, have an Fe31/total Fe ratio of at
least 0.6, resulting in a whole-rock ratio of over ten times that of
the upper mantle5,6. Consequently, the lower mantle must either
be enriched in Fe31 or Fe31 must form by the disproportionation
of Fe21 to produce Fe31 plus iron metal. We argue that the lower
mantle contains approximately 1 wt% of a metallic iron-rich
alloy. The mantle’s oxidation state and siderophile element
budget have probably been influenced by the presence of this
alloy.

The Earth’s upper mantle contains both ferric and ferrous iron
but ferrous iron is by far the more dominant species (Fe3þ/
SFe , 0.03) (refs 5, 6). Chemical equilibria between Fe3þ- and
Fe2þ-bearing minerals in mantle rocks can be used to calculate the
oxygen fugacity of the upper mantle, which is generally found to fall
within þ1 and 22 log units of the quartz–fayalite–magnetite
oxygen buffer1–3. This lower bound is more than three orders of
magnitude above the level where the upper mantle would be in
chemical equilibrium with metallic iron, as probably occurred
during core–mantle segregation.

The oxygen fugacity of an upper-mantle assemblage equates quite
reasonably with the concentration of Fe3þ in some constituent
minerals. The Fe3þ content of spinel, for example, decreases with
decreasing oxygen fugacity towards zero at conditions of equilib-
rium with metallic iron3. This relationship is dependent on mineral
structure and chemistry, however, and at higher pressures there are
examples of silicate minerals (such as wadsleyite, ringwoodite and
majoritic garnet) that have significant Fe3þ concentrations when
coexisting with metallic iron4,5. The crystal–chemical constraints
that make Fe2þ the dominant iron species in the upper mantle may
not, therefore, hold for the transition zone and lower mantle, where
mixtures of Fe3þ-rich minerals and metallic Fe may become stable,
even if bulk oxygen contents are the same as in the upper mantle.

Using a multianvil high-pressure apparatus, we have synthesized
samples of aluminous silicate perovskite coexisting with metallic Fe
to determine the Fe3þ/SFe ratio of perovskite under these relatively
reducing conditions. Aluminous pyroxene starting materials were
ground with an additional 20 wt% powdered metallic Fe and
equilibrated in Fe capsules at 1,600 8C for run durations of up to
five days. In most experiments 20 wt% ferropericlase was also
added. Additional experiments in graphite capsules using a syn-
thetic peridotite composition, without added metallic Fe, were
performed at conditions slightly below and above the silicate
solidus. The Fe3þ/SFe ratios of silicate perovskite in the recovered
samples were measured using Mössbauer and electron energy loss
spectroscopy7 and are reported in Table 1. Figure 1a shows a typical
run product. In addition to using a Fe capsule, distributing metallic
Fe throughout the experimental charge is essential for ensuring
redox equilibrium between the silicate and metal.

Figure 2 shows the Fe3þ versus the Al3þ content of perovskite in
atoms per two-cation formula unit for samples equilibrated with
metallic Fe at typical mantle temperatures. The shaded region
encompasses results with uncertainties from similar experiments
performed under more oxidizing conditions in the presence of Re
and ReO2 (refs 8, 9). The Fe3þ content of perovskite is coupled to the
Al3þ concentration8–10. The nonlinear relationship between Al3þ

and Fe3þ may result from a gradual change in the dominant
trivalent cation incorporation mechanism—from one involving
oxygen vacancies at low Al3þ concentrations, to a coupled substi-
tution of trivalent cations at higher Al3þ concentrations9. Computer
simulations indicate that such a coupled substitution remains
favourable at least up to 100 GPa, that is, over most of the lower
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mantle11. Our new data indicate that the relationship between Al3þ

and Fe3þ is independent of oxygen fugacity because the Fe3þ

content of perovskite in equilibrium with metallic Fe is very similar
to the level measured under more-oxidizing conditions. The oxygen
fugacity of the Re–ReO2 buffer is approximately 6 log units above
the metallic Fe equilibrium. At oxygen fugacities slightly lower than
those investigated here, all Fe in the system would be reduced to
metal. Experiments performed above the silicate solidus also
demonstrate that perovskite has a significant Fe3þ concentration
during either crystallization or partial melting (Fig. 2).

If the lower mantle has a typical bulk silicate earth compo-
sition12,13, then it will be composed of approximately 70 wt% silicate
perovskite, which will contain around 5 wt% Al2O3 (refs 14, 15).
Using our Fe3þ versus Al3þ relationship, we calculate that perovskite
in the lower mantle must have an Fe3þ/SFe ratio of approximately
0.6. This means that either the lower mantle is enriched in Fe3þ

compared to the upper mantle, or that silicate perovskite appro-
priates oxygen either by the reduction of volatile species or by the
disproportionation of Fe2þ to Fe3þ and metallic Fe.

The first possibility is inconsistent with evidence for whole-
mantle convection16. The redox state of the upper mantle seems
to have remained relatively constant since 3.6 Gyr ago17,18, which
would not have occurred if there were significant mixing with an
Fe3þ-rich lower mantle. The second possibility implies that the bulk
oxygen content of the lower mantle is the same or similar to the
upper mantle and that oxidation of Fe2þ to Fe3þ is balanced by
reduction of some other component. Volatile species such as H2O
and CO2 could be reduced to diamond, CH4 and H2 in order to
release oxygen, but the mantle budget of CO2 and H2O together is
probably only of the order of 2,000 p.p.m. at most19, so such a
reduction could only account for a fraction of the required oxygen.
Several studies have also proposed that in deeper regions of the
upper mantle and transition zone these volatile species are already
in a reduced state5,20,21. The most realistic scenario, therefore, is for
oxygen to be provided by the reduction of Fe2þ to metallic iron:

3FeO! Feþ Fe2O3 ð1Þ

Figure 1 Scanning (a–c) and transmission (d) electron microscope images of

experimental run products. a, An iron capsule containing magnesium silicate perovskite

(Mg-pv) and ferropericlase (Fp). Bright metallic Fe powder, which was added to the

starting material, can be seen throughout the sample. Inset, the entire capsule rotated

908. The capsule is 0.8 mm in diameter. An Al2O3 sleeve surrounded the Fe capsule

inside the multianvil high-pressure assembly. b, A sub-solidus run product in a diamond

capsule. Grains of magnesium silicate perovskite, calcium perovskite (Ca-pv) and

ferropericlase (Fp) can be seen with small amounts of metallic Fe that formed during the

experiment. Metallic Fe was not added to these starting materials. c, A super-solidus

experiment run in a diamond capsule where magnesium silicate perovskite and silicate

melt can be seen with a grain of metallic Fe that must also have formed during the

experiment. d, A TEM image of a cluster of submicrometre-sized particles of metallic Fe

inside ferric iron-rich magnesium silicate perovskite (run 2002).

Figure 2 The variation of Al3þ and Fe3þ in silicate perovskite reported as atoms per

two-cation formula unit. Analyses from experiments performed in equilibrium with

metallic Fe at a typical temperature for the top of the lower mantle (1,600 8C) are shown as

black diamonds. The grey field encompasses analyses from experiments performed at a

higher oxygen fugacity in equilibrium with the Re–ReO2 buffer8,9. Analyses of perovskites

forming slightly below and above the silicate solidus (,2,200 8C) are shown as small

squares. The vertical dotted line indicates the approximate Al content of silicate perovskite

expected in a lower mantle with a typical bulk silicate earth composition12,13.
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The observation that high levels of Fe3þ can occur in perovskite in
equilibrium with metallic Fe means that Fe2þ disproportionation
must occur if aluminous perovskite is formed in a system that is
initially poor in Fe3þ. The formation of aluminous perovskite with
the appropriate Fe3þ content from a bulk silicate earth12,13 compo-
sition with an initial Fe3þ/SFe ratio similar to the upper mantle5,6

requires the precipitation of approximately 1 wt% metallic Fe-rich
alloy. The alloy would contain approximately 88 wt% Fe, 10 wt% Ni,
and 1 wt% S together with the majority of the lower mantle’s
siderophile elements. The Ni content, calculated using 25 GPa
partition coefficients22, may decrease with pressure23. Although
the perovskite Fe3þ concentration is slightly lower at the silicate
solidus (Fig. 2), approximately 0.5 wt% alloy would still be expected
to form at these conditions.

Circumstantial evidence in support of disproportionation can be
found in experiments performed on peridotite compositions in
diamond capsules. Powdered metallic Fe was not added to these
experiments but Fe-rich metal has formed in equilibrium with
aluminous silicate perovskite (Fig. 1b, c). Transmission electron
microscope images also indicate the formation of submicrometre
metal inclusions (Fig. 1d).

This proportion of metal is unlikely to have separated from the
solid lower mantle even at temperatures above the metal solidus as a
consequence of the high interfacial energies between Fe-rich liquid
metal and lower-mantle minerals24,25. During mantle convection,
Fe2þ in descending material entering the lower mantle would
disproportionate to exsolve metal, which would remain locked in
the silicate assemblage. As material ascended out of the stability field
of perovskite, Fe3þ and metal would recombine to Fe2þ, retaining
the same bulk oxygen content. Such a metal phase would probably
evade geophysical detection. A metallic phase of this proportion
would not significantly influence the electrical conductivity of the
lower mantle because it would not be interconnected. In fact,
experiments have shown aluminous and ferric iron-rich perovskite
to have an electrical conductivity quite consistent with that of the
lower mantle26. This amount of metal would also be too small to
measurably influence seismic wave velocities in the lower mantle.
The Fe3þ content may influence the elastic properties of silicate
perovskite, however, which should be taken into consideration
when comparing lower-mantle seismic velocities with experimen-
tally and theoretically determined values.

The formation of the metallic phase in the lower mantle has
important implications for the evolution of the redox state of
the mantle. Core–mantle segregation would have ensured that the
early silicate mantle was more reduced than present-day upper
mantle27,28. Irrespective of whether silicate perovskite formed by
solid-state transformation during accretion or by crystallization

from a magma ocean, disproportionation of Fe2þ would have
occurred concurrently because the precursor material would have
been poor in Fe3þ. Iron-rich metal must, therefore, have existed in
the lower mantle from the moment silicate perovskite became stable
and could not have separated to a large extent without creating a
lower mantle enriched in oxygen.

Many accretion models propose that core-forming liquid metal
descended through the solid lower mantle23,28,29. In this case, the
descending metal could have transported some of the dispropor-
tionated metal into the core. Transport of the metal to the core could
also have been aided by the formation of a deep magma ocean from
which metal would exsolve as aluminous silicate perovskite crystal-
lized. This would result in a net increase in the oxygen content of the
lower mantle and after convection the bulk oxygen content of the
mantle would be raised. This is consistent with the observation that
the upper mantle today is more oxidized than it was likely to have
been during core formation5,28. To increase the Fe3þ/SFe ratio of
the upper mantle to its present-day level, from that expected
during core formation, requires of the order of 10% of the
disproportionated metal phase to segregate into the core.

If a solid lower mantle were in place before the completion of core
formation, then the metallic phase could have retained a significant
quantity of siderophile elements that would have otherwise been
extracted to the core. Subsequent homogenization of the mantle by
convection might then help to explain why many siderophile
elements are over-abundant in the upper mantle in comparison to
their expected behaviour during core–mantle differentiation30. If
correct, this eliminates the necessity for a chondritic ‘late veneer’27

in geochemical accretion models. A
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Colicins are narrow-spectrum antibiotics produced by and active
against Escherichia coli and its close relatives. Colicin-producing
strains cannot coexist with sensitive or resistant strains in a
well-mixed culture, yet all three phenotypes are recovered in
natural populations1. Recent in vitro results conclude that strain
diversity can be promoted by colicin production in a spatially
structured, non-transitive interaction2, as in the classic non-
transitive model rock–paper–scissors (RPS). In the colicin ver-
sion of the RPS model, strains that produce colicins (C) kill

sensitive (S) strains, which outcompete resistant (R) strains,
which outcompete C strains. Pairwise in vitro competitions
between these three strains are resolved in a predictable order
(C beats S, S beats R, and R beats C), but the complete system of
three strains presents the opportunity for dynamic equilibrium2.
Here we provide conclusive evidence of an in vivo antagonistic
role for colicins and show that colicins (and potentially other
bacteriocins) may promote, rather than eliminate, microbial
diversity in the environment.

Colicins are high-molecular-mass bacteriocins produced by
E. coli3,4. In vitro experiments show that coexistence of a colicin
producer and a sensitive strain in a well-mixed culture is not
possible5–7. In natural populations a further phenotype, colicin-
resistant, is always present, and more recent in vitro and in silico
work has incorporated this third phenotype2,6,8,9. Theoretical and
empirical studies reveal that a combination of colicinogenic, sensi-
tive and resistant provides a stabilizing factor in a mixed, spatially
structured assemblage2,6,8. This complex of three strains has the
same formal structure as the RPS game2, with C beating S (by
killing), S beating R (by growth-rate advantage, because the resist-
ant strain has had to modify a receptor used in nutrient uptake), and
R beating C (because colicin production involves bacterial suicide).
Thus, these authors conclude that antagonistic factors, such as
colicins, may promote biological diversity in natural microbial
populations and communities2.

Colicins have repeatedly been the subject of in vivo studies that
failed to confirm expectations generated by laboratory and math-
ematical studies for potent antagonism4,10. However, whereas those
studies generally regarded resistance as a nuisance phenomenon, the
RPS model treats it as central to the establishment of a dynamic
equilibrium. To validate this new model of colicin-related popu-
lation dynamics, a new in vivo experimental model was applied.
Controlled enteric bacterial populations were established in small
populations of mice so that the bacterial population dynamics could
be monitored as bacteria migrated from mouse to mouse.

This mouse model has proved to be highly effective in studies of
enteric bacteria in the mammalian colon11. Streptomycin eliminates
from the mouse colon the minority Gram-negative microbial
community, which is replaced with the desired streptomycin-
resistant Gram-negative test strains. The majority Gram-positive
communities remain relatively undisturbed12,13, and the mouse
experiences normal colon development and function11,14.

To study the impact of colicins on bacterial dynamics in this
mouse model, four related E. coli strains were generated. The base
strain, E. coli K12 (BZB1011), is naturally sensitive to most known
colicins. A streptomycin-resistant mutant of BZB1011 was selected
as the colicin-sensitive (S) strain. Two colicin-producing strains
(CE1 and CE2) were derived by introducing naturally occurring
colicin plasmids into the S strain by electroporation. These two
colicins (E1 and E2) were chosen because they represent colicins
commonly found in mouse colon isolates, are encoded on easily
manipulated, non-transformable, low-molecular-mass plasmids,
and act in distinctly different ways. Colicin E2 is a DNase that
enters the cell and nonspecifically cleaves DNA15. In contrast, colicin
E1 produces voltage-gated pores in the cell membrane, depolarizing
the cell15. To produce the fourth strain, S was exposed to colicin E2,
and a resistant strain (R) was isolated. This strain was resistant to
both colicin E1 and colicin E2. DNA sequencing of the btuB locus
of the R strain suggests that the resistance phenotype was generated
by an IS1 insertion (J. E. Wertz and C. Winkworth, personal
communication).

Seventy-two mice were given streptomycin in their drinking
water. The sensitive and resistant E. coli were inoculated by
mouth into 24 mice each, and CE1 and CE2 were inoculated into
12 mice each. In all cases the new strains rapidly colonized their
hosts, and all achieved final densities of about 106 colony-forming
units per gram of faeces, similar to the frequency of enteric bacteria
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