Spin Transition Zone in Earth's Lower Mantle
Jung-Fu Lin, et al.
Science 317, 1740 (2007);
DOI: 10.1126/science.1144997

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of September 21, 2007 ):

Supporting Online Material can be found at:
http://www.sciencemag.org/cgi/content/full/317/5845/1740/DC1
This article cites 31 articles, 6 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/317/5845/1740#otherarticles
This article appears in the following subject collections:
Geochemistry, Geophysics
http://www.sciencemag.org/cgi/collection/geochem_phys
Information about obtaining reprints of this article or about obtaining permission to reproduce
this article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2007 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on September 21, 2007

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/317/5845/1740

tive version in the construction of natural products.
To illustrate, the carbon skeleton of the sesquiterpene natural products, a large family with many
biologically active members in both enantiomeric
series, was targeted (18). The retrosynthesis involved constructing the polycyclic core of these
molecules by using the TADA of silicon-containing
macrocyclic ketone 8 (Fig. 4A) (19). Postcyclization, straightforward synthetic manipulations of the tricyclic product 9 would provide
access to various members of this interesting natural product class. Construction of such a decalin
framework using traditional Diels-Alder partners
that lack a macrocyclic tether is problematic because of the development of severe syn pentanelike interactions between the gem-dimethyl group
and the methyl group of the dienenophile in the
transition state (20).
Synthesis of the desired TADA substrate was
achieved in eight steps from known ketoaldehyde
10 (Fig. 4B) (21). Silylation of alcohol 11 was
followed by macrocyclization via diene-ene
ring-closing metathesis using the Grubbs firstgeneration ruthenium catalyst, which proceeded
in excellent conversion and with good selectivity for the E,E diene product 8 (22). Gratifyingly, exposure of this macrocycle to catalyst 3f
resulted in complete conversion of the E,E isomer to provide the desired TADA product 9 in
>20:1 dr. Tamao oxidation of the crude reaction
mixture (23), followed by oxidative cleavage of
the resulting diastereomeric mixture of hemi-

ketals, provided lactone 12 in 83% ee. This
intermediate, which could potentially serve as a
precursor to a number of sesquiterpene targets,
was elaborated in three steps to a representative
natural product, 11,12-diacetoxydrimane (24). In
addition to providing a concise, enantioselective
route to these terpene targets, the strategic use of
a temporary transannular tether may constitute
an important approach for dealing with difficult
bond constructions in a variety of systems.
The successful application of a chiral catalyst
to transannnular reactions is thus not only possible but is seen to be remarkably general across a
broad range of macrocyclic substrates. This
strategy should allow stereocontrolled assembly
of polycyclic molecular architectures with unparalleled efficiency and elegance.
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Mineral properties in Earth’s lower mantle are affected by iron electronic states, but representative
pressures and temperatures have not yet been probed. Spin states of iron in lower-mantle ferropericlase
have been measured up to 95 gigapascals and 2000 kelvin with x-ray emission in a laser-heated
diamond cell. A gradual spin transition of iron occurs over a pressure-temperature range extending
from about 1000 kilometers in depth and 1900 kelvin to 2200 kilometers and 2300 kelvin in the lower
mantle. Because low-spin ferropericlase exhibits higher density and faster sound velocities relative to
the high-spin ferropericlase, the observed increase in low-spin (Mg,Fe)O at mid-lower mantle conditions
would manifest seismically as a lower-mantle spin transition zone characterized by a steeper-thannormal density gradient.
lectronic spin-pairing transitions of iron
and associated effects on the physical properties of host phases have been reported
in lower-mantle minerals, including ferropericlase, silicate perovskite, and possibly in postsilicate perovskite at high pressures, but so far
only at room temperature experimentally (1–12).
These mineral physics studies have prompted
geophysicists and geodynamicists to reevaluate the state of the lower mantle and, in particular, the possible sources of seismic (13–15)
and chemical (16, 17) heterogeneities, as well
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as the thermal stability of massive upwellings
(18, 19) in terms of spin-pairing phenomena.
Changes in the electronic structure of iron are
thought to promote partitioning of iron into ferropericlase relative to perovskite (1), although experimental evidence is lacking under lower
mantle conditions (6, 11, 16, 17). Recent theoretical calculations predict that the spin transition of
Fe2+ in ferropericlase, (Mg1-xFex)O (x < 0.2),
would occur continuously over an extended pressure range—and thus would be more accurately referred to as a spin crossover—under the
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pressure-temperature conditions of the lower
mantle (6, 11). In this case, the associated effects would be gradual and therefore less likely
to permit seismological detection. Because the
Earth’s lower mantle varies in pressure from 22
to 140 GPa and in temperature from 1800 K to
4000 K (20), experimental determination of the
simultaneous pressure-temperature effect on
the spin transitions of lower-mantle phases is
essential.
We have studied the electronic spin states of
iron in ferropericlase [(Mg0.75,Fe0.25)O] and its
crystal structure under relevant lower-mantle conditions using x-ray emission spectroscopy (XES)
and x-ray diffraction with a laser-heated diamond
anvil cell (LHDAC) (5, 21–23). The spin states
of iron in (Mg0.75,Fe0.25)O at high pressures and
temperatures were probed by in situ XES in a
1
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sample and diamond anvils, as well as the pressure medium and the pressure calibrant (24).
A Rowland circle spectrometer with 1-m diameter in the vertical scattering geometry was
configured around the double-sided laser-heating
system at the GeoSoilEnviro Consortium for Advanced Radiation Sources (GSECARS) sector of

LHDAC. The samples were preoriented <110>
crystal plates (5) or polycrystalline (9) samples of
(Mg0.75,Fe0.25)O composition measuring ~12 mm
thick and 70 mm in diameter. Samples were
loaded into diamond cells with Be gaskets and
boron or cubic BN gasket inserts. Dried NaCl
layers acted as thermal insulators between the
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Fig. 1. Representative x-ray emission spectra of Fe Kb collected from ferropericlase(Mg0.75,Fe0.25)O at high pressures and
temperatures. (A) 51 GPa and high temperatures; (B) 80 GPa and high temperatures. High-quality XES spectra collected
at ambient pressure and 80 GPa are used
as references for the IAD analysis (23) of
the high-spin and low-spin states, respectively. Differences from the low-spin line
shape, shown below the spectra, are used
to derive the ratio of the high-spin to lowspin states in the sample. An energy shift of
~1.6 eV in the main emission peak (Kb)
can also be seen across the spin transition.
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Fig. 2. Representative angle-dispersive
x-ray diffraction patterns of (Mg0.75,Fe0.25)O
at ~84 GPa and high temperatures collected from a laser-heated diamond cell. A
monochromatic beam of 0.3344 Å in
wavelength was used as the x-ray source,
and the diffracted x-rays were collected by
an image plate (MAR345). The diffraction
patterns were integrated with the FIT2D
program, and the backgrounds were
subtracted for clarity. (Mg0.75,Fe0.25)O is
stable in the B1 structure up to 1900 K
and remains in the B1 structure after hours
of laser heating (26). Fp, (Mg0.75,Fe0.25)O;
NaCl, thermal insulator in the B2 structure. Temperature uncertainties in the experiments were approximately 100 to
150 K. Optical observation of the laserheated sample shows no evidence of a
phase separation.
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the Advanced Photon Source (APS), Argonne
National Laboratory (ANL) for XES of iron in
the sample under high pressures and temperatures (5, 21). A monochromatic x-ray beam of
14 keV was focused down to ~5 mm vertically
and horizontally at the sample position, and a
near-infrared laser beam 25 mm in diameter at the
sample position was used to heat the sample from
both sides of the DAC. The Fe Kb emission spectra were collected by a silicon detector through the
Be gasket and a Si (333) analyzer in the Rowland
circle geometry. During the laser-heating experiments, the energy of the monochromatic x-ray was
adjusted to higher energy to allow x-ray diffraction
measurements with an image plate (MAR345).
The details of the experimental set-up and sample
synthesis are reported in supporting online
material (22).
The XES spectra of the Fe Kb fluorescence
lines in (Mg0.75,Fe0.25)O were collected up to 95
GPa and 2000 K, and x-ray diffraction patterns
were collected from some of the samples before,
during, and after laser heating at high pressures
(Figs. 1 and 2). To quantitatively derive the 3d
spin momentum and the ratio of the high-spin
and low-spin states, the XES spectra were analyzed using the line-shape analysis by integrating
the absolute values of the difference spectra and
comparing these integrals with that obtained on
references [integrated absolute difference (IAD)
analysis] (Fig. 1 and figs. S1 and S2) (23). The
IAD analysis uses the information of the full Fe
Kb spectrum and is model independent. It has
been shown that the derived IAD values linearly
correlate with the spin momentum at the transition between two spin states and provide a
reliable method for determining the ratio of the
high-spin and low-spin states in the sample (23).
The derived fractions of the high-spin state
were used to construct the spin-crossover phase
diagram of iron in (Mg0.75,Fe0.25)O up to 95 GPa
and 2000 K (Fig. 3). Whereas the XES results
reveal an electronic spin crossover with a mixed
population of high-spin and low-spin states of
iron in ferropericlase at high pressures and temperatures, x-ray diffraction patterns show that the
(Mg0.75,Fe0.25)O sample is stable in the B1 structure before, during, and after the experiments
up to 95 GPa and 2000 K (Fig. 2 and fig. S3)
(25, 26). High temperatures do not significantly
affect the fraction of the high-spin state below
50 GPa and above 95 GPa, but much stronger temperature effects on the spin crossover are observed
from ~50 to 90 GPa. The observed spin crossover
is found to be readily reversible in temperatures
and cannot be simply explained as the result of
sluggish transition and kinetics. The spin-crossover
zone clearly widens with increasing temperatures
at high pressures (Fig. 3). Although previous highpressure and room-temperature experiments showed
that low-spin and high-spin states have characteristic physical properties, such as volume, incompressibility, and sound velocities, and can be
categorized as two distinct phases, high-spin ferropericlase and low-spin ferropericlase (5, 7, 9),
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the spin crossover in the ferropericlase observed
in our current XES and diffraction experiments
likely involves a mixed population of high-spin
and low-spin states in the same crystal structure,
an isosymmetric transition involving the substitution of low-spin ions for high-spin ions without
change in the structure of the host (6, 11).
Comparison with the model geotherm of the
Earth’s lower mantle (20) indicates that the highspin to low-spin crossover of iron likely occurs
from the middle part to the lower part of the lower
mantle from ~1000 km in depth and 1900 K to
~2200 km and 2300 K, and that the low-spin
ferropericlase with the B1 structure exists in the
lower mantle, that is, at depths below ~2200 km.
The observed width of the spin crossover in ferropericlase is much narrower than that predicted by
the existing theoretical models (6, 11). Although
the temperature effect on the spin transitions in
the silicate perovskite and post-perovskite is yet
to be studied (2–4, 8, 12), we propose that this
spin-crossover phenomenon should also occur in
silicate perovskite because it is subject to similar
thermal energy in the lower mantle as that required to overcome the spin-pairing energy.
The spin crossover of iron in the lowermantle phases substantially affects its implica2000
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Fig. 3. Isosymmetric spin
crossover of Fe2+ in (Mg0.75,
Fe0.25)O. The phase diagram
is constructed from the interpolation and extrapolation of
the derived fractions of the
high-spin state in the sample
(fig. S2). Colors in the vertical
column on the right represent fractions of the high-spin
iron, gHS, in (Mg0.75,Fe0.25)O.

tions for the geophysics and geodynamics of
Earth’s lower mantle. The continuous nature of
the spin crossover observed here explains why no
significant change in iron partitioning between
ferropericlase and perovskite has been observed
in recent high pressure-temperature experiments
with a pyrolitic and olivine composition (16, 17),
as opposed to a proposed dramatic change in
partitioning and chemical layering in the lower
mantle (1, 2). Because the low-spin ferropericlase
exhibits relatively high density (5, 11), fast sound
velocities (5, 9), and lower radiative thermal
conductivity (7) than the high-spin ferropericlase,
the spin crossover in ferropericlase would result
in continuously enhanced density and reduced
radiative thermal conductivity of ferropericlase
from the middle part to the lower part of the
lower mantle. However, slowing in sound
velocities and lowering in pressure derivatives
of the sound velocities are expected within the
transition region (9). The observed increase of
the low-spin (Mg,Fe)O at the mid-lower mantle conditions would manifest seismically as a
lower-mantle spin transition zone (STZ), characterized by a steeper-than-normal density gradient between ~1000 km and 2200 km in depth
(13–15) (Fig. 4). Spin transition may therefore

1400
0.6
1200

0.5

1000

0.4

800

0.3
0.2

600

0.1

400
20

30

40

50
60
P (GPa)

70

80

90

γHS

0

Fig. 4. Derived fractions of the
low-spin ferropericlase (A) and
density variation (B) along a
model lower-mantle geotherm
(20). Fraction of the low-spin
ferropericlase is derived from an
extrapolation of the experimental
data in Fig. 3. Density variations
in ferropericlase across the spincrossover region assume that the
density varies linearly with the
fraction of the low-spin iron (22).
Dashed line and dash-dotted line
represent derived density variations using maximum variations of 2.8% and 4.2% across the spin-crossover region from evaluation
of recent experimental (5) and theoretical (11) data, respectively. Vertical bars represent the density
variations caused by 2% and 5% perturbation of total iron content in ferropericlase, respectively, at
ambient conditions (32).
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account for some of the seismic wave heterogeneity in that region, and the existence of the
low-spin (Mg,Fe)O at the lowermost mantle
conditions may affect the thermal stability of
the mantle upwellings (18, 19).
Because the spin crossover of iron occurs in
the lower-mantle minerals such as ferropericlase
at high pressures and temperatures, the thermal
compression curves and sound velocities of the
lower-mantle minerals will be continuously
influenced by the ratio of the high-spin and
low-spin states along the lower-mantle geotherm
(Figs. 3 and 4). This renders the use of the
classical equations of state with lattice finite
strain theory unreliable for modeling the density
and sound velocity behavior across the spin
crossover (24, 27–29). For example, a density
increase of ~3 to 4% is observed across the highspin to low-spin transition in ferropericlase at
~50 GPa (5, 11, 22). Using a pyrolite lower-mantle
composition model (29, 30) with ~33% of ferropericlase and assuming a similar thermal compression behavior in high-spin/low-spin (Mg,Fe)O
with various iron content (22, 31, 32), we predict
the spin crossover of iron in (Mg,Fe)O would
result in a density difference of ~1% between the
extrapolated high-spin and low-spin density
profiles, affecting our understanding of the
lower-mantle chemistry. Such density increase is
equivalent to the addition of ~5.0% FeO into
MgO in ferropericlase (32) and may be further
enhanced if the stiffer low-spin ferropericlase (5)
exhibits less thermal expansion than that extrapolated using the thermal equation of state of the
high-spin ferropericlase (31). Therefore, knowledge of the ratio of the high-spin to low-spin states
in ferropericlase as well as in the silicate perovskite
and post-perovskite is essential to evaluate reliably
the composition, geophysics, and dynamics of
Earth’s lower mantle.
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The Primitive Wrist of Homo
floresiensis and Its Implications
for Hominin Evolution
Matthew W. Tocheri,1* Caley M. Orr,2,3 Susan G. Larson,4 Thomas Sutikna,5
Jatmiko,5 E. Wahyu Saptomo,5 Rokus Awe Due,5 Tony Djubiantono,5
Michael J. Morwood,6 William L. Jungers4
Whether the Late Pleistocene hominin fossils from Flores, Indonesia, represent a new species,
Homo floresiensis, or pathological modern humans has been debated. Analysis of three wrist bones
from the holotype specimen (LB1) shows that it retains wrist morphology that is primitive for the
African ape-human clade. In contrast, Neandertals and modern humans share derived wrist
morphology that forms during embryogenesis, which diminishes the probability that pathology
could result in the normal primitive state. This evidence indicates that LB1 is not a modern human
with an undiagnosed pathology or growth defect; rather, it represents a species descended from
a hominin ancestor that branched off before the origin of the clade that includes modern humans,
Neandertals, and their last common ancestor.
he debate over the affinity of the Late
Pleistocene hominin fossils from the
island of Flores has focused primarily on
the craniodental remains of the first specimen
(LB1) recovered from Liang Bua cave (1–6).
LB1 is the holotype specimen of a new species,
Homo floresiensis (1, 7), but some argue that
it is a pathological modern human (4, 6). Here
we examine the morphology of three wrist
bones attributed to LB1 to test these competing
hypotheses.
Wrist morphology can be a powerful indicator of phylogenetic relationships in Mammalia
because of variation in the number and shape of
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carpal elements and in the configuration of the
articular surfaces (8–12). In primates, the trapezoid is the wrist bone situated directly proximal
to the index finger. The modern human trapezoid
is shaped like a boot (9, 13, 14), wherein the
palmar half of the bone is radio-ulnarly and
proximo-distally wide (Fig. 1). In contrast, other
primates have a trapezoid that is more wedgeshaped with a narrow palmar tip and a wide
dorsal base (9, 13–15). This difference between
human and nonhuman primate trapezoid shape
is concomitantly reflected by the shapes and
articular configurations of the carpals that articulate with the trapezoid, and all of these carpals
are derived in modern humans in comparison to
those in other primates (Figs. 2 and 3) (9, 13).
Upper Paleolithic Homo sapiens and Neandertals
share these derived morphological features with
modern humans, suggesting that they are most
likely inherited from a recent common ancestor
(13). A capitate attributed to Homo antecessor
(16) and dated to ~0.8 million years ago (Ma)
(17) also shares the derived condition (13, 16).
Thus, the current paleontological evidence suggests that this complex of wrist features evolved
by at least 800,000 years ago.
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Three complete carpals—a trapezoid, scaphoid, and capitate—all of which are from a left
wrist, were recovered along with the cranium,
mandible, and additional postcranial material of
LB1 in Spit No. 59 of Sector VII during the
September 2003 excavation (fig. S1 and table S3)
(1, 2, 18). Each is well preserved and shows no
signs of pathology or abnormal development.
As shown in Figs. 1 to 3, these three articulating
bones display none of the shared, derived features of modern human and Neandertal carpals
(13). Instead, they show the general symplesiomorphic pattern exhibited by all extant African
apes, as well as fossil hominins that preserve
comparable wrist morphology and date before
1.7 Ma (13, 19–22). Like other nonhuman primates, LB1’s trapezoid is (i) wedge-shaped; (ii)
the ulnar side of its second metacarpal articulation is oriented more sagittally (Fig. 1, top and
bottom rows); (iii) its scaphoid articular surface is
more triangular in shape (Fig. 1, middle row);
and (iv) it lacks the expanded palmar nonarticular area (Fig. 1, top row) and the more
palmarly placed capitate articulation observed
in modern humans and Neandertals (Fig. 1,
bottom row). We quantified these shape differences using three-dimensional (3D) methods
measuring the relative areas and angles of carpal
articular surfaces (13, 14, 18, 23). Multivariate
statistical analysis of these data distinguishes
modern humans and Neandertals from the great
apes, Papio, and LB1 (Fig. 1). Primarily, the
trapezoids of modern humans and Neandertals
are distinct in their shape and articular configuration as a consequence of the large expansion of palmar nonarticular area, which tends to
square off the entire palmar half of the bone
(Fig. 1, top row) (13).
The scaphoid and capitate of LB1 both
exhibit the shapes and articular configurations
that occur concomitantly with the primitive
hominid trapezoid condition (13, 18), and multivariate analyses of these carpals provide similar
results (Figs. 2 and 3). For example, LB1’s capitate lacks the enlarged palmarly placed articular
surface for the trapezoid observed in modern
humans and Neandertals (9, 13) and, instead,
shows the waisted neck characteristic of extant

21 SEPTEMBER 2007

Downloaded from www.sciencemag.org on September 21, 2007

18. C. Matyska, D. A. Yuen, Earth Planet. Sci. Lett. 154, 196
(2006).
19. J. B. Naliboff, L. H. Kellogg, Geophys. Res. Lett. 33,
L12S09 (2006).
20. J. M. Brown, T. J. Shankland, Geophys. J. R. Astr. Soc. 66,
579 (1981).
21. J. F. Lin et al., J. Synchrotron Rad 12, 637 (2005).
22. Materials and methods are available as supporting
material on Science Online.
23. G. Vankó et al., J. Phys. Chem. B 110, 11647
(2006).
24. F. Birch, J. Geophys. Res. 91, 4949 (1986).
25. L. S. Dubrovinsky et al., Science 289, 430 (2000).
26. J. F. Lin et al., Proc. Natl. Acad. Sci. U.S.A. 100, 4405
(2003).
27. G. F. Davies, A. M. Dziewonski, Phys. Earth Planet. Int.
10, 336 (1975).

1743

