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Ammonite, Reconstructed > >

Ammonites were an abundant marine organism that went

extinct about the same time as the dinosaurs—roughly 65
million years ago. Although their shells make good fossils,
other ammonite structures are rarely discerned. Kruta et al.
(p. 70; see the Perspective by Tanabe) have used synchrotron-
based x-ray microtomography to visualize and reconstruct the
mouthparts of three specimens. The morphology of the jaws
and radula suggests that ammonites fed on small marine in-
vertebrates—indeed, tiny crustaceans and snail-like gastro-
pods were found among the jaws of one specimen.

Heating the Solar
Atmosphere

The question of why the Sun’s outer atmo-
sphere, or corona, is much hotter than its sur-
face is one of the main unresolved issues in so-
lar astrophysics. By combining measurements
from NASA’s Solar Dynamics Observatory and
the Japanese Hinode satellite, De Pontieu et
al. (p. 55) show that jets of plasma propelled
upward from the region immediately above the
Sun's surface are implicated in the heating of
the solar corona. The results challenge current
models for coronal heating and show that the
interface region between the surface of the Sun
and its corona plays a crucial role in energizing
the solar atmosphere.

Spinning the Unspinnable

Weaving and spinning can take a weak mate-
rial like straw or yarn and turn it into a much
tougher rope. Lima et al. (p. 51) found that
by using carbon
nanotubes as a
support mate-
rial, they could
spin and weave
a range of
materials that
otherwise are
considered in-
tractable to such
manipulation, ranging from superconductors
to sutures containing biomedical agents. The
desired materials were deposited onto a web of
multiwalled carbon nanotubes, using an electro-
static powder coating gun, and then twisted into
yarns, which could be knotted and sewn, and
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showed excellent retention of the guest particles
when subjected to solvents or a mechanical
washing cycle.

Toward Perfection?

When physicists tried to re-create the conditions
believed to have existed microseconds after the
Big Bang, they found, to their surprise, that the
resulting “soup” of quarks and gluons behaved
not like a gas, but like a perfect (frictionless)
liquid. Cao et al. (p. 58, published online 9
December) have studied one such candidate for
a perfect liquid at a convenient scale—a dilute
gas of fermionic Li-6 atoms—and measured

its viscosity in a wide temperature range. The
results were consistent with expectations that

a resonant Fermi gas would have properties
dependent only on density and temperature.
Although the estimated viscosity/entropy ratio
approached the perfect fluid limit, it still ex-
ceeded it by fivefold. Nevertheless, these mea-
surements can now be compared with advanced
theoretical models.

Spinning for Naught

Large-scale structures or discontinuities in
Earth’s interior are typically caused by transfor-
mations in the physical or chemical properties
of minerals that occur when pressure increases
with depth. For example, an electronic spin
transition in iron atoms within minerals that
are stable at high pressures and temperatures
has been predicted to influence some miner-
als’ compressibility and, hence, the speed of
sound waves passing through the lower mantle.
Using an inelastic x-ray scattering technique

at high pressures, Antonangeli et al. (p. 64)
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show that the spin transition in fact does not
influence how ferroperriclase (a major lower-
mantle mineral) is compressed, but it does
appear to affect anisotropy (i.e., directionally
dependent properties) within ferroperriclase,
which may account for the observed directional
dependence of some seismic waves in the lower
mantle, even though the spin transition itself,
which should occur at a defined depth, does not
correspond to any specific structure or anomaly
in the lower mantle.

Seasonal Behavioral
Plasticity

The African butterfly Bicyclus anynana shows a
sex-role reversal in courtship behavior, which is
set during larval development and controlled
by larval rearing temperature. In the wet
season form, the males court and the females
choose, while in the dry season form, females
court and males choose. Prudic et al. (p. 73)
show that these changes in mating behavior
correlate with a cryptic change of the sexual or-
nament in both sexes. In the wet season, males
have brighter sexual signal in the ultraviolet
(UV) range, and in the dry season, females
have a brighter sexual signal in the UV range.
These changes in both sexual roles and signal
are also correlated with a change in costs

and benefits to mating among the different
seasonal forms. Females have both increased
longevity and reproductive output if they mate
with dry season males, but dry season males
have a reduced life span when mated, while
wet season males do not. Thus, reciprocal pat-
terns of sexual selection through the seasons
result in mutual ornamentation.

SCIENCE www.sciencemag.org

CREDITS (TOP TO BOTTOM): KRUTA & LETHIERS, UMR 7207; LIMA ET AL.

Downloaded from www.sciencemag.org on January 7, 2011


http://www.sciencemag.org/

REPORTS

64

3C) quantitatively reproduce the main features
discussed above. Inspection of the trajectories
responsible for the side-lobes shows that these
trajectories can indeed be considered as a ref-
erence and scattered wave packet, creating a holo-
gram (Fig. 4A).

The efficiency of electron-ion recollision
drops dramatically with increasing Aj,¢., because
of spreading of the wave packet between
ionization and recollision. Still, a clear hologram
can be observed at 7 um. Two effects make this
possible. First, the hologram results from a het-
erodyne experiment, in which a weaker signal is
mixed with a stronger signal. Second, to create a
clear reference a large-impact parameter is
needed in order to limit the interaction with the
Coulomb field. For large A, @ small p, al-
ready leads to large-impact parameters because
of the long excursion time between ionization
and recollision.

Inspection of the electron trajectories con-
tributing to the transverse structures (Fig. 3)
reveals that they are due to recollision events in
which the scattering does not occur on the first
opportunity but on the second or third (20, 24, 25).
Typical examples of these trajectories are shown
in Fig. 4, B to D. One, respectively two glancing
electron-ion collisions can be observed before the
real recollision takes place. Usually, these rare
events do not leave an imprint on the photo-
electron spectrum. However, the combination of
a long laser wavelength and Coulomb focusing
(24) increases the probability because a small
deviation introduced by the Coulomb potential

can be sufficient to focus the returning wave
packet onto the ion.

In our model study on the ionization of meta-
stable xenon, we have experimentally shown the
possibility to record holographic structures.
Furthermore, our theoretical exploration shows
that the hologram stores spatial and temporal
information about the core- and electron dy-
namics. This offers opportunities to extend strong-
field holography to more complicated systems and
to use it to time-resolve electron-dynamics. As
revealed in recent experiments (6, 26), electron-
ion recollision phenomena encode hole dynamics
that occur in ions during the first few femto-
seconds after strong-field ionization. When
properly implemented with the use of a long-
wavelength-driving laser, photo-electron holog-
raphy appears especially well suited for studying
this type of dynamics, in particular in molecules
with a low binding energy that cannot easily be
studied by other means.
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Spin Crossover in Ferropericlase at
High Pressure: A Seismologically
Transparent Transition?

Daniele Antonangeli,>* Julien Siebert,*> Chantel M. Aracne,? Daniel L. Farber,>> A. Bosak,*
M. Hoesch,* M. Krisch,* Frederick J. Ryerson,? Guillaume Fiquet, James Badro?

Seismic discontinuities in Earth typically arise from structural, chemical, or temperature variations
with increasing depth. The pressure-induced iron spin state transition in the lower mantle may
influence seismic wave velocities by changing the elasticity of iron-bearing minerals, but no
seismological evidence of an anomaly exists. Inelastic x-ray scattering measurements on

(Mg g3Feq.17)0-ferropericlase at pressures across the spin transition show effects limited to the
only shear moduli of the elastic tensor. This explains the absence of deviation in the aggregate
seismic velocities and, thus, the lack of a one-dimensional seismic signature of the spin
crossover. The spin state transition does, however, influence shear anisotropy of ferropericlase and
should contribute to the seismic shear wave anisotropy of the lower mantle.

he characterization of pressure- and
Ttemperature-induced transformations in

mantle minerals and their connection to
seismic discontinuities aid in the understand-
ing of Earth’s interior. In this sense, the series
of phase transformations that occurs in olivine—
which with increasing pressure first transforms to
wadsleyite, then to ringwoodite, and then breaks
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down into ferropericlase and perovskite—is em-
blematic. These phase changes are accompanied
by density and sound-velocity variations that are
responsible for the main seismic discontinuities
in the upper mantle (/).

In contrast, the recently discovered iron spin-
state transition—where compression favors the
electron spin pairing, with the system changing

VOL 331

from a high-spin to a low-spin state—in both
ferropericlase (2) and perovskite (3), the two
main phases of the lower mantle, does not clearly
relate to any seismic signature, although effects
on mantle density and seismic wave velocity
have been anticipated (4-8). In ferropericlase, the
spin transition occurs without structural changes
(4, 9), but experimental (/0) and theoretical (17)
studies suggest large softening of all the elastic
moduli and, consequently, a major decrease in
the aggregate sound velocities. Thus, at pressure
and temperature conditions of the lower mantle,
such an effect should be associated to a broad
seismic anomaly (/2) that, conversely, is not ob-
served (13, 14).

Here we present inelastic x-ray scattering (IXS)
measurements on (Mg g3Feg 17)O-ferropericlase
across the spin transition and up to 70 GPa (75).
We obtained the complete elastic tensor (that is,
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all of the independent moduli that linearly relate
stress and strain) and derived the aggregate
sound velocities, the aggregate elastic moduli,
and the shear anisotropy at corresponding depth.
IXS has proven to be a useful technique for the
high-pressure and high-temperature study of elas-
ticity and sound velocities of powders (/6—18)
and single crystals (/9, 20). In particular, IXS
allows all of the independent elements of the

elastic tensor to be directly determined from the
initial slope of the phonon dispersion of selected
longitudinal acoustic (LA) and transverse acous-
tic (TA) modes, without any external input or
a priori model (/5). Thus, IXS overcomes the
limitations of previously used surface-sensitive
techniques [such as impulsive stimulated light
scattering (ISLS) (8, 21)] that require a complex
data inversion, involving modeling of the sound
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Fig. 1. Pressure evolution of the single-crystal elastic moduli of (Mg,_,,Fe,)O-ferropericlase (table S1)
(15). Solid squares, IXS data for x = 0.17 (this work); open diamonds, ambient pressure ultrasonic
determinations for x = 0.17 (26); open triangles, Brillouin measurements for x = 0.06 (23); open inverted
triangles, ISLS results for x = 0.06 (10); open circles, Brillouin determinations for x = 0.10 (22). Error bars
account for the uncertainties on the measured velocities and densities (15). at. %, atomic percent.

Fig. 2. Density evolu- T
tion of the aggregate 14000
sound velocities (Voigt-
Reuss-Hill average) (15).
Solid squares, compres-
sional sound velocity
(Vp); solid circles, shear
sound velocity (Vs); open
hexagons, bulk sound
velocity (Vo = Kip).
The lines are linear fits
to the experimental data.
The density range cor-
responding to the spin-
transition zone (4750 to
5000 kg/m?) is shaded.
Error bars on the ag-
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waves at the interfaces and input of external
parameters to obtain bulk properties. Brillouin
measurements, which also directly provide sound
velocities, were limited in the case of ferroperi-
clase to the only shear velocities and the lon-
gitudinal moduli computed after input of the
(independently measured) bulk modulus (22).
IXS allows for the in situ determination of sam-
ple density (/5), which is an important parameter
in the mixed-spin region. Furthermore, whereas
Brillouin scattering is restricted to transparent
samples (22—24), IXS is not. Thus, we have been
able to investigate high—iron-content ferroperi-
clase [17 mole percent (mol %) Fe], which is
more relevant to the lower mantle than that used
in recent work (8, 22-24).

Up to ~40 GPa, all the elastic moduli exhibit
a monotonic increase with pressure (Fig. 1 and
table S1), as is expected with compression. In
the 40-to—60-GPa pressure range, where the
spin transition occurs (2, 4, 25), we observe a
distinct softening of C44 and a small variation in
Cy,, whereas Cy; retains a continuous trend. Above
60 GPa, the usual monotonic increase with pres-
sure is observed for all of the moduli, albeit with
a larger pressure derivative. The back extrapo-
lations of our results to ambient pressure are
within a few percent of the ultrasonic determi-
nations for the same composition (26). Howev-
er, if we compare our high-pressure measurements
with ISLS (/0) and Brillouin (22, 24) data ob-
tained on samples with lower iron content, we
observe qualitative agreement for C44 and C' =
1/2(Cy; — Cyp), which display softening in the
pressure range of the spin transition for all
methods (quantitative differences are at least
partially due to differences in iron concentration),
but disagreement for C, and C;;. Whereas both
optical studies (8, 22) report a large softening of
Cy; in the 40-to—60-GPa range, the direct de-
termination of C;; by IXS [via sound velocity
measurements of the LA[100] mode (/5)] does
not show any anomaly (Fig. 1). To support our
findings, we stress that in other systems where
pressure-induced, spin-pairing transitions occur
(such as the extensively investigated Fe-, Co-,
and Mn-Invar alloys), these transitions are com-
monly accompanied by much larger effects on
the shear elastic moduli than on the longitudinal
moduli (27, 28).

From the measured single-crystalline Cj;, we
computed the aggregate elastic properties bulk
and shear moduli, as well as the compressional
(Vp) and shear (Vs) sound velocities by straight-
forward averaging [see (15)]. The values we obtain
for the bulk and shear moduli compare favorably
with the ambient-pressure ultrasonic determina-
tion (26) and with the values obtained by x-ray
diffraction (4) for both the low-spin and the high-
spin state (figs. S3 and S4).

A direct consequence of the lack of soften-
ing of Cy; and of the moderate effect on C, is
the absence of any sizable deviation from a
linear density evolution of the aggregate Vp and
Vs (Fig. 2). In contrast to recent claims (8, /7, 22),
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neither Vp nor Vg show an anomaly due to the
spin-pairing transition.

With respect to Earth’s lower mantle, recent
optical (8, 22) and theoretical (/7) studies pro-
posed that an anomalous (albeit smooth) soften-
ing of the aggregate elastic properties (especially
the bulk modulus K and the bulk velocity Vg =
\K/p, where p is density) should occur at depth.
The range over which this takes place has been
suggested to extend from 1000 to 1500 km,
based on room-temperature results (8), and
from 1300 to 1800 km, when including high-
temperature effects (22), such as those along a
mantle geotherm (/7). Our study provides an
explanation for the lack of a seismic signature
(13, 14) associated with the spin crossover in the
lower mantle.

The high-spin—to—low-spin transition does,
however, have an effect on the single-crystal
elasticity of ferropericlase (when not smeared due
to averaging over many grains as in an ideally
random aggregate). The relative magnitude of the
shear elastic moduli Cy44 and C’ (corresponding
to the sound velocity of the TA[110]<go;~ and
TA[110]<_;10- modes, respectively) evolves with
pressure (Fig. 3). At ambient and low pressures,
Cy4 > C', but the pressure derivative of C' is
larger than that of Cy4, so that the two intersect
around 16 to 17 GPa. At higher pressures, the
sign of shear anisotropy is reversed. This behavior
is in good agreement with results of Brillouin
spectroscopy on samples with 10 mol % Fe (24).
Above 60 GPa, in the low-spin phase, the pres-
sure derivative of the two shear moduli is almost

the same. Accordingly, the pressure evolution of
the shear anisotropy, defined as 4 = 2(C' — Cyy)/
(C" + Cyy), is very different for the high- and
low-spin ferropericlase (see inset of Fig. 3): 4
increases linearly with pressure in the high-spin
phase, whereas it remains almost constant (or
slightly decreases) in the low-spin phase. Thus,
we suggest that a seismically detectable signature
of the spin transition in the lower mantle may be
found in the shear anisotropy. Because ferroperi-
clase is much weaker than perovskite, it can ac-
commodate most of the strain (29) and develop
strong texture (30). Our measurements indicate
a very large shear anisotropy, ~70% at 70 GPa
for ferropericlase with a Fe content of 17 mol %,
a value very close to that measured for ferro-
periclase with 10 mol % Fe (24) and at least
50% larger than the shear anisotropy of MgO
(24). Such a considerable anisotropy, in conjunc-
tion with lattice-preferred orientation, supports the
notion that ferropericlase is the main phase
responsible for the seismic shear anisotropy of
the lower mantle (24). Therefore, the different
shear anisotropy behavior of high- and low-spin
ferropericlase should be considered together with
temperature and chemical variations to interpret
local seismic heterogeneity.

Finally, the values of Vp and Vs for
(Mg g3Feg 17)O-ferropericlase at 70 GPa (13300 +
300 m/s and 7360 = 220 my/s, respectively) are
very close to the measured Vs (37) and computed
Vp and Vs (32, 33) values for MgSiOs-perovskite
at the same pressure. Because both Fe and Al are
expected to lower the aggregate velocities of pe-

T T T T T T T T T T T T T T T T
400 g T T T T T T T T T .
L tay _
350 | %40» % low spin | % ]
| % 20l high spin ] |
% , c'
T 300 / . T
o &-20t <
9 | ol < i
= 250 - 0 10 20 30 40 50 60 70 80 -
S Pressure (GPa) i
g L i
o 200 - ﬁ .
B | ® _
oy ] u
W 150 | [ | n i
] c,
B [ ; 4
100 o .
50 | A | A | A | A | A | A | A | A
0 10 20 30 40 50 60 70 80

Pressure (GPa)

Fig. 3. Comparison of the pressure evolution of C44 (squares) and C' (circles), corresponding to the two
different polarizations of the shear mode in the diagonal plane of a cubic lattice. (Inset) Shear anisotropy
as a function of pressure. The lines are guides for the eye. Error bars account for the uncertainties on the

measured velocities and densities (15).
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rovskite (33, 34), our results suggest that the
velocities of the two major phases of the lower
mantle might become comparable (if not ferro-
periclase faster than perovskite) in the lowermost
1000 to 1200 km of the lower mantle. This could
challenge current compositional models of the
lowermost mantle based on an extrapolation of
lower-pressure elasticity data. However, direct high-
pressure, high-temperature measurements on both
ferropericlase and perovskite (with relevant major-
element compositions) are required to confirm
these conjectures.
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Small Interannual Variability of
Global Atmospheric Hydroxyl

S. A. Montzka,™* M. Krol,%* E. Dlugokencky,® B. Hall,* P. Jockel,*t ]. Lelieveld*®

The oxidizing capacity of the global atmosphere is largely determined by hydroxyl (OH) radicals
and is diagnosed by analyzing methyl chloroform (CH3CCls) measurements. Previously, large
year-to-year changes in global mean OH concentrations have been inferred from such
measurements, suggesting that the atmospheric oxidizing capacity is sensitive to perturbations
by widespread air pollution and natural influences. We show how the interannual variability in
OH has been more precisely estimated from CH;CCl; measurements since 1998, when atmospheric
gradients of CH3CCl; had diminished as a result of the Montreal Protocol. We infer a small
interannual OH variability as a result, indicating that global OH is generally well buffered
against perturbations. This small variability is consistent with measurements of methane and
other trace gases oxidized primarily by OH, as well as global photochemical model calculations.

oxidant for many non-CO, greenhouse
gases, several stratospheric ozone-depleting
substances and their substitutes, and hazardous
air pollutants. It is also central to atmospheric pho-
tochemistry and the regulation of tropospheric
ozone, and thus controls the influence of chem-
ically reduced trace gases on climate, the strato-
spheric ozone layer, and air quality (/—4). The
interannual variability (IAV) in OH concentra-
tions ([OH]) on large spatial scales provides
insight into the stability of the atmospheric oxi-
dation capacity and its sensitivity to human-
induced and natural perturbations. However, a
consistent, predictive understanding of the net re-
sponse of [OH] on broad scales to such pertur-
bations is lacking. For example, a range of negative
[OH] feedbacks is calculated from changes in
atmospheric methane abundance (3, 5-7).
Theory suggests that the sensitivity of [OH]
to environmental changes depends on the relative
importance of primary and secondary (recycling)
OH formation pathways (7). The balance be-
tween primary OH formation initiated by ultra-
violet light and formation by recycling is determined
by atmospheric abundances and distributions of
NO,, H,0O, O3, CO, and CHy4, as well as other

The hydroxyl radical (OH) is the primary
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parameters (3, 8), many of which are highly var-
iable in space and time and are relatively poorly
characterized on global scales and in model cal-
culations. As a result, calculated sensitivities of
global [OH] to AV in the chemical and physical
makeup of the atmosphere have yet to be ad-
equately tested.

Although OH can be measured directly on
local scales, these results cannot characterize the
integrated response of global mean [OH] to the
many processes that control its formation and
loss. Instead, indirect techniques are used in which
[OH] is derived from observations of OH-oxidized
trace gases such as CH3CCl; and 14Co (9-19).

However, these approaches can suggest a very
different sensitivity of [OH] to variations in the
atmospheric environment than is derived in at-
mospheric models (20). Year-to-year changes in
global [OH] as high as 20 to 25% have been
derived from analyses of CH3CCl; observations
between 1980 and 2003, and these analyses im-
ply a mean IAV of 7 to 9% (16, 17). Chemistry
transport models calculate a global [OH] varia-
bility of only 1 to 2%, but these models do not
currently include variability in all factors influ-
encing [OH] (20-23). Variations in [OH] of up to
20% have been estimated from '*CO, although
only over a few months and on semihemispheric
spatial scales (/9).

Global mean [OH] can be estimated from
atmospheric observations of a trace gas whose pre-
dominant sink is reaction with OH from mass
balance considerations by equating the rate of
change in the global burden (dG/dr) to the differ-
ence between the global emission rate (£) and loss.
Solving for the pseudo—first-order rate constant for
loss (kg), which is proportional to [OH], gives

E dG/dt

O] = kg = == =25 (1)

where G is the global burden estimated from
surface measurements. Although CH;CCl; losses
(and k) are dominated by OH oxidation ac-
cording to A&(7") x [OH], they include stratospheric
photolysis, hydrolysis in surface waters, and oth-
er processes. Global mean [OH] derived in this
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Fig. 1. (A) Observed hemispheric monthly
mean mixing ratios of CH3CCl; [update of
(I14)]. NH and SH denote Northern and
Southern Hemispheres, respectively. (B) Ex-
ponential loss frequencies for CHsCCls
derived from global surface means. Gray
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from monthly means 12 months apart
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Sample synthesis and characterization

Oriented single crystals of (Mg;.«<Fex)O-ferropericlase, were synthesized at the Lawrence
Livermore National Laboratory starting from a pre-aligned crystal of MgO (normal parallel to
[110] direction) by high-temperature Fe-Mg interdiffusion in a piston cylinder press (1400° C
at 1 GPa for 200 hours). The oxygen fugacity was buffered close to the IW (Iron-Wiistite)
buffer by loading the sample in an iron capsule. The resulting crystals were of excellent
optical quality, with greenish colour, lighter or darker depending upon Fe content. Using a
focused ion beam instrument (FIB), a 40 nm thick section was cut out of the recovered sample
for electron energy loss spectroscopy measurement, and no detectable amount of ferric iron
was measured. Samples with total iron content < 25 at% prepared at ambient pressure close to
the IW buffer can have Fe*'/SFe up to 2% (S1). Since high pressure is known to destabilize
Fe, this estimation can be reasonably considered an upper limit four our samples,

synthesized at 1 GPa.



The samples were polished to 15-20 um thickness (as determined by optical
interferometry in reflection spectra) and cut by fs laser to approximately 40 um in diameter.
Details of sample micro-maching are reported in S2. We produced (Mg;.xFey)O-ferropericlase
samples with different iron contents, varying in the range x=0.13 to 0.21; the exact
composition and chemical homogeneity was determined individually for each disk by electron
microprobe analysis (operating conditions at 15 kV and 10 nA).

Samples with x=0.17 (Fe’’/SFe <2%) were loaded for the IXS measurements in
membrane driven diamond anvil cells, equipped with rhenium gaskets and either 300 or 250
um culet diamonds, using neon as pressure transmitting medium to ensure quasi-hydrostatic
compression. Data were collected data at 1.8, 9, 26, 34, 47, 54, 62 and 70 GPa, as determined
by ruby fluorescence (see Table S1). Typical mosaic spread (rocking curves) yielded 0.2°
FWHM. No degradation was observed with increasing pressure up to ~35 GPa. At higher
pressures the rocking curves got larger, with a maximum broadening to ~2° FWHM at 70

GPa.

Inelastic x-ray scattering measurements

The IXS experiment was performed on beamline ID28 at the European Synchrotron
Radiation Facility, in Grenoble. We utilized the silicon (9 9 9) configuration at 17794 eV,
yielding an overall energy resolution of 3 meV full-width-half-maximum (FWHM), and the
focusing optics in Kirkpatrick-Baez configuration with a focal spot size at the sample of
30x90 pm?® (horizontal x vertical, FWHM). Beamsize was further reduced by slits in the
vertical direction to 40 um to match sample dimensions. Direction and size of the momentum
transfer, q, were selected by an appropriate choice of the scattering angle and the sample
orientation in the horizontal scattering plane. The momentum resolution was typically set to

0.28 and 0.84 nm' in the horizontal and vertical plane. Further details of the beamline



configuration can be found elsewhere (S3). Examples of the collected spectra are illustrated in
Figure S1.

To redundantly constrain all the elements of the elastic tensor (namely C;;, Ci, and Ca4)
we measured the low-q portion (linear part) of the phonon dispersion of four to five modes:
longitudinal acoustic (LA) along [100] and [110], transverse acoustic (TA) along [100], and
[110], both polarized <001> and polarized <-110>. Typically, two to three IXS spectra were
recorded in the low q part of the acoustic phonon branch, and the sound velocity V was
determined by a linear fit to the E(q) values with an error of 1-2% (see Figure S2), and
related to the elastic moduli via the Christoffel equation (S4). Specifically:

V1A[100] = (Cy; / p)'?

Vr1a[100] = (Cas / p)"?

Via[110] = (C11+C12+2C44 / 2p) "

Vra[110]<001> = (Caa / p)*?

V1a[100]<110- = (C* / p)"* = (C11-C12 / 2p) "

Bragg angles of the [111], [002], and [220] reflections were also recorded, in order to
provide the crystal orientation matrix and a direct determination of the density for each
pressure point. This independent measurement yielded values in agreement with published
equation of state (S5).

We collected data at 1.8, 9, 26, 34, 47, 54, 62 and 70 GPa, as determined by ruby

fluorescence. Our results are summarized in Table S1.

Single crystalline elastic moduli and aggregate elastic properties
We derived the aggregate elastic properties (bulk and shear modulus, compressional and
shear sound velocities) starting from the values of the single crystalline elastic moduli C;; both

under Voigt (iso-strain) and Reuss (iso-stress) approximations (S6,S7). The two estimates,



which provide an upper (Voigt) and lower (Reuss) bound for the aggregate, differ appreciably
(more than 2%) only above 45 GPa. In our discussion we considered the arithmetical mean of
the two (Hill approximation (S8)). The obtained values for the bulk and shear modulus are
reported as a function of pressure in Figure S3 and Figure S4, together with the ultrasonic
ambient pressure determination (S9) and the values obtained by x-ray diffraction (S5) on
samples of same composition. We can observe a kink in the pressure evolution of the shear
modulus (Figure S4) as a direct consequence of the large softening of Ca4, while the bulk

modulus exhibits a smooth continuous behavior (Figure S3).



Supporting online figures

250

T
P=26 GPa
L. LA[100]; g=0.09

T
P=9GPa
TA[110],,,,: 4=0.2

200

cts/120' s

20 0 0
Energy (meV)
T —

150

:
P=47 GPa
| LA[100]; 4=0.17

T
[ P=54GPa

120 TA(10],,.; 4=0.2

90

60

cts/120' s
cts/120 s

30

e
Energy (meV) Energy (meV)

L L L L
-30 -20 -10 0

Figure S1: Representative IXS spectra. The experimental data are shown together with the
best fit results (thick solid line) and the corresponding individual components (thin dotted
lines). IXS spectra are characterized by an elastic contribution centered at zero energy and
two symmetric features, the Stokes and anti-Stokes peaks of the ferropericlase acoustic

phonons.
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Figure S2: Examples of the linear fit to the initial slope of the phonon dispersion. Top:
TA[110]<.110- at 47 GPa. Bottom: LA[100] at 62 GPa. The errors on velocities come from the

statistical uncertainties of the liner fit.
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Figure S3: Bulk modulus as a function of pressure. IXS results (solid squares) are compared
to ambient pressure ultrasonic determination (S9) (open diamond) and values derived from x-
ray diffraction measurements (S5) (dashed line: high-spin state; dotted line: low-spin state).

The pressure range corresponding to the spin transition zone is shaded in gray.
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Run P p measured modes Ci Ci Cus c

a 1.8 4039 LAJ100]; LA[110]; TA[110]<p01>;  270+7 879  123+4  91x6
TA[100]<.110>

a 26 4528 LA[100]; LA[110]; TA[110]<001>; 479+19 121x15 154+£3 17912
TA[100]<.110>

a 47 4829 LAJ[100]; LA[110]; TA[110]<p01>; 721x12 21140 156+7 255+21
TA[110]<g01>

a 54 4936 LA[100]; LA[110]; TA[110]<001>; 809+19 204+20 1444 302x14
TA[100]<.110>

a 62 5101 LA[100]; LA[110]; TA[100]; 943+21 254+£30 168x4 345=x18
TA[110]<g01>

a 70 5241 LA[100]; TA[100]; LA[110]; 104027 297+50 190+10 372+28
TA[110]<g01>

b 9 4183 LA[100]; TA[100]; LA[110]; 31913 91+9  127+£3 1148

TA[110]<001>; TA[100]<.110>
c 34 4623 LA[100]; TA[100]; LA[110]; 59013  133+13 1628 229+9

TA[110]<001>; TA[100]<110~

Table S1: Synopsis of the obtained results. All the values are in GPa, but for the densities,

which are in Kg/m’.
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