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[1] The single-crystal elastic properties of high-spin (Mg0.94Fe0.06)O ferropericlase were
measured by Brillouin spectroscopy on a sample compressed to 20 GPa with diamond
anvil cells using methanol-ethanol-water as a pressure-transmitting medium. At room
pressure, the adiabatic bulk (K0S) and shear (m0S) moduli are K0S = 163 ± 3 GPa and m0S =
121 ± 2 GPa, in excellent agreement with ultrasonic results from the same bulk sample
(Jacobsen et al., 2002). A fit to all our high-pressure Brillouin data using a third-order
finite-strain equation of state yields the following pressure derivatives of the adiabatic
bulk and shear moduli: K0

0S = 3.9 ± 0.2 and m00S = 2.1 ± 0.1. Within the uncertainties, we
find that K0S and K0

0S of (Mg0.94Fe0.06)O are unchanged from MgO. However, m0S and
m00S of (Mg0.94Fe0.06)O are reduced by 8% and 11%, respectively. The aggregate
compressional (VP) and shear (VS) wave velocities are reduced by 4% and 6%,
respectively, as compared to MgO. The pressure dependence of the single-crystal elastic
moduli and aggregate sound velocities is linear within the investigated pressure range.
The elastic anisotropy of (Mg0.94Fe0.06)O is about 10% greater than that of MgO at
ambient conditions. At the highest pressure obtained here, the elastic anisotropy of
(Mg0.94Fe0.06)O is close to zero. On the basis of our measurements and earlier ultrasonic
measurements, we find that the pressure derivatives of shear moduli obtained at room
pressure for low iron concentrations (<20 mol% FeO) of high-spin ferropericlase are
inconsistent with those inferred from the lower mantle PREM model.
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1. Introduction

[2] Ferropericlase, (Mg,Fe)O, is expected to coexist with
aluminous ferromagnesian silicate perovskite and calcium
silicate perovskite in Earth’s lower mantle (660–2900 km
depth) [Anderson and Bass, 1986; Knittle and Jeanloz,
1987; Irifune, 1994; Fiquet et al., 2000; Shim et al.,
2000]. The physical and chemical properties of ferroper-
iclase should therefore have a major influence on the bulk
properties of this entire region. Measurements of the sound
velocities and elasticity of ferropericlase under relevant
conditions are necessary to relate seismic observations in

Earth’s lower mantle to its mineralogy and chemistry,
because seismic wave velocities directly probe Earth’s deep
mantle with high spatial resolution. The elastic properties
investigated at high pressure of polycrystalline (Mg,Fe)O
and Fe1�xO-wüstite have been investigated using static
compression [e.g., Richet et al., 1989; Fei et al., 1992;
Jacobsen et al., 2002, 2005; Zhang and Kostak, 2002; van
Westrenen et al., 2005; Lin et al., 2005], nuclear resonant
inelastic x-ray scattering [Struzhkin et al., 2001], shock
wave measurements [Vassiliou and Ahrens, 1982], and
ultrasonic methods [Jackson et al., 1978; Bonczar and
Graham, 1982; Kung et al., 2002]. In the last investigation
the pressure dependencies of the adiabatic bulk and shear
moduli as well as the sound velocities of ferropericlase were
reported [Kung et al., 2002]. The single-crystal elastic
moduli of a suite of (Mg,Fe)O samples were reported at
room-pressure conditions [Jacobsen et al., 2002]. High-
pressure shear wave velocity determinations were per-
formed to �8 GPa using gigahertz ultrasonic methods on
single-crystals of (Mg,Fe)O with the following composi-
tions: (Mg0.760Fe0.23950.001)O, (Mg0.423Fe0.54150.036)O,
(Mg0.211Fe0.76250.027)O, and (Fe0.94650.054)O, with VI5
vacancies (empty boxes denote a vacancy in a crystal
structure) [Jacobsen et al., 2004]. High-pressure Brillouin
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scattering measurements have been performed to 9 GPa on
a single-crystal of (Mg0.987Fe0.013)O (H. J. Reichmann et
al., personal communication, 2006). Simultaneous high-
pressure and high-temperature determinations of the single-
crystal elasticity and aggregate acoustic properties of MgO
have been carried out using ultrasonic methods [Chen et al.,
1997] and single-crystal first-principles calculations [Karki
et al., 1999], but no such investigations have thus far been
reported for ferropericlase.
[3] Under ambient pressure-temperature conditions and at

low iron concentrations, (Mg,Fe)O is characterized by high
elastic anisotropy [Jacobsen et al., 2002]. Therefore deter-
minations of the single-crystal elasticity at relevant pres-
sures and temperatures are necessary for the interpretation
of observed seismic anisotropy in the lower mantle. How-
ever, the pressure dependence of the full elastic modulus
tensor of ferropericlase remains unknown above 9 GPa.
Here we report the full single-crystal elastic modulus tensor
to 20 GPa for ferropericlase containing 6 mol% FeO, a
composition close to the range of suggested ferropericlase
compositions in Earth’s lower mantle [Irifune, 1994; Wood
and Rubie, 1996; Mao et al., 1997; Andrault, 2001].

2. Experiment

[4] The ferropericlase sample used in this investigation is
from the same bulk sample used by Jacobsen et al. [2002]
for gigahertz ultrasonic interferometric measurements.
The samples’ synthesis, chemistry, structure, and elastic
properties were characterized at room pressure and room
temperature by Jacobsen et al. [2002]. Briefly, the ferroper-
iclase crystal used in this study was synthesized by inter-
diffusion of iron and magnesium [e.g., Mackwell et al.,
2005], using an MgO single-crystal (�5 � 5 � 0.5 mm3)
and a prereacted (Mg,Fe)O powder as the starting material.
The ferric concentration was determined to be Fe3+/SFe =
0.02 ± 0.01 by conventional Mössbauer spectroscopy meas-
urements using the natural abundance of 57Fe in the
sample (�2.2%). Microprobe analyses show that the iron
is homogeneously distributed at the sampling interval of
about 10 mm, resulting in a chemical formula of
(Mg0.941Fe0.05850.001)O [Jacobsen et al., 2002]. The
NaCl (or B1) structure (space group Fm3m) was verified
using single-crystal conventional X-ray diffraction, and a
lattice parameter of, a = 4.2190 ± 0.0001 Å, was
obtained [Jacobsen et al., 2002]. A density of 3.723 ±
0.008 g/cm3 was calculated from the chemical analyses and
the measured lattice parameter, correcting for the VI5
vacancies [Jacobsen et al., 2002]. Hereafter we will refer
to this sample as Fp06.
[5] A portion of the Fp06 cube was cleaved perpendicular

to (100) and prepared for Brillouin scattering measure-
ments. The Fp06 sample was polished on both sides with
parallel faces to a thickness of 27 mm. The resulting platelet
(27 � 200 � 340 mm3) was mounted on a thin glass fiber
that was fixed to a goniometer head for Brillouin measure-
ments at room pressure. The sample has a light orange hue,
so a low input laser power was used (�15 mW focused on
the sample) in an effort to avoid local heating of the sample.
This platelet was then unmounted, polished further to a
thickness of 20 mm, and cut into smaller plates for high-
pressure measurements.

[6] Analysis of the photon intensity as a function
of frequency shift was obtained using a solid-state
detector and a six-pass tandem Fabry Perot interferometer
[Sandercock, 1982]. Details of the Brillouin system
have been described previously [Sinogeikin et al., 1998].
The sound velocities were calculated from the measured
frequency shifts using the following relationship for a
symmetric scattering geometry [Whitfield et al., 1976]:

Vi ¼
l0DuB;i
2 sin q�

2

� �
 !

; ð1Þ

where Vi is the compressional (Vi=P) or shear (Vi=S) phonon
velocity, DnB,i is the corresponding measured Brillouin
shift, l0 is the incident argon ion laser wavelength (l0 =
514.5 nm), and q* is the angle between the incident and the
scattered light outside the sample or diamond anvil cell
(sometimes referred to as the external scattering angle). In
the measurements presented here a 90� symmetric scattering
geometry (q* = 90�) was used at room pressure. At high
pressures, either q* = 80� or q* = 50� was used depending
on the diamond anvil cell (DAC) used (see below). In order
to reduce systematic velocity errors, Brillouin measure-
ments on an oriented single-crystal MgO standard were
performed before the room-pressure and high-pressure
measurements at all scattering geometries (q* = 90�, 80�,
and 50�). More detailed descriptions for high-pressure
Brillouin scattering measurements have been explained
elsewhere [e.g., Zha et al., 1993, 1996; Sinogeikin and
Bass, 2000].
[7] In all high-pressure measurements, methanol-ethanol-

water (MEW) in a volume ratio of 16:3:1 was used as a
pressure-transmitting medium. Ruby chips or spheres
[Chervin et al., 2001] were used as pressure markers using
the calibrated ruby R1 fluorescence line shift [Mao et al.,
1986] (see Table 1). The average pressure was determined
from fluorescence measurements made on several rubies
within the sample chamber before and after each Brillouin
experiment. The uncertainties in pressure are given by the
standard deviation of the pressures determined from all
rubies in the sample chamber (see Table 1). Brillouin
scattering is also highly sensitive to vignetting, a phenom-
enon that occurs when part of the scattered and/or incident
light cone is blocked by the diamond supports and/or the
gasket [Oliver et al., 1992; Sinogeikin and Bass, 2000]. This
was minimized by using a small aperture mask before the
collecting lens. Vignetting was further minimized by choos-
ing a large hole and opening for the diamond supports,
having a sufficiently small ratio (less than 1:2) of the gasket
thickness to the gasket hole diameter, and loading the
sample such that it is in the center of the gasket hole.
[8] The first set of high-pressure experiments was per-

formed using a Merrill-Bassett style three-screw DAC
[Merrill and Bassett, 1974] with a large angular aperture
(approximate full cone angle of 96�). The sample (20 �
100 � 110 mm3) was loaded together with MEW and 7 ruby
chips into a 235-mm-diameter hole that was drilled in a
spring steel gasket preindented to a thickness of 100 mm.
Although the angular opening in the DAC is large,
a scattering geometry of 90� would result in vignetting
[Whitfield et al., 1976; Sinogeikin and Bass, 2000]. There-
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fore Brillouin measurements were performed using an 80�
symmetric scattering geometry (q* = 80�) at pressures of
4.4, 9.5, 10.8, and 13.3 GPa. At higher pressures the gasket
flowed, so the DAC was unloaded. The second set of
experiments was performed using a symmetric piston-cyl-
inder DAC with a 60� full angle-opening. An Fp06 sample
with the dimensions of 20 � 40 � 79 mm3 was loaded
together with MEW and five ruby spheres into a 150-mm-
diameter hole that was drilled in a rhenium gasket prein-
dented to a thickness of 55 mm. A scattering geometry of
50� (q* = 50�) was used, and data were collected on
increasing pressure at 3.6, 11.2, 15.2, 17.4, and 20.2 GPa.
Measurements were also taken on decreasing pressure at
20.1, 16.1, and 11.9 GPa. Selected representative Brillouin
spectra are shown in Figure 1. Note that a high signal-to-
noise ratio persists to the highest pressure achieved in this
study (P = 20.2 GPa). The broadening of the Fp06 peaks at
this pressure is likely owing to the observed pressure
gradient within the sample chamber.

3. Results

[9] Three independent elastic moduli fully characterize
the elasticity of Fp06 because it is cubic. Therefore mea-
surements in two distinct directions (e.g., [001] and [011])
are the minimum requirements to constrain the three elastic
moduli. Multiple crystallographic directions were sampled
including redundant measurements at different settings on
the three-circle goniometer to increase the precision of our
results. All phonon directions were within the (100) plane.
At each pressure, Brillouin spectra were collected in up to
14 directions over an angular range of 180�, separated by
approximately 15� increments (Figure 2). The only excep-
tion to this occurred at pressures of 3.6 and 4.4 GPa, where

the shear velocities of Fp06 near the [011] direction overlap
with the compressional velocity of MEW. In some direc-
tions, two different spectra were collected with the laser
focused on different areas of the sample; we found that
these measured velocities were the same within the given
uncertainties. In total, 42 mode velocities at room pressure
and over 30 mode velocities for each high-pressure mea-
surement were obtained.
[10] The velocities of acoustic phonons are related to the

single-crystal elastic moduli through the Christoffel equa-
tion [Musgrave, 1970],

det Cijklnjnl � rV 2dik
�� �� ¼ 0; ð2Þ

where Cijkl is the elastic modulus tensor, nj and nl are the
unit vectors in the phonon propagation direction and the
indices j and l are summed over, r is the density, V is
phonon velocity, and dik is the Kronecker delta (where dik =
0 for i 6¼ k and dik = 1 for i = k). A linearized inversion
method was used to solve the three independent elastic
moduli (in reduced Voigt notation: C11, C12, and C44) using
the measured velocities as a function of crystallographic
direction [Weidner and Carleton, 1977] and the ambient
pressure density (r = 3.723(8) g/cm3 [Jacobsen et al.,
2002]) as input for each pressure. The aggregate velocities
(VP and VS) at each pressure are also an outcome of this
inversion procedure and are independent of the assumed
density. An iterative procedure described by Sinogeikin and
Bass [2000] was then used to obtain the density, the
adiabatic bulk (KS) and shear (mS) moduli, and their pressure
derivatives (K0

0S and m00S) using a third-order finite strain
equation of state (EOS) [Davies and Dziewonski, 1975]. A
fit to all of the data yields a set of best fit densities (Table 1)

Table 1. Density, Aggregate Acoustic Velocities, Single-Crystal Elastic Moduli, and Adiabatic Bulk and Shear Moduli for Fp06 As a

Function of Pressure

P,a GPa r, g/cm3 VP, km/s VS, km/s C11, GPa C44, GPa C12, GPa KS,
b GPa mVRH,

b GPa

Outside DAC (q* = 90�)
0.0001 3.723(8)c 9.33(7) 5.70(5) 284(3) 147(1) 103(1) 163(3) 121(2)

q* = 80� (MEW1)
4.4 3.820(8) 9.61(8) 5.79(5) 320(3) 148(1) 112(1) 181(4) 128(3)
9.5(1) 3.924(9) 9.90(8) 5.96(5) 364(4) 151(2) 117(1) 199(4) 139(3)
10.8(1) 3.950(9) 9.99(8) 6.04(5) 373(4) 156(2) 116(1) 202(4) 144(3)
13.3(4) 3.997(9) 10.13(8) 6.11(5) 396(4) 157(2) 119(1) 211(4) 149(3)

q* = 50� (MEW2)
3.6 3.803(8) 9.54(8) 5.78(5) 313(3) 147(1) 109(1) 177(4) 127(3)
11.2(2) 3.957(9) 10.01(8) 6.02(5) 379(4) 153(2) 119(1) 206(4) 143(3)
15.2(6) 4.033(9) 10.25(8) 6.15(5) 413(4) 158(2) 124(1) 220(5) 152(3)
17.4(7) 4.073(9) 10.32(8) 6.19(5) 427(4) 160(2) 125(1) 225(5) 156(3)
20.2(10) 4.122(9) 10.49(8) 6.24(5) 450(5) 162(2) 134(1) 239(5) 160(3)
20.1(10)d 4.120(9) 10.52(9) 6.27(6) 452(5) 164(2) 134(1) 240(5) 162(3)
16.1(6)d 4.049(9) 10.29(8) 6.16(5) 418(4) 159(2) 126(1) 224(5) 154(3)
11.9(1)d 3.971(9) 10.03(8) 6.03(5) 381(4) 155(2) 121(1) 207(4) 144(3)

aAverage pressure and associated uncertainties are reported from measurements made before and after each experiment. Uncertainties in pressure are
determined from the standard deviation of the pressures calculated from the ruby fluorescence R1 shift [Mao et al., 1986] of up to seven rubies placed
around the sample within the sample chamber.

bKS = 1/3(C11 + 2C12) and mVRH is the Voigt-Reuss-Hill average, where mVRH is the arithmetic mean of the Voigt and Reuss bounds: mV = 1/5(C11 � C12 +
3C44) and mR = 15[12/(C11 � C12) + 9/C44]

�1 [Watt et al., 1976].
cRoom-pressure density is from Jacobsen et al. [2002].
dMeasurements are taken on pressure decrease. The uncertainties in aggregate velocities, high-pressure densities, and Cij are taken from the statistical

(root-mean-square) errors from the fitting procedure of the data (see text). Error propagation was used to calculate the uncertainties for KS and mVRH. All
uncertainties are given in parentheses for the last significant digit(s).
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associated with the following pressure derivatives of the
adiabatic bulk and shear moduli: K0

0S = 3.9 ± 0.2 and m00S =
2.1 ± 0.1. The uncertainties are obtained from the fitting
procedure and therefore represent the statistical fluctuations
of the data. The uncertainties in pressure are also included in
these uncertainties. These results are summarized in Table 1
and shown in Figures 2–5. Using only the data up to
13.3 GPa (considered to be within the hydrostatic limit of
MEW), one obtains: K0

0S = 3.80 ± 0.25 and m00S = 2.09 ±
0.15, values that are well within the uncertainties of those
which were determined from the entire data set.
[11] Within the investigated pressure range, the aggregate

acoustic velocities and single-crystal elastic moduli can be

described using a linear relationship with pressure (Figures
3 and 4),

VS km=sð Þ ¼ 5:70 km=sð Þ þ 0:029� P GPað Þ; ð3Þ

VP km=sð Þ ¼ 9:33 km=sð Þ þ 0:058� P GPað Þ; ð4Þ

C11 GPað Þ ¼ 284 GPað Þ þ 8:35� P GPað Þ; ð5Þ

C12 GPað Þ ¼ 103 GPað Þ þ 1:42� P GPað Þ; ð6Þ

C44 GPað Þ ¼ 147 GPað Þ þ 0:89� P GPað Þ: ð7Þ

The uncertainties for the pressure derivatives of the above-
listed quantities are less than 5%. The uncertainties for the
aggregate velocities, as well as C11, C12, and C44 are given
in Table 1. At pressures beyond the range investigated here,
the linear relationships (equations (3)–(6)) may not hold,
considering the likely electronic spin crossover occurring in
the iron component of ferropericlase at higher pressures
[e.g., Lin et al., 2005].
[12] At room pressure, we find that the addition of a small

amount of iron in MgO causes a significant decrease in
several quantities, such as the aggregate velocities (VP and
VS), C11 and C44, and the shear modulus. On the other hand,
the density and C12 increases, and the bulk modulus remains

Figure 1. Representative Brillouin spectra at different
pressures (1 atmosphere, 9.5 GPa, and 20.2 GPa) and at
different scattering geometries (q*) of Fp06 in approxi-
mately the [011] phonon direction within the (100) crystal-
lographic plane. The 1 atm. spectrum was collected outside
the DAC. The compressional (VP) and shear (VS) wave
velocities of Fp06 are labeled, as well as the methanol-
ethanol-water compressional wave velocity (MEW) and the
diamond shear velocities (d1, d2). In all spectra, the peak
corresponding to the reference energy (velocity = 0 km/s)
has been scaled down. The intensity axes for each pressure
are not equal; in the lower spectrum, the diamond peak
intensities are larger than the scale shown. Direct conver-
sion of the measured data (in units of GHz) to the horizontal
scale shown here (velocity, in units of km/s) requires
knowledge of the momentum transfer (i.e., the scattering
angle) and is done using equation (1) (see text).

Figure 2. Compressional (VP) and shear (VS) wave
velocities of Fp06 as a function of crystallographic direction
in the (100) crystallographic plane for selected pressures: 1
atm. outside the DAC (open circles), 4.4 GPa (solid
squares), 11.2 GPa (solid circles), and 20.2 GPa (solid
diamonds). The uncertainties in velocities are less than the
size of the symbols. The solid lines are calculated from the
best fit single-crystal elastic moduli determined for each
pressure displayed here.
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unchanged. These results are in excellent agreement with
results obtained from gigahertz ultrasonic interferometry
performed on the same bulk sample [Jacobsen et al.,
2002], thus demonstrating high interlaboratory precision
between the two methods at room pressure.

4. Geophysical Implications

[13] Knowledge of the elastic anisotropy of ferropericlase
at relevant pressures and temperatures may provide insight
to the undetermined origins of seismic anisotropy within
Earth, such as the core-mantle boundary region where
ferropericlase is suggested to coexist with silicate perovskite
or post-perovskite [Gurnis et al., 1998; Murakami et al.,
2004; Tsuchiya et al., 2004]. Elastic anisotropy is a measure
of the variations in stiffness and sound velocity for different
crystallographic directions in a given solid. For cubic
material, the elastic anisotropy (A) can be expressed as the
following [Karki et al., 1999]:

A ¼ 2C44 þ C12

C11

� �
� 1; ð8Þ

and is equal to zero for an elastically isotropic solid. At
room pressure, our value of A = 0.39 ± 0.01 (approximately

10% larger than that for MgO, as shown in Figure 6)
(Table 2), is in excellent agreement with results obtained
from gigahertz ultrasonic interferometry performed on the
same bulk sample [Jacobsen et al., 2002]. For comparison,
A ffi 0 for FeO [Jacobsen et al., 2002] at room pressure. At
20.2 GPa, we find that the anisotropy factor in Fp06 is
approximately zero (A = 0.02 ± 0.03) (Figures 2 and 6). If
we compare the anisotropy-factor A of Fp06 with previous
Brillouin data on MgO to 18.6 GPa [Sinogeikin and Bass,
2000] and to 54.7 GPa [Zha et al., 2000], the data agree
well for pressures below 20 GPa. A different expression of
elastic anisotropy using sound velocities can be expressed
as the following:

AVP;S
%ð Þ ¼ 100� Vi;max � Vi;min

Vi;VRH
; ð9Þ

where Vi is VP or VS. At room pressure, the anisotropy for
VP is 8% and for VS it is 22%; at 20.2 GPa, the anisotropies
of VP and VS are 0%. Elasticity studies at high temperatures
(room pressure) show that the elastic anisotropy in MgO
increases with increasing temperature [Sinogeikin et al.,
2000]. Results from simultaneous high-pressure (to 8 GPa)
and high-temperature (to 1600 K) ultrasonic experiments
show that the cross derivatives (d2Cij)/(dPdT) are significant
and suggest that under lower mantle conditions MgO
remains elastically anisotropic [Chen et al., 1997].

Figure 4. Single-crystal elastic moduli of Fp06 as a
function of pressure at room temperature. The solid black
lines are linear fits to data (equations (5), (6), and (7); see
text). The gray solid and dashed lines are the second-order
polynomial fits reported from the single-crystal MgO
Brillouin measurements of Sinogeikin and Bass [2000]
and Zha et al. [2000], respectively. The dotted black line is
the pressure dependence of C44 for single-crystal
(Mg0.76Fe0.24)O determined to �7.5 GPa in a DAC using
gigahertz ultrasonic interferometry [Jacobsen et al., 2004].
The symbols have the same meaning as in Figure 3.

Figure 3. Aggregate compressional (VP) and shear (VS)
wave velocities of Fp06 as a function of pressure at room
temperature. Most symbols and lines are explained in the
legend. The open circles are from data collected on pressure
decrease. The solid black lines are linear fits to the data
(equations (3) and (4); see text). The dashed black lines are
calculated from the third-order finite-strain equation of state
for aggregate VP and VS [Davies and Dziewonski, 1975] and
are virtually indistinguishable from the linear fits. The black
crosses are from room-pressure gigahertz ultrasonic mea-
surements from the same bulk sample [Jacobsen et al.,
2002]. The gray lines are from Brillouin measurements on
single-crystal MgO.
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[14] The pressure derivatives of all Fp06 properties (with
the exception of m00S) are identical to those of MgO within
experimental uncertainties [Spetzler, 1970; Jackson and
Niesler, 1982; Yoneda, 1990; Sinogeikin and Bass, 2000;
Zha et al., 2000]. High-pressure shear wave velocity deter-
minations were performed to�7.5 GPa using gigahertz ultra-
sonic methods on single-crystal (Mg0.760Fe0.23950.001)O
(referred to here as Fp24) [Jacobsen et al., 2004], which is
close to the composition measured in this study. Although
dC44/dP for Fp24 is higher than dC44/dP obtained for Fp06
(this study) (see Figure 4), the slopes are indistinguishable for
pressures below 8 GPa.
[15] On the other hand, m00S appears to show a systematic

decreasing trend with increasing iron content. This obser-
vation has been recognized before [Jackson et al., 1990],
and is in agreement with recent high-pressure sound veloc-
ity determinations on polycrystalline (Mg0.83Fe0.17)O using
ultrasonic interferometry in combination with synchrotron
energy-dispersive X-ray diffraction [Kung et al., 2002], and
in agreement with high-pressure Brillouin scattering meas-
urements on a single crystal of (Mg0.987Fe0.013)O (H. J.
Reichmann et al., personal communication, 2006). The
dependence of K0

0S and m00S of ferropericlase for low iron
concentrations determined from adiabatic measurements is
plotted in Figure 7. Jackson [1998] performed an adiabatic
decompression of the PREM model [Dziewonski and
Anderson, 1981] for the lower mantle based on a finite
strain fit to seismological data and determined that K0

S =
3.89 and m0S = 1.56 at some unknown high temperature at

Table 2. Some Physical Properties of Fp06a

P,b GPa Ac Cd (GPa) Poisson Ratioe

0.0001 0.39 �44 0.203
4.4 0.28 �44 0.214
9.5(1) 0.15 �53 0.216
10.8(1) 0.15 �61 0.211
13.3(4) 0.09 �65 0.214
3.6 0.29 �46 0.210
11.2(2) 0.12 �56 0.218
15.2(6) 0.06 �64 0.219
17.4(7) 0.04 �70 0.219
20.2(10) 0.02 �68 0.226
20.1(10)f 0.02 �70 0.225
16.1(6)f 0.06 �65 0.220
11.9(1)f 0.13 �58 0.217

aAnisotropy factor (A), Cauchy violation (C), and Poisson ratio for Fp06
as a function of pressure.

bSame pressures as listed in Table 1.
cA = [(2C44 + C12)/C11] � 1 [Karki et al., 1999].
dCauchy violation: C12 � C44 � 2P.
ePoisson ratio, n = [(VP/VS)

2 � 2]/[2*((VP/VS)
2 � 1)].

fMeasurements taken on pressure decrease.

Figure 5. Adiabatic bulk (KS) and shear (mS = mVRH)
moduli of Fp06 as a function of pressure at room
temperature. The solid black lines are calculated from a
third-order finite-strain equation of state [Davies and
Dziewonski, 1975], and the dashed black lines show the
envelope of elastic moduli produced by the given
uncertainties in K0S

0 and m0S
0 (shown in parentheses in the

figure). The symbols and lines have the same meaning as in
Figure 3.

Figure 6. Anisotropy factor, expressed as: A = [(2C44 +
C12)/C11] � 1 [Karki et al., 1999], of single-crystal
ferropericlase (this study) and MgO as a function of
pressure. Results from Fp06 (solid black spheres) are
calculated directly from our measured Cij in Table 1. The
open diamonds are calculated from reported Cij of MgO
from measurements to 18.6 GPa [Sinogeikin and Bass,
2000], the long-dashed black line is the A factor calculated
from the reported second-order polynomial expression of
the Cij of MgO from measurements to 54.7 GPa [Zha et al.,
2000], and the short-dashed black line is from theoretical
calculations on MgO to over 100 GPa [Karki et al., 1999].
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the foot of the adiabat. The value of K0
S from Jackson [1998]

is in very good agreement with determinations of K0
0S from

this study (see Figure 7) and other expected minerals in the
lower mantle [Fiquet et al., 2000; Shim et al., 2000;
Sinogeikin and Bass, 2000; Kung et al., 2002; Jackson et
al., 2005]. On the other hand, a static compression study on
s i n g l e - c r y s t a l s o f (Mg 0 . 7 2 5 F e 0 . 2 6 850 . 0 0 7 ) O ,
(Mg0.423Fe0.54150.036)O, and (Mg0.211Fe0.76250.027)O to
�9 GPa produces values of K0

T0 ffi 5.5 ± 0.2, with the
possibility that this high value reflects the behavior of less-
stoichiometric (Mg,Fe)O [Jacobsen et al., 2002]. The value
for m0S from Jackson [1998] for the lower mantle is smaller
than experimental determinations for ferropericlase (this
study and Kung et al. [2002]) and aluminous MgSiO3

perovskite [Jackson et al., 2005]. There are several possible
explanations for this mismatch. If m0S of ferropericlase
indeed decreases linearly with iron concentration, then
given the results of this study, Kung et al. [2002], and
H. J. Reichmann et al. (personal communication, 2006),
ferropericlase should be within the compositional range of
(Mg0.82Fe0.18)O to (Mg0.72Fe0.28)O to provide a good match
to seismic gradients given by PREM [Dziewonski and

Anderson, 1981] or that there is a positive iron gradient in
ferropericlase in the lower mantle, with the assumption that
K0
S is not significantly affected by iron content. A strong

temperature dependence of the pressure derivatives for
shear properties is also a possible explanation.
[16] Another possibility is that the occurrence of a high-

spin to low-spin crossover in the iron component of
ferropericlase under lower mantle pressures and temper-
atures could cause a change in the physical and chemical
properties of ferropericlase. This is not necessarily mutually
exclusive with the above mentioned possibilities. In recent
X-ray emiss ion spectroscopy invest igat ions of
(Mg0.83Fe0.17)O [Badro et al., 2003] and (Mg0.75Fe0.25)O
[Lin et al., 2005] ferropericlase, a high- to-low-spin cross-
over was observed in the pressure range of 60 to 70 GPa
and 54 to 67 GPa, respectively, at room temperature.
Inferences from the volume versus pressure trend suggest
that the bulk sound velocity of Fp would increase at the
crossover pressure at room temperature [Lin et al., 2005].
However, there is no information on the behavior of the
shear elasticity or its pressure derivative at pressures above
the crossover. Further, the high-temperature nature of this
crossover has yet to be understood, but recent predictions
[Sturhahn et al., 2005] suggest that at temperatures close to
an expected geotherm [Brown and Shankland, 1981], the
pressure interval over which this crossover occurs may be
approximately 30 GPa (�700 km). Any changes in physical
and chemical properties would also be expected to be
gradual. Therefore measurements to determine these
changes in properties of ferropericlase across the spin
crossover at high pressure and at appropriate lower mantle
temperatures would be imperative for future geophysical
modeling of Earth’s deep mantle.
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