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correction

Elasticity and rheology of iron above 220 GPa and the nature of

the Earth’s inner core

Ho-kwang Mao, Jinfu Shu, Guoyin Shen, Russell J. Hemley, Baosheng Li & Anil K. Singh

We regret that some numbers from an earlier iteration of our
calculations were mistakenly used in Fig. 2b and Table 1. The correct
figure and table are presented here.

In Fig. 2b, the aggregate V} of Fe calculated from diamond-cell
data of K and G (Fig. 2a) are in excellent agreement with low-
pressure ultrasonic data, and compare favourably with high-pres-
sure shock-wave and inner-core values at high temperatures
(dVo/dT = —2.9X 10 *kms~'K™'), thus strengthening our
original conclusions.

The single-crystal Vp anisotropies for Fe at 39 GPa and 211 GPa
(in our original Fig. 4), as calculated from Cj values based on
isostress assumption, are now similar in magnitude (~8%) as well
as in orientation (minima at a- and c-axes and maximum at 45° to
the c-axis). Other parts of this Letter, including the discussion,
remain unchanged.

We thank I. Jackson, G. Steinle-Neumann, S. Singh and
L. Dubrovinsky for pointing out the inconsistency. U
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Comparison of results from experiments and theories with seismic observations.
Symbols are defined in the original figure.

Table 1 Elasticity of h.c.p. Fe at 298 K and high pressures

P Density Cy Cio Cs3 Cis Cu K G Vp Vs Run no.
(GPa) (gem™) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (kms™) (kms™)

16.5 9.00* 297 108 6.95 3.47 3

39 9.67* 500 275 491 284 235 361* 134 7.40 3.73 1

39 10.09 747 301 802 297 215 455 224 8.64 4.72 T
211 12.61% 1633 846 1544 835 583 1071% 396 11.26 5.61 2
21 12.80 1697 809 1799 757 421 1085 445 11.45 5.90 +
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Recent numerical-modelling and seismological results have raised
new questions about the dynamics"? and magnetism>* of the
Earth’s core. Knowledge of the elasticity and texture of iron™® at
core pressures is crucial for understanding the seismological
observations, such as the low attenuation of seismic waves,
the low shear-wave velocity”® and the anisotropy of compres-
sional-wave velocity’"". The density and bulk modulus of
hexagonal-close-packed iron have been previously measured to
core pressures by static’> and dynamic* methods. Here we
study, using radial X-ray diffraction'” and ultrasonic techniques'®,
the shear modulus, single-crystal elasticity tensor, aggregate
compressional- and shear-wave velocities, and orientation depen-
dence of these velocities in iron. The inner core shear-wave
velocity is lower than the aggregate shear-wave velocity of iron,
suggesting the presence of low-velocity components or anelastic
effects in the core. Observation of a strong lattice strain aniso-
tropy in iron samples indicates a large (~24%) compressional-
wave anisotropy under the isostress assumption, and therefore a
perfect alignment of crystals® would not be needed to explain the
seismic observations. Alternatively the strain anisotropy may
indicate stress variation due to preferred slip systems.

Two radial X-ray diffraction (RXD) experiments (runs 1 and 2;
see Fig. 1) were performed with diamond cells. Non-hydrostatic
stress, a condition essential to the technique, was deliberately
produced in the specimen by not adding a pressure medium. The
stress state of the specimen compressed between two anvils is a
superposition of the hydrostatic pressure

op = (05 + 20,)/3 (D)
and the differential stress components
t=0;— 0, = 1.5(0; — 0p) 2)

where 03 and o0, are axial and radial stresses, respectively'’. A
microfocus (4-10-wm diameter) polychromatic X-ray beam,
which passed through the Be gasket in the radial direction,
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probed the lattice strain of the sample as a function of the angle
(¢) to the diamond-cell axis”. At 21 pressures between 16 and
211 GPa, energy dispersive X-ray diffraction (EDXD) patterns
containing (hkl notation) 100, 002, 101, 102, 110, 103, 112, 201
diffraction lines of hexagonal close packed (h.c.p.) iron, 111, 200,
220, 311, 222, 400, 331, 420, 422, 511 of gold, or 110, 200, 211, 220,
310, 222, 321, 400 of tungsten, were collected at 10° steps of y from
0° to 90°. The d-spacing varies linearly with cos® y:

d(hkl) = dp(hkD)[1 + (1 — 3cos™)Q(hkI)] (3)

where the intercept dp(hkl) denotes the d-spacing under op and the
slope Q(hkl) is the lattice strain under the uniaxial stress condition'®",
In run 1, a separate gold layer was used as a standard for
determination of ¢t and shear modulus G of h.c.p. Fe. The axial
stress is continuous across the interface between the gold and iron
layers (035, = 03p; subscripts denote the Au or Fe layer), that is

tre = 1.5(05 = 0ppe) = 1.5(0pay = Oppe) + fay (4)
Now, ¢ is related to G by
t = 6G(Q) (5)

where (Q) denotes the average value of measured Q for all (hkl) (ref.
15). The hydrostatic stress components, ops, and opg., were deter-
mined from the observed dp(hkl) (equation (3)) and the equations
of state of Au and Fe (refs 20, 21); G, was extrapolated from low-
pressure data®”. The aggregate compressional-wave speed (vp) and
shear-wave speed (vs) of h.c.p. Fe are calculated from the bulk
modulus Kg, and Gg,. In addition (run 3), the aggregate ultrasonic
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Figure 1 Lattice strains of diamond-cell samples under uniaxial stress (oy and o3)
are obtained with radial X-ray diffraction (RXD) through a beryllium gasket. The
subscripts A and B denote the sample and stress standard. The vertical
scale of the sample region is expanded. In run 1, the specimen, which consisted
of a 15-pum (thickness) layer of aniron sample and a 3-um layer of a gold standard,
was compressed in a 40-pm (diameter) hole in a beryllium gasket between flat
diamond anvils of 400-um diameter. In run 2, the specimen consisted of a 5-um
iron and a 2-um tungsten layer in a 15-um hole in a Be gasket between bevelled
diamond anvils (600-um outer diameter, 90-um inner diameter, 9.5° bevel angle).
The diamond cell was mounted on a rotation stage with the diamond anvil axis (A)
perpendicular to the rotation axis (R) which bisected the 26 angle between
incident and diffracted X-ray beams. The angle (y) between A and the diffraction
vector (X) was varied as the diamond cell rotated around the R axis.

Table 1 Elasticity of h.c.p. Fe at 298 K and high pressures

P Density Cy Co Cx Ci3 Cuy K G Vp Vs Run no.
(GPa) (gem™) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (kms™) (kms™)

16.5 9.00* 297 108 6.95 3.47 3

39 9.67* 504 244 493 254 271 361* 134 6.84 3.76 1

39 10.09 747 301 802 297 215 455 224 7.86 4.72 T
21 12.61% 1303 637 1302 637 960 1071% 396 10.42 5.61 2
21 12.80 1697 809 1799 757 421 1085 445 10.54 5.90 t

Runs 1,2 and 3 are results of this study. They are compared with values from first-principles calculations®. (The method and results of ref. 24 are similar to those of ref. 6.) Uncertainties for K

and vp,10% (runs 1 and 2), 2% (run 3); for Cj, G and vs, 20% (runs 1 and 2), 2% (run 3).
*Ref. 21.
T Ref. 6.
FRef.12.
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Figure 2 Comparison of our results with theoretical and shock-wave studies, and
with seismic observations?® in the inner core (crosses). Parameters compared are
shear moduli and bulk moduli (a), and aggregate vs and vp (b) of h.c.p. Fe. Filled
squares, ultrasonic measurements with multianvil apparatus in run 3; open
squares, RXD measurements in run 1; solid curves, extrapolation of X-ray data
inrun 2 based onK/G = 2.7; short-dashed curves, first-principles calculations® for
298K isotherm; long-dashed curves, shock-wave Hugoniot at high
temperatures™". The solid curve was also used to calculate G and ¢ for run 2
(open circles) for elasticity tensor estimations to 211 GPa. At 200 GPa, the differ-
ences between the Hugoniot values at 4407 K and the present 298 K values yield
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Figure 3 The measured Q(hk/) of h.c.p. Fe at 211GPa. This parameter
follows a quadratic relation

Qhkly =mq+m,B +m,B* 6)

where B = 3a% 2/ [4c?(h? +hk +1?) + 3a%/?). Under isostress assumption, the
parameters mo, m; and m, provide three independent linear equations for
determination of elasticity tensors'®?’,

vp and vs of h.c.p. Fe are measured directly at 16.5GPa in a
multianvil press'. All experiments were performed at 298 K.

The results from RXD (zero-frequency) and multianvil (ultrasonic-
frequency) measurements are in good agreement, bracketing a wide
frequency range including seismic waves. The observed K/G ratio of
h.c.p. Fe is 2.7(*0.7) from the RXD at 20-39 GPa, and is 2.68(*
0.1) from the ultrasonic measurement at 16.5 GPa. We extrapolate Gg,,
fre,» vp and vs to higher pressures based on a constant K/G of 2.7, and
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temperature derivatives; for example, —dvg/dT =3.7x 10 *kms~'K~' and
— dvp/dT =0.9 X 10 *km s~ "K~'. In comparison with other estimations based
on theory of thermal and elastic properties®, this value of —dvs/dT is high, and
—dvp/dT is low, possibly owing to the combined uncertainty in extrapolation of
two data sets from entirely different studies (shock-wave and static compres-
sions). If these derivatives are used for temperature correction of the solid curve
to inner-core conditions, the resulting vs and vp of h.c.p. Fe at 6,000 K and 350 GPa
(open diamonds in b) represent upper and lower bounds, respectively; that
is, the differences between open diamonds and crosses is significant for vs,
but not for ve.
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Figure 4 Comparison of seismic-wave velocities from this work with values
calculated from theory. The velocities (vp, vsi and vsp) of single-crystal h.c.p. Fe
depend on the wave propagation direction relative to the ¢ axis of the crystal. Solid
curves, this study with isostress assumption; dashed curves, first-principles
theory?®.

compare the results with theoretical, shock-wave** and seismic

values (Fig. 2). The Kg., Gr., vp and vs predicted by first-principles
theory®** are higher than the present values at low pressures, but the
difference diminishes at higher pressures. Temperature derivatives of
vp and vs are estimated from the differences between the Hugoniot
data at high temperatures and the present static data at 298 K, and are
used for estimation of vp and vs of h.c.p. Fe under the inner-core
conditions® (Fig. 2b). The seismic vs of the inner core is lower than the
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corresponding h.c.p. Fe value. If the softening of vs represents possible
Born-Durand premelting effects® or partial melting, the observed
shear values would tightly constrain the inner-core temperature near
melting. The near-melting softening would also attenuate seismic
waves. Alternatively, the observations may indicate the presence of
additional low-vg phases in the inner core.

The RXD measurements also provide single-crystal elasticity
information'>”. Figure 3 shows that the Q(hkl) reaches a maximum
at a (100, 110) and ¢ (002) axes that is more than double the
minimum of the Q(hkl) at the diagonals (112, 102, 103). This trend
persists over the entire pressure range studied. The strong (hkl)
dependence of lattice strain reflects a strong elasticity anisotropy or
an (hkl) dependence of stress'®", which has little effect on the
aforementioned estimates of averaged aggregate proprieties'>”, but
which gives information on single-crystal properties. Elasticity
tensors and the orientation dependence of v,,, vs; and vs, (subscripts
1 and 2 denote two polarization directions) are calculated from
parameters in equation (6) (see Fig. 3 legend) at the isostress
limit'>*®. Examples for h.c.p. Fe at 39 and 211 GPa are shown in
Table 1 and Figs 2 and 4, and compared with values from first-
principles theoretical predictions®. At 211 GPa (Fig. 3b), theories
predicted a small vp anisotropy (4% faster in the ¢ than in the a
direction) which requires a perfect alignment of h.c.p. Fe crystals (or
a giant single crystal®) to account for the 4% inner-core vp
anisotropy. The present results obtained under the isostress
assumption show a large vp anisotropy (24% faster at 45° from ¢
than along either the a or the ¢ axis), which relieves the ‘perfect
alignment’ textural constraint. Partial alignment of h.c.p. Fe crystals
would be sufficient for the magnitude of inner-core anisotropy.

The isostress assumption for interpreting the data observed with
our method has been confirmed experimentally for cubic phases of
FeO and Fe (refs 15, 27). Its validity remains to be tested for
hexagonal crystals. A strong (hkl) dependence of ¢ (that is, non-
isostress) in the polycrystalline specimen may partially or fully
account for the observed lattice strain anisotropy. Consequently the
elasticity tensor can no longer be uniquely determined, but is only
partially constrained by the lattice strain anisotropy in equation (6)
with trade-offs among the values of the Cj; and textural parameters.
For example, development of the basal-plane slip texture common
in h.c.p. metals®® could conceivably lower the ¢ of grains with their ¢
axis at 45° orientation. In such a case, the present observations at
ultrahigh pressures, combined with elastic anisotropy information
from theoretical estimates or single-crystal ultrasonic measure-
ments at lower pressures, would yield rheological information on
single-crystal strength anisotropy and polycrystalline flow textures.
Such information would affect our estimates of both elastic and
anelastic anisotropies in the core®.

Much information on bulk properties at high temperatures and
pressures, and single-crystal elasticity and strength anisotropy, may
be obtained by integrating techniques complementary to the three-
dimensional RXD measurements reported here. These include
ultrasonic studies, which provide accurate and direct determination
of velocities below 20 GPa, hydrostatic X-ray diffraction, which
provides lattice parameters and bulk moduli to multimegabar
pressures, shock-wave experiments, which determine bulk elasticity
along the high pressure-temperature Hugoniot, and ab initio
calculations, which provide independent determinations of elasti-
city. The present integrated study reveals that the elasticity of the
Earth’s inner core may represent the low shear modulus of h.c.p. Fe
close to melting, or the existence of additional components with low
shear-wave velocities but similar density to Fe. As well as perfectly
aligned h.c.p. Fe, more complicated textures should be considered,
including partial alignment of these phases. U
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The disposable soma theory on the evolution of ageing states that
longevity requires investments in somatic maintenance that
reduce the resources available for reproduction’’. Experiments
in Drosophila melanogaster indicate that trade-offs of this kind
exist in non-human species®”. We have determined the interrela-
tionship between longevity and reproductive success in Homo
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