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If we could travel to the center of Earth, we would
leave behind the rocky outer shell and enter the
liquid iron core about halfway down. After we
traversed 80% of the distance to the center, the
liquid iron core would transform into a solid due

to the crushing influence of pressure, even though
the temperature is comparable to the surface tem-
perature of the Sun. Crossing into the solid region
brings us to Earth’s inner core. Figure 1 illustrates
the principal subshells that make up the planet. 

Despite its small size–less than 1% of Earth’s
volume, with a radius the width of Texas–the inner
core has a surprisingly large role in the dynamics of
our planet’s interior. Earth’s gradual cooling causes
the inner core to grow at roughly 1 mm/yr by solid-
ification of the liquid surrounding it. The release of
latent heat and the exclusion of impurities in the liq-
uid iron produce buoyant fluid that stirs the outer
core and generates Earth’s magnetic field. Indeed,
more than half of the power currently needed to
generate the magnetic field is probably derived
from  inner-core growth.1

Propagating seismic waves through Earth illu-
minates the planet’s internal structure much as x rays
illuminate features of the body in medical imaging:
Differences in physical properties alter the waves’
absorption, scattering, and transmission, which per-
mits the structure to be reconstructed from surface
observations. A growing collection of observations
reveals unexpected complexity in the inner core. Ev-
idence for lateral variations in seismic-wave speed
and attenuation is inconsistent with simple expec-
tations of slow radial growth from a well-mixed liq-
uid. More enigmatic is the evidence for elastic
anisotropy, which causes seismic waves to travel
several percent faster along polar paths than equa-
torial paths. 

There is no consensus on the origin of elastic
anisotropy or most of the other structure, but re-
searchers suspect that the complexity is a record of
past dynamics. Understanding how to read that
record offers an opportunity to gain new insights
into the history of our planet; it may also reveal the

reasons why Earth evolved so differently from its
nearest planetary neighbors.

Discovery and surprises
In 1936 seismologist Inge Lehmann proposed the
existence of an inner core, based on the reflection of
seismic waves from its surface.2 Proof that the inner
core is actually solid would have to wait 35 years
until measurements of Earth’s elastic normal modes
confirmed the need for finite rigidity at the planet’s
center.3 That observation supported the prevailing
view that the inner core forms by solidification and
grows outward as Earth cools. Thermal modeling
suggests that the inner core’s diameter has grown by
8 cm since the time of its discovery—far too small a
change to detect in seismic-wave observations.

Most modern studies rely on differential travel-
time measurements, which compare the propagation
times of waves that pass through and just above the
inner core. Careful selection of earthquake and re-
ceiver locations establishes propagation paths that
are nearly coincident through much of Earth’s inte-
rior, so anomalies in the differential travel time can
be attributed mostly to propagation through the
inner core, as outlined in figure 2. In the mid 1980s
evidence for the elastic anisotropy in the inner core
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began to appear;4 independent support for it also
came from observations of seismic normal modes,
which represent elastic vibrations of the entire planet.

The unexpected discovery of elastic anisotropy
initiated a flurry of activity. As subsequent studies
provided more thorough coverage of the inner core,
the complexity required to explain the observations
steadily increased. Several consistent features
emerged, including hemispherical differences in the
strength of anisotropy:5 Strong anisotropy is required
in the western hemisphere to account for large travel-
time anomalies, whereas weak anisotropy is suffi-
cient to explain the behavior of waves that pass
through the eastern hemisphere. There is little evi-
dence for anisotropy in the top 100 km of the inner
core, but support is growing for a distinctly oriented
anisotropy at the inner core’s very center. Limited ob-
servations suggest that the slow direction is tilted by
45° from the equatorial plane.6

Another surprise was the discovery in the mid
1990s of anisotropy in the attenuation of seismic

waves.7 Higher attenuation of the waves’ intensity
in the inner core is often associated with faster prop-
agation speeds. That behavior is opposite to the
usual dispersive effects in imperfect elastic solids.
Scattering of seismic waves is a likely explanation,
possibly due to regions of distinctly oriented iron
crystals in the inner core. Explaining the large-scale
anisotropy in attenuation requires scatterers that
are both aspherical and preferentially aligned. 

Interestingly, a strong correlation between
wave speed and attenuation is also found in regions,
such as the upper 100 km, that lack strong elastic
anisotropy. For example, wave speeds in the upper
100 km appear to be nearly isotropic, yet geographic
areas with high attenuation tend to correspond to
higher-than-average wave speeds. One suggestion
is that variations in the size of iron crystals in the
top 100 km of the inner core could account for both
the attenuation and velocity.8 Crystal sizes ranging
from tens of meters to tens of kilometers may be
enough to explain the observations, but those crys-
tals would need to be randomly oriented in the
upper 100 km of the inner core to ensure that the ve-
locity in that particular region remains nearly
isotropic.

Thermal models
Growth of the inner core cannot be detected in obser-
vations, but it can be predicted using models for the
thermal evolution of the core. Cooling is driven by
heat conduction into the base of the rocky shell that
surrounds the core. That shell, known as the mantle,
is more massive than the core and has a high effec-
tive viscosity, which accommodates slow thermal
convection with velocities on the order of 0.1 m/yr.
Comparatively rapid flows on the order of 104 m/yr
can be driven in the low- viscosity liquid core by
temperature anomalies of only a few millikelvin.9

Ultimately, convection in the mantle regulates the
cooling of the core and sets the pace of  inner-core
growth.

Temperatures in the core were probably high
enough in the distant past to ensure that the entire
core was liquid. Gradual cooling eventually caused
the temperature at Earth’s center to drop low enough
to nucleate an inner core. Solidification begins at the
center because of the pressure dependence of iron’s
melting curve, shown in the box on page 40. The in-
tersection of a steep melting curve with the temper-
ature of the core–often approximated by assuming a
well-mixed fluid with constant entropy–defines the
radius of the inner core. The current size of the inner
core reflects the total amount of heat that has been
removed from the core as a whole since the inner
core began to grow. Over that time, the top of the
core has cooled by about 60 K.

The rate of inner -core growth is set by the av-
erage heat flux into the base of the mantle. Cooling
drives solidification, but the release of latent heat re-
duces the resulting change in temperature. In addi-
tion, impurities in the liquid-iron core are excluded
from the solidifying inner core, judging from seis-
mic estimates of the density change across the  inner-
core boundary. Those impurities produce buoyant
fluid that helps to stir the liquid core. The result is
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Figure 1. A cross section of Earth’s interior reveals a rocky outer 
shell (mantle) and a metallic core. The core is made up mostly of iron, 
although impurities lower the density below that of pure iron. The grad-
ual solidification of the liquid outer core produces a solid inner core. 
The density of the inner core is more consistent with pure iron, which
implies a lower concentration of impurities than are in the surrounding
liquid. (Figure courtesy of Eric King.)
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a segregation of impurities into the liquid core and
a decrease in Earth’s gravitational potential energy.
Nearly all of that energy ends up in the core as heat,
which also buffers the change in temperature. The
inner core’s evolving composition can further slow
the rate of solidification for a prescribed heat flux.

Models for  inner-core growth are hampered by
substantial uncertainties in many of the relevant
physical properties, but most recent models suggest
that the inner core grew to its current size in 1 billion
years or less.1 Before that time, convection in the
core would have been driven primarily by cold,
dense fluid sinking from the core–mantle boundary
as the core cooled. Peter Olson describes the dynam-
ics of convection and  magnetic field generation in
the companion article on page 30.

Dynamics
Geological observations of magnetization in ancient
rocks demonstrate that Earth has possessed a mag-
netic field for at least the past 3.2 billion years.10 The
persistence of the magnetic field implies that the liq-
uid core has been convectively stirred for most of
Earth’s history. Once an inner core formed, its growth
introduced new physical processes; a record of those
processes is imprinted on the growing sphere.

Thanks to the low viscosity of liquid iron, the
solid inner core can rotate relative to the mantle. Early
numerical models of convection and field generation9

in the liquid core predicted  inner-core rotation rates
of roughly one degree per year. In those models,
eastward flow at the base of the liquid core carried
the inner core in the same direction on average.

A subsequent search for the rotation by seis-
mologists revealed an intriguing change in travel

time for waves that propagate through the inner
core.11 Waves that travel from nearby earthquake lo-
cations to fixed receivers on the surface pass
through different parts of the inner core if it rotates
with time. Initial estimates for the change in travel
time were interpreted as eastward rotation of the
inner core, although several subsequent studies
have challenged the existence of any rotation;7

inner-core rotation is plausible on physical grounds,
but its detection in seismic observations remains
controversial.

Another type of motion is caused by the ther-
mal convection inside the inner core. In the absence
of substantial heat sources, convection is expected
when rapid growth of the inner core leaves little
time for conductive cooling. In that case, warm,
buoyant material develops below colder, dense ma-
terial. Such a density stratification is unstable to
convective overturn by creeping flow, even though
the inner core is solid. By contrast, slow growth of
the inner core allows time for conductive cooling,
which in turn allows material at the center of the
inner core to become cold and dense. And in that
scenario, the density stratification is stable and con-
vection will not occur. Current estimates suggest
that the inner core lies close to the transition be-
tween stable and unstable stratification. Changing
the value of thermal conductivity within the present
uncertainties is enough to switch between convect-
ing and nonconvecting states.

Even if the inner core was convectively unsta-
ble at early times, a number of factors can subse-
quently suppress convection. Latent heat release
and chemical segregation become more important
in the heat budget of the core as the inner core grows
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Figure 2. Seismic waves illuminate Earth’s internal structure. Compressional waves that travel from one 
location (designated by the star)—typically an earthquake—through the mantle (green) and core to another
location on the surface are often denoted PKP. Different paths through the core are possible. (a) The sets of
paths AB (red) and BC (blue), which differ in the extent of refraction they experience at the core–mantle
boundary, travel entirely through the liquid core (pale yellow). (b) Paths DF (purple), in contrast, travel
through the inner core (orange) as well. Differences in the travel time between the BC and DF paths are 
primarily due to propagation through the inner core and thus can be used to discern aspects of its structure.
(Figure courtesy of Ed Garnero.)
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in size. As a result, the rate of growth inevitably de-
creases with time and may eventually tilt the bal-
ance in favor of a stable thermal stratification. In ad-
dition, an increasing concentration of impurities in
the liquid core can drive slightly higher levels of im-
purities into the solid during subsequent growth. 
A stable, chemical stratification can develop with
time, particularly when the inner core becomes
large, although the details depend on how impuri-
ties partition between the liquid and solid phases at
high pressures and temperatures. There is plenty of
uncertainty—even the identity of the impurities is
not firmly established.

A surprising form of thermal convection is per-
mitted by the presence of a phase transition at the
inner-core boundary.12 The usual form of convec-
tion—with a closed circulation of rising and sinking
motion—is replaced by a nearly rigid-body transla-
tion. Melting in one hemisphere and solidification
in the other closes the convective circulation. Two
conditions are required for translational convection
to occur. First, the inner core must be convectively
unstable; second, its viscosity must be high enough
to ensure that its shape changes primarily by melt-
ing and solidification rather than by viscous flow. 

Rigid-body translation is strongly coupled to
convection in the liquid core because melting and
solidification depend on heat and the transport of
material above the surface of the inner core. Simple
parameterizations of turbulent transport have been
used so far to describe the response of the liquid
core,12 but complications can arise from a combina-
tion of geometry, rapid planetary rotation, and the
presence of a magnetic field. Surprises are waiting
to be discovered as better models for coupled con-
vection are developed.

The preceding discussion should dispel any no-
tion that the inner core is static; instead, it is swept
around by convection in the liquid core and may un-
dergo its own internal convection. Even if the inner
core is not convectively unstable, it is still subject to
many other forms of deformation. For example, elec-
tric currents can produce heterogeneous heating.13

That heating is not sufficient to drive convective
overturn, but it can produce lateral variations in tem-
perature, which induce a creeping flow. 

In addition, the inner core is expected to solid-
ify preferentially in the equatorial region due to the
nature of heat transport in the overlying liquid. If
the viscous flow of material is the primary means of
relaxing boundary topography, then a large-scale
flow can develop in the interior.14 Flow may also be
driven by magnetic stresses on the inner core,15 pos-
sibly connected with  inner-core rotation. Given the
multitude of physical processes that can cause de-
formation, it is reasonable to ask if any of those
processes can also explain the observed seismic
structure of the inner core.

Origin of inner-core structure
Elastic anisotropy in the inner core, illustrated in
figure 3, is one of the earliest and most enduring
mysteries to emerge from seismic observations. The
presence of elastic anisotropy is usually attributed to
preferential alignment of crystal lattices, although
other structural features, such as oriented pockets of
melt and large-scale chemical layering, can also give
rise to anisotropy. A preferential crystal alignment,
often referred to as texture, can be established at the
time of solidification or may develop as a result of
subsequent deformation.

Laboratory experiments suggest that the orien-
tation of temperature gradients during solidifica-
tion can establish an initial texture.16 Numerical
models of convection and magnetic-field generation
have shown that temperature gradients at the  inner-
core boundary are primarily radial, although the
magnitude of such gradients can vary with latitude.
Expectations for crystals to align in the radial direc-
tion are consistent with the absence of strong
anisotropy in the top 100 km of the inner core be-
cause a radial structure is invariant under rotation
and should not produce faster wave speeds in polar
directions.

Subsequent deformation of material with an
initial solidification texture can produce the ob-
served anisotropy, but that deformation must be in-
fluenced in some way by rotation because it is un-
likely for fast paths to align with the direction of the
rotation axis by chance. The required deformation
could arise in a variety of ways. For example, ther-
mal convection in the inner core can align with the
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Earth’s inner core

Vigorous convection in Earth’s liquid core continually
regenerates the planet’s magnetic field. An important
source of buoyancy to drive the fluid motion comes
from the growth of the inner core. Convective mixing
homogenizes both the composition and entropy of
the fluid, so the core temperature, plotted here (blue)
as a function of radius, is well approximated by the
condition of constant entropy. By comparison, the
melting temperature of iron (red) is expected to have a
stronger dependence on pressure. The intersection of
the core-temperature and melting-temperature curves
defines the radius of the inner core, which is currently
1221 km–about 20% of Earth’s radius. At that depth, the melting temperature is estimated to be about 5500 K. 
As the core cools, the intersection point shifts toward larger radius and the inner core grows by solidification.

An outsized role for the inner core
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rotation axis, but only when the vigor of convection
is relatively weak. Alternatively, preferential
growth of the inner core at the equator can produce
flow with a polar orientation as long as the viscosity
of the inner core is not too high. It is also possible
for electric currents and magnetic stresses to possess
the correct symmetry because those features are as-
sociated with processes in the liquid core, which are
strongly affected by the influence of rotation. 

A second and more serious challenge is to ex-
plain the presence of hemispherical variations in
elastic anisotropy. Electric currents, magnetic
stresses, and local heat flow should all be heteroge-
neous over the surface of the inner core, but it is less
obvious why the heterogeneity would be spatially
persistent for long enough to establish a prominent
deformation texture. A representative large-scale
flow of several centimeters per year would produce
strain rates on the order of 10−15 s−1 and would re-
quire about 107 years to accumulate enough strain
to have observable consequences. If the inner core
is free to rotate, one might expect significant aver-
aging of structure in longitude, which would tend
to erase hemispherical differences. Alternatively,
the inner core may be locked in place by gravita-
tional forces associated with mass anomalies in the
mantle, although viscous deformation (or melting
and solidification) can permit the inner core to es-
cape the grasp of gravity.17

Translational convection is often suggested as a
possible explanation for hemispherical differences,12

particularly the hemispherical variations in isotropic
velocity in the upper 100 km of the inner core.7 How-
ever, extending the idea to explain the variations in
anisotropy presents several unsolved challenges.
First, translation causes little deformation, so any
initial solidification texture at the surface of the inner
core would simply be carried along by the nearly
 rigid- body motion. It is not clear how a strong
anisotropy would develop in one hemisphere and
disappear in the other without any additional defor-
mation. Second, translation cannot explain the dis-
tinctly oriented anisotropy in the central part of the
inner core (red region in figure 3). There is currently
no simple explanation that accounts for all of the
complexity of the seismic observations. 

Gaining perspective
The seismic observations are, in a word, confound-
ing. Simple expectations for slow growth of the
inner core from a well-mixed liquid are completely
at odds with clear evidence for structural complex-
ity. Proposals abound to explain one aspect or an-
other, but none currently provide comprehensive
understanding. The attention given to the inner core
may be surprising to some, given its small size, but
there are few records of past dynamics in Earth’s
core. Fluctuations and reversals in Earth’s magnetic
field are recorded in rocks at the surface (see the ar-
ticle by David Dunlop, PHYSICS TODAY, June 2012,
page 31), but the inference of internal dynamics is in-
direct because the magnetic dipole at the surface rep-
resents only a small fraction of the field inside the
core. If the inner core is a battered relict of 1 billion
years of evolution, then much can be learned from

its seismic structure. In many ways the inner core is
analogous to a rock outcrop for a geologist. Long and
elaborate tales have been told from a small patch of
rock, and the same may be true for the solid iron ball
at Earth’s center.
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Figure 3. Elastic anisotropy in the inner core causes compressional
seismic waves to travel fastest in the polar direction. The magnitude of
the anisotropy, designated by the length of brown rods in that direc-
tion, varies across the inner core. Anisotropy is strongest in the western
hemisphere (longitude 270°) and is much weaker in the eastern hemi-
sphere (longitude 90°); the green dashed line represents the equator.
The innermost region (red) of the inner core is also anisotropic, but
with an orientation (not shown) thought to be tilted with respect to
the poles. (Figure courtesy of Xiaodong Song.)

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

18.7.29.240 On: Thu, 28 Nov 2013 18:21:25


