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eismometers are the eyes of geophysics:

seismic waves from large earthquakes tra-

verse the whole Earth and sample the

structure to its very centre. During this century

seismology has built up a detailed picture of an

internal structure layered like an onion, the dif-

ferences between the layers being interpreted

with increasing sophistication in terms of

changes in composition and phase of the con-

stituent minerals. The most dramatic boundary

is that between the liquid iron core and the

solid silicate mantle, 2886 km down. The

deepest interface is the surface of the inner

core, another 2269 km down. This inner

core is small and remote, yet it has made its

presence known in a number of subtle

ways, and we can now deduce a surprising

amount about its composition, thermal

state and dynamics.

In 1936 Miss Inge Lehmann proposed a

new seismic shell, radius 1400 km, at the

centre of the Earth, which she called the

“inner core”. It was already known that

low seismic velocities in the outer core cre-

ated a shadow at angular distances between

105° and 142° (figure 2), and that seismic

waves diffracted some considerable dis-

tance into the shadow. Wiechert also attrib-

uted seismic arrivals before 142° to diffrac-

tion, but Gutenberg and Richter had

already found their amplitude too large and

frequency too high to fit with the diffrac-

tion theory. Measurements of the vertical

component of motion clinched the interpre-

tation as waves travelling almost vertically

and therefore reflected or refracted through

a large angle. Lehmann’s paper remains a

classic example of lateral thinking, careful

interpretation and cautious conclusions. The

proposed radius was close to the currently

accepted one of 1215 km.

The inner core was rapidly accepted into the

new Earth models being constructed by Guten-

berg and Richter (1938) in the USA and Jef-

freys (1939) in the UK, although the scattered

nature of the arrivals in the shadow zone

demanded a thick transition zone at the bot-

tom of the outer core where the seismic veloc-

ity increased gradually. In the first edition of

his book on seismology, Bullen (1947) labelled

the Earth’s layers A–G, with A denoting the

crust, G the inner core and F the inner core

transition. The need for this latter layer was

largely removed when seismic arrays showed

that much of the scattered energy came not

from the inner core boundary but from the

core–mantle boundary (Haddon and Cleary

1974). Layer D, the lower mantle, had already

been divided into D' and D'' by Bullen (1949),

the latter being a thin layer some 200 km thick

around the core with a lower seismic velocity

gradient to explain anomalous P and S wave

arrivals near the core shadow. This layer is

now thought to be laterally inhomogeneous

and responsible for scattering energy from

waves travelling nearly horizontally just

above the core surface.

The idea that the inner core is solid also

comes from Bullen (1946), who used the

formula for the seismic P wave velocity,

Vp
2 = (k + 4/3µ)/ρ

(where ρ is rock density), to argue that a

change from liquid (µ = 0) to solid (µ > 0)

without change in composition would pro-

duce the increase in seismic velocity

required by the observations. 

The definitive test of solidity would be the

observation of a shear wave passing

through the inner core, which would have

to be converted from and to a P wave in the

outer core because no shear wave could

pass through the liquid. He called this wave

PKJKP, with J representing the shear wave

and K and P the P wave legs through the

outer core and mantle respectively, and he

produced theoretical travel times for it
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The Earth’s inner core: 

its discovery and other surprises
David Gubbins reviews the history of ideas about the inner core 

on an intriguing intellectual journey to the centre of the Earth.

The Earth has the extraordinary

internal structure of a liquid core

with a solid centre. This structure was

established early this century by

studies of seismic waves generated by

earthquakes that traverse the whole

Earth. Recently, seismology has also

established that the solid inner core is

rotating at about a degree per year

faster than the rest of the planet. This

rotation could be a steady response to

the force induced by the geomagnetic

field; alternatively it may be part of a

longer-term oscillation. 

The inner core is like an inner moon,

suspended at the very centre of the

Earth by gravity, free to spin, librate,

or oscillate about its equilibrium

position established by gravity. It 

plays a crucial role in the generation 

of the magnetic field, providing a

substantial part of the power supply 

to the dynamo and stabilizing the

dynamics of the fluid outer core.

Without it, the geomagnetic field would

behave very differently, or perhaps

would not exist at all.

Fig. 1: Inge Lehmann, discoverer of the inner core in 1936 by a
remarkably insightful interpretation of seismic arrivals in what
should have been the shadow zone of the liquid outer core.
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(Bullen 1950). Julian et al. (1972) thought they

had identified PKJKP, but the observation has

never been confirmed. The most direct seismo-

logical inference of solidity came from normal

modes (Dziewonski and Gilbert 1971), who

found a very low shear velocity (Poisson’s

ratio) indicative of material near its melting

point. 

Birch (1952) discussed core chemistry and

favoured a crystalline iron inner core with

some lighter impurities in the liquid outer core,

a view that still holds today. The paradox of a

solid inner core residing below a colder liquid

core was resolved by Jacobs (1953) with an

adiabatic, cooling core in which the adiabat

meets the melting curve at the inner core

boundary: the core freezes from below rather

than from above because of the pressure effect

on the melting temperature (figure 3). 

This model became a critical part of the the-

ory of power supply to the Earth’s dynamo.

Freezing not only releases latent heat to drive

convection in the outer core, but can also frac-

tionate lighter elements and release them at the

inner core boundary to provide another source

of buoyancy. Braginsky (1963) proposed this

as the main energy source for the dynamo and

identified the region of fractionation as

Bullen’s seismological layer F. Ironically the

only letters of Bullen’s original classification

A–G that we hear about today are D'', which

was not part of the original set, and F, whose

supporting evidence has collapsed!

Braginsky’s compositional convection can be

a highly efficient way of producing magnetic

energy. The dynamo can be viewed as a heat

engine: potential energy converts first to kin-

etic energy through light material accelerating

upwards, then to magnetic energy by induc-

tion, thence to heat. Light material stirs the

core and its potential energy must be converted

into heat by frictional processes, the dominant

one being electrical resistance. Heat, on the

other hand, can escape from the core directly

by convection. 

Thermal convection therefore requires much

greater heat throughput than compositional

convection, and compositional convection is

preferred because the heat budget of the whole

Earth is rather tight (Gubbins 1977). Conver-

sion of gravitational energy is not completely

straightforward because of the chemical poten-

tial. In particular, some of the buoyancy

released may not be available to drive convec-

tion because the light material is conducted

away, in the same way that heat is lost by con-

duction down the adiabatic temperature gradi-

ent. The effect may be large (Gubbins et al.
1979), and the difficulty with finding enough

power to generate the magnetic field remains.

The tight heat budget places quite a severe

constraint on the thermal history of the Earth

as a whole. If the Earth is cooling and the inner

core is slowly growing by accretion (at a volu-

metric rate measured in cubic metres per sec-

ond), when did it form? In other words, how

old is the inner core? Suppose it is freezing

rapidly, so that at some point in the geological

past the core was entirely liquid. Before that

time the dynamo must have been powered by

heat alone, requiring a heat output through the

mantle that was much larger than at present,

but allowable because we know very little

about past geothermal gradients. 

Some thermal history calculations suggest

that an initially hot Earth would have cooled

rapidly, largely due to a hot, mobile mantle,

until inner core formation, when the cooling

rate dropped dramatically because of higher

mantle viscosity and the higher effective specif-

ic heat of the core caused by latent heat and
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2 Seismic ray paths
through the core. P waves
(1) are seen out to about
105°, where the core
shadow begins (2). Rays
penetrating the lower
velocity liquid core are
refracted down to emerge
at much greater distance
(2a) while steeper rays
arrive at progressively
shorter distances until the
limit is reached at about
140°. Energy arriving in
the shadow was
attributed to diffraction
until Lehmann showed
they could only come
from a reflection from
deeper down (5).
Redrawn from Lehmann
(1936).

3 Jacobs’ (1953) model of inner core formation. The liquid core cools adiabatically until the melting
temperature of iron is reached at the centre, when the inner core begins to grow and remain
approximately at its melting temperature.
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gravitational separation (Mollett 1984). The

history depends critically on poorly known

temperature gradients in the core and other

parameters, and recent calculations favour a

young inner core (age less than 2 Ga)

(LaBrosse et al. 1997).

The nature of the freezing process in the liq-

uid core depends on the melting, adiabatic and

ambient temperature gradients. Jacobs (1953)

envisaged the liquid core above the melting

temperature with vigorous convection main-

taining it at the adiabatic temperature. If the

properties of iron were such that the melting

temperature fell below the adiabat in the liquid

core, then convection would occur at the melt-

ing point, with solid iron raining down

through the liquid to settle onto the inner core

boundary (Busse 1972). 

This mechanism is no longer thought plausi-

ble for the liquid core, but it is likely to occur

in the thermal boundary layer around the

inner core where the temperature gradient

steepens to accommodate the additional heat

that must be conducted where fluid flow is

inhibited by the proximity of a solid boundary.

Here the temperature will almost inevitably

fall below the solidus and form a slurry, com-

plicating the fractionation process (Loper and

Roberts 1978), and the rapid cooling may

favour dendritic growth (Fearn et al. 1981).

Clearly, processes in the boundary layer will

determine the nature of the solid inner core if

it has formed by this gradual  freezing and

accretion. 

The density jump at the inner core boundary

is a key parameter because it determines the

gravitational energy available and constrains

the compositional difference between the inner

and outer core. Unfortunately it is only poorly

determined by seismology. The most complete

study is probably still that of Masters (1979),

who used free oscillation frequencies to deter-

mine an allowed range of 0.25–1.0 gm cm–3,

suggesting a pure solid iron inner core and a

few per cent of lighter elements such as sulphur

and oxygen in the outer core. This parameter is

critical in determining the ratio of gravitation-

al to thermal energy released by freezing (Gub-

bins et al. 1979). It would be best determined

by the free oscillation of the inner core. 

Gravitational forces hold the inner core at

the Earth’s centre because of its higher density.

Any displacement from the centre by, for

example, a large earthquake will lead to a

restoring force with the possibility of oscilla-

tion. This free oscillation could, in principle, be

detected by a gravimeter, and Slichter (1961)

claimed to have found it as an 86 minute peak

in a gravimeter record of the 22 May 1960

Chilean earthquake. This rather short period

required an unreasonably high density jump at

the inner core, and the claim was later with-

drawn. There are three modes, corresponding

to the three vector directions, and their fre-

quencies are split by forces associated with the

Earth’s rotation. 

Busse (1974) gave a more complete theory

for the free oscillations and derived periods of

several hours for reasonable density jumps.

This places the oscillation in the tidal band,

making it very difficult to detect. Smith (1976)

computed frequencies for seismologically

derived Earth models, including compressibili-

ty. An impressive programme is under way to

monitor the core with superconducting

gravimeters for all core gravity modes, and

Smylie (1992) has claimed to have observed all

three inner core modes with periods close to

4 hours, although the claim is controversial

(Hinderer et al. 1995).

The first detailed maps of the geomagnetic
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4 Effects of the
Proudman–Taylor theorem,
which states that the
pattern of flow of a rapidly
rotating fluid cannot vary in
the direction of the rotation
axis. Two consequences of
this are separate dynamical
regimes in regions IN, IS
and EQ, and the tendency of
convection rolls to align
with the rotation axis.
Evidence for the inner
core’s influence on the
dynamo is seen in the
magnetic field at the core
surface, which is strongest
just outside the inner core
circle.

5 The inner core sits at the Earth’s very centre, a solid sphere within the liquid iron core. It was
discovered by seismology, and seismic data has now shown it to rotate by a degree or so each year. 
It influences outer core dynamics, the tangent cylinder separating two quite different regimes, as
evidenced by the present-day geomagnetic field (shown), which is strongest in the two blue patches
just outside the inner core circle.
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field at the core surface showed it to be

strongest not at the geographic pole, as would

be expected for a dipole, but in two small

zones just outside the tangent cylinder, clearly

a consequence of the inner core’s influence on

core dynamics (Gubbins and Bloxham 1987). 

Core dynamics are dominated by the Corio-

lis force, which tends to make convection inde-

pendent of the coordinate along the rotation

axis because of the Proudman–Taylor theorem.

A solid object on the bottom of a rotating

beaker of water is seen to entrain the flow

above it, creating a Taylor column. For the

same reason the inner core exerts a strong

influence on the flow in the liquid outer core.

The core is divided by the tangent cylinder,

aligned with the rotation axis, into equatorial

and polar regions (figure 6). The dynamics of

these two regions are quite different and there

might be strong effects on the tangent cylinder

itself. 

Hollerbach and Jones (1993) found that the

inclusion of the inner core promoted stable

dynamo solutions in a mean-field numerical

model. There are two reasons why it helps to

stabilize the dynamo: one is the long electrical

diffusion time of about 5000 years, which pre-

vents the interior magnetic field from changing

on any faster timescale, and the other is the rel-

atively large volume of the outer core influ-

enced through the Proudman–Taylor effect.

The same stabilizing effect was found in Glatz-

maier and Roberts’ (1995) 3-D dynamo model.

In 1981 I published a paper with the title

“Rotation of the inner core”, pointing out that

magnetic forces acting on a solid, electrically

conducting inner core would make it rotate,

the shear near the surface modifying the mag-

netic field to reduce the torque (Gubbins

1981). Rough numerical values give rotation

rates of the same order of magnitude as the

westward drift of the geomagnetic field,

inevitably so since estimates of flow speeds and

field strengths are themselves based on obser-

vations of the magnetic field. The estimated

spin-up time is very quick – a few days in this

simple calculation – and oscillations are poss-

ible about the steady state after spin-up. I had

intended to incorporate a rotating inner core

into a dynamo model, but discovered at the

last minute that this had been done by Bragin-

sky (1964) many years before, again illustrat-

ing just how many ideas are contained in his

early (and highly condensed) papers. 

Braginsky dynamos are kinematic and con-

tain no dynamics, so that details of the size and

sense of rotation of the inner core were largely

meaningless. Recent dynamical calculations

have an inner core rotating faster than the rest

of the Earth by several degrees per year, higher

than the westward drift speed (Glatzmaier and

Roberts 1996). The inner core oscillates with a

period of about 1000 years. While the order of

magnitude of inner core rotation is determined

from scaling of the dynamo to the Earth, the

sense depends more critically on the nonlinear-

ities, and results from a small number of simu-

lations may not be representative of the more

general problem. 

Another factor influencing inner core rota-

tion is the gravitational attraction of aspherical

mass anomalies in the mantle and inner core

(Buffett 1996). Just as the Moon is phase-

locked with the same face pointing towards

Earth, so might the inner core evolve into a

state of co-rotation with the mantle, with the

possibility of oscillations a little like the libra-

tions of the Moon. The gravitational forces

may be strong enough to hold the inner core in

place against the magnetic torque tending to

rotate it. Rotation would still be allowed if the

inner core were able to deform on a sufficient-

ly short timescale, requiring a viscosity of less

than 1016 Pas (Buffett 1997).

In 1981, at the time of my theoretical paper

on inner core rotation, I had no hope of direct

measurement of the rotation and little hope of

indirect geomagnetic estimates. It was a great

surprise to us all when Song and Richards

(1996) announced their evidence for prograde

rotation of about 1°/year. Evidence of seismic

anisotropy in the inner core had been mount-

ing for some time, including an earlier study by

Song himself (Song and Helmberger 1993).

Waves travelling in the direction of the spin

axis travel 3% faster than those travelling

along directions close to the equatorial plane,

consistent with the splitting of normal mode

frequencies. The data suggest that the fast axis

is not quite aligned north–south but is tilted at

an angle of about 10° (Creager 1992). This

departure from axial symmetry provides an

essential marker by which inner core rotation

relative to the mantle can be measured. Song

left Caltech and went to work at Lamont Earth

Observatory with Paul Richards, who had for

some time been intrigued with the idea of using

changes in the seismological record to detect

movement within the Earth. The dynamo cal-

culations of Glatzmaier and Roberts stimu-

lated him to look for changes in the axis of

anisotropy associated with inner core rotation,

which could be detectable over several

decades. Working together, Song and Richards

were able to find supporting evidence from

both modern digital data, which are accurate

but have a limited time span, and less accurate

but older analogue data. 

It seems remarkable that we should even

know of the inner core’s existence, let alone

suspect its importance in generating the mag-

netic field and controlling so much of core

dynamics. No doubt it will spring more sur-

prises in the future, and reveal a little more of

itself in unexpected ways. �

David Gubbins is Professor of Geophysics in the
Department of Earth Sciences at the University of
Leeds, Leeds LS2 9JT, Britain.
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The Inner Core

The inner core’s so very small

You can hardly make it out at all.

But many sanguine people hope

To see it using normal modes – 

Or waves like PKJKP,

Which prove the finite rigidity.

Its surface sharp, without a bump,

With at least a half gram density jump.

Above which the F layer stands,

Composed of several separate bands;

A central density of about thirteen;

All those have never yet been seen – 

But seismologists, who ought to know,

Assure us that they must be so.

Oh! Let us never, never doubt 

What nobody is sure about.

Guy Masters’ poem, written while a graduate
student at the University of Cambridge.
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