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Pountifical Acadenrieinn

SYMMARIVM — Auctor soliditatis nuelei interioris orbis terrarum perscru-
tatur. Inter alia revocatur doctrina Auctoris, quod pertinet ad compres-
sionem el compressibilitatem. Respiciuntur insuper observationes recentes
de terrestris oscillationibus deque undis sismicis PRJKP.

1. Introduction

During the past two years, the inference that the Ifarth’s
inner core is solid has received strong confirmation. The
present paper summarizes the chief lines of evidence leading
to this inference.

The interior of the Farth inciudes three main regions:
the “shell” or “mantle”, extending (approximately) to depth
z = 2,900 km; the “outer core” (2,900 < z < 5,150 km); and
the inner core, of radius about 1,200 km. The existence of a
core was established in seismic observations of OrpaAM (1906).
The thickness of the mantle was indicated as near 2,900 km
by GUTENBERG in 19T4, with close confirmation in a fine
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analysis by Jurrreys (1930). Evidence thal the core consists
of an outer and an inner part was put forward by LEEMARN
(1636} and confirmed in work of GUTENBERG and RICHTER
(1938) and JEFrREYS (1G30).

The Earth, being a deformable medium, transmits bodily
through its interior two types of waves, P and S. The speeds
a and § of P and S waves at any point of the interior are given
to good reHability (see c.g. BULLEN, 1g65a) by

(1) alp o= ko4 o413,

) oy,

where g, k and v denote the density, incompressibility and

rigidity at the point. It will be convenient to introduce @,
where

(3) (I) =3 k/‘() ferd C(,?' - 4 ﬁzl/?).

In deriving (1) and (2), the Earth is treated as perfectly
clastic and isotropic, and linear sfrain theory is applied in
treating the strains which, during the wave motion, are saper-
posed on the strains already present in the Rarth’s equilibrium
configuration, The procedure is of course justified to the
extent that its theorctical consequences agree with the relevant
observations. Tor all ordinary problems of seismology, the
observations have shown the procedure to be closely reliable.
In particular, it is appropriate to use stress-strain relations
for the entire interior of the Earth which contain just two
clasticity parameters; these paramefers may be, and most
appropriately are, taken as % and p.  As with all relations
in science, the slress-strain relations have the character of a
mathematical model,



THE SOLIDITY OF THE EARTH'S INNER CORE Vol. 11 - 39

In contexis where stress-strain relations involving just %
and p give a suitable representation, it is appropriate to term
a material as solid or fluid according as p/k is significant (in
practice of order at least ¢.01) or not. For the ordinary
problems of seismic wave transmission, this particular model
serves well and the ferms solid and fluid therefore have
meaning throughout the entire Earth, in the sense defined.
The terms solid and fluid are to be interpreted in this way
throughout this paper. (In some other geophysical contexts,
including some special seismological contexts, the two-para-
meter model is not adequale; the terms solid and fluid. then
need further elaboration},

The mantle of the Earth has, since around 1910, been
known to be solid in the sense defined, because it transmits
S as well as P waves throughout. But no § waves have been
detected Dbelow the mantle until very recently, and then not
in the outer core. Direct evidence indicating that the outer
core is fluid was suppled by JEFFREYS in 1026, using studies
of solid tides of the Earth; quantitative detail was supplied
by Taxrucur (1950) and MOLODENSKI (1955).

Tollowing the discovery of the inner core, it was tacitly
assumed for some years that the inner core would be fluid,
like the outer core. (In 1940, BIrCr mentioned the possibility
that the inner core might consist of a solid modification of
iron, but did not discuss the possibility quantitatively). As
will be seen in the following Sections, a large body of evidence
now points strongly towards rigidity.

2. The k-p theory

Over the period 1936-42, the writer worked out a density
distribution for the Earth. By wvirfue of (1) and (2), the
distribution carried with it distributions of % and n in the
mantle and outer core (assuming » == o in the outer core;.
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Distributions of the pressure $ and gravitational intensity g
were also yielded, (It is sufficient for the present discussion
to rvepresent the internal stress in the equilibriom state in
terms of the single parameter ).

An arresting feature of the distributions was that, whercas
2 large jump in g (from the order of 5} to necarly 1o g/cm’)
was indicated at the mantle-core boundary N, and whereas
was indicated as falling suddenly at ¥ from 3 x 10" dyn/em?
on the mantle side to a negligible value on the core side,
both % and dk/dp were indicated as nearly continuous at N,
This .feature, along with the limited experimental evidence
available at the time on the variation of % with $ for various
materials over the range o <{ p <C 10! dyn/em® (at N, p =°
1.35 % 10" dyn/cm?), emboldened the writer in 1940 to pro-
pose, initially as a trial hypothesis, that % and dk/dp are
smoothly varying functions of p throughout the whole Earth
below the level (z =3 1,000 km) at which p = 0.4 x 10"
dyn/em?, to a large extent independently of chemical comn-
position.  The theory that this is approximately the case will
be referred to as the %-p theory.

The hypothesis carried with it several intercsting implica-
Hons, including the implication that the Farth’s inner core
is solid. Since 1946, a variety of new observational data has
required the original (1936-42) distributions of ¢, %, , p and
g to be revised, the most important revision arising from an
unexpectedly large reduction (sece Coox, 1963) from 0.3330
to 0.3309 in the estimated moment of inertia cocfficient of
the Farth, following analyses of artificial satellite orbits. But
the near-continuity of % and dk/dp at N have been fully
sustained; if anything, the new data have strengthened the
case for this near-continuity at N. {For further defails on
the %k-p hypothesis, sce BULLEN, I949, 19502, IQ53, 1958,
1668a, 1¢72b).

Stripped to ils essence, the original argument for the
solidity of the inner core is as follows. An essential part
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of LeamanN’s discovery is that « jumps by about 10 per cent
across the boundary, L say, between the outer and inner core.
(Complications connected with the possible presence of transi-
tion layers between the outer and inner core proper arc being
ignored in the present brief summary). Suppose that the inner
core were fluid, i.e. i = o. Then the 20 per cent jump in o’
would, by (1), require ecither that g diminishes sharply at L,
which is exiremely improbable, or that % increases so rapidly
as to be discordant with the %-p theory. Thus the &-p theory
and Lrumany’'s finding on o together entail that the inner
core must have significant rigidity. Plausibility is added by
the fact that any jump in & at L is expected to be much smaller
than the jump at N since most other physical properties suffer
much smaller changes at L than at N,

3. The seismic phase PKJKP

Since a solid, but not a fluid, transmits seismic S waves,
detection of S waves in the inner core would provide direct
evidence of solidity. Theoretical travel times and amplitudes
for a seismic phase PKJKP were calculated {BurLeN, 1gsob,
1951) with a view fo possibly obtaining such evidence. The
phase PKJKP corresponds to a wave with a segment in P
type descending from an earthquake focus through the mantle,
refracted at N into a P wave (symbolized as K) descending
through the outer core, refracted at I into an S wave segment
(symbolized as J) passing through the inner core, refracted
upward at . into P type and again at N into P type, and
continuing upward to be recorded at the Earth’s outer surface.

The amplitude calculations showed that, with the seismo-
logical equipment available at the time, the phase PKJKP
was, at best, on the Dborder of observability, and then only
on assuming the most favourable type of boundary conditions
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at I.. During the immediately following ycars, several seismo-
logists offered evidence of detection of PKJKP, but the writer
after statistical scrutiny was not convinced that the phase
had Dbeen authentically observed {sece e.g. BULLEN, 1g56).

The original calculations for PKJKP had assumed [ =2
4-5 km/sec in the inner core. This value was later reduced
(BULLEN, 1965b), and the model B; of BuLLEN and Happow
(1967) had B ranging from 3.8 at the top of the inner core
to 2.9 km/sec at the centre.

4. Supporiing evidence on solidity of the inner core

In the years following 1946, evidence from a variety of
sources supported, with varying degrees of strength, the notion
that the inner core is solid. So far as the writer is aware,
there is no evidence arguing to the contrary. Till quite recently,
however, the supporting evidence fell short of establishing
the solidity directly. ITollowing are some examples of the
earlier supporting evidence.

Stmon (1953) inferred that a transition from liquid to
solid iron at I at the pressure involved (about 3 million
atmospheres) would correspond to a temperature of 3600°C,
a value that agrees well with other evidence. JAcoss (1954)
pointed out that an Earth wholly molten at some carlier stage
could well have started solidifying from the centre upward,
a solid inner core growing until the stage was reached when
the curve representing the adiabatic temperature distribution
in the Earth intersected the melting-point curve at two points
corresponding fo L and N, leaving a molten outer core trapped
in between. LuniMova (1956) independently inferred from
thermodynamical calculations that the inner core is below
melting point,

CHANDRASERHAR (1952) calculated that a boundary such
as a solid inner core would provide is necessary to sustain the
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modes of convection in the fluid outer core reguired on the
currently favoured theory of the EKarth’s main magnetic field.

Data from theorctical physics on the variation of & with
atomic number at extreme pressures, along with observational
evidence at the greatest pressures obtained in laboratorics at
the time, led to an estimate (BULLEN, 1052) that any sharp
increase in % at L is unlikely to exceed one-fifth of the increase
that would implied by the scismological data on o if the inner
core were finid.

Caror (rg6r) detected a seismic phase PRiKP (the 1
indicating apward reflection at the inner core boundary) and
thence inferred supporting evidence for inner core solidity.

An adaptation by Brcrr (1¢52) of MurNacHan’s finite-
strain theory provided independent evidence on the variation
of k and dkj/dp with p. Leading formulae in BircH'S
theory are

(4) p = 3kf (1 + 27,
(5) - o=k (n 27 (1 + 70,
(6) 3dkjdp = 7 + 5 {1+ 7f)7,

where { denotes the compression and the zero subscript refates
to zero pressure. The cquations (4)-(6) relate to a material
of constant chemical composition. (Minor thermodynamical
complications are here being ignored). Brren estimated fin
the mantle by a rather complicated process. Using the simple
relation

(7} f= pl(3k ~ 7b)
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derivable from {4) and (5), BurrLen (1g68b) estimated §
throughout the whole Earth, Neglecting possible large phase
changes inside the Earth, the preferred value of f is about
0.13 immediately above and below N and reaches 0.19 at the
Earth’s centre. Knowing f, values of k& and dk/dp entailed
by Birci’'s theory can then be derived using (4)-(6). The
results, along with various other deductive consequences
(Burien, 1968c, 196g), have, within the uncerfainties of
Bircw’s theory (sec BULLEN 1970, Tg72b; THOMSEN and
ANDERSON, 10g6g; THOMSEN, 1970), confirmed the general
reliability of the values of & and dk/dp originally used in
formulating the %k-p theory.

5. Evidence from shock-wave experiments

After assembling evidence from shock-wave experiments
on a varicty of materials at pressures, of the order 3-4 x 10%
dyn/cm?, reached inside the inner core, BircH (1961) inferred
that the Earth’s central density ¢’ is not likely to be much
greater than 13 g/ent’,

The WILLIAMSON-ADAMS equation (1923, 1g25) for density
gradient (derived using dp/dz = gp and O = kfg = dp/dp),
namely,

(8} doldz = gajl,

is now superseded (Burien, 1963, 106%) by

(9) defdz = nge/d,
where
(10) 7 o=dkjdp - gldb/dz .
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The equation (8), through its dependence on the formula
k= pdp/dp , is resiricted to the case of chemical homogeneity
and adiabatic temperature gradient. Although quite useful
as a first approximation in some parts of the Earth, (8) is
seriously unreliable in other parts (BULLEN, 1936). The
relation (10) has much utility through the fact that dk/dp
and g can now be assessed within close limits inside most of
the Tarth, while dd/dz may be estimated from seismic data
on « and .

The value of ¢’ being at least 12.3 g/em’ (BULLEN, 1930),
it can be shown (BuriLeNn, 1965h) that the assumption of
Birerr's value 13 g/em? for ¢ entails that 7 =2 1 throughout
the core (except possibly inside limited transition zones). The
evidence is strong that the value of d&/dp is at least 3 in the
inner core. The available seismic evidence gives da/dz =R o0
in the inner core. Assuming these numerical results, (10) gives

(11) 1y g o+ gT'd(qf/3)/dze

which requires dS/dz to be significantly negative (BULLEN,
1064) inside the inner core. On proceeding to further detail,
dp/dz is also indicated as negative. This in turn is evidence
that the inner core is solid since a region cannot be entirely
fluid if the rigidity is significantly changing inside it.

Thus the assumptions that ¢" does not much exceed 13
g/em® and that de/dz == o in the inner core together supply
additional evidence that the inner core is solid.

The theory involved in the above argument appears
unshakable, but some uncertainty attaches to the conclusion
because of uncertainty in the observational data. TPossible
revision of the data on de/dz could annul this line of evidence.
A further calculation (BULLEN, 1965h) showed that the evidence
would also be annulled should ¢ exceed 14.7 g/em’. Bovrr



Vol 11 - 39 K. 1. BULLEN

(rg7o) inferred from other seismological evidence, however,
that o = 14 g/em®.

The above illustrates arguments that have been brought
to bear in seeking to establish the solidity of the inner core.
They all act in the direction of increasing the probability that
the inner core is soiid, but fall short of making a direct case.

6. Recent evidence
6.1, Attenuation of P waves inside the Earth’s core

Sacks (1970), in a spectral analysis of P wave data,
estimated the aftenuvation parameter @ (for definition of ¢,
see JEFFREYS, 1070, p. 333) to be of order 200 in the outermost
part of the inner core, rising rapidly to the order of 600 im-
mediately below. In the fluid oufer core, @ is an order of
magnitude higher. These results led Sacxs to suggest thal
the top of the inner core may be in a state of partial melting
which is a prelude to the setting in of rigidity lower down in
the inner core. Ie also pointed out that this state of affairs
would accentuate the difficulty of detecting S waves in the
inner core while at the same time providing new evidence
that there is rigidity.

6.2. Lvidence from [ree Karth oscillation data

The indisputable recording of frec Earth oscillations fol-
lowing the Chilean carthquake of 1960 May 22 added impor-
tant new cvidence on the distributions of p, & and | inside
the Earth. The periods of considerably more than 100 modes
of frec Earth oscillations have now been measured to fairly
good precision, and cach observed period adds one new
nunierical condition which the distributions must satisfy.

10
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An analysis of the new data made soon after the Chilean
earthquake confirmed the reliability of the 1930-42 distribu-
tions of p, % and y within the previously estimated accuracy.
For example, the density distribution was confirmed as ac-
curate within 5 per cent or less for o <7 z < 5,000 km, approx.
Subsequently, the implications of free Earth oscillation data
on the determination of the internal structure of the Earth
have been examined in considerable detail.

Using free Tarth oscillation data, Drr (1969) inferred
that the inner core must be solid, but it later became necessary
to re-interpret part of his data. Work of BULLEN and Habpon
(see e.g. papers of 1967, 1969, 1g70) indicated that, on the
data available by 1960, one could not in this way fully
establish the solidity of the inner core. HApDON (see BULLEN,
1g72a), concluded that the data available by 1669 did, however,
indicate the presence of significant rigidity somewhere inside
the core; of course, on other grounds, the location would be
expected to be the inner core. More recenily, DZIEWONSKI
and GrsegT (1971) produced a large quantity of new observa-
tional free Earth oscillation data, including data on the periods
of a number of pertinent overtones. With the addition of
these additional data, the case for a solid inner core has
become fairly convincing. The calculations of DZIEWONSKI
and GrieERT yielded § 3= 3.5 km/sec in the inner core. This
would entail that p is at least 1.5 x 10" dyn/cm®

6.3. Observations of the phase PKJKP

With the advent of modern seismic array stations and
filtering techniques, the chances of detecting the phase PKJKP
on seismic records have been much enhanced. JULIAN, DAVIES
and SHEPPARD (1g72) now claim to have detected the phase,
using these techniques. Their evidence is rather limited, but
they have applicd various tests carefully in making their

11
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interpretations. They infer that B = 2.95 km/sec. This value
would entail an inner-core rigidity not less than 1.0 x 10Y
dyn/en?, which may be compared with the values 0.6 and
3.0 % 10" dyn/em?® at the top and bottom of the mantle.
If further observations confirm the work of these investigators,
the solidity of the inner core can be regarded as directly
established.
As it is, the overall case is already quite strong.

The manuscript of this paver was typed at the Interna-
tional Institute of Seismology and Earthquake Engineering,
Tokyo, and the writer wishes to express his thanks for the
services kindly made available.

University of Sydney
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