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The foundation is described for understanding the
chemical composition of the inner core, the core and
the lower mantle of the Earth.

The Earth consists of concentric shells of matter sur-
rounding a nearly spherical object at the centre. The
dimensions of the Earth were first known by the ge-
ometry of the ancient Greeks, but knowledge of the
matter within the Earth comes from more recent dis-
coveries, primarily arising from investigations of me-
teorites and earthquake waves.

The mass of the Earth, 6.0 x 1027 g, was determined
by Newtonian mechanics after the universal gravita-
tion constant had been measured. The ratio of mass
to volume of the Earth, 5.5 g/fcm?, is larger than that
of the rocks of its surface regions, 2.9 g/em?, by an
amount too great to be the result of gravitational
compression alone. Having observed that some mete-
orites are composed almost entirely of a more dense,
7.8 gfem?, iron-based alloy, Wiechert suggested in
[897 that the Earth has a core of similar matter [1].
Soon thereafter,'in 1906, Oldham found, from studies
of the nature and travel times of earthquake waves,
evidence for the existence of a fluid core [2]. The
Danish seismologist, Inge Lehmann discovered in
1936 that the fluid core was but another mass shell
surrounding a solid object at the centre of the Earth,
slightly larger than the moon, the so-called inner core
[3].

Since the last century, ideas concerning the identifica-
tion of the substances within the Earth have been
evoked by observations of meteorites. Meteorites are
rocks of extra-terrestial origin that arrive from space
and survive atmospheric entry [4]. The heat of friction
developed during flight through the atmosphere
causes some surface melting and evaporation. But
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continuous removal of surface material by atmospher-
ic drag confines thermal damage to the outer few
millimeters. The identical nuclear compositions for
many corresponding elements of the Earth and the
more than two thousand known meteorites attests
to their having been derived from primordial matter
of common origin [5]. Meteorites formed about
4650 million years ago, only a few million years after
the event(s) that created their elements and a few
hundred million years before solidification of the ol-
dest known Earth rocks [6]. Meteorites are mineralog-
ically diverse. Some meteorites consist entirely of
nickel-iron metal, whereas some are composed of
stone and others of stone and metal together. Meteor-
ites are diverse in elemental as well as mineral content
[7]. The relative abundances of the elements in certain
meteorites, called chondrites, are related to properties
of the atomic nuclei [8] and are similar to correspond-
ing abundances obtained from the spectral analysis
of sunlight [9]. Some chondrites, called carbonaceous
chondrites, contain organic compounds and several
percent water by mass [10]. Other chondrites are an-
hydrous and have constituents that were at some time
molten. The anhydrous chondrites consist of two
principal components that are readily discerned by
the criterion of whether or not light is transmitted
through a thin piece of the meteorite. The transiucent
portion consists of oxygen-containing compounds.
primarily silicate minerals. The silicate minerals gen-
erally have higher melting points and lower densities
than the opaque substances that crystallized from the
iron-based alloy.

The idea that the meteoritic silicate and iron-based
alloy components are in some way similar to the man-
tle and core of the Earth has long been in the minds
of scientists. But the situation is by no means strai zht-
forward. Meteorites display considerable diversity in
the relative proportions of their opaque and translu-
cent components, in the elements that comprise those
components and in the compounds that crystallized
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from them. The two principal components of the
Earth are also complex. The mantle of the Earth
is subdivided into two major parts, the upper and
lower mantles, on the basis of the seismic discontin-
uity that occurs at a depth of about 700 km. The
fluid mass shell of the core is bounded by the lower
mantle and the solid object at the centre (Fig. ).

The identification of the composition of the seclid
object at the centre of the Earth is inextricably related
to the abundances of the elements in meteoritic mat-
ter. Because iron and nickel are alloyed in most mete-
orites and because heavier elements are less than one

Table 1. Atomic abundances of the sixteen most abundant elements
relative to iron in the Abee enslatite chondrite and in the H and
L group chondrites [20]

Abee H group L group

0 3.18 x 108 4.14 x 10° 6.59 x 10°
Na 6.05 x 10* 5.17 % 10% 7.45 x 10©
Mg 7.46 x 103 1,19 % 10¢ 1.63 x 10°
Al 4.93 x 10 7.52 x 10* 1.07 x 10%
Si 1.03 x 10° 1.23x10° 1.73 x 10°
P 1.20 x 10+ 7.15x10% 8.32x10°
S 3.08 x 10° 1.36 x 10% 1.73 x 10°
Ca 3.66 x 10% 6.14x10* 8.39 x 10*
Ti 2.05x10? 2.59 % 10° 3.64 x 10°
Cr 1,04 % 10+ 1.31 % 10* 1.89 x 104
Mn 1.03 x 10+ 8.38 % 10° 113 x10*
Fe =108 =10° =10°

Co 2,26 x 10? 2.96 x 10° 2.25% 103
Ni 523 x 104 5.67 > 10% 4.85x%10%
Cu 5.13x 102 2.96 x 102 3.29 x 10?
zZn 1.03 x10° 1.60 x 10% 2.25x 10?

0

density [g /cm’]

density as a function of depth
(from [16], based on the data of
(18]}

4 8 12

percent as abundant, it had been thought that the
inner core, which has a mass of about five percent
that of the total core, consists of partially crystallized,
nickel-iron metal [11]. One suggestion not related to
abundances, that the inner core is the result of a
pressure-induced electronic transition in iron [12, 13],
was disqualified by calculations showing the Earth
to be insufficiently massive for the required compres-
sion {14].

1 was first to conceive of the idea that the inner
core consists, not of nickel-iron metal, but of nickel
silicide [15], a mineral discovered in the 1960’s in
members of a rare group of enstatite meteorites. Sub-
sequently, I discovered [16], using published data
[17—-19], a fundamental relationship between the-
components of a particular type of metedritic matter
and the interior parts of the Earth, expressed as ratios
of mass:

lower mantle mass
149 =
total core mass

| 43_Abce enstatite chondrite silicate mass
"7 Abee enstatite chondrite alloy mass

inner core mass
lower mantle-plus-core mass

0.0208 =

Abee nickel silicide mass (theoretical Ni,Si)
Abee meteorite mass

0.0206 =

The relative abundances of the major elements of
the Abee meteorite are compared in Table 1 to those
of the more oxygen-rich H and L group chondrites.
The similarity in their elemental abundances stems
from their having formed from primordial matter of
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Table 2. Distribution of the elements among the lower mantle and
total core (Muid mass shell plus inner core), calculated from the
data of [17, 18, 23] (in g)

Lower mantle

(@] 1.53 % 1027 Al 3.96 x 1023 Mn 577 x10%
Si  7.85x 102 Na  3.36 x 1033 Fe  5.02x10%*
Mg 5.05x10% Ca 2.38x10%

Toital core

Fe 1.45x10%7 Ca 1.84x102 Ti 2,23 x 0%
S 2,84 % 1026 Cr 1.58x10%* Zn 2,09 x 0%
Ni  8.31x10% p 9.32x 107 Cu 861 %1023
Mg 4.75x 1073 Mn 534 x 102*

Si 3.26x10% Co 4.15x10%

Table 3. Combinations of light elements previously suggested as
being alloyed with nickel and iron in the core of the Earth

C, Si, H [24] Si [28, 29]
C, S [29] C. S, Si [30]
Si, 0, S [26] S [31-33]
Mg, O [27) O [34, 35]

well defined chemical composition. The compounds
formed of the elements in Abee and in the rare ensta-

- tite meteorites are unlike those found in other types
of meteorites or in the surface regions of the Earth.
In the more oxygen-rich meteorites all silicon, all
magnesium, and some iron, are combined with oxy-
gen as silicate minerals, That results in their having
significantly greater silicate to alloy mass ratios than
the 1.43 of the Abee meteorite [21], for example:

3.58= H group chondrite silicate mass
%7 "H group chondrite alloy mass

L group chondrite silicate mass

T28="1 group chondrite alloy mass

The Abee meteorite and the interior of the Earth
formed under conditions of limited available oxygen.
The silicate phase, corresponding to the lower mantle
of the Earth, consists primarily of enstatite (MgSiO3)
that is practically devoid of oxidized iron. During
formation, available oxygen was so limited that even
some magnesium and some silicon remained uncom-
bined as components of the iron-based alloy [22].
The presence of elemental silicon is a necessary condi-
tion for the initial precipitation of nickel silicide.
The distribution of the elements among the lower
mantle and total core shown in Table 2 is predicted
by analogy with the components of the Abee meteor-
ite. Only those elements are shown whose distribution
is known among the silicates and the minerals that
crystallized from the iron-based alloy of the Abee
meteorite [17].
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Fig. 2. Schematic representation of the evolution of ideas bearing .
on the composition of the interior of the Earth [1, 2, 16, 37-45]
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Birch [21] found from density distribution calcula-
tions that the mean uncompressed density of the totat
core of the Earth is 5—15% less dense than iron
or, alternatively, that the mean atomic mass of the
total core is 5-15% lighter than the atomic mass of
iron. The mean atomic mass of the iron-based alloy
of the Abee meteorite and, hence, of the total core
of the Earth, calculated from the abundance distribu-
tion shown in Table 2, is 13.9% lighter than the atom-
ic mass of iron. Various combinations of light ele-
ments have been suggested as being alloyed with nick-
el and iron in the core of the Earth (Table 3), but
none are like the combination of elements shown in
Table 2.

The values for mean atomic number and mean atomic
mass of the total core of the Earth found by Knopoff
and MacDonald [36] to be consistent with shock wave
velocity data and density measurements and with seis-
mic observations are identical to those of the iron-
based alloy of the Abee meteorite calculated from
the mineralogical data of Keil [17].

Z M
Abee meteorite iron-based alloy 22.8 48.08
Seismologically deduced values 23 48

The evolution of ideas bearing on the composition
of the interior of the Earth is schematically repre-
sented in Fig. 2.

Whereas determination of the mass distribution or
pressure within the Earth is straightforward, estima-
tion of the temperature is not. The idea is invalidated
that the temperature at the boundary of the inner
core can be obtained by extrapolation of the melting
point curve of iron to the respective pressure [46].
Until such a time that melting point measurements
as functions of pressure have been made for nickel
silicide and until phase relations in the medium of
the composition shown in Table 2 have been elucidat-
ed, the temperature near the centre of the Earth will
remain unknowr.
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