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Ideas have previously been advanced suggesting the possibility that uranium exists within the
Earth’s core. In the present paper, evidence is presented for the existence within the Earth’s core of
substantial quantities of uranium and thorium. The concept of an accumulation of uranium in the core of
the Earth functioning as a nuclear fission breeder reactor is presented. Means for concentrating actinide
clements within the Earth’s core and for separating actinide elements from reactor poisons are disclosed.
Nuclear reactor feasibility is demonstrated by Fermi’s ke in excess of unity for times in the geological
past. The concept that the Earth’s geomagnetic dynamo is driven by nuclear fission energy is discussed
as is the concept that the frequent, but irregular, polarity reversals of the geomagnetic field have their
origins in intermittent nuclear reactor output. Although great uncertainty exists in estimates of the
abundances of the actinide elements in the core of the Earth and in details of the chemistry of the core,
the results of the present paper indicate if uranium and thorium exist in the core of the Earth as elements
or compounds, as evidence indicates, the actinides: (1) would be the most dense matter in the Earth; (2)
would tend to concentrate at the center of the Earth; (3) would tend to be separated on the basis of density
from less dense reactor poisons; and (4) if accumulated 3000 million years ago, would be able to initiate
self-sustaining nuclear fission chain reactions which may continue to the present through fuel breeding
reactions, The magnitude of available nuclear fission energy release throughout geological time is of
major geophysical importance and is more than sufficient to power the geomagnetic field.

1. Introduction

In 1919, Larmor suggested that the Sun’s magnetic field might be sustained by a mechanism similar
to a self-exciting dynamo (LARMOR, 1919). Almost a half century ago, that concept was extended with
the suggestion (ELSASSER, 1939, 1946; BULLARD, 1949) that fluid motions in the electrically conducting
core of the Earth might cause the core to act like a self-exciting dynamo, producing electric currents to
sustain the geomagnetic field (see, for example, RIKITAKE, 1966). Various ideas have been discussed as
energy sources for the geomagnetic field, including thermal convection in the outer core caused by the
decay energy from naturally occurring radioactivities (U, Th, “°K) and compositionally driven convection
caused by the presumed growth of'a dense inner core from a progressively less dense fluid core (ELSASSER,
1939, 1950; GUBBINS and MASTERS, 1979; VERHOOGEN, 1980; LOPER and ROBERTS, 1983). ELSASSER
(1950) suggested the radioactive decay energy of uranium and thorium concentrated at the center of the
Earth as causing thermal convection in the fluid core. Later, FERBER ef al. (1984) again suggested the
radioactive decay energy of uranium and supported that suggestion with experimental data demonstrating
the tendency of uranium to alloy with iron at high temperatures. The present paper presents evidence for
the existence of uranium and thorium in the Earth’s core based upon the identification of the interior parts
of the Earth with corresponding parts of the Abee enstatite chondrite meteorite. The feasibility of uranium
concentrating in the Earth’s core and undergoing self-sustaining nuclear fission chain reactions is
demonstrated.
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2. Relationship between the Components of the Interior of the Earth and the Components of the Abee
Enstatite Chondrite Meteorite

The physical states, divisions, and densities of the interior parts of the Earth are deduced from the
travel times of earthquake waves, from the moment of inertia of the Earth, and from the fundamental
periods of free oscillations of the whole Earth (DZIEWONSKI and GILBERT, 1972; DZIEWONSKI and
ANDERSON, 1981). Chemical compositions of the interior portions of the Earth, on the other hand, are
inferred from observations of meteorites (HERNDON, 1980, 1982).

Most chondritic meteorites, with the exception of some of the more oxidized carbonaccous
chondrites, contain iron metal and iron sulfide as well as silicate minerals and oxides. 1f melted in a
gravitational field, iron metal and the constituents that dissolve in molten iron, for example, sulfides, will
form a dense, immiscible, liquid “alloy” that settles beneath the silicate-oxide “slag” in a manner
analogous to steel on a steel hearth. Upon subsequent cooling, the alloy and slag components may lurther
differentiate. The Earth is analogous to a spherical steel hearth, the core corresponding to the alloy and
the mantle corresponding to the slag.

Only the three elements, magnesium, silicon, and iron, together with their associated oxygen and
sulfur, comprise at least ninety percent of the mass of chondritic meteorites. Figure 1 shows the mass ratio
of alloy to silicate-oxide slag, calculated from published data on 147 meteorites, expressed as a function
of the mean atomic number of the alloy. Similar parameters for the Earth, deduced from seismological
investigations, are also shown. Many of the data points of the 131 ordinary (H, L, LL group) chondrites
and the 6 metal-bearing carbonaceous chondrites overlap. The data points of the 10 highly reduced
enstatite chondrites are quite distinct from the other chondrites and are strikingly similar to the Earth’s core
to mantle ratio shown in Fig. 1.

Nickel silicide, Ni»Si, an important precipitate from a molten enstatite chondrite alloy, occurs as a
lamellar exsolution from silicon-bearing iron metal (WAL, 1970; WASSON and WAL 1970) as well as a
more massive form intimately associated with iron metal and iron sulfide in some enstatite chondrites
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Fig. 1. The alloy to slag mass ratio of 147 meteorites as a function of their alloy mean atomic number. The Earth’s core to lower
mantle mass ratio, plotted against the mean atomic number of the core, is almost identical to the Abee enstatite chondrite in
this figure. Even the whole-Earth alloy to slag mass ratio is similar to ten enstatite chondrites and is unlike the 137 other
chondrites shown. Meteorite data from KEgiL (1962, 1968), Wik (1969), BAEDECKER and WASSON (1975), JAROsEWCH and
Dobpb (1985), KALLEMEYN et al. (1989); Earth data from KNOPOFF and MACDONALD (1960) and DZIEWONSKI and ANDERSON
(1981).
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(REED, 1968; RAMDOHR, 1973). Figure 2, from data for the same 147 chondrites plotted in Fig. 1, shows
theoretical maximum nickel silicide content, based on the limitations imposed by the respective amounts
of silicon and nickel present in the alloy. Expressed as a function of mean atomic mass of the alloy, the
individual results are plotted as a ratio of theoretical nickel silicide to alloy mass in Fig. 2 together with
the mass ratio of the Earth’s inner core to total core obtained from seismological investigations. Of the
various chondrites, only the silicon-bearing alloys of enstatite chondrites are capable of precipitating
nickel silicide; the 137 data points representing the non-siticon-bearing alloys of the more oxidized
ordinary (H, L, LL group) chondrites and carbonaceous chondrites have no nickel silicide and are
therefore not plotted in Fig. 2.
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Fig, 2. The theoretical nickel silicide to alloy mass ratio of 10 enstatite chondrite meteorites as a function of their alloy mean
atomic mass. The Earth’s inner core to core mass ratio, plotted against the mean atomic mass of the core, is almost identical
to the Abee enstatite chondrite in this figure, is similar other enstatite chondrites, and is unlike the 137 other more oxidized
chondrites which are devoid of nickel silicide and, therefore, are not plotted. Meteorite data from KEIL (1968) and BAEDECKER
and WassoN (1975); Earth data from KNOPOFF and MACDONALD (1960) and DZIEWONSKI and ANDERSON (1981).
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Fig, 3. Comparison of fundamental mass ratios of the Earth with corresponding mass ratios of the alloy and slag components of
the Abee enstatite chondrite. To facilitate comparison, a line of perfect correlation is shown. The core and lower mantle of
the Earth, by these fundamental quantitative relationships, are virtually identical to the alioy and slag of the Abee meteorite.
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Table 3. Uranium isotope abundances in the core of the Earth resulting from natural a decay, without fission, compared to
corresponding abundances calculated assuming sufficient breeding of 235U from 238U to maintain ke at unity.

Years before present 238y (grams) 5y (grams) 2381 (grams) 5 (grams)
non-fission non-fission fission breeder fission breeder

present 8.16 x 1018 574 x 106 5.44 x10'3 439 x 107

1.0 x10° 9.53 x 1018 1.54 x 1017 7.58 x10'8 6.12 x 107

20 x10° 1.11 x10% 411 x10Y7 1.01 x10% 8.14 x 107

3.0 x10° 1.30 x 10" 1.10 x 108 1.30 x 10" 1.05 x 1018

Table 4. Comparison of energy production rates for uranium in the core of the Earth for the non-fission and fission breeder cases
presented in Table 4 and discussed in the text. In the non-fission case, only energy production from natural  decay is
tabulated; in the fission breeder example, energy production is from both natural o decay and from sufficient fission to
maintain &, at unity.

Years before present  Energy production Energy production

(ergs/sec) (ergs/sec)

non-fission case fission breeder case
present 8.0 x10'8 1.1 x 102
1 %107 9.8 x 1018 7.2 % 102
2 % 10° 13 x10'° 3.1 x 102!
3% 10° 1.9 x10% 2.7 x 10%

uranium in the core of the Barth, but upon the relative abundances of 235U and 238U; the results shown,
however, are calculated using the in-core uranium estimate from Table 2 and thus also provide a basis for
comparing energy production rates, shown in Table 4.

The feasibility has been shown above that an accumulation uranium, or virtually any chemical
compound of uranium, could have been able 3000 million years ago, to initiate self-sustaining nuclear
fission reactions. Moreover, the feasibility has been demonstrated that the self-sustaining nuclear fission
reactions may continue to the present through fuel breeding reactions.

Figures 1-4 and the related discussion give cause to expect substantial quantities of uranium to exist
in the Earth’s core. Figure 5 and the related discussion give cause to expect uranium in the core to
concentrate at the center of the Earth by the action of gravity because density at core pressures is a function
of atomic number and atomic mass. As shown in Fig. 6, such an accumulation of uranium, or a compound
of uranium, could have been able 3000 million years ago to begin to function as a nuclear reactor. It should
be emphasized that there is no known mechanism to concentrate uranium in the Earth’s mantle; but, if
uranium somehow had become concentrated in the mantle, in the absence of nuclei having high neutron
capture cross sections, that accumulation of uranium might have begun to function as a nuclear reactor

.about 3000 million years ago as at least one surface concentration of uranium actually did at Oklo.

The above described calculations refer to fast neutron nuclear fission. Generally, elements of low
atomic mass, which act as moderators by degrading neutron energies through scattering collisions, are not
expected to concentrate at the center of the Earth because density at such a pressure is a function of atomic
number and atomic mass. Even when chemically combined with uranium, light elements, such as carbon,
are not sufficiently abundant to act as moderators; the exception is hydrogen.

In the interior regions of the planet Jupiter, uranium and thorium may occur as a hydrides (HERNDON,
1992a). For half a century, various ideas have been discussed suggesting the possibility of hydrides in the
core of the Earth (KUHN and RITTMANN, 1941; FUKAL, 1984). Because hydrogen is an efficient moderator,
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The data shown in Figs. 1 and 2 identify the lower mantle and core of the Earth with the slag and alloy
components of the Abee enstatite chondrite and support the suggestion by the author that the inner core
of the Earth is composed of nickel silicide (HERNDON, 1979), rather than partially crystallized nickel-iron
metal, as previously assumed (BULLEN, 1946). Figure 3 relates seismologically determined fundamental
ratios of the Earth with mineralogically determined corresponding ratios of the Abee meteorite, as
abstracted from the data presented in Figs. 1 and 2.

Identification of the interior portions of the Earth, the lower mantle and core, with the slag and alloy
components of the Abee enstatite chondrite (Fig. 3) is important in providing a basis for understanding
the compositions of the interior eighty-two percent of the Earth. This identification allows a reasonable
estimation of the compositions of the lower mantle and core of the Earth to be made by analyzing the slag
and alloy of the Abee meteorite. Although pressures that exist within the Earth can in principle dispro-
portionate complex oxides into metal and simple oxides, such disproportionation is not expected for the
slag of the Abee meteorite because (1) the Abee silicates are essentially combinations of simple oxides,
(2) the Abee slag contains extremely little FeO, and (3) the major component of the Abee slag, MgSiO;,
is known from experiment to be stable at lower mantle pressures (LiU, 1976; ITO and MATSUIL, 1978).

3. Chemical Composition of the Core and Lower Mantle of the Earth

Only nine chemical elements account for approximately ninety-eight percent of the mass of'the Abee
meteorite. The relative proportions of these nine elements, as partitioned between the alloy and slag
components of the Abee meteorite and, by inference, between the total core and lower mantle of the Earth
are shown in Fig. 4, a plot of elemental mass ratios, E/Fe; estimates of the absolute amounts of those nine
elements in the Earth’s core and lower mantle are set forth in Table 1.

In the Abee meteorite, as shown in Fig. 4, essentially all of the iron, nickel and sulfur occur in the
alloy portion as a consequence of the extremely limited available oxygen. Moreover, certain normally
lithophile elements (for example, magnesium and calcium) in part also occur as sulfide compounds that,
at elevated temperatures and pressures, would, with iron, nickel, and sulfur, form a dense liquid solution,
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Fig.4. Massratios of elements, E;/Fe, as partitioned between the alloy and slag, normalized to iron (Fe=1). These cleven elements
comprise ninety-eight percent of the mass of the Abee enstatite chondrite and by inference on the basis of Fi £. 3, ninety-cight
percent of the mass of the lower mantle and core of the Earth. Calculated on the basis of data from DZIEWONSK] and ANDERSON
(1981), KEIL (1968), and MasoN (1979).
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Table 1. Estimate of the clemental compositions of the lower mantle and total core (fluid core plus inner core) of the Earth based
upon the relationship shown in Fig, 3 and the data shown in Fig. 4, calculated from DzizwoNsKT and ANDERSON (1981), KeIL
(1968), and Mason (1979),

Element Total core (grams) Lower mantle (grams)
Oxygen 0 137 x10%7
Sodium 0 4,60 x 102
Magnesium 3.89 x 103 549 x 1026
Aluminum 0 422 x10%
Silicon 376 x 10% 8.91 x10%
Sutfur 285 x 102 0
Calcium 178 x 102 2,61 x10%
Iron 146 x 1077 0
Nickel 871 x 103 0

referred to in the present paper as an alloy.

For more than a century, ideas concerning the identification of the interior portions of the Earth and
other planets have been evoked by observations of meteorites, particularly iron meteorites. For example,
MEUNIER (1871) envisioned meteorites as debris of a disrupted planet that had at its center a core of
meteoritic iron surrounded by stone shells. The redox state of most iron meteorites (recognized by the
elemental composition of the metal and by compositions of silicate inclusions) is considerably more
oxidized than the redox state of the components of the Abee enstatite chondrite which are the most highly
reduced naturally occurring substances known.

The chemical behaviors of elements comprising the Abee meteorite are dominated by the limited
quantity of available oxygen; elements such as silicon, calcium, and magnesium would, were sufficient
oxygen available, exist entirely as silicate-oxides in the slag. In most circumstances of geochemical
interest, elements such as silicon, calcium, and magnesium are lithophile, given the availability of
sufficient oxygen, as is the case for their occurrences in most meteorites and in rocks near the surface of
the Earth. In the highly reduced matter of enstatite meteorites, on the other hand, insufficient oxygen
occurs; those normally lithophile elements which are thus unable to form oxides compete on the basis of
chemical activity and may be accommodated otherwise, for example as sulfides.

Approximately ninety-five percent of the mass of the Abee meteorite is comprised only of iron,
magnesium, silicon, and associated oxygen and sulfur. These five elements, by virtue of their greatrelative
abundances, constitute a buffer assemblage that effectively fixes the redox state of minor and trace
elements.

The chemistry that is manifest in the alloy of the Abee meteorite and in the Earth’s core, by inference
on the basis of Fig. 3, may be more familiar to the steelmaker than to the geochemist. For example, in
steelmaking calcium is intentionally introduced into the alloy for the purpose of precipitating calcium
sulfide (CaS) at a high temperature to desulfurate steel so that at a lower temperature iron sulfide will be
unable to form (FOSTER et al., 1974). Calcium sulfide is a constituent of the non-oxide, or alloy,
component of enstatite meteorites as defined in the present paper. In one instance, meteoritic calcium
sulfide was observed to contain occluded grains of titanium nitride (TiN), another high-temperature
metallurgical precipitate (BANNISTER, 1941). Within the Earth’s core, one may expect calcium sulfide to
be a high-temperature precipitate, collecting at the core-lower mantle boundary.

The slag component of the Abee meteorite consists mainly of enstatite, MgSiO3 (KEIL, 1968). That
MgSiO3 component, by the mass ratio relationships shown in Fig. 3, corresponds to the lower mantle of
the Earth. Notably, MgSiOs, with a perovskite crystal structure, is known from experiment (LiU, 1976;
ITo and MATSUI, 1978) to be stable in the pressure ranges that exist in the lower mantle of the Earth. .
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Table 2. Estimate of the 235U and 2*8U content of the total core (fluid core plus inner core) of the Earth, assuming no nuclear
transmutation except by natural & decay. Based on the Abee meteorite data of MURRELL and BURNETT (1982). Upper limits
on possible lower mantle values are estimated by difference from whole-rock values.

Uranium isotope Total core content Lower mantle limit
(upper limit only)
(grams) (grams)

Present time

By 58 x 1016 1.6 x 100

By 8.0 x1018 22 x 1018
3 x 109 years ago

By 1.1 x 10 3.0 x 10"

B8y 13 x10% 3.5 x 1018
4.5 x 107 years ago

3y 49 x 1018 13 x10'8

238y 1.6 x 10" 44 x 108

4. Uranium and Thorium in the Core of the Earth

In more oxidized meteorites, uranium tends to concentrate in CaO-rich mineral assemblages
(TATSUMOTO et al., 1976). In enstatite chondrites, on the other hand, which have extremely limited
oxygen, uranium and thorium appear to be chalcophile (MATSUDA et al., 1972) and occur within Cas and
within [Mg,Fe]S (MURRELL and BURNETT, 1982). Both CaS and [Mg,Fe]S are components of the alloy
portion of the Abee enstatite chondrite as defined in the present paper. Because of the identification of the
interior portions of the Earth, the lower mantle and total core, with the slag and alloy components of the
Abee enstatite chondrite (Fig. 3), one has cause to anticipate the occurrence of uranium and thorium within
the core of the Earth.

Estimates of the content of uranium isotopes in the Earth’s core, assuming no nuclear transmutation
except by natural & decay, are presented in Table 2. The values in Table 2 are calculated from data on the
uranium content of CaS and [Mg,Fe]S of the Abee meteorite (MURRELL and BURNETT, 1982) and from
data on the measured proportions of those compounds (KEIL, 1968). The difference calculated between
the uranium content of those sulfides and the whole-rock value is shown in Table 2 as an upper limit on
the content of uranium in the lower mantle; however, because of the experimental difficulties encountered
with small samples of this extremely fine-grained, complex meteorite, that difference may not be
significant and may not indicate a lithophile uranium component. The data of MURRELL and BURNETT
(1982) also show that a considerable proportion of thorium exists in the CaS of the Abee meteorite and,
by inference (Fig. 3), exists in the core of the Earth; those Abee thorium data, however, are unfortunately
incomplete. The possibility can not be ruled out that the majority of the thorium in the Abee meteorite
exists in the alloy portion as defined in the present paper.

5. Concentration of Uranium in the Core of the Earth

At ambient pressure, the crystallographic (electronic) structure of minerals greatly influences their
densities. Atthe pressures that prevail near the center of the Earth, the density of matter becomes a function
almost entirely of atomic number and atomic mass (DIRAC, 1930; MARCH, 1957). The actinides have the
greatest atomic numbers (Z 2 90) and the greatest atomic masses (4 > 232) of the elements and thus
comprise the most dense matter within the core of the Earth.

The chemical state of uranium in the core of the Earth is not known with certainty; generally,
however, at ambient pressure, uranium compounds tend to have higher melting points than iron or nickel
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Fig. 5. Theoretical calculation of density, in g/em?, as a function of pressure, in Mbars, for uranium metal and representative
compounds, The densities of thorium compounds are quite similar. The seismically determined density-pressure profile of
the interior of the Earth is also shown. Sandwiched between is the density-pressure curve of samarium, representing typical
fission product reactor poisons.

or their compounds (KUBASCHEWSKI and ALCOCK, 1979). Within the core of the Earth, uranium, or a
compound of uranium, may therefore be expected to precipitate from the fluid core at a higher temperature
than the precipitate that is the inner core (BULLEN, 1946; HERNDON, 1979) and to be the most dense solid
within the core of the Earth.

Figure 5 shows density as a function of pressure for uranium metal and representative compounds,
calculated using a Thomas-Fermi-Dirac approach (SALPETER and ZAPOLSKY, 1967). The compounds,
uranium hydride and uranium carbide, shown in Fig. 5, were selected for presentation because these
represent the least dense uranium compounds. Uranium sulfide, for example, would have a density
intermediate between these and uranium metal. The densities of the actinides are considerably greater than
the density of the inner core of the Barth, estimated from seismological data (DzIEWONSKIand ANDERSON,
1981). One therefore has cause to expect the action of gravity to concentrate precipitated uranium and
thorium at the center of the Earth and, in doing so, to separate actinides from less dense elements which
may have high neutron capture cross sections, as shown in Fig. 5 by the example of samarium.

Energy from the radioactive decay of actinides in the core of the Earth has been suggested as the
energy source for the geomagnetic field (ELSASSER, 1950; FERBER et al., 1984); the possibility of a
concentration of uranium at the center of the Earth undergoing self-sustaining nuclear fission chain
reactions has not heretofore been suggested.

6. Nuclear Reactor Feasibility

In 1956, P. K. Kuroda calculated the feasibility that a terrestrial uranium deposit in the geological
past might undergo self-sustaining, neutron-induced, nuclear fission reactions (KURODA, 1956). In 1972,
evidence of a naturally occurring nuclear reactor was discovered at Oklo in the Republic of Gabon, Africa
(BoDU et al., 1972). The uranium deposit at Oklo had in fact functioned in the geological past as a natural,
nuclear fission reactor. The Oklo reactor began operating about 2000 million years ago, under conditions
very close to those described by KURODA (1956), and appears to have operated intermittently for a period
as long as 0.6 to 1.5 million years. Besides consuming naturally occurring 235U as fuel, the Oklo reactor
was a breeder, producing additional 2**U by neutron capture in 2381 and subsequent decay through 23%Pu.
Furthermore, nuclear fission in the Oklo reactor occurred not only by the slow (thermal) neutron fission
of 235U but also to a lesser extent by the fast neutron fission of 23817 and 239Pu (HAGEMANN et al., 1975,
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FREJACQUES et al., 1975; MAURETTE, 1976; KURODA, 1982, 1983).

The concept of planetary nuclear reactors has been disclosed by the author. Jupiter, Saturn, and
Neptune contain powerful internal energy sources that cause those planets to radiate approximately twice
as much energy as they absorb from the Sun (PEARL et al., 1990). Observed from space, the planet Jupiter
displays lateral bands of atmospheric turbulence and a more or less persistent turbulent feature, the Great
Red Spot. Jupiter’s atmospheric turbulence is produced by its powerful internal energy source. Recently,
nuclear fission breeder reactors were suggested as internal energy sources for Jupiter, Saturn, and Neptune
(HERNDON, 1992a). In the same paper, means were disclosed for concentrating the actinide elements
within planetary interiors and for removing reactor poisons.

Certain of the principles that underlie the concept of planetary nuclear fission reactors, as applied to
the giant gaseous planets, apply also to the core of the Earth and form the basis of the suggestion made
in the present paper that the Earth contains at its center a naturally occurring nuclear fission breeder reactor
as the energy source of the geomagnetic field. The present paper extends the earlier idea of hydrogeneous,
thermal neutron planetary nuclear reactors, introducing the concept of fast neutron, non-hydrogeneous,
planetary reactors.

Fast neutron breeder reactors consist of assemblages of fissionable nuclides for fuel and fertile
nuclides for breeding; thermal neutron reactors additionally contain a light element moderator for slowing
neutrons to thermal energies. The fundamental criterion for maintaining a nuclear chain reaction is that,
on the average, at least one neutron produced in a fission event causes another fission event to occur. This
criterion, referred to as criticality or critical condition, is described for a theoretically infinite system
(FERMI, 1947) by the infinite multiplication factor, k.. For a reactor to sustain a nuclear chain reaction,
k. must equal or exceed 1. Calculation of the infinite multiplication factor was used in predicting the
occurrence of Oklo-type nuclear reactors in uranium deposits (KURODA, 1956) and in predicting the
occurrence of nuclear reactors in the giant gaseous planets (HERNDON, 1992a). At Oklo, seams of uranium
ore approximately one half meter in thickness constituted a more or less “theoretically infinite” system
(MAURETTE, 1976). Methods for calculating k. are described in numerous textbooks (FOSTER and WRIGHT,
1973; LAMARSH, 1983).

Individual nuclear species, such as 233U and 2**U, have unique and vastly different nuclear properties

Fast Neutron Reactor

o m————— Thermal Neutron Reactor

Infinite Multiplication Factor

Fast Reactor, e.g. U mewt, UC, UO,, USi, US

0.0 T T T T T T T T T T
100 1000 4600
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Fig. 6, The infinite multiplication factor, k, for natural uranium reactors in the geological past. In a “theoretically infinite”
system, a nuclear chain reaction is possible when k, is at least equal to or exceeds unity. Because the ratio of fission cross
section to capture cross section is significantly greater at high neutron energies, the fast reactor &, curve shown is ap-
proximately the same for various uranium compounds, including U metal, UC, UQ,, USi, US, and possibly others. The
thermal reactor k., curves are applicable to uranium hydride compounds. This figure shows that an accumulation of uranium,
or of almost any chemical compound of uranium, can in the geological past have functioned as a natura! nuclear reactor.
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which enter into k,, calculations, e.g. neutron absorption cross sections. Consequently, for a given system
the relative proportions of the individual nuclear species dominate k., calculations. At the present time,
the natural abundance of 233U is too low relative to 238U for naturally occurring concentrations of uranium
to begin functioning as nuclear reactors and to begin to sustain a chain reaction. Because 233U has a shorter
half-life than 238U, the abundance of 235U in the past was greater relative to 23¥U. Figure 6 presents the
results of k., calculations for a fast neutron reactor fueled by 235U and 238U, The k-, results are presented
as a function of the 235U/238U terrestrial abundance ratio at times in the geological past. The ks calculations
shown in Fig. 6 are independent of the absolute quantity of uranium in the Earth’s core; the existence of
a “theoretically infinite” critical mass of at least a few kilograms of uranium is assumed.

Approximately 3000 million years ago and earlier, the abundances 0f 23U and 28U were higher (Table
2)and the 235U/238U terrestrial abundance ratio was sufficiently great for a “theoretically infinite” uranium
assemblage to function as a fast neutron reactor, as shown in Fig. 6 by the values of k., being greater than
one. Because the ratio of fission cross section to capture cross section is significantly greater at high
neutron energies, the fast reactor k., curve shown in Fig. 6 is approximately the same for various uranium
compounds, including U metal, UC, UO2, USi, US, and possibly others. Even though the chemical states
of uranium and thorium at the center of the Earth are unknown, one may note that uranium metal or
virtually any compound of uranium can, if concentrated, function as fuel for a fast neutron reactor.

The k representation in Fig. 6, which limits fast neutron reactors to operation approximately 3000
million years ago and before, relates only to the conditions required for initial reactor operation.
Subsequent continued operation depends upon fuel produced so that Fermi’s & has a value of unity or
greater. An important example is the following fuel production reaction:

238U(n”y)239U B mNp B 239p, 24 235(;.
23.5m 2.35d 2.4x10%a

In calculating the fast neutron k curve, shown in Fig. 6, the assumption was made for each point along
the curve that no prior nuclear fission had occurred. Under that assumption, approximately 3000 million
years ago and later the natural a decay of uranium would cause the k value to fall below unity.

A detailed treatment of nuclear reactor dynamics is extremely complicated and requires data and
operating history that is unavailable. For example, other fuel breeding reactions may take place such as
the following:

22Th(n, v )***Th B omp, Py
22.2m 27.4d

Nevertheless, it is important to demonstrate the feasibility that a natural reactor can continue, operation
subsequent to 3000 million years ago. It is possible to demonstrate, at least in a simplified manner, that
fuel breeding reactions can extend to the present. The breeder reaction series shown above whose end
product is 235U can create 235U/238U ratios that even to the present are sufficiently great that k. can
maintain a value of at least unity. Such a calculation was made, based on the assumption that each atom
of 238U that fissions causes the formation of an atom of 23°Pu which then a decays to form an atom of 235U,
To maintain fission to the present time the limiting condition that sufficient 23U formation from fission
produced 239Pumust take place in order to create 235U/238U ratios that yield k., values of at least unity. For
the present calculations, the minimum amount of breeding necessary to maintain k. at unity was deter-
mined. In other words, the 235U thus produced from 23°Pu effectively replaces the 233U that would oth-
erwise be lost due to o decay. As a consequence, k., can maintain a value of unity even to the present. The
results of these calculations, presented in Tables 3 and 4, do not depend upon the absolute abundance of
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Table 3. Uranium isotope abundances in the core of the Earth resulting from natural & decay, without fission, compared to
corresponding abundances calculated assuming sufficient breeding of 235U from 28U to maintain &, at unity.

Years before present 238 (grams) 35y (grams) 238y (grams) 235U (grams)
non-fission non-fission fission breeder fission breeder

present 8.16 x 1018 574 x 1016 544 x 1018 439 x10"7

1.0 x 10° 953 x 108 1.54 x 107 7.58 x 1018 6.12 x107

2.0 x10° 111 x 10" 411 x10Y7 1.0t x10% 8.14 x10"7

3.0 x10° 130 x 101? 1.10 x 1018 1.30 x 1019 1.05 x10'8

Table 4. Comparison of energy production rates for uranium in the core of the Earth for the non-fission and fission breeder cases
presented in Table 4 and discussed in the text. In the non-fission case, only energy production from natural « decay is
tabulated; in the fission breeder example, energy production is from both natural a decay and from sufficient fission to
maintain £ at unity.

Years before present  Energy production  Energy production

(ergs/sec) (ergs/sec)

non-fission case fission breeder case
present 8.0 x 1018 1.1 x 102
1x10° 98 x10!8 72 x 102!
2 x10° 13 x10!° 3.1 x 103!
3 %10 19 x10" 2.7 x 1020

uranium in the core of the Earth, but upon the relative abundances of 235U and 238U; the results shown,
however, are calculated using the in-core uranium estimate from Table 2 and thus also provide a basis for
comparing energy production rates, shown in Table 4.

The feasibility has been shown above that an accumulation uranium, or virtually any chemical
compound of uranium, could have been able 3000 million years ago, to initiate self-sustaining nuclear
fission reactions. Moreover, the feasibility has been demonstrated that the self-sustaining nuclear fission
reactions may continue to the present through fuel breeding reactions.

Figures 1-4 and the related discussion give cause to expect substantial quantities of uranium to exist
in the Earth’s core. Figure 5 and the related discussion give cause to expect uranium in the core to
concentrate at the center of the Earth by the action of gravity because density at core pressures is a function
of atomic number and atomic mass. As shown in Fig. 6, such an accumulation of uranium, or a compound
ofuranium, could have been able 3000 million years ago to begin to function as anuclear reactor. It should
be emphasized that there is no known mechanism to concentrate uranium in the Earth’s mantle; but, if
uranium somehow had become concentrated in the mantle, in the absence of nuclei having high neutron
capture cross sections, that accumulation of uranium might have begun to function as a nuclear reactor

.about 3000 million years ago as at least one surface concentration of uranium actually did at Oklo.

The above described calculations refer to fast neutron nuclear fission. Generally, elements of low
atomic mass, which act as moderators by degrading neutron energies through scattering collisions, are not
expected to concentrate at the center of the Earth because density at such a pressure is a function of atomic
number and atomic mass. Even when chemically combined with uranium, light elements, such as carbon,
are not sufficiently abundant to act as moderators; the exception is hydrogen.

In the interior regions of the planet Jupiter, uranium and thorium may occur as a hydrides (HERNDON,
1992a). For half a century, various ideas have been discussed suggesting the possibility of hydrides in the
core of the Earth (KUHN and RITTMANN, 1941; FUKAI, 1984). Because hydrogen is an efficient moderator,
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Table 5. Examples of the components of the infinite multiplication factor used in calculations related to thermal neutron fission
of UH3. From reactor theory (FERMI, 1947), &, = gpfn where &1s the fast fission factor, p is the resonance escape probability,
J'is the thermal utilization factor, and 75 is the average number of neutrons liberated for each neutron absorbed. For the
caleulations, &£ = 1 was assumed.

Years before Ratio Resonance escape Thermal Neutron Infinite
present - probability utilizatim? factor liberation ratio multiplication factor
=PUMRY p i n ko,
1O x 10 1.7 x 107 0.70 0.93 1.67 1.09
2.0 x 109 3.8 x 1072 0.71 0.96 1.87 1.28
3.0 x 107 87 x 107 0.71 0.98 1.98 1.38
4.0 x 10" 2.0 x 10! 0.73 0.99 2.03 1.46

uraniuim hydride can function as both fuel and moderator for a thermal neutron reactor. For generality, k-,
calculations were made for a thermal neutron nuclear reactor consisting of uranium hydride. The results
of these calculations, also shown in Fig. 6, demonstrate the feasibility of uranium hydride compounds
functioning as a thermal neutron reactor in the geological past at times when the 233U/238U terrestrial
abundance ratio was greater. Data from the natural reactor at Oklo indicate that even in the presence of
hydrogen some fast neutron fission and breeding occurs. As in the fast reactor case, discussed above,
subsequent continued operation depends upon the fuel produced through breeding reactions. Selected
values of component parameters of k., are presented in Table 5.

7. Removal of Fission Product Poisons

Nuclear fission reactors produce a variety of fission products. Some fission products, such as '4°Sm,
have high neutron capture cross sections and are thus referred to as reactor poisons because accumulations
of these can adversely affect reactor operation. Such reactor poisons might be removed from the reactor
zone at the center of the Earth by a mechanism similar in certain respects to the mechanism suggested for
the accumulation of actinide elements within the Earth’s core based on density differences (HERNDON,
1992a). Near the center of the Earth, the pressures are sufficiently great that the density of matter becomes
a function almost entirely of atomic mass and atomic number. Reactor poisons, being fission products,
have atomic masses and atomic numbers that are roughly half those of their parent actinides. The poisons
therefore would have considerably lower densities than the reactor fuel and would tend to diffuse out of
the region of greater density and would tend to layer on the basis of density, as shown in Fig. 5 for the
example of '4°Sm. The densities shown in Fig. 5 suggest a concentric shell of reactor poisons layered
between the inner portion of the concentric shell of the inner core and the nuclear reactor sub-core at the
center of the Earth. Absence of diffusion coefficient data at the relevant pressures and temperatures limits
theoretical diffusion calculations. One may anticipate, however, that radiation damage might favor
diffusion of the lower density reactor poisons from the region of greater density in the nuclear reactor sub-
core (DIENES and DAMASK, 1958). Diffusion of reactor poisons on the basis of relative density may tend
to concentrate the fission products in a layer between the actinide sub-core and the central portion of the
inner core without actual penetration of the inner core.

8. Nuclear Fission Energy for Generating the Geomagnetic Field
The geomagnetic field has been in existence at least 3000 million years (see, for example, KHRAMOV,

1982). At such a time in the past, the 235U/238U ratio was sufficiently great thata concentration of uranium
and thorium at the center of the Earth, as shown in Fig. 6, could become supercritical and function as a
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nuclear fission breeder reactor. Energy production by nuclear fission is potentially orders of magnitude
greater than energy production by radioactive decay. Table 4 presents a comparison of in-core energy
production rates between the above discussed non-fission example, involving only the natural o decay of
uranium, and the fission breeder example that includes o decay and sufficient fission to maintain a value
of unity for k.. The requisite energy production rate to sustain the geomagnetic field is not known with
certainty and estimates range from 10'7-1020 ergs/sec; moreover, the upper limit may be biased by being
constrained to limitations on energy production by previously conceived of power sources, mainly natural
radioactive decay and gravitational potential energy release (JACOBS, 1975; GUBBINS and MASTERS, 1979).
I suggest that energy to sustain the geomagnetic field is produced primarily by actinide elements in
the core of the Earth and by a nuclear fission breeder reactor at the center of the Earth. One might envision
the inner core serving as a heat sink, a high capacity thermal reservoir, through which heat is transterred
to the base of the fluid shell, creating a temperature gradient, and thus thermal convection in the electrically
conducting fluid core that generates, in the manner of a self-excited dynamo, the geomagnetic field.

9. Interrupted Reactor Operation as a Cause of Geomagnetic Field Reversals

Approximately one half of the rocks of the Earth from all ages are magnetized inan opposite direction
to the present direction of the geomagnetic field. Palacomagnetic investigations (augmented by geologi-
cal, palaeobiological, and geochronological studies) and magnetometer measurements of the occan {loor
have established that the Earth’s magnetic field reverses polarity frequently, but quite irregularly, withan
average time between reversals of about 200,000 years. Energy sources heretofore envisioned for
generating the geomagnetic field are unable to account, in a logical, causally related manner, for the
recorded frequent reversals of the direction of the Earth’s magnetic field over geological time. The energy
sources that have been suggested change gradually and in only one direction through time (GUBBINS and
MASTERS, 1979). The cause of geomagnetic field reversals has not yet been established.

Having suggested above that energy to sustain the geomagnetic field is produced by actinide
elements and a nuclear fission breeder reactor at the center of the Earth, it is important to emphasize that
the output energy of a naturally occurring nuclear reactor need not be constant. Various factors can alter
the power output of a nuclear reactor, for example, changes in the fuel composition, physical changes in
the positioning or dimensions of fuel, changes in pressure or temperature, accumulations of reactor
poisons in the fuel, and possibly other effects. It is well known in nuclear reactor technology that such
factors can shut down a nuclear reactor or can cause a nuclear reactor to run wild.

Nuclear fission reactors produce fission fragments, some of which, for example 1998 m, have high
neutron capture cross sections. Fission product reactor poisons, as discussed above, may be removed from
the reactor sub-core region by diffusion and gravitational layering within the inner core based on density
at the prevailing pressures. One might imagine instances in which the rate of production of'reactor poisons
exceeds the rate of their removal. In such instances, the power output of the reactor would decrease and
the reactor might shut down. When the inner core heat sink had cooled sufficiently, thermal convection
in the fluid core is expected to diminish and (virtually) cease. After a period of time had elapsed for the
reactor poisons to diffuse to regions of lower density, the reactor output would increase, the inner core
would heat, convection would begin in the fluid core, and the Earth’s magnetic field would re-establish
itself, either in the same direction or in the reverse direction.

Alternatively, one might imagine circumstances within the Earth’s core that could lead to cataclysmic
instability within the core. For example, excess reactor heat might cause pressure to build within the core
until sufficient to cause disruption in the convective motions in the fluid core and consequently decay of
the Earth’s magnetic field. After re-establishing quasi-static reactor operation, convection would again
stabilize in the fluid core, and the magnetic field would re-establish itself with the polarity either as before
or reversed.
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10, Geophysical Implications

Evidence has been presented in the present paper indicating that the components of the inner eighty-
two percent of the Earth are virtually identical to the components of a particular meteorite, the Abee
enstatite chondrite. The upper eighteen percent of the Earth appears from seismological data (DZIEWONSKI
and ANDERSON, 1981) to have a complex structure characterized by numerous discontinuities and
suggestive of layers of veneer. On the basis of the relationship depicted in Fig. 3, the inference is drawn
that the redox state in the interior eighty-two percent of the Earth is virtually identical to the redox state
ol the Abee enstatite chondrite which is fixed by the buffer assemblage consisting of iron, magnesium,
silicon, oxygen, and sulfur. Uranium and thorium in the inner eighty-two percent of the Earth may
therefore be expected have the same redox state as in the Abee meteorite and to exist to a major extent as
non-oxides in the core of the Earth,

The greatest portion of the Earth’s core is fluid and contains a precipitate, the inner core. Uranium
also forms precipitates that, at least at ambient pressure, have higher melting temperatures than the
precipitate that is the inner core and which would, at core pressures, be more dense than any other matter
within the Earth. One therefore has cause to anticipate the formation of a concentration of uranium (and
thorium) as metal or as a compound at the center of the Earth. In contrast, uranium and thorium, if present
in the lower mantle, would be expected to exist as lithophile large ions in the silicate phases and may not
concentrate by the same mechanism as in the core.

The presence of large quantities of radioactive uranium and thorium in the core of the Earth, inferred
from Fig, 3, has important implications with respect to geodynamics, particularly as manifestat the surface
ofthe Earth, as well as with respect to geomagnetic field generation. As shown in Table 4, the rate of energy
production by natural « decay is substantial; possible additional energy production from nuclear fission
may be considerable. The fate of possible excess energy output should be considered.

Caleulations based on the diffusion of heat show that heat from the core will not diffuse to the surface
on a reasonable time scale: mantle silicates are good thermal insulators. Many geophysicists assume that
convection occurs within the Earth’s mantle and that convection currents in the mantle provide the means
for moving continental plates (PELTIER, 1989), Convection, being an efficient heat transfer mechanism
(SCHUBERT et al., 1979), is one way that excess energy might be removed from the core, providing, of
course, that convection actually takes place in the Earth’s mantle. Convection, from laboratory and
industrial observations, inevitably leads to the establishment of a well defined convection cell pattern; the
author has discerned no such recognizable pattern on the ocean floor. Moreover, seismic discontinuities
in the upper mantle (DZIEWONSKI and ANDERSON, 1981) and chemical disequilibrium between the almost
FeO-free MgSiOs lower mantle (Fig. 3) and FeO-bearing rocks that are thought to be derived from within
the upper mantle (JAGOUTZ et al., 1979) argue against the concept of whole-mantle convection. One may
therefore wish to consider an entirely different mechanism for removing excess energy from the core that
is related to the possible expansion of the Earth.

Otto HILGENBERG (1933) and, later, others observed that the continents fit together like pieces of a
jigsaw puzzle on a sphere having a radius approximately half the presentradius of the Earth. Hilgenberg’s
concept is not widely accepted, however, because scientists have heretofore lacked knowledge of a
mechanism that could provide the required energy without departing from physical laws as presently
known (SCHEIDEGGER, 1982). Comparing Jupiter’s composition and calculated internal density with
those for protoplanetary Earth, the author recently suggested the concept that the Earth is expanding from
a radius of approximately 4077 km as it rebounds toward a new hydrostatic equilibrium after bf':ing
stripped of the overburden of approximately 243 times its own mass in volatile components of a Juplt_er-
like protoplanet, presumably by the high temperatures and/or by the violent T Tauri—phase solar wind
activity associated with the thermonuclear ignition of the Sun (HERNDON, 1992b). Within the framework

of that concept, a different way that excess core energy might be removed from the core is by augmenting
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Earth expansion and, in doing so, supplying energy that was previously lost as heat of protoplanetary
compression.

The concept of the existence of a planetary nuclear fission breeder reactor at the center of the Earth
is introduced in the present paper and is supported by theoretical k., calculations demonstrating its fea-
sibility. The concept that the Earth’s geomagnetic dynamo is driven by nuclear fission energy is presented
for the first time in the present paper as is the concept that the frequent, but irregular, polarity reversals
of the geomagnetic field have their origins in intermittent nuclear reactor output. Although considerable
uncertainty exists in estimates of the abundances of the actinide elements in the core of the Earth and in
details relating to the chemistry of the core, the results of the present paper indicate that, if uranium and
thorium exist in the core of the Earth as elements or compounds, as the evidence presented in this paper
indicates, those actinides: (1) would be the most dense matter in the Earth; (2) would tend to concentrate
at the center of the Earth; (3) would tend to be separated on the basis of density from less dense reactor
poisons; and (4) would, if accumulated 3000 million years ago, be able to initiate self-sustaining nuclear
fission chain reactions which may continue to the present through fuel breeding reactions. The magnitude
of available nuclear fission energy release throughout geological time is of major geophysical importance
and is more than sufficient to power the geomagnetic field.

I thank my sons Oliver, Joshua, and Christopher Herndon for stimulating and important discussions. I very
much appreciate the comments made by Drs. P. K. Kuroda, E. E. Larson, H. 8. Yoder, Ir., and the referees for the
Journal of Geomagnetism and Geoelectricity.
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the core, as predicted in the present paper.





