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Models of the Earth’s Core

In Voyage to the Center of the Earth,
Jules Verne’s poetic elaboration of geol-
ogy published in 1864, the professor’s
nephew Axel has a dream in which “‘the
granite rocks softened; solid matter
turned to liquid under the action of in-
tense heat; water covered the surface of
the globe, boiling and volatilizing; steam
enveloped the earth.”” Verne’s fantastic
yet scientifically prescient writings re-
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with earth accretion. Partial burial of the
gravitational energy of infall as the earth
grew from planetesimals would have rap-
idly ensured internal temperatures suffi-
cient for the formation and downward
migration of a liquid iron alloy. Large-
scale asymmetries may have played an
important role in core emplacement, and
the core formation process necessarily
has implications for the present core.

Summary. Combined inferences from seismology, high-pressure experiment and
theory, geomagnetism, fluid dynamics, and current views of terrestrial planetary
evolution lead to models of the earth’s core with the following properties. Core
formation was contemporaneous with earth accretion; the core is not in chemical
equilibrium with the mantle; the outer core is a fluid iron alloy containing significant
quantities of lighter elements and is probably almost adiabatic and compositionally
uniform; the more iron-rich inner solid core is a consequence of partial freezing of the
outer core, and the energy release from this process sustains the earth’s magnetic
field; and the thermodynamic properties of the core are well constrained by the
application of liquid-state theory to seismic and laboratory data.

flected the high level of interest in the
interior and history of the earth among
19th-century scientists (/). In the subse-
quent century, fact has replaced much
(but not all) of the fantasy. Nobody has
yet made a field trip to the earth’s core
and there is almost certainly no material
reaching the earth’s surface from the
core. However, the combination of seis-
mology, high-pressure experiment and
theory, geomagnetism, fluid dynamics;
and current views of terrestrial planetary
evolution lead to strong constraints on
core models.

The synthesis presented here is devot-
ed to the defense of the following propo-
sitions.

Core formation was contemporaneous
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The core cannot be in chemical equi-
librium with the mantle. This follows
very generally from the inevitable pres-
sure dependence of chemical equilibria
and from a consideration of boundary-
layer dynamics.

The outer, liquid core is predominant-
ly iron but cannot be almost purely iron.
A pure iron core would have long since
frozen (if it could form at all). There must
be at least one alloying constituent which
substantially depresses the melting point.
Sulfur and possibly oxygen are likely mi-
nor constituents responsible for this.

The inner core—outer core boundary
represents a thermodynamic equilibrium
between a liquid alloy and a predomi-
nantly iron solid. This is the most plausi-
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ble explanation for the existence of a
small, solid inner core. Furthermore,
growth of the inner core over geologic
time provides the most probable energy
source for sustaining the geomagnetic
field.

Thermodynamic and transport proper-
ties of the outer core can be estimated
from liquid-state theories. Seismic data
can be ‘‘inverted’’ to infer properties of
the mean interatomiic potential. This can
then be used to predict other useful
quantities.

The outer core is probably almost adi-
abatic and almost uniform in composi-
tion. Seismic data, hydromagnetics of
the core, and thermal evolution studies
are consistent with this hypothesis.

None of these propositions is revolu-
tionary, but neither are they universally
accepted by geophysicists. Birch’s ad-
monition (2), concerning the dangers of
excessive confidence when discussing
the earth’s interior, still merits attention.
My intent is to present a coherent picture
which explains most of the data with the
fewest ad hoc assumptions. No attempt
is made to discuss exhaustively all the
alternatives.

Core Formation

Core formation cannot be divorced
from the more general and contentious
issues of solar system and planetary for-
mation. In most recent scenarios, the
forming solar system is modeled as an
accretion disk: a very oblate nebula of
gas and dust containing a central concen-
tration of matter that eventually be-
comes the sun (3, 4). In Cameron’s mod-
els (3), the nebula undergoes numerous
gravitational instabilities in the gas
phase, leading to the formation of a large
number of giant, gaseous protoplanets.
This model encounters difficulties in ex-
plaining the terrestrial planets (5) and is
not pursued here. The preferred models
are those developed by Safronov (6) and
others (7) in which condensation and
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Fig. 1. Hypothetical scenario for the early stages of core formation. At this stage, the protoearth
may be much smaller than the final earth. (a) A cold, undifferentiated primordial core is overlain
by the denser iron that has accumulated from the partially molten mantle above. (b) A
spontaneous asymmetry (23) must develop. Large, nonhydrostatic stresses on the resulting
primordial core lead to deformation and even fracturing. (c) The debris from this is distributed
in the form of “‘rockbergs’ around the hewly formed core. Thermal equilibration of these
rockbergs with the surroundings is by thermal diffusion and takes longer than earth accretion.

settling of solid grains to the nebula
midplane occur, followed by gravitation-
al instability of the resulting dust layer.
Planetesimals approximately 1 kilometer
in radius form and undergo collisionial
evolution, leading to the formation of
larger bodies. In a gas-free environment,
the accretion time of the earth is perhaps
107 to 10® years (7). Accretion in a dense,
gaseous environment has also been pro-
posed but is difficult to reconcile with
rare-gas systematics, especially **Ar (8).
In the absence of an efficient physical or
chemical mechanism for large-scale sep-
aration of iron from silicates in the solar
nebula (9), the earth is most likely to
have accreted in an approximately ho-
mogeneous fashion, with incoming plan-
etesimals containing both iron and sili-
cates in roughly solar (chondritic) abun-
dances (/0). These planetesimals might
possess differentiated structures (/7), in
which case the iron is already present as
a core with a radius of a few tens of
kilometers or even more. Alternatively,
collisional evolution may lead to an inti-
mate mixture of iron and silicates. In any
event, the metallic iron will be substan-
tially disseminated after impact (12). A
strongly heterogeneous accretion, in
which a terrestrial iron core forms direct-
ly, is difficult to reconcile with the pres-
ent-day fluid, convecting outer core of
the earth (13).

For an accretion time of 107 to. 108
years, surface temperatures of the pro-
toearth may be low (/4). However, only
a small fraction of the gravitational ener-
gy of infalling planetesimals needs to be
buried during impact to ensure high in-
ternal temperatures. Let T(r') be the
temperature at a radius »' < r, the outer
radius of the growing planet. If no inter-
nal heat transport occurs, then (15)

N b [eMey 1,
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where h is the portion of impact energy
retained as buried heat, C, is the specific
heat, G is the gravitational constant,
M(r') is the mass within radius r', v.. is
the velocity at infinity of an incoming
planetesimal, and 7, is the ambient tem-
perature., This neglects previous heating
events within planetesimals and assumes
that earth accretion occurs after the de-
cay of short-lived radiogenic nuclides
(such as 2°Al) but so rapidly that the
important long-lived sources (*°K, U,
281J, and **Th) have not yet provided
significant heating.

The value of 4 is not known, but is not
likely to be very close to either 0 or 1
(15). If it is assumed that accretional
heating of the outer régions of the moon
is needed to explain the anorthositic
highlands, then # ~ 0.5. Even for & ~
0.1, regions at a depth of ~ 10 km in the
protoearth could have dpproached the
melting point when the body was only
the size of Mars. Melting of disseminated
iron would occur before melting of the
major silicate fraction, especially if any
alloying constituent (for instance, sulfur)
is present to depress the melting point.
Liquid iron would have readily penetrat-
ed downward through the silicate matrix
(I6) but since Eq. 1 shows that deeper
levels were probably colder, the iron
could not have immediately migrated to
the center of the planet. Rather, it would
have formed a spheroidal layer, the bot-
tom of which would necessarily hdve
been at its freezing point. Below this
layer would have existed a zone consist-
ing of an-undifferentidted, cold primordi-
al mixture of materials, and the mantle
above the iron-rich layer would have
been iron-depleted and well stirred by
thermal convection and Rayleigh-Taylor
instabilities initiated by incoming iron-
bearing planetesimals.

Elsasser (/7) proposed that core for-
mation could eventuate from a Rayleigh-

Taylor instability in which large ‘‘blobs”’
of iron (perhaps hundreds of kilometers
in radius) grow and migrate downward
through the less dense, deeper regions.
Although Rayleigh-Taylor instabilities
undoubtedly exist, their characteristic
length scale is likely to be much smaller
than Elsasser proposed because of the
very strong temperature dependence of
the silicate viscosity (/8). Consider an
inviscid, fluid layer of density p + Ap
overlying an infinite layer of density p
and shear kinematic viscosity v = vy exp
(—z/L), where z is the vertical coordinate
and z = 0 at the interface. (The simple
analytic form for the viscosity is chosen
for computational convenience.) The sit-
uation of interest is positive L (viscosity
increasing rapidly downward). The fast-
est growing modes of the resulting Ray-
leigh-Taylor instability are found (/9) to
have a characteristic length scale ~ L
and growth rate ~ 0,25(ApgL/vg), where
g is the gravitational acceleration. Typi-
cally, L is a few kilometers and the blobs
sink slowly because of the need to warm
the region beneath them. The time scale
for forming a core is found to be several
hundred million years, despite the exo-
thermic nature of the process. The long
time scale is directly attributable to the
small thermal diffusivity and the absence
of any other process for transporting
heat downward (20).

Another model, proposed by Vityazev
and Mayeva (27), involves the down-
ward migration of a spherical iron layer
by melting of the iron immediately below
the interface. Silicate grains are thereby
released from the primordial core and
can float up through the iron layer to
merge with the mantle above. The prob-
lem with this mode of core formation is
again the slow thermal diffusion: heat
must be conducted into the interface
from above to supply the latent heat of
fusion Qp.. The migration velocity of the
iron layer is found to be at most ~ KApg/
Q1 (22) and the corresponding time of
core formation ~ 10° years.

Although the Elsasser blob model and
the Vityazev and Mayeva sinking layer
model can work, given enough time,
there exist processes for iron migration
that are more rapid and depend on the
non-Newtonian rheological properties of
the material. Figure 1 shows the sponta-
neous asymmetry that can occur on a
time scale of hours for a rigid, low-
density core overlain by an inviscid,
high-density layer. This process has also
been invoked to explain the nearside-
farside asymmetry of the moon (23). In
the earth (unlike the moon), the nonhy-
drostatic stresses that develop because
of this spontaneous symmetry breaking
are capable of deforming or even fractur-
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ing the primordial core (24). The iron
can then migrate downward. Migration
along iron-filled cracks (analogous to
“magma fracturing’’) may also play a
role (25).

In a sense, the details of core emplace-
ment are not important since Eq. 1 sug-
gests that they probably refer to a time
when the protoearth was much smaller
than its final size. It is more interesting
to consider the process by which most of
the core mass is accumulated. This is
later in the accretionary process, when
the entire interior of the earth is hot
because of the combined effects of ac-
cretion and the gravitational energy of
core growth (26). The suggested physical
picture at this stage is indicated in Fig.
2.

In this almost steady-state process,
incoming iron-bearing planetesimals dis-
seminate on impact. Lateral heterogene-
ities occur and will be especially impor-
tant for the largest planetesimals, but
these can only aid downward migration
of the iron. Even if the distribution of
iron-bearing impact debris is rather uni-
form, foundering or Rayleigh-Taylor in-
stabilities (‘‘subduction’’) of the outer
boundary layer, ~ 1 to 10 km in thick-
ness (27), must occur. As this material
migrates into hotter, subsurface regioris,
the iron alloy is mobilized and can perco-
late to form ‘‘diapirs.’’ The typical size
of such iron blobs in this scenario is ~ 1
km, possibly more. Their Stokes veloci-
ty downward depends on the viscosity of
the surrounding mantle material, In a
steady-state scenario, this is determined
by the requirement that the excess heat
of core formation is transported out by
thermal convection. The required heat
flow is in the range 1000 to 3000 ergs per
square centimeter per second (26), and
thermal boundary-layer theory predicts a
convective heat flow of 2500 (10'%/v)!3
erg/cm®sec (28). The viscosity in the
deep mantle is then in the range 10'® to
107 cm%sec, for which partial but not
necessarily complete melting of the sili-
cates is required (29). Even for v = 10"
cm?/seéc, the time for a 1-km blob to
reach the core is less than 10° years,
small compared to the accretion time,
thereby justifying the steady-state pic-
ture. "

Although the initiation of the core-
forming process may be difficult because
of the presence of cold, central material,
most of the subsequent migration of
core-forming material would have been
efficient and would have easily kept pace
with the accretion process. Rapid core
formation is not inconsistent with lead
isotope data (30) and with the evidence
of a geomagnetic field in rocks as old as
3.5 billion years (31).

Core-Mantle Disequilibrium

The extent to which the core and man-
tle are now in chemical equilibrium is a
contentious issue (32) involving both
thermodynamic and fluid dynamic con-
siderations. One conclusion can be
reached independent of the details of
core formation: almost all the chemical
equilibration with mantle material during
core formation would have been at pres-
sures significantly different from the
present core-mantle boundary pressure
of 1.36 megabars. Since the partitioning
of species between phases is likely to be
strongly pressure-dependent (33), it fol-
lows that the newly formed core (espe-
cially the inner regions) is unavoidably
out of equilibrium with the mantle
above.

For the particular model of Fig. 2, an
even stronger statement can be made:
the only chemical equilibrium between
solid silicates and liquid iron alloy or
between two immiscible liquids took
place at low pressures. This can be
proved as follows: consider an iron blob
of radius R migrating through the silicate
mantle at velocity v. The distance over
which diffusive equilibrium between the
iron and silicates can occur is limited to a
diffusive boundary layer about (D#)"? in
thickness, where D is the solute diffusiv-
ity in the silicate phase and ¢ ~ R/v is the
time that the two phases are in contact.
The total volume of mantle material that
achieves diffusive equilibrium with the
iron blob is then ~ wR(DR/v)"?d, where

Incoming iron-rich
planetesimals
(may have iron cores)

Cold surface

.
.
.
.
.

fi
Core-bound ——
iron=rich blob

d is the depth of the mantle. Since the
total volume of iron that must traverse
the mantle is about one-quarter of the
mantle volume, I conclude that the frac-
tion f of the mantle that underwent
chemical equilibrinm after the formation
of the large blobs is of order
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For likely parameter choices (34),
f << 1. Chemical equilibrium can occur
at low pressures, however, in regions
where the iron is percolating through a
silicate matrix.

After core formation, chemical equi-
librium by diffusion across the core-man-
tle boundary is strongly inhibited. Ex-
periments on double-diffusive systems
(35), in which both heat and solute are
transported across an interface between
two convective layers, indicate that the
ratio of solute redistribution to thermal
buoyancy redistribution is proportional
to (D/K)Y? << 1, where K ~ 1072 cm?
sec is the thermal diffusivity.

It should be stressed, however, that
these conclusions are contingent on dif-
fusion-limited processes. If partial melt-
ing in the deep mantle provides a melt
that is miscible in an iron alloy, then the
greater degree of high-pressure chemical
equilibrium is conceivable (36). This may
be important for understanding the com-
position of the core. :

/
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Fig. 2. Iron migration at a later (steady-state) phase of core formation. Below the thermal
boundary, iron percolates into-diapirs, which migrate down rapidly, ensuring incomplete
chemical equilibration with the mantle environment.



Core Composition

Seismic data (both body waves and the
earth’s free oscillations), the astronomi-
cally determined moment of inertia, and
the excellent assumption of hydrostatic
equilibrium provide strong constraints
on the pressure, density, and state of
matter within the earth (37). Within an
uncertainty of only a few kilometers, the
radius of the core is 3480 km (where the
density changes from 5.57 to 9.90 grams
per cubic centimeter at a pressure of 1.36
Mbar). The region between about 1220
and 3480 km does not sustain shear
waves and is conventionally described as
a liquid (38). The inner core of radius
1220 km is generally believed to be solid,
and there may be a discontinuity of 0.3 to
1.1 g/cm® at the inner core-outer core
boundary (39). The density and pressure
at the center of the earth are about 13 g/
cm?® and 3.64 Mbar, respectively.

The strongest argument for a predomi-
nantly iron core relies on a comparison
of these data with laboratory shock wave
data (40). Since there are numerous ele-
ments (for example, vanadium) or mix-
tures with a pressure-density relation-
ship approximately consistent with that
of the earth’s core, one must always
appeal to the cosmochemical argument
as well: iron is the only sufficiently abun-
dant element of appropriately high densi-
ty to explain the core’s properties (41).
The density of pure iron at core pres-
sures in a shock experiment is 8 to 11
percent more than the core density at the
same pressure, as illustrated in Fig. 3.
(The uncertainty represents the range of
recent seismic models and the range of
shock wave results; these have similar
uncertainties.) The comparison is com-
plicated by the differences in tempera-
ture and possible difference in thermody-
namic state.

Neither shock temperatures nor core
temperatures are known to better than
about =1000 K, although they are fortu-
itously similar, both being around 4000 K
at 2 Mbar. Shock temperatures in iron
are estimated from porous Hugoniot data
(42) and actual temperatures in the
earth’s core can be estimated from ap-
propriately chosen mantle and core adia-
bats (43). This is illustrated in Fig. 4,
together with the melting curve of pure
iron estimated from the recent work of
Brown and McQueen (44).

Evidently, the best estimates of the
earth’s core temperature lie below the
melting curve of pure iron. This is not
inconsistent with a fluid outer core, since
the outer core density is too low for pure
iron and an admixture of lighter elements
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Fig. 3. Comparison of shock wave data with
seismic data and theory for pressures and
densities in the earth’s core. Shaded region
represents the range of densities for each
pressure obtained in shock wave experiments
on pure iron (40). Line labeled PREM repre-
sents a particular recent seismic model (37)
for the pressure-density relationship in the
core. Error bars represent the variation be-
tween various tabulated models. Notice the
large uncertainty in the inner core (39). The
dashed line is a theoretical liquid state model
discussed in the text.

can depress the melting point (just as salt
depresses the freezing point of water).
However, this raises another difficulty
with the comparison of shock wave data
and seismic data: the shock wave data
may refer to the solid state (45). Combin-
ing this uncertainty with the uncertainty
in temperatures, and assuming a coeffi-
cient of thermal expansion of 1 x 107°
K~!' (Table 1), I conclude that the core
density is less than that of pure, liquid
(actually metastable) iron at the same
temperature and pressure by 5 to 12
percent. Brown and McQueen reach an
essentially identical conclusion.

What other element or elements mixed
with iron could explain this density dif-
ference? The presence of nickel (~ 4
percent by mass) is likely but does not
substantially change the density (46). It
is likely that any element with a substan-
tially lower atomic number than iron
(Z = 26) can reduce the density at high
pressure (47). Possible candidates of suf-
ficient cosmic abundance to be potential-
ly important are H, He, C, N, 8i, Mg(O),
0O, and S. To be acceptable, any candi-
date must pass two additional tests: (i).it
should be capable of high-pressure alloy-
ing with iron, including the ability to
depress the melting point by = 1000 K,
and (i) it should partition in sufficient

amounts into the low-pressure core-
forming liquid iron. As discussed previ-
ously, high-pressure partitioning is likely
to be inefficient even if it is strongly
preferred thermodynamically.

Helium clearly fails the first test (48),
while oxygen and MgO are doubtful.
Ringwood (49) has argued for the solubil-
ity of oxygen in the core, partly on the
basis that FeO becomes metallic at pres-
sures less than those present in the core.
This metallization is not clearly indicated
by existing shock wave data (50), but
neither is it definitely excluded (51).
Metallization of FeO may not be a neces-
sary condition for alloying (although it is
surely a sufficient condition); the main
requirement is that the specific volume
of oxygen must be small. Oxygen has
previously been proposed for the core
(52) but with weaker arguments. The
solubility of MgQO, suggested by Alder
(53), is plausible but poorly constrained
by existing data. Hydrogen is likely to
alloy with iron at high pressure (54). The
remaining candidates (C, N, Si, and S)
form alloys at low pressure and are likely
to alloy at high pressure also.

Only sulfur clearly passes the second
test for these candidates. Hydrogen, he-
lium, oxygen, and MgO are too insolu-
ble. Carbon and nitrogen are only incor-
porated in small amounts in iron in any
plausible condensation from the solar
nebula (55). Other more volatile forms of
carbon and nitrogen may be outgassed
during impact. Silicon is not likely to
partition into the iron phase in prefer-
ence to oxides, except possibly at high
pressure (56). Ringwood’s model (57) for
an Fe-Si core is not kinetically prohibit-
ed, since disequilibrium between core
and mantle is very likely, but the very
specific accretion and core formation
scenario envisaged by Ringwood is not
likely to have occurred. (Nevertheless,
there is surely some Si in the core, and
perhaps not a negligible amount for den-
sity considerations.) Sulfur remains as an
element for which a low melting point
alloy can occur [the eutectic of Fe-S is at
about 1000°C for 0 < P = 55 kbar (58)]
and the partitioning is favorable at low
pressure. Shock wave results for Feg oS
and FeS, (59) suggest that 8 to 10 percent
sulfur by weight is sufficient to explain
the core density. This is at least a factor
of 3 less than the cosmic abundance.
Ringwood’s arguments against sulfur
(49) are based in part on the earlier
estimate of 15 percent sulfur, a value that
may be too large for any model in which
the earth ‘accreted only a small fraction
of volatile-rich palentesimals.

The probable availability of sulfur, the
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Table 1. Thermodynamic properties of the outer core.

Liquid iron* at

Outer core (theory)

Parameter atmospheric Theoret_ical
aramete pressure and P = 1.5 Mbar, P =3 Mbar, uncertainty
temperature Ty pe T = 3000 K T = 4000 K
Gruneisen vy 2.44 1.7t 1.6+ + 20 percent
Heat capacity, C, (k per atom) 4.0 3.8+ 3.9t + 10 percent
Coefficient of thermal expansion, o (K1) 1.22 x 107 1.0 x 1073 1.0 x 1075 + 30 percent
Electrical resistivity (wohm-cm) 140 160 160 X2
Thermal conductivity (erg/cm-K-sec) 3.22 x 108 4 x10° 4 % 10° X2
Kinematic shear viscosity {cm*/sec) 3 x 1073 8 x 107 8 x 107 x10

*Data from (63) or (93).

strongly depressed eutectic of Fe-S, and
the modest amount required to explain
the core density make sulfur a strong
candidate for the primary light element
in the core. Oxygen may also be impor-
tant, provided partial melting of the
deep, primordial mantle occurs (as dis-
cussed above). It should be stressed,
however, that there is no reason to be-
lieve that the core is a particularly
“clean’’ system. The combined effect on
the density of small amounts of Si, C, N,
MgO, and H may be comparable to or
greater than the effect of S or O.

The Inner Core

Figure 4 indicates that the melting
point of pure iron exceeds the actual
temperature in the deep core by 1000 to
2000 K. If we suppose that the minor
light constituents in the core partition
primarily into the liquid phase, so that
the inner core is almost pure Fe (or Fe-
Ni), then thermodynamic equilibrium be-
tween solid inner core and liquid outer
core is defined by (60)

WP, T) + KT 2 In (1 = C) = u§ (P.T)
(3)

where w) and u§ are the chemical poten-
tials of pure liquid and solid iron, respec-
tively, at temperature T and pressure P,
k is Boltzmann’s constant, C;is the num-
ber fraction of species i in the liquid
phase and ideality of mixing is assumed.
To lowest order, the melting point is then
depressed by an amount AT = —(kT/
AS)Z;In (1 — Cp), where AS is the entro-
py of melting. For AS = &k In2 (61) and
Z; C; = 0.15 (appropriate to 8 percent S
by weight, for example) AT ~ 1100 K,
about the required amount. (It is some-
what smaller than Fig. 4 suggests, but
compatible with the large error bars indi-
cated.) It is therefore entirely reasonable
to suppose that the inner-outer core
boundary represents thermodynamic
equilibrium of the liquid outer core with
pure, solid iron.
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tIncludes electronic corrections, as calculated in (79).

This calculation also assumes that the
outer core alloy is more iron-rich than
the eutectic composition. If the coexist-
ing solid phase at the eutectic is FeS and
if the sulfur-rich fluid also obeys ideal
mixing, then the eutectic composition is
the simultaneous solution of Eq. 2 with

whes (P, T) + kT In [4x (1 — x)]
= “‘;:ES (PrT) (4)

where C; = x for sulfur and all other
C; =0 in Eq. 2. If both entropies of
melting are k In 2, then the eutectic
composition x. satisfies

(1= x)' =P @dx)P=2""P )

where B = Ty re/ Ty, res, the ratio of the
melting points for pure Fe and pure FeS,
respectively. For B = 1.1, appropriate to
the experimentally determined melting
points at 60 kbar (58), x = 0.275, com-

pared with the experimentally deter-
mined value of 0.36. The difference is a
consequence of nonideality. Any reason-
able extrapolation of the FeS melting
curve (62) predicts that B ~ 1 at the inner
core—outer core boundary, in which case
the eutectic sulfur fraction substantially
exceeds the sulfur content of the outer
core. (An analogous calculation is possi-
ble for an iron-oxygen alloy.) Even at
B = 0.7 (corresponding to Ty ges ~ 8000
K at 3.2 Mbar), the eutectic sulfur frac-
tion exceeds 8 percent by weight. Any
vestige of nonideality only strengthens
the argument for an outer core that is
more iron-rich than the eutectic compo-
sition. Theoretical calculations of the
kind discussed below may help constrain
the extent of nonideality.

This model for the inner core has
important implications for core energet-
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Fig. 4. Temperatures in the core. The pure iron melting curve and its associated uncertainty are
from (44). The estimated core adiabat (43) and its associated uncertainty is almost certainly at a

substantially lower temperature. The curve lab

eled core melting represents the thermodynamic

equilibrium between pure, solid iron and the outer core alloy and is chosen to cross the core
adiabat at the inner core-outer core boundary. Calculation of this curve is discussed in the

text.
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ics (63). As the core cools over geologic
time, the inner core grows and the sulfur
content of the outer core increases. A
net release of gravitational and latent
heat occurs. The gravitational energy
release associated with the upward redis-
tribution of the light elements is available
for generating the earth’s magnetic field.
The history of the geomagnetic field may
thus be ultimately tied to the history of
the earth’s inner core (64, 65).

Thermodynamics and Transport

Properties of the Outer Core

Any discussion of the outer core must
involve the theory of liquids. It is tempt-
ing to suppose that the properties of
crystalline materials provide an adequate
measure of liquid properties at high pres-
sure because of the small difference in
volume between phases, but a number of
thermodynamic variables, including the
thermodynamic Gruneisen vy (66), may
be sensitive to the state of the material. I
shall discuss here the application of the
modern theory of liquids (67, 68) to the
outer core.

There are three principal ingredients in
the application of this theory. (For sim-
plicity, a one-component fluid is de-
scribed here, but all aspects are general-
izable to multicomponent systems.)
First, one needs a pair potential o(r),
which is a measure of the pairwise inter-
action energy between atoms. In a metal,
the identification of ¢ is complicated
because of itinerant electrons. Iron is a
transition metal and the determination of
¢ from first principles is intractable (69)
but, as explained below, there are rea-
sons to believe that ¢ can be estimated
from existing equation-of-state data. X-
ray diffraction experiments (70) also pro-
vide constraints. The second ingredient
in a liquids theory is the pair distribution
function g(#), defined as the relative
probability of finding two atoms separat-
ed by a distance r. [‘‘Relative’” means
that g(¥) = 1 for an uncorrelated system,
such as an ideal gas.] As a first approxi-
mation, it is common to use the hard-
sphere g(r), which is the pair correlation
function for an assemblage of rigid
spheres (for instance, billiard balls) and
is characterized by a single adjustable
parameter n = (w/6)no>, called the pack-
ing fraction, where n is the number den-
sity of spheres, each of diameter o. The
hard-sphere system has been extensively
studied and its properties are well known
(67). The third ingredient in a liquids
theory is the statistical mechanical appa-
ratus that relates the microworld of g,¢
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to the macroworld of measurable ther-
modynamic variables.

One way to proceed is by applying
liquid-state perturbation theory (67), for
which the Helmholtz free energy F is
given by

F = Fg(p,T) + Fr(m)
+ 3 Lot e dr (6

where el refers to the itinerant electron
contribution and hs to the reference
hard-sphere system. The choice of the
reference hard spheres is governed by
the Gibbs-Bogoliubov inequality, ex-
pressed as a variational principle

9F = 0 for each n,T 7)

om

Assuming that F¢ is small (71), it is
possible to invert the seismic data for a
pair potential ¢. Figure 3 shows the
theoretical equation of state for an in-
verse power law potential ¢ = r~", and
m = 9.5 £ 0.5, which provides the best
fit to the seismic data. (More complicat-
ed potentials have been tried, but with
only marginally improved fits.) If the
outer core is assumed to be a single-
component fluid, then this inversion is
constrained by the requirement that the
inner core-outer core boundary is at the
freezing point and the temperature there-
by obtained is 6500 = 500 K at 3.2 Mbar
(72). This is clearly too high for the
actual temperature in the core, although
it is compatible with the likely melting
point of pure Fe (see Fig. 4). This pro-
vides further evidence for the necessity
of alloying constituents.

Once the best-fitting potential is ob-
tained, all other thermodynamic proper-
ties can be estimated. Some trial calcula-
tions have been made for binary systems
(73), but only the melting point is greatly
affected; other thermodynamic variables
such as the Gruneisen v (66) are primari-
ly determined by the best-fitting equiva-
lent single-component ¢. It is also possi-
ble to use this ¢ and the corresponding
variationally chosen g(r) (or its Fourier
space equivalent, the structure factor) to
estimate transport properties. All these
results are summarized in Table 1. The
value of v is significantly larger than
most previous solid-state estimates, but
this is not very surprising since liquids
(including liquid iron at low pressure)
frequently have significantly larger val-
ues of vy than the coexisting solid. The
atomic contribution to C, is close to the
expected solid value, unlike my previous
claim (68), which was based on a cruder
(nonvariational) model. The estimate for
a follows from the thermodynamic iden-

tity vy = aK1/pC,, where Ky is the iso-
thermal incompressibility and C, is the
heat capacity. The electrical resistivity is
estimated from Ziman's theory, as ap-
plied by Jain and Evans (74), but using
my variationally determined structure
factor. The thermal conductivity is ob-
tained by application of the Wiedemann-
Franz relation (75). The kinematic shear
viscosity is obtained from the nondimen-
sionalized form of molecular dynamics
simulations for inverse power law poten-
tials (76), but is not much different from
simpler estimates (77). The shear viscos-
ity is potentially much more uncertain
than the other parameters, and the bulk
viscosity is even more uncertain (78).

There is another way to compare lig-
uids theory with seismic data. It can be
shown (68) that for a fluid outer core of
uniform composition

R ®

dP K
(insensitive to whether the thermal con-
ditions are isothermal, adiabatic, or in-
termediate). This equation is consistent
with the seismic data, all recent tabula-
tions of which give 3 < dK/dP < 4.5 ev-
erywhere in the outer core, except possi-
bly in the lowermost 600 km (where the
seismic resolution is very poor). Another
interesting but less rigorous result can be
obtained from liquids theory if it is as-
sumed that the shape of g(r) is invariant
along the melting curve. It can then be
shown (68) that

dinTy  vCoa— k
dlnp  Co.-32k ©)

where Ty is the melting temperature, v,
is the atomic contribution to the thermo-
dynamic Gruneisen parameter, and C, ,
is the atomic contribution to the heat
capacity per atom. If C, , = 3k (the clas-
sical high-temperature harmonic oscilla-
tor value) then Eq. 9 becomes essentially
identical to Lindemann’s law (62). This
law is the best present procedure for
extrapolating melting laws beyond exist-
ing data. Assuming the validity of the
law, it can then be shown (68, 79) that
the melting curve for any single-compo-
nent system is steeper than the adiabat
provided y > 2/3. Mathematically

_ dlnT <dlnTM
Y= Blnp s

dlnp
Furthermore, vy > 2/3 is expected for
any strongly repulsive potential [(—d In
¢/d In r) = 2], including any potential
compatible with the equation of state of
the core. This result essentially dis-
proves the ‘‘core paradox’ of Higgins

<=>v>2/3
(10)
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and Kennedy (80), in which they pro-
posed that the melting curve was actual-
ly less steep than the adiabat. Since the
inequalities in Eq. 10 are satisfied, there
is no problem with the interpretation of
the inner core given above. In other
words, the core must freeze at the center
first rather than at the outer edge.

Dynamic State of the Core

The earth possesses a large magnetic
field and the only known process capable
of sustaining this field is a hydromagnet-
ic dynamo (81). This implies a fluid,
metallic region in nonuniform motion
and imposes constraints on the thermal
and compositional states. The require-
ment for substantial vertical motions (82)
strongly suggests that at least a large
radial zone of the core is close to adia-
batic and compositionally uniform. Par-
tial justification for this assertion is ob-
tained by considering the consequences
of its attempted refutation. Suppose the
region of dynamo generation were stably
stratified (by being either subadiabatic or
“bottom heavy’’ because of composi-
tional stratification). Large-scale vertical
motions are then strongly inhibited and
no efficient mechanism then exists for
generating a poloidal field from a toroidal
field. Oscillatory motions may exist, but
they are highly inefficient for dynamo
generation (83). If we define the buoyan-
cy frequency N = [(—glp) 8(dp/dr]*?,
where 3(dp/dr) is that part of the density
gradient which provides stability (ex-
cluding the contribution from self-com-
pression), then a dynamo is difficult to
sustain if N7 >> 1, where 7 = 10° years
is the characteristic time scale of large-
scale core motions or ohmic dissipation.
The requirement that Nt not be large
effectively limits the static stability to
very small values (for instance, an aver-
age deviation from an adiabatic tempera-
ture structure of less than about 1 part in
a million is required to give Nt < 1;local
and boundary-layer deviations could be
much larger).

If it is supposed that the dynamo re-
gion is unstably stratified, then a related
argument can be made: large-scale mo-
tions are uninhibited by viscosity and
can grow at an initial rate = o = [(g/p)
3(dp/dr)]V?. This state of instability can
be sustained provided o7 is not too large.
(If ot >> 1, then rapid redistribution of
the unstable density distribution would
ensue, with the system relaxing toward a
state of nearly neutral stability.) As be-
fore, average deviations exceeding about
1 part in a million are not likely. This
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result can also be reached by an applica-
tion of the mixing-length theory of con-
vection, even with allowance for the
complications of magnetic field and rota-
tion (84). It should be stressed, however,
that these conclusions can be applied
only to the region of dynamo generation,
not necessarily to the entire outer core.
More complex situations can be envis-
aged, for example, layered convection in
a system with opposing gradients of ther-
mal and compositional buoyancy (85).
This would arise in a core formation
model where fluid added later is intrinsi-
cally lighter than the earlier core-forming
fluid. (Mantle layering could arise for
similar reasons.) However, there is no
compelling evidence from seismic data
or from analyses of fields at the core-
mantle boundary for regions of stability
in the core (86). Stable regions would not
be expected to develop in any scenario
where core formation led to a vigorously
stirred initial state, because growth of
the inner core provides both composi-
tional and thermal destabilization (87).

The recent realization that the earth is
almost certainly cooling down (88) has
essentially removed any difficulty with
generating the geomagnetic field. The
presence of intrinsic heat sources such
as *0K is neither essential nor likely (89)
and the inner core has emerged as an
essential part of the generation process,
at least for the earth (90).

The Future

The history of science teaches us that
nothing is as simple as it seems from
afar. The earth’s core is not likely to be
an exception. The synthesis presented
here should be regarded as a progress
report on an area of research that still
lacks some crucial data and  insight.
Some of these deficiencies may be reme-
died in the next decade.

Four areas can be identified in which
future progress is both essential and like-
ly; geo- and cosmochronology, seismo-
logical determinations of core structure,
fluid dynamics of the core and mantle,
and condensed matter physics (especial-
ly diamond cell anvil experiments).

Isotope geochemistry and cosmo-
chemistry provide essential data for con-
straining speculations on the way in
which planets are put together, differen-
tiate, and evolve. Extinct radioactivities
constrain the time scale of solar system
formation (91), lead isotope studies con-
strain the rapidity of core formation (30),
and studies of the samarium-neodymium
system provide tantalizing glimpses of

the way in which the earth’s mantle may
be layered (92). None of the inferences is
straightforward, but the abundance of
data and high precision of the measure-
ment techniques provide optimism for
future revelations.

Seismology is another data-rich area in
which important information on the core
awaits extraction, provided mantle and
near-surface structure can be adequately
characterized. Free oscillation data are
likely to play an especially important
role, particularly for constraining the na-
ture of the inner core.

Core dynamics suffers from the cur-
rent unavailability of geophysically plau-
sible (as distinguished from mathemati-
cally elegant) models for generation of
the earth’s magnetic field. The most
plausible energy source is identified and
the efficacy of the dynamo process is not
in doubt, but the diversity of hydromag-
netic processes in a rotating fluid is in-
timidating. More optimistically, it is like-
ly that we can learn much about the
relationships between inner and outer
core and between outer core and mantle
by experimental and theoretical work on
compositionally layered, convecting sys-
tems. Work is ongoing in these areas [for
instance, see Fearn et al. (65)].

Last, and perhaps most important, tre-
mendous improvements in our under-
standing of the behavior of materials at
high pressure are anticipated. Static and
shock compression experiments provide
the capability for a variety of property
measurements at a range of temperatures
and pressures which include conditions
in the earth’s core. Phase diagrams can
be delineated and the partitioning of con-
stituents determined (either directly in a
diamond cell or indirectly by application
of thermochemical arguments). Trans-
port properties such as electrical con-
ductivity are also readily measurable.
The diamond cell anvil technique, in
particular, is still largely untapped and is
expected to provide a wealth of thermo-
dynamic data for high pressures in the
next decade. Interpretations of the inner
core and outer core and their relation-
ship should be greatly improved.
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Space Shuttle: A New Era in
Terrestrial Remote Sensing

James V. Taranik and Mark Settle

The space shuttle successfully com-
pleted its first orbital test flight in April
1981 and ushered in a new era of manned
space flight. This new space transporta-
tion system possesses the capability to
routinely carry men, equipment, and ex-
periments into low earth orbit. The shut-
tle will be used to deploy and retrieve

the potential utility of the shuttle for
earth-related research, NASA has
placed a high priority on demonstrating
the shuttle’s capability as a platform for
terrestrial remote sensing observations.
In 1976 the second orbital test flight of
the shuttle was designated as an earth-
viewing mission, and an announcement

Summary. The space shuttle will carry its first scientific cargo into orbit on its
second test flight. The seven experiments to be conducted during this flight—
investigations related to continental geology, atmospheric chemistry, meteorology,
marine biology, and plant physiology—will demonstrate the potential usefulness of
the shuttle for research in the earth and life sciences.

earth-orbiting satellites, and it will also
be used as an orbital laboratory in which
highly specialized experiments can be
conducted in the weightless and vacuum
conditions of space.

Remote sensing studies of the earth,
an obvious application of the shuttle’s
capabilities, have recently been over-
shadowed by popular interest in industri-
al and military applications of the sys-
tem. The shuttle will provide an ideal
orbital platform for collecting experi-
mental remote sensing data as well as for
testing advanced sensor technology as it
becomes available (I). In recognition of
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of opportunity was issued to solicit pro-
posals for experiments. Six investiga-
tions were selected from a total of 32
proposals. A seventh experiment was
added to the mission more recently.
These experiments will involve several
different types of scientific investigations
related to the study of continental geol-
ogy, atmospheric chemistry, meteorolo-
gy, marine biology, and plant physiolo-
gy. The experiments are collectively re-
ferred to as the OSTA-1 payload because
most are managed by NASA’s Office of
Space and Terrestrial Applications.

The OSTA-1 payload represents the
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first scientific cargo that the shuttle will
carry into orbit (Fig. 1). Five of the
experiments selected for the mission are
mounted on an engineering model of the
Spacelab pallet manufactured by the Eu-
ropean Space Agency (Fig. 2). The pal-
let, located in the shuttle’s cargo bay,
weighs 1218 kilograms, and the experi-
ments mounted on it weigh 1016 kilo-
grams and require 1452 watts of electri-
cal power. Pallet experiments can be
operated directly by the astronauts or by
ground controllers at the Johnson Space
Center in Houston, Texas. The other
two experiments are located in the crew
compartment.

The second shuttle test flight is sched-
uled for launch in early November from
the Kennedy Space Center in Florida.
The primary objective of the test flight
program is to evaluate the performance
and flight characteristics of the shuttle
itself. Launch procedures and reentry
maneuvers have been changed signifi-
cantly from the first flight in order to
obtain additional engineering flight data,
The shuttle will be placed in a 137- to
142-kilometer circular orbit with an incli-
nation of 38° during the period of actual
data collection. The orbiter will fly in an
inverted position with its cargo bay
doors open, facing the earth’s surface,
for a total of 88 hours during the 5-day
(120-hour) mission. All of the scientific
data collected during the mission will be
removed from the orbiter within 72 hours
of its landing at Roger’s Dry Lake Bed
(NASA’s Dryden Flight Research Facili-
ty) in California.
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