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Seismic waves trace the turbulent boundary
between the earth’s rocky mantle and molten core.
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" The Core-Mantle Boundary

This interactive zone may be the most
dynamic part of the planet, directly affecting
the earth’s rotation and magnetic field

by Raymond Jeanloz and Thorne Lay

bout 2,900 kilometers away—less
than three days' drive, if that
were possible—lies the most
dramatic structure of the earth. Largely
ignored in past research, the remote re-
gion between the lowermost mantle and
the upper core is proving to be crudal in
understanding the chemical and ther-
mal evolution of the planet. No longer
regarded as simply a contact delineat-
ing the liquid-iron outer core from the
rocky mantle, the core-mantle region
may actually be the most geologically
active zone of the earth. Its features
seem to have changed immensely dur-
ing the earth’s history, and its physical
properties now evident vary from place
to place near the bottom surface of the
mantle. In fact, the physical changes
across the interface between the core
and mantle are more pronounced than
are those across the planetary surface
separating air and rock.

The strong heterogeneity of the core-
mantle boundary region is thought to
influence many global-scale geologic
processes [see “The Earth’s Mantle,” by
D. P. McKenzie; SCIENTIFIC AMERICAN,
September 1983). The dynamics of the
zone affect the slight wobbling of the
earth’s axis of rotation and characteris-
tics of the geomagnetic field. Variations
in the core-mantle region also modu-
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late the convection in the earth’s man-
tle, which is responsible for the move-
ment of continents and tectonic plates.

The first hint that something unusu-
al was going on at the depth where the
core and mantle meet came in the mid-
1030s. Vibrations generated by earth-
quakes provided the clue. Throughout
most of the mantle, the speed of seis-
mic waves increases as a function of
depth. Furthermore, lateral variations
in seismic-wave velocity are only mi-

nor. One can interpret these character-’

istics as meaning that the earth gets
“simpler” with respect to depth, that is,
the composition and structure of the
planet become more uniform. In con-
trast, the great diversity of geologic
structures and rocks observed under-
foot reveal the surface to be the most
complicated region.

Yet the velocity behavior of seismic
waves holds only to a certain point. At
the lowermost few hundred kilometers
of the mantle, just before the core be-
gins, the average speed of seismic waves
does not increase appreciably, and more
meaningful changes in velocity appear
from region to region [see illustration on
pages 50 and 51). The effect is subtle,
amounting to only a few percent differ-
ence. Yet by geologic standards, these
few percent represent enormous vari-
ations in structure or temperature, or
both. Early workers recognized the sig-
nificance of the changes from the sim-
ple behavior in the overlying lower man-
tle and consequently named this region,
which was deduced to be about 200 to
400 kilometers thick, the D” layer.

The origin of the layer's name (pro-
nounced “dee double prime"”) is more
historic than poetic. Early geologists
had labeled the parts of the deep earth
with letters of the alphabet, rather than
as crust, mantle and core. This form of
identification, however, meant that any
intervening layer subsequently discov-
ered had to incorporate a “prime” sym-
bol to distinguish it. Although other
layers were eventually renamed, the D”
nomenclature has endured.

Investigators proposed numerous in-
terpretations to account for the seismic
properties of the D” layer. Unfortunate-
ly, there were too many possible expla-
nations and too little information to per-
mit a definitive characterization of the
layer. Better descriptions of the D" layer
had to wait until the technological break-
throughs of the 1980s. Then, using ar-
rays of recording instruments deployed
around the world, seismologists could
for the first time collect and process
enough data to derive three-dimensional
images of the earth’s interior [see “Seis-
mic Tomography,” by Don L. Anderson
and Adam M. Dziewonski; SCIENTIFIC
AMERICAN, October 1984]. The seismom-
eters used primarily operate in the range
between about one and 0.0003 hertz, or
cycles per second. (These acoustic fre-
quencies are far below the range of hu-
man hearing, which extends from about
20 to 20,000 hertz.) Seismic tomogra-
phy is often compared to computed to-
mographic scaris used in medicine. But
because it relies on sound waves, seis-
mic tomography is more akin to the ul-
trasonic imaging done during pregnan-
cy. The main drawback is its resolution:
images of features smaller than 2,000
kilometers tend to be smeared out.

evertheless, seismic tomography
helped to quantify the proper-
ties of the D” layer. It showed
that the region differs drastically from
the overlying mantle. The fact that the
velocity of seismic waves is affected
over continent-size areas shows that
large-scale structures dominate D", Still,
seismic tomography could not explain
the causes of this variability in physical
properties. Could large, chemically dis-
tinct structures exist at the bottom of
the mantle, just as continents mark the
seismic heterogeneity of the earth’s sur-
face? Or are the heterogeneities simply
large-scale temperature differences at
the base of the mantle?
To answer these questions, one of us
(Lay) began in the early 1980s to imple-
ment a new method to explore the core-
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SEISMIC-WAVE VELOCITIES differ throughout the earth’s inte-
rior, as depicted in thig image generated by seismic tomogra-
phy. In some regions the waves move more quickly than is
average for that depth (bresT: in others the waves are slower

- black

mantle boundary. The idea was to use
computer calculations to analyze all the
characteristics of the observed seismic
wave front, not just the wave velocity, as
in the case of tomography. Such wave-
form analysis is a powerful approach
because the technique can resolve struc-
tures as small as a few tens of kilome-
ters across instead of those 2,000 kilo-

meters or more in size. The disadvan-
tage is that one can look only at limit-
ed parts of the core-mantle boundary.
There are not enough earthquakes or
other sources of seismic energy to ob-
tain a global picture at such a high lev-
el of detail.

The waveform studies suggest that
neighboring regions within the D* lay-

Lyellaws). Such variations can suggest differences in compo-
sition. Much of the complexity of the core-mantle boundary
(the exposed surface of the outer core) is not evident, because
the heterogeneities are too small to be resolved.

er can be more distinct than had once
been thought. For example, several re-
search groups studying the core-mantle
boundary below northern Siberia found
that acoustic velocities vary so radically
over short distances that closely spaced
seismometers systematically recorded
different waveforms. The finding can
best be explained by assuming that the
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heterogeneity in seismic velocities is
large in magnitude and occurs over dis-
tances smaller than can be resolved,
that is, within a few tens of kilometers.
Waveform studies can also map the
differences in thickness of the D” layer.
In many places the top of the D” layer
causes an abrupt increase in wave ve-
locity, a process that reflects seismic
energy. The reflections have revealed
that the thickness of the D” layer varies
dramatically. The layer can be so thin
as to be undetectable, or it can span as
many as 300 kilometers.

Stanley M. Flatté’s group at the Uni-
versity of California at Santa Cruz
helped to confirm the great variability
of the D” layer. During the mid- to late
1980s, he and his colleagues began to
apply new methods of wave analysis to
the signals obtained from seismic waves
that have been scattered in the deep
mantle. Their method relies on a statis-
tical description of how waves propa-
gate through a strongly scattering sub-
stance. Such material would be analo-
gous to fog or clouds. Flatté's approach
is to observe how the wave front from
an earthquake changes shape after trav-
eling through the D” region. An earth-
quake initially sends out a smooth,
spherically expanding wave. But as that
wave is refracted and scattered by vari-
ations in seismic features, such as the
strong heterogeneities near the core-
mantle boundary, the front no longer
remains smooth. It becomes rippled, or
corrugated [see illustration on page 53).

The trick in measuring the degree of
wave-front corrugation is a dense array
of seismometers. Taking observations
from one such collection located in Nor-
way, Flatté has shown that the D” re-
gion appears quite murky to seismic
waves. It must contain heterogeneous
features as small as 10 kilometers in

‘length. The seismological observations
thus indicate that the D” region is a het-
erogeneous layer that laterally varies in
thickness.

In contrast to the murkiness of the
D” layer, the core-mantle boundary
(on which the D” layer rests) appears
smooth and sharp. Last year John E. Vi-
dale and Harley Benz of the U.S. Geo-
logical Survey beautifully demonstrated
the abruptness of the interface. They
used a vast number of seismic recording
stations that had been deployed across
the western U.S. The array of seismom-
eters generally monitors regional earth-
quake activity, but Vidale and Benz
have employed it to find seismic waves
that have bounced off the core-mantle
boundary. Remarkably, seismic waves
arrived coherently across more than
900 stations in the array. This coherence
implies that the core-mantle boundary
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represents a sharp transition from the
mantle to the core, at least for the area
measured. The sudden transition re-
flects as much as 50 percent of the seis-
mic waves and transmits the remain-
der. Analyses of the reflected and trans-
mitted waves show that the boundary
varies in depth by no more than a few
kilometers.

Seismic-wave studies have done much
to elucidate the D” layer and the core-
mantle boundary. But the inaccessibility
of the regions has prevented geophys-
icists from understanding completely
how such complicated structures came
about.

breach the remoteness of the deep
earth, why not bring the core and
mantle to the surface? That is precisely
the approach taken by many research-

If seismic studies cannot thoroughly

ers, including one of us (Jeanloz). Spe-
cifically, we sought to duplicate the high
pressure and temperature existing in
the deep mantle and core. A break-
through in engineering made such a

feat possible: investigators had learned §

to compress minuscule samples be-
tween the points of two diamonds and
to heat the specimen using a high-pow-
ered laser beam [see “The Diamond-
Anvil High-Pressure Cell,” by A. Jayara-
man; SCIENTIFIC AMERICAN, April 1984].
By 1986 the diamond cells could gener-
ate pressures greater than those at the
center of the earth.

Diamond’s hardness is not the only
reason for using the substance as an
anvil. The utility of diamond also lies in
its transparency. A laser beam can be
focused directly through the diamond
to heat the sample to thousands of de-
grees Celsius. Moreover, one can ob-
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planet’s primarty regions (opposite page).

The crust and mantle consist of oxide crystals such as olivine, pyroxene and gar-
net in the upper mantle and silicate perovskite in the lower mantle. The core is an
iron alloy, liquid in the outer part and solid in the center. The layers correspond to
the observed variations in density and velocity of seismic waves as they travel
through the earth (above). Both density and wave velocity increase as a function of
depth except at the D” layer. Note that seismic energy can propagate as shear
waves (waves that oscillate at right angles to the direction of motion) and as com-
pressional waves (waves that move back and forth in the travel direction). Because
liquids do not have rigidity, shear waves cannot propagate in the outer core. Shear-
wave motions reappear in the inner core because a fraction of the compressional
waves transforms into shear waves at the liquid-solid interface.

serve the specimen while it is at super-
high pressures and temperatures. One
determines the temperature of the sam-
ple by measuring the thermal radiation
the sample emits through the diamond.
In this way, one can quantify how “red
hot” or “white hot” the material has be-
come; astronomers infer the surface
temperatures of stars by color in the
same manner. Using the laser-heated
diamond cell, we can simulate the ap-
propriate temperatures and pressures
at the core-mantle boundary. We want-
ed to see what would happen when we
placed matter that constitutes the out-
er core in contact with minerals of the
lowermost mantle.

Of course, we needed to know what

materials make up the mantle and core
before squeezing them together. To de-
termine the mantle constituents, Elise
Knittle, working with Jeanloz, followed
up on research by groups at the Aus-
tralian National University, the Carne-
gie Institution of Washington and else-
where. We relied on prior experimental
work, on theoretical models and on
the fact that the pressure in the low-
er mantle exceeds 20 gigapascals (200,
000 atmospheres).

From that information, we deduced
that a single high-pressure mineral
phase must dominate the lowermost
mantle. This mineral is a dense form
of iron magnesium silicate, or (Mg,Fe)
Si04, a robust and chemically simple

compound that can be formed only un-
der pressures above 20 gigapascals. Be-
cause it has the same crystalline struc-
ture as the mineral perovskite (CaTiO;),
it is consequently called magnesium sili-
cate perovskite. The lower mantle rock
probably also contains minor amounts
of magnesiowiistite—a combination of
magnesium oxide (MgO) and wiistite
(FeQ). This composition is quite unlike
the nature of rocks at or near the
earth’s surface. Such rocks are com-
posed of many different, complex min-
erals that react chemically and trans-
form into new minerals under modest
changes of pressure or temperature.
The deduced chemical simplicity of the
deep mantle accords well with the data
derived from seismic waves, which
show it to be relatively devoid of struc-
ture (except for the D” layer). This con-
sistency gives us confidence that we
are examining the appropriate minerals
in our laboratory simulations.
Determining the constituent of the
core was more straightforward. Seis-
mological studies done more than 50
years ago enabled geophysicists to in-
fer its structure. The core consists of a
molten substance surrounding a solid
center. The fluid is acknowledged to be
a metal—specifically, an alloy of iron.
In fact, the churning of the molten iron
generates the earth’s magnetic field.

aving established the com-
H pounds involved, Knittle car-

ried out a series of experiments
in which liquid iron was put in contact
with crystalline silicate perovskite at
high pressures. She found that the per-
ovskKite reacts vigorously with liquid
iromn, even if these substances touch for
just a few seconds. The nature of the
chemical reaction is quite interesting
and unexpected. The products are a
mixture of electrically insulating oxide
minerals—magnesium silicate perov-
skite and stishovite (Si02)—and metal-
lic alloys—iron silicide (FeSi) plus wiis-
tite. Wiistite had not been known to be
able to form a metallic alloy at any
temperature or pressure. Qualitatively
speaking, wiistite can react this way be-
cause its oxygen atom at high pres-
sures takes on the chemical attributes
normally ascribed to its neighbor in the
periodic table, sulfur. Metallic sulfides
such as iron disulfide (pyrite, or fool's
gold) are of course well known.

The experiments also showed that
liquid iron begins to react with mantle
substances at pressures of 20 to 30 gi-
gapascals. Such pressures are far less
than those at the core-mantle bound-
ary (136 gigapascals). Therefore, the re-
actions have probably persisted since
the earliest history of the planet—that
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earth, as indicated by the six regions (colored areas, top left)
that have been most intensely studied. The corresponding ve-
locity distribution as a function of depth (top right) shows that
each region exhibits a discontinuity at the D” layer. The unique-

is, when the earth was developing and
the core might have been forming at
pressures below 136 gigapascals. Such
chemical reactions are likely to have
significantly altered the core-mantle
system. A considerable amount of oxy-
gen has probably been drawn into, or
alloyed with, the core metal over geo-
logic history. In essence, the lower man-
tle rock has been and still is slowly dis-
solving into the liquid metal of the outer
core. Berni J. Alder of Lawrence Liver-
more National Laboratory made this
suggestion more than 25 years ago. Qur

52 SCIENTIFIC AMERICAN May 1993

experiments substantiate his conjecture.

Indeed, one of the remarkable conse-
quences of this hypothesis is that it of-
fers a simple explanation for why the
properties of the core are nearly but
not exactly those of iron at the equiva-
lent pressure and temperature. Most
notably, the density of the outer core is
about 10 percent lower than that of
pure iron [see “The Earth’s Core,” by
Raymond Jeanloz; SCIENTIFIC AMERI-
CAN, September 1983]. But as indicat-
ed by Alder's hypothesis and our dia-
mond-cell experiments, the core cannot

ness of each velocity signature implies that D” varies over the
entire globe. The expanded maps (bottom) for areas below
northern Siberia and Alaska summarize the heterogeneity of
D”, showing the intermingling of thick regions (dark patches)
with parts so thin as to be seismically invisible (light patches).
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be completely iron. A purely iron core
would have become tainted by reaction
with the overlying rock over geologic
time. Quite plausibly, the core was never
pure iron. [nstead it probably contained
some nickel, sulfur and other minor
constituents. fron-rich meteorites pro-
vide the basis for this hypothesis. Such
meteorites, considered partial remnants
of the materials from which the earth
formed, harbor many similar contami-
nants. Like pure iron, these iron-rich al-
loys can react chemically with rocky
compounds at high pressures and tem-




beratures, forming an alloy with oxygen.

According to our experiments, the
dense liquid of the outer core must seep
into the rock, probably by capillary ac-
tion. The molten metal would penetrate
along the boundaries between the min-
eral grains at the bottom of the man-
tle. Estimates of the capillary forces in-
volved suggest that the core liquid could
move upward some tens to hundreds
of meters above the core-mantle boun-
dary. The reaction between core liquid
and mantle rock probably takes place
in less than a million years—instanta-
neously, in geologic terms.

The liquid, however, does not neces-
sarily always have to move upward and
to work against gravity. The interface
between the mantle and core is not
likely to be perfectly flat. Metallic liquid
would permeate laterally and downward
into the mantle rock from regions where
the core-mantle boundary is
elevated. Measurements from
geodetic and seismological
studies indicate that the to-
pography of the core-mantle
boundary deviates from ab-
solute flatness by hundreds
of meters to a few kilome-
ters. Therefore, the zone of
permeation and direct chemi-
cal reaction between the core
liquid and mantle rock is no
more than hundreds to at
most thousands of meters
thick. The size estimate ex-
plains why studies of seis-
mic waves do not current-
ly detect signs of reaction
at the core-mantle boundary.
The thickness of the reac-
tion zone is less than typical
seismic wavelengths. In ad-
dition, no more than a mod-
est fraction of the reaction
zone consists of liquid at any
given moment. Thus, the
presence of a small amount
of liquid would not notice-
ably alter the velocity of seis-
mic waves in the lowermost
mantle.

How do these chemical re-
actions at the core-mantle
boundary account for the ob-
served characteristics of the
D” layer? The answer lies in
a complex and indirect pro-
cess resulting from forces
that act on the core-mantle
interface. The forces come
from the thermal energy of
the underlying core, which
heats the rock at the base of
the mantle. As a result, the
heated part of the mantle
moves upward over a period

E

emanating from an earth
through the D”

of tens to hundreds of millions of
years—far longer than the reaction be-
tween the core and mantle, which takes
place in less than one million years.
The convection must disrupt the reac-
tion zone at the core-mantle boundary,
entraining it upward and exposing fresh
mantle rock to the corrosive liquid of
the core. The convection is the same
force that causes the tectonic plates to
move at the earth's surface.

Mantle convection does not entrain
liquids very far; any liquid metal that
might be present in the boundary prob-
ably flows out, spongelike, through por-
ous rock before moving upward. On
the other hand, the iron-rich crystalline
products from the reaction zone, such
as wistite, are readily incorporated into
the mantle flow. The slow convection
of the mantle pulls up the crystalline
alloy a modest distance before the den-

SEISMOMETER v B

DISTORTION OF SEISMIC WAVES enables researchers to ana-
lyze the heterogeneous characteristics of the D” layer. Waves
quake are smooth. When they pass
region, their wave fronts become rippled, or
corrugated. The corrugation is measured by a dense array of
seismometers located on another part of the earth. One such
array, in Norway, was originally constructed to monitor seis-
mic waves generated by underground nuclear tests.

sity of the metallic solids causes them
to sink back toward the bottom. These
solids essentially resemble the dregs of
spice that remain at the bottom of a
pot of mulled wine.

As a result, the alloy-rich substances
would tend to pile up on the bottom
of the mantle, especially near regions of
upwelling, much as snowdrifts form in a
blizzard. The upward dispersal abets in-
filtration of material from the core and
builds a thicker zone of intermixing; the
intermixing of reaction products and
unreacted mantle causes the seismic
heterogeneity. In contrast, downwelling
regions would disperse the dregs and
thus tend to thin the D” layer and to de-
press the core-mantle boundary. Mod-
eling by Louise Kellogg of the Universi-
ty of California at Davis and Norman H.
Sleep of Stanford University and oth-
ers suggests that the metallic alloys in
local regions of the reaction
zone may be swept upward
several hundred kilometers
into the mantle. The process
would require tens of mil-
lions of years.

The buildup of the alloy-
rich drifts at the bottom of
the mantle solves an impor-
tant mystery. Specifically, the
drifts would explain the vari-
ation in thickness of the D”
layer observed by seismolo-
gists. Moreover, calculations
indicate that the height of the
alloy drift swept up in the
mantle is comparable to the
thickest parts of D”. Given
the billions of years for pro-
gressive accumulation of the
metallic dregs, it is plausible
that much of the complexity
and many of the variations
in thickness of D” result
from the way mantle flow
modulates the alloy-rich reac-
tion layer. The flow may have
also caught in its wake other
dense mantle material or
products from the core. We
suspect that reaction dregs
can collect, albeit to a lesser
extent, on the inner side of
the core-mantle boundary. A
thinner version of the D” lay-
er probably exists there, just
inside the liquid outer core.

In view of the intense dy-
namics taking place 2,900
kilometers below the earth’s
surface, it should not be sur-
prising that the forces in the
core-mantle system might be
making their presence felt
throughout the earth as a
whole. Indeed, workers have
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found tantalizing evidence that suggests
that the core-mantle zone strongly in-
fluences two features observable at the
surface. They are the wobbling in the
earth’s rotation, known as nutations,
and the geomagnetic field.

Bruce A. Buffett, working with Irwin I.
Shapiro at Harvard University, conclud-
ed that the core-mantle boundary af-
fects the earth’s nutations. He did so af-
ter making highly accurate calculations
of the wobbling. The workers measured
the wobbling using very long baseline
interferometry. Radio astronomers of-
ten rely on this technique to make high-
ly precise measurements of stellar ob-
jects. Various tidal forces had been
thought to be solely responsible for the
earth’s nutations. Such mechanisms in-
clude the friction generated as the sol-
id surface of the earth rubs against the
atmosphere and oceans as well as the
gravitational interactions with the sun
and the moon. Buffett discovered, how-
ever, a component of the nutations that
could not be explained by tidal forces.
Motivated by the diamond-cell results,
he considered the possibility that a thin
reaction zone at the core-mantle boun-
dary might offer an explanation for the
anomalous nutation component.

He showed that such a reaction layer
can easily account for the nutation sig-
nal if the layer contains electrically
conducting material, as inferred from
experiments. The magnetic-field lines
emanating from the core would induce
small electric currents to flow in the
conducting mixture. These small cur-

E-MANTLE BOUNDARY

rents in turn produce their own mag-
netic fields. The small magnetic fields
interact with the main geomagnetic-field
lines, much as poles of a magnet can ei-
ther attract or repel. In essence, the core
and mantle behave as two magnets
that push against each other. This cou-
pling affects the nutations. The base-
line interferometry data are nicely ex-
plained if one invokes a heterogeneous
reaction zone that contains metal and
is a few hundred meters thick.

Indeed, our experiments predicted
just such a configuration for the re-
action zone. The products of the reac-
tion at the bottom of the mantle are ex-
pected to consist of a few tens of per-
cent of electrically conducting alloys,
such as iron silicide and wiistite. A
zone consisting of only 15 to 20 per-
cent alloy would be sufficient to ac-
count for the nutations. Thus, our con-
clusion that the reaction zone would be
hundreds of meters thick and would
fluctuate in thickness and conductivity
along the core-mantle boundary accords
well with Buffett’s hypothesis.

he second observable surface ef-

fect that the core-mantle region

influences is the earth’s magnetic
field. The origin of the main geomag-
netic field is well understood, at least
in general terms [see “The Evolution of
the Earth's Magnetic Field,” by Jeremy
Bloxham and David Gubbins; SCIENTIF-
IC AMERICAN, December 1989]. A dyna-
mo effect, rather than conventional
magnetism of the iron in the core, pro-

OXYGEN
SILICON (?)
MAGNESIUM (?)

OUTER CORE

D” LAYER forms as a result of chemical reactions between
the core and mantle. In essence, the mantle rock partly dis-
solves in the liquid iron of the outer core, producing metal-rich
“dregs” that are deposited on the core-mantle boundary. Con-
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duces the geomagnetic field. (Iron is no
longer magnetic at either the pressures |
or the temperatures existing in the
core.) The churning of the liquid-metal
outer core essentially acts as an electric |
current moving through wire. Like the §
wire, the core then generates a magnet-
ic field around itself.

Convection powers the motion of the
molten outer core. The hot liquid from
deep inside rises toward the cooler top
of the core. The movement transfers
heat upward and causes a convective
flow. Cooler liquid from near the core-
mantle boundary sinks downward and
thus also helps to power the convection.
Additional sources of convection, such
as internal separation of solids and lig-
uid in the outer core, are possible. In
this way, the mechanical energy of con-
vection—fluid flow in the outer core—
is converted to magnetic energy.

The principles that govern this pro-
cess are called magnetohydrodynam-
ics—a combination of hydrodynamics,
or the physics of fluid flow, and elec-
tromagnetism. The mathematical equa-
tions behind the process, however, are
so complicated that no one has been
able to solve them in complete general-
ity. As a result, the solutions obtained
are based on physically plausible but
greatly simplified assumptions. The so-
lutions obtained from these assump-
tions do not necessarily explain the]
small but observable details of the
earth’s magnetic field, such as the slight
ripples in the field intensity. Perhaps the
discrepancy results from one of the tra-

vection in the mantle tends to disperse the products under
downwelling regions and to build up material at upwellings. A
thin layer enriched in oxygen and possibly silicon and magne-
sium may exist on the inner side of the core-mantle interface.






