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The Earth as a Machine 

The earth is many things to many 
people, and is viewed in different ways 
by farmers, explorers, prospectors, po- 
ets, and scientists. Probably its most sig- 
nificant image is that of the only known 
abode of intelligent life, whereas from 
the physical and chemical point of view 
it is probably not such an unusual planet. 
Yet the physical planet represents the 
foundation upon which life has devel- 
oped, and understanding its physical and 
chemical nature is of fundamental impor- 
tance not only to geologists but to biolo- 
gists and other scientists as well. 

Looked at from the purely physical 

Quantitatively, the input of solar en- 
ergy to the earth is much greater than 
that generated internally, about 1012 

megawatts compared with 107 MW. The 
movement of wind and water, and there- 
fore many surface geological processes, 
depends on this solar energy. However, 
this source does little to heat the earth's 
interior. Even at the relatively low tem- 
perature of the earth's surface, the ther- 
mal loss from blackbody radiation is suf- 
ficient to very nearly balance the solar 
input. As far as the internal processes of 
the earth are concerned, the - 300 K 
equilibrium surface temperature simply 
serves as a relatively cool, surface 
boundary condition. 

Summary. During the last two decades the earth sciences community has become 
persuaded that the earth is a dynamic body; an engine driven by its internal heat. The 
major surface manifestation of this dynamism has been fragmentation of the earth's 
outer shell and subsequent relative horizontal movement of the pieces on a large 
scale. The driving force is convection within the earth, but much remains to be learned 
about the nature of the convection and the composition of the earth's interior. The 
other terrestrial planets show evidence of once having been hot, but their surfaces 
suggest long-term stability and lack evidence of continuing convection. 

point of view, the earth has often been 
loosely described as a "heat engine." It 
is now clear that this is not simply a 
metaphor but that it is literally true. 
Much of the present research in earth 
science can be thought of as an attempt 
to understand how this complex thermo- 
mechanical system operates. Moreover, 
this approach leads naturally to consid- 
eration of the things we can learn about 
the earth by studying other planets. 

The moving parts of the engine are the 
material of the earth itself: the litho- 
sphere, consisting of the solid crust and 
outermost mantle; the relatively plastic 
deeper interior; and the fluid atmo- 
sphere, seas, and outer core. The energy 
sources that drive the engine are princi- 
pally nuclear: the thermonuclear solar 
radiation and the radioactive disintegra- 
tion of long-lived isotopes in the earth's 
interior, augmented by relics of the 
gravitational energy released when the 
earth was formed 4.5 billion years ago. 

The more feeble internal energy gener- 
ation is of much more significance to the 
internal dynamics of the earth. The heat 
remains trapped within the rocks in 
which it is generated until the accumula- 
tion of energy drives the temperature 
near to or above the melting point. At 
these elevated temperatures the viscosi- 
ty of the material becomes sufficiently 
low to permit convective transport of 
heat to the surface. It must be admitted, 
that when viewed as a machine, the earth 
we value so much is a very inefficient 
one. Although the rate of energy produc- 
tion in the earth's interior by radioactive 
decay is comparable to the rate of energy 
consumption by human civilization, the 
kinetic energy associated with the result- 
ing movement of the great plates of litho- 
sphere is less than that required to heat 
the water for a cup of tea. Nevertheless, 
over the many hundreds of millions of 
years of the earth's history, this gradual 
motion has rearranged the continents 
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and ocean basins so much that it is diffi- 
cult to reconstruct with much certainty 
the geography of the earth's surface fur- 
ther back than a few percent of the age of 
the earth. 

Until this century, geological study 
was effectively limited to surficial por- 
tions of the earth's continents-to the in- 
terface between the region dominated by 
processes driven by the flux of solar en- 
ergy and those resulting from internal 
movement. The nonlinear interaction of 
the great variety of resulting phenomena 
has entangled the effects of these two re- 
gimes, and their untangling has been, 
and continues to be, a major challenge to 
the skills of earth scientists. For ex- 
ample, prior to not much more than a 
decade ago it was entirely respectable to 
maintain that mountain building was pri- 
marily driven by surface processes, that 
is, it was the complex end result of the 
surface processes of deposition of sedi- 
ments in basins bordering the continents, 
such as the Gulf of Mexico. A more up- 
to-date example is the fact that we still 
remain unable to distinguish with any 
great degree of confidence the geochemi- 
cal signature of a mantle source of conti- 
nental igneous rocks from that superim- 
posed by interaction with the more near- 
surface environment. 

The Plate Tectonic Revolution 

During the last 20 years there has been 
a revolution in the science of the earth. 
This revolution grew from minority 
views that, through the force of evidence 
and persuasion, became those of the ma- 
jority. While emphasis in the past had 
been on the forces and the vertical move- 
ments that had produced the topography 
and surface structure of the globe, it now 
appeared that these were the relatively 
minor by-products of major horizontal 
movements of very large fragments of 
the earth's outer shell. As these frag- 
ments, or plates, moved relative to each 
other, they produced mountain systems 
where they collided, rifts and new crust 
where they separated, and major strike- 
slip faults, such as the San Andreas fault 
of California, where they slid relative to 
each other (Fig. 1). 

The basic concept of the relative 
movement of continents was not new; 
what was new was the fresh evidence 
that led to its acceptance. Much of this 
evidence came from studies of geomag- 
netism. It has long been known that the 
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earth's magnetic field, rather than origi- 
nating from a permanent magnet, has a 
dynamic source, because it varies in 
strength and position. The most logical 
source is the earth's core, since seismol- 
ogy tells us that the core behaves as a 
liquid and is made mostly of metallic 
iron, a conductor. Fluid motions in a 
conducting medium of this sort in a weak 
preexisting field are capable of am- 
plifying this field to produce the ob- 
served field. Although the symmetry of 
the motion requires the field to be rough- 
ly oriented along the axis of rotation, the 
polarity of the field is another matter. 
There is no good reason why it should be 
in the present direction, rather than in 
the opposite direction. 

During the early 1960's careful mea- 
surements of the polarity of the magnetic 
field preserved in rocks, together with 
the use of new methods for dating the 
time at which they became magnetized, 
demonstrated that the magnetic field re- 
versed itself on a time scale of 105 to 106 
years. Measurement of the reversal 
times in rocks on different continents 
showed that these reversals were simul- 
taneous phenomena on a global scale. 
This permitted establishment of a "re- 
versal time scale" for the rocks of the 
earth. Thus it was found that magnetic 
field variations at sea, measured per- 
pendicularly to the axis of the mid-ocean 
ridge system, repeated the same patterns 
in space that the reversal sequence did in 

time. Thus, it was concluded the sea 
floor is a giant magnetic tape recorder 
and that new crust becomes magnetized 
with the polarity of the field at the time of 
its formation. Together with the solid 
outermost mantle, the crust then moves 
away from the ridge axis at a rate of a 
few centimeters per year. This is consist- 
ent with the observation that most of the 
present-day earthquake and volcanic ac- 
tivity within the ocean basins takes place 
in association with the ridge axes where 
new crust is being created. 

During the last decade the Deep Sea 
Drilling Project and its successor, the 
International Phase of Ocean Drilling, 
have had most remarkable success in de- 
fining the history and character of the 
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Fig. 1. Lithospheric plates. The oceanic areas contain crustal rocks formed at mid-ocean ridges during the last 200 million years. Corresponding 
crust created or deformed by compressional processes during the same period is contained in the Cenozoic-Mesozoic (CZ-MZ) megasutures. 
These megasutures are usually bounded on one side by the dipping zones of earthquakes associated with the underthrusting of oceanic litho- 
sphere (B-subduction) and on the other by underthrusting unaccompanied by major earthquake activity on the continents (A-subduction). They 
contain the young mountain systems of the world. Current volcanic and earthquake activity is concentrated along ocean ridges or along these 
megasutures. These active zones divide the outer shell of the earth, the lithosphere, into a number of spherical plates moving relative to each 
other. The sum of these movements is plate tectonics. [From A. W. Bally, Shell Development Company] 
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ocean crust, the nature and distribution 
of the sediments on the sea floor, and the 
sedimentological, climatological, and 
oceanographic consequences of the plate 
tectonics model (Fig. 2). One of the first 
contributions of these endeavors was to 
confirm the inference from the magnetic 
data that the age of the ocean crust in- 
creases with distance from the ridge 
axis. 

To accommodate the new material in- 
jected along the ocean ridges without ex- 
pansion of the earth, old lithosphere 
must be eliminated (Fig. 3). This process 
takes place in the other major earth- 
quake and volcanic belt of the earth, that 
rimming the Pacific Ocean and extending 
from Indonesia through the Himalayas to 
the Alps. In this belt earthquakes occur 
to depths in excess of 700 kilometers, 
and seismological evidence indicates 
that in these regions oceanic crust and 
lithosphere are underthrust to similar or 
greater depths. Rates of motion are 
more difficult to establish in these 
areas, but if they are of the order of a 
few centimeters per year, then older 
material can be disposed of at rates 
compatible with the rates of generation 
at the ridge axis. 

The plate tectonics model very ef- 
fectively explains the history, the nature, 

and even the gross topography of the 
oceanic crust that covers about 70 per- 
cent of the earth's surface. This thin 
(about 5 km thick) oceanic crust overlies 
the solid oceanic lithosphere, which in 
turn lies above the more plastic and par- 
tially melted asthenosphere. Sea floor to- 
pography can be explained by a relative- 
ly simple thermal model that is compat- 
ible with seismological data on the thick- 
ness of the lithosphere and data on the 
flow of heat through the sea floor. As the 
crust and lithosphere move away from 
the ridge, the lithosphere cools, and this 
cooling converts asthenosphere into lith- 
osphere. The resulting thicker and dens- 
er layer of crust and upper mantle causes 
the elevation to decrease as the age of 
the ocean crust increases with distances 
from the ridge. The thickening is rapid at 
first and asymptotically approaches a 
lithosphere thickness of about 85 km. 
Thus the ocean ridges are not discontin- 
uous masses superimposed on the ba- 
sins, but represent those youngest parts 
of the oceans in which the elevation is 
most apparent. 

This new interpretation of oceanic to- 
pography has implications that extend to 
the continents. It implies that the area of 
elevated sea floor adjacent to the ridge 
may be a function of the rate at which 

Fig. 2. The Hughes Glomar Explorer. This vessel is under consideration as a replacement for 
the Glomar Challenger which has been drilling in the deep sea since 1968. The large size of 
Explorer would permit the use of riser pipe and blowout preventers to control the hole. As a 
result, Explorer would be able to drill the thick sediments of the deeper parts of the continental 
margins. These regions are of great interest scientifically. The passive margins hold the history 
of ocean basin formation; the active margins contain the record of deformation associated with 
converging lithospheric plates. Explorer also has the potential for drilling deeper into the ocean 
crust than was possible from Challenger and of obtaining paleoceanographic data from high 
latitudes. [Courtesy of Robert Bauer, Global Marine] 
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new oceanic crust is generated. Since 
this rate is not constant, we should ex- 
pect, during periods of rapid generation, 
seawater to be displaced and to flood the 
land, and the continents to appear as 
many islands surrounded by shallow 
seas. During periods of slow crustal gen- 
eration, the seas should retreat from the 
continental areas. This interpretation 
may explain the last major flooding of the 
continents, which occurred 80 million to 
100 million years ago and has been re- 
lated to a period when rapid generation 
of new crust is believed to have oc- 
curred. 

Formation of the Oceanic and 

Continental Crusts 

Laboratory studies of the mineralogy 
and chemical composition of these ocean 
ridge basaltic volcanic rocks show that 
they are remarkably uniform, even on a 
global scale, and are thus derived from a 
relatively homogeneous, partially melt- 
ed, underlying asthenospheric mantle. 
The trace element chemistry and isotop- 
ic composition of the basalts show that 
their mantle source is not characteristic 
of the earth as a whole, but has been 
greatly depleted in the "large ion lith- 
ophile elements," potassium, rubidium, 
strontium, barium, uranium, thorium, 
and rare earth elements. This depletion 
appears to have been taking place for 
much longer than the 200 million years of 
age of the present ocean basins, for at 
least as long as 1700 million years, and 
probably much longer. In contrast, ba- 
saltic rocks from oceanic islands such as 
the Azores and Samoa cannot be ob- 
tained in their entirety from this same 
source. They bear the signature of a 
source that is more heterogeneous and 
less depleted in basalt-forming large 
ion elements than the source of the more 
abundant ridge basalts. The reasons for 
these differences are poorly understood. 
It is commonly supposed that the 
sources of the oceanic island basalts are 
deeper in the mantle, and that partially 
melted material rises to the surface in 
"plumes" or "blobs," passing through 
the well-mixed source region of the ridge 
basalts. 

The oceanic areas are young, repre- 
senting only 200 million years, the last 5 
percent of earth history. Therefore they 
are thermally immature and relatively 
simple to model since they have been af- 
fected by a limited number of tectonic 
events and processes. Because of their 
lower mean density, the continental re- 
gions are more buoyant. When a litho- 
spheric plate surmounted by continental 
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crust collides with oceanic lithosphere, it 
is the denser oceanic lithosphere that is 
subducted. Thus continents can survive 
over major portions of earth history; 
ocean basins have only a transient exis- 
tence. 

The continents are therefore much 
more complex. They contain what re- 
mains of the first 95 percent of the 
earth's history. Most of continental 
areas have been affected by multiple tec- 
tonic events, and continental surfaces 
have been continuously subjected to the 
weathering and erosional processes driv- 
en by the more intense input of solar en- 
ergy. These surficial geological process- 
es have low-temperature chemical ef- 
fects comparable in magnitude and more 
complex in nature than the chemical 
fractionation that accompanies the for- 
mation of oceanic basalts. It is difficult to 
assess the extent to which the granite- 
rich nature of the continental crust is a 
direct consequence of introduction of 
material from the mantle, and the extent 
to which surficial chemical processes are 
also involved: those accompanying sedi- 
mentation, metamorphism, and remelt- 
ing of sediments and more deep-seated 
crustal rocks to form granitic rocks. In 
spite of such complexities these rocks of 
the continents must be understood if we 
are ever to understand more than the tec- 
tonics of the relatively recent past. The 
old oceans have vanished forever, and 
knowledge of the ancient earth will now 
require deciphering the complex conti- 
nental geological record. This record is 
not only complex, but incomplete. Much 
of the structural history of the continents 
is hidden beneath relatively undisturbed 
sediments (Fig. 4). 

A great many holes have been drilled 
on the continents, but the great majority 
of these are either quite shallow, or are 
drilled in sedimentary basins in the 
search for hydrocarbons. In recent 
years, drilling programs have been initi- 
ated for a variety of purposes and it may 
be possible to use the holes drilled for re- 
sources as well as others drilled exclu- 
si-vely for scientific purposes to reduce 
our ignorance of the distribution, charac- 
ter, and history of the early continental 
crustal rocks. The scientific usefulness 
of such holes can be increased, and costs 
of drilling reduced, if adequate geophysi- 
cal and geological studies are conducted 
both before and during drilling. We have 
learned from studies of deep seismic re- 
flection, for example, that our projec- 
tions of surface geology in the third di- 
mension are often at variance with real- 
ity. 

A fundamental half-truth of geology is 
the "uniformitarian" doctrine which 
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Fig. 3. New Caledonia.'The elevated backbone of New Caledonia consists of rocks from the 
oceanic lithosphere. It represents a slice of lithosphere overthrust onto the island about 30 
million years ago. This feature, produced by plate tectonics, is of some economic importance 
since the rocks of New Caledonia are a major source of nickel. [Photo by C. Drake] 

holds that "the present is the key to the 
past." Insofar as this is valid, it provides 
a starting point in our attempt to under- 
stand the processes that formed the con- 
tinents. By analogy we can observe the 
processes at work in modern zones of 
plate convergence by studying island 
arcs and the young mountain systems 

that are the products of these collisions 
between plates. 

In such regions, volcanic rocks are 
being formed by partial melting of denser 
material more similar in chemical com- 
position to the bulk earth than to the 
ridge basalts. These volcanic rocks have 
lower density than those formed at the 

Fig. 4. Mule Ear diatreme. On the edge of the Monument Uplift in the Colorado Plateau, Mule 
Ear diatreme is one of a number of windows into the earth's interior in the western United 
States. These and similar explosive vents in other parts of the world bring up rocks from as deep 
as several hundred kilometers and provide direct opportunities for sorting out the nature of the 
deep crust and upper mantle. [Photo by C. Drake] 
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mid-ocean ridges, and may contribute to 
the greater buoyancy of the continents 
which permits their survival over geolog- 
ical time. Thus in some sense it seems 
plausible that these island arcs (for ex- 
ample, the Aleutians) and the young vol- 
canic mountain chains (for example, the 
Andes) that border continents are "con- 
tinent factories" wherein new buoyant 
continental material is formed by chem- 
ical processing of denser mantle rocks. It 
seems reasonable to suppose that the 
partially melted source of the continental 
material is simply the adjacent down-go- 
ing slab of oceanic lithosphere. How- 
ever, geochemical investigations of trace 
elements and isotopic compositions of 
the volcanic rocks argue against so 
simple an interpretation. These measure- 
ments show that the source region of the 

continental rocks is not simply the de- 
pleted mantle that is characteristic of the 
source region of the basalts produced at 
the oceanic ridges. Their chemical com- 
positions suggest the tapping of mantle 
regions that have not been subjected to 
the processes occurring at modern ocean 
ridges. They also show evidence of more 
surficial sources, for example, assimila- 
tion of older continental crust by the lava 
as it rises to the surface, and con- 
tamination by recycled crustal material 
present in subducted sediments. Un- 
tangling the physical and chemical pro- 
cesses occurring in these regions where 
oceanic and continental material interact 
with one another represents a continuing 
challenge at the frontier of our under- 
standing of the earth, and will remain a 
focus of research in the coming decade. 

Before the advent of modern plate tec- 
tonics, much emphasis was placed on the 
significance of the approximately 35-km- 
thick continental crust and its boundary 
with the underlying mantle, the Mohoro- 
vicic discontinuity. During the early 
years of the plate tectonic revolution, 
there was a tendency to downgrade the 
fundamental significance of continents, 
the view being that they were relatively 
thin pieces of superficial "scum" at- 
tached to the truly significant lithospher- 
ic plates. This view is now changing. Al- 
though our knowledge of the continental 
lithosphere is far from adequate, it seems 
as though the continent versus ocean dis- 
tinction may be even more profound 
than believed earlier. The plates which 
underlie continental crust appear to be 
more slowly moving relative to one an- 

Fig. 5. Meteor Crater, Arizona. Most of the terrestrial planets and the moon have heavily cratered surfaces resulting from a heavy bombardment 
of extraplanetary objects that diminished greatly in intensity about 3900 million years ago. Many fossil craters have been found in rocks up to 2000 
million years in age on the earth. Among the younger of these is Meteor Crater in Arizona. The relative scarcity of craters on the earth as 
compared to the moon is a reflection of the dynamic nature of the earth. Since it is very unlikely that the earth was spared the bombardment, the 
record must have been destroyed by subsequent tectonic activity and erosion. Thus, in contrast with the other planets, the surface features of the 
earth are geologically relatively young. [Photo by D. Roddy, U.S. Geological Survey, Flagstaff, Arizona] 
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other and, at least in some regions, much 
thicker (200 to 400 km) than their oceanic 
counterparts. From the viewpoint of the 
geochemist, continental mantle sources 
give evidence of being much less dif- 
ferentiated relative to the bulk earth 
than is the case for the mantle source of 
ocean ridge basalts. 

The Interior of the Earth 

The horizontal movement of the lith- 
ospheric plates, both those bearing con- 
tinents and those purely oceanic, and the 
subduction of the latter at plate bounda- 
ries, represent the most overt expression 
of the earth's internal heat engine. It can- 
not be all there is, since in order to con- 
serve matter, there must be a more deep- 
seated counterflow, whereby matter is 
returned to the spreading centers at the 
ridges. The nature of this counterflow is 
obscure at present. In some sense the 
sea-floor spreading, the descending sub- 
ducted slabs, and the counterflow must 
be portions of a system of convective 
flow. Like other convective systems, dif- 
ferential buoyancy is the driving force, 
and the earth's internal heat is the source 
of energy that powers the convection. 
The differential buoyancy results from 
ordinary thermal expansion as well as 
differences in density associated with 
phase changes, both between solid and 
liquid and those involving only solid-sol- 
id phase transitions. However, it has 
proved difficult to go much beyond broad 
generalizations of this sort. Very little is 
known about the counterflow. At least 
some of it must extend to depths of 
greater than 700 km because deep-focus 
earthquakes show that the descending 
slabs penetrate to depths at least that 
great. Dynamic studies of stress balanc- 
es show that the principal counterflow 
cannot be confined to the weak astheno- 
sphere immediately underlying the litho- 
sphere. For the most part at least, both 
the lithosphere and asthenosphere be- 
long to the same uppermost portion of 
the convective system. 

Although it is clear that in a general 
sense the plate tectonics motion of the 
earth represents a convective system, it 
differs in many ways from more familiar 
convective systems studied in the labo- 
ratory, treated by classical theories, or 
observed in the atmosphere. For one 
thing, the convective motion cannot be 
described as a steady-state motion of 
symmetric convective cells. The particu- 
lar pattern of sea-floor spreading ob- 
served at present cannot be older than 
the age of the present ocean basins, 
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about 200 million years. This is the time 
required for a plate to move 10,000 km, 
one-fourth of the earth's circumferencei 
at typical spreading velocities of 5 cen- 
timeters per year. Therefore, if this 
movement is thought of as a convective 
cell, there has not been enough time to 
complete one cycle of periodic motion. 
In addition, even if the counterflow ex- 
tends into the lower mantle of the earth, 
the ratio of the horizontal to vertical di- 
mensions of the earth's convection 
"cells" is markedly greater than the ap- 
proximately equidimensional flows stud- 
ied in the laboratory. 

Some of the reasons for these dif- 
ferences are probably related to the great 
differences in pressures, density, tem- 
perature, and viscosity of the various 
portions of the convective system. A full 
understanding of the dynamics of the 
earth's internal heat engine must also 
incorporate what has been learned dur- 
ing the last 30 years about the chemistry 
and mineralogy of the earth's deep in- 
terior. 

Seismologists have long known that 
the internal constitution of the earth 
could not be simply explained in terms of 
a homogeneous silicate mantle and core. 
Over a major portion of the mantle, be- 
tween depths of 400 and 1000 km, it 
proved impossible to explain the ob- 
served velocities of elastic waves as en- 
tirely the consequence of compression of 
chemically and mineralogically homoge- 
neous material. Even after proper allow- 
ance was made for the effects of pressure 
and temperature, an anomalous increase 
in velocity and inferred density was 
found. It was hypothesized that these ef- 
fects were caused by solid-state phase 
transitions whereby the familiar forms of 
crustal silicate minerals were trans- 
formed into dense and therefore more 
thermodynamically stable minerals un- 
der the pressures of hundreds of thou- 
sands of atmospheres that occur at these 
depths. A beautiful sequence of labora- 
tory and theoretical investigations has 
identified the most probable mineral- 
ogical nature of these phase changes as 
well as their relation to the "discontin- 
uities" in densities and velocities identi- 
fied by seismological work. At relatively 
shallow depths in the mantle these min- 
erals consist of more compact arrange- 
ments of the familiar building blocks of 
surface mineralogy: tetrahedra of SiO44- 
and A1045- neutralized by surrounding 
magnesium, iron, sodium, and calcium 
cations. At higher pressures greater den- 
sities are achieved by abandonment of 
these tetrahedra, the silicates occurring 
in more closely packed structures in 

which silicon is surrounded by six ox- 
ygen anions. 

The relation between these results 
from high-pressure mineralogy and the 
convective motions of plate tectonics is 
not well understood. The mineralogical 
changes have usually been formulated in 
terms of a rather static layered mantle, 
whereas plate tectonics requires an irreg- 
ular and dynamic mantle. All this must 
be blended into the single reality of the 
actual earth, in which the phase changes 
are both causes and consequences of the 
thermal profiles associated with the con- 
vective flow. 

The History of the Earth 

It is clear that an enormous amount 
must be learned before we will have an 
adequate description of the earth's inte- 
rior. Furthermore, a description of the 
present earth is only a portion of the bur- 
den that has been assumed by earth sci- 
entists. It is also necessary to understand 
the origin and history of the earth-that 
is, the extent to which its present phys- 
ical, chemical, and dynamical state was 
the same or different in the past. In order 
to deal intelligently with many problems 
of the human environment, such as cli- 
matic changes, earthquakes, and changes 
in sea level, it is even necessary to 
project our understanding of the state 
of the earth into the future. 

For several centuries geologists have 
painstakingly developed maps showing 
the distribution of the rock formations of 
the earth's surface. Development of a 
stratigraphic time scale based on extinct 
organisms preserved as fossils in sedi- 
mentary rocks has permitted worldwide 
correlation of the events of geological 
history extending back about 600 million 
years. More recently, methods of dating 
commonly occurring rocks by use of nat- 
ural radioisotopes of uranium, thorium, 
rubidium, potassium, and samarium 
have enabled us to extend this time scale 
over most of the 4500 million years of 
earth history. Before the demonstration 
of plate tectonics, these dating methods 
permitted delineation of the trends of an- 
cient mountain ranges, the location of 
volcanic regions, and the distinction be- 
tween stable and mobile regions of the 
continents in the past. However, a us- 
able theoretical basis was missing. For 
example, when a 1100-million-year 
mountain belt was traced from eastern 
Canada through the eastern United 
States and south to Texas, there was no 
basis other than naive extrapolation for 
believing it ended there or continued fur- 
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ther in a southwesterly direction. It may 
be hoped that our rlew uiiderstanding of 
present-day global dynamical processes 
will lead to solutions of problems such as 
this. But these solutions are not coming 
quickly. The most clear-cut expressions 
of these dynamical processes are found 
in the ocean basins, and the ancient 
ocean basins have been neatly complete- 
ly consumed by these same dynamical 
processes. Only rarely can fragments of 
ancient oceanic crust be discerned, and 
seldom in an unambiguous way. Evi- 
dence for ancient continental rifting and 
continent-continent collisions are more 
common, but even here interpretation of 
the evidence is usually properly con- 
troversial. Also uncertain is the extent to 
which it is even legitimate to extrapolate 
currently observed tectonics to very 
early geological times. The fundamental 
physical and chemical laws that govern 
convection and mineral stability have 
certainly always been valid. However, 
until we understand exactly how and 
why these laws express themselves in 
terms of the size, number, thickness, and 
velocity of today's plates, we cannot be 
sure how similar these present plates 
should be to those of the past. Far 
enough back in time, the earth must have 
been different. At the time it was formed 
its internal production of heat by radio- 
activity was about three times the pres- 
ent value. Decay of radioactive heat 
sources and loss of heat by surface cool- 

ing must have resulted in considerable 
thermal evolution. The extent of crustal 
differentiation, the composition of the at- 
mosphere, and the size of the oceans and 
continents have probably all evolved 
with time, but quantification of this evo- 
lution remains a challenge. 

Moon, Planets, and the 

Origin of the Earth 

Much attention is being given to these 
problems of extrapolating present obser- 
vations backward in time. Considerable 
progress is being made toward their solu- 
tion, and much more progress may be 
anticipated. But will it ever be possible 
to infer from geological, geophysical, 
and geochemical observations the terres- 
trial conditions and history all the way 
back to the earth's beginning? 

Pessimism in answering this question 
is certainly justifiable. Fortunately the 
answer may not entirely depend on such 
extrapolation. Some help may be ex- 
pected from the opposite direction. This 
is a consequence of our living in a "gold- 
en age" of planetary exploration. During 
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the last decade study of the solar system, 
all the way out to Saturn, has been trans- 
formed from a branch of observational 
astronomy into an area of photogeology. 
Among other things, these planetary 
studies hold considerable promise of at 
least defining which initial boundary con- 
ditions on the history of the earth and 
other planets are probable and which are 
not. 

Relatively few rocks have been pre- 
served on the earth for more than about 
2800 million years and the oldest well- 
dated rocks on the earth, found in West 
Greenland, are about 3800 million years 
in age. Rocks of similar, but perhaps 
somewhat younger age are found in iso- 
lated regions elsewhere on the earth. 
Why do we not find older rocks? Prior to 
the present epoch of lunar and planetary 
exploration it was not possible to give a 
good answer to a question of this kind. It 
seemed quite possible that the earth 
formed at a very low temperature, and 
that the oldest rocks found are simply 
relics of the first episodes of terrestrial 
magmatic activity and sedimentation, 
which may have occurred hundreds of 
millions of years later than the formation 
of the earth. Alternatively, the earth 
might have been completely melted at 
the time of its formation and remained 
too hot to preserve any record of times 
earlier than the ages of the oldest known 
rocks. Other alternatives can be imag- 
ined. 

The rocks returned from the moon by 
the Apollo and Luna programs have pro- 
vided the best available glimpse of the ig- 
neous record of a planetary body during 
the first 700 million years of solar system 
history. In contrast to those on the earth, 
volcanic rocks ranging in age from 3300 
million to 3800 million years are abun- 
dant on the dark lunar maria. Even older 
rocks and rock fragments, commonly 
3900 million to 4000 million years in age, 
dominate the brighter highland regions. 
Fragments of rocks which record a time 
of about 4200 million years since their 
last extensive heating and melting can al- 
so be found. Rare bits of older rocks are 
known, approaching the age of the earth 
and moon themselves. These very an- 
cient rocks are interpreted as showing 
that the moon experienced very wide- 
spread and deep-seated igneous fraction- 
ation as early as 4400 million or 4500 mil- 
lion years ago. Although the details of 
these events remain controversial, it is 
important to know that even a planet as 
small as the moon could be very hot very 
early. This conclusion is underscored by 
the dating of basaltic meteorites at 4500 
million years, these objects presumably 

being derived from an even smaller as- 
teroidal parent planet. Although alterna- 
tive theories for the formation of the 
moon and terrestrial planets remain vi- 
able, a feature common to almost all the 
plausible alternatives is the conclusion 
that if the moon was hot very early in its 
history, the earth must have been even 
hotter. Volcanism and the outgassing of 
volatile compounds, principally steam 
and carbon dioxide, must have been 
ubiquitous on the early earth. 

Planetary exploration is also telling us 
other important things about the initial 
states of the planets and the early solar 
system, but we have not yet been clever 
enough to understand just what these 
things mean. For example, the first 
spacecraft to study Venus demonstrated 
that the atmosphere of our sister planet 
consists primarily of carbon dioxide, and 
the total mass of this atmosphere is very 
large, leading to surface atmospheric 
pressures about 100 times that of the 
earth. This massive carbon dioxide at- 
mosphere produces a "greenhouse ef- 
fect" whereby the atmosphere is rela- 
tively transparent to the short-wave- 
length incident solar radiation, but 
opaque to the longer wavelength infrared 
radiation which Venus radiates back into 
space. This effect causes its steady-state 
surface temperature resulting from the 
balance of incoming and outgoing radia- 
tion to be higher than that of the earth, 
about 450?C in contrast to the earth's 
20?C. At the higher temperatures of Ve- 
nus the earth would also have a massive 
atmosphere consisting mainly of water 
and carbon dioxide derived from carbon- 
ate rocks, and the absorption of infrared 
radiation would cause a similar green- 
house effect, maintaining the high tem- 
perature. 

Thus it looks as though planets the 
size and composition of the earth and 
Venus can exist in one or the other of 
two modes. In the one mode their sur- 
face temperatures and atmospheric pres- 
sures could be low like those of the 
earth, and most of the volatile gases 
would be in the solid or liquid form. If, 
however, slightly different initial condi- 
tions caused the surface to be a bit hot- 
ter, enough volatile material would evap- 
orate and the greenhouse effect would 
heat the surface even more, leading to 
further evaporation and rapid evolution 
into a Venus-like atmosphere. Thus one 
might suspect that there is no very fun- 
damental difference between the atmo- 
sphere of the earth and Venus. The lack 
of water on Venus may be attributable to 
a greater loss of hydrogen following the 
breakdown of water by solar ultraviolet 

SCIENCE, VOL. 209 



radiation, this being a result of the dif- 
ferent thermal structure of the Venus at- 
mospheric mode. 

However, more recent measurements 
by the Venera and Pioneer probes of the 
Venus atmosphere reveal a more funda- 
mental and surprising difference between 
the atmospheres of these two planets of 
similar size. With the exception of heli- 
um, which is easily lost into space, Ve- 
nus has about 100 times as much of the 
completely volatile noble gases as does 
the earth. The only reason argon is a 
moderately abundant constituent of the 
earth's atmosphere is that one of the ar- 
gon isotopes (40Ar) is formed by the ra- 
dioactive decay of a potassium isotope. 
In contrast, if these measurements are 
correct, Venus has a much more abun- 
dant supply of ordinary argon, not de- 
rived from potassium, as well as neon, 
and perhaps krypton and xenon as well. 
There is no way the greenhouse effect 
can cause this difference, because unlike 
carbon dioxide and water, these noble 
gases cannot be condensed at the surface 
temperature of the earth. It seems almost 
certain that this excess supply of noble 
gas has been present on Venus ever 
since the planet was formed, but current 
theories of planet formation fail to give a 
straightforward explanation of why Ve- 
nus should have received these gases, 
and not the earth. Several explanations 
have been proposed, but they have at 
first the suspicious aspect of being ad 
hoc. However, if it turns out that these 
very special explanations are the only 
possible ones, these new observations 
will place very stringent constraints on 
the manner by which these planets could 
have formed. 

The history of volatile elements on 
Mars is also puzzling. The total atmo- 
spheric pressure on Mars is very slight, 
less than 1 percent that of the earth. Like 
the atmosphere of Venus, it consists 
mainly of carbon dioxide, with only 
traces of water vapor. Yet photographs 
of the martian surface by Mariner and 
Viking spacecraft show that its surface 
seems to have been eroded by running 
water, probably associated with sudden 
catastrophic flooding. The present atmo- 
spheric pressure and temperature on 
Mars is too low to permit the existence 
of liquid water on the surface, and mar- 
tian water must be almost entirely con- 
fined to its permanent polar caps and to 
ground ice in its permafrost soil. Could 
the temperature on Mars have been 
warm enough to produce a higher pres- 
sure water-rich atmosphere with running 
water on its surface? Celestial mechani- 
cal studies of the way the orbit of Mars 
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and the orientation of its rotation axis in 
its orbit varies with time suggest that the 
surface temperature of Mars may vary 
considerably on a time scale of millions 
of years. Nevertheless it is difficult to un- 
derstand quantitatively how this effect 
could be large enough to allow liquid wa- 
ter to produce the observed erosional 
phenomena. Perhaps the erosional fea- 
tures were caused by lava with a viscosi- 
ty so low that it could mimic the effect of 
running water. Or maybe some qualita- 
tively new insight is required to solve 
this mystery. 

The atmosphere of Mars contains very 
little argon produced by the radioactive 
decay of potassium. Although it is pos- 
sible that Mars contains much less potas- 
sium than the earth, there is no good rea- 
son to believe this to be true. In fact con- 
ventional wisdom would hold that being 
further from the sun, Mars should con- 
tain a higher proportion of the relatively 
volatile element potassium, which is de- 
pleted on the earth by about a factor of 
10, relative to its average solar system 
abundance. A more likely explanation is 
that most of this argon is still locked up 
in the interior of Mars and that its heat 
engine runs more slowly than that of the 
earth, probably because of a lower initial 
temperature. 

Another major finding of this epochal 
period of space exploration is that the 
most ancient lunar rocks are never found 
as large fresh pieces of frozen lava like 
the basalts of the dark mare regions. 
They are invariably found as naturally 
welded fragments in complex breccias. 
Both their isotopic chemistry and ap- 
pearance indicate they are the end prod- 
ucts of the intense bombardment of ex- 
tralunar bodies that produced the dense- 
ly cratered terrain of the lunar highlands. 
Radioactive dating shows that this heavy 
bombardment ceased quite suddenly 
about 3900 million years ago. The mare 
surfaces that postdate this age are rela- 
tively lightly cratered, and the rocks 
themselves unmetamorphosed by the 
shock pressures that accompany hyper- 
velocity impact. 

There is no way the earth could have 
avoided a similar cratering history. Thus 
lunar studies show that the absence on 
earth of primordial rocks is twofold in 
origin: very extensive magmatic and geo- 
logical activity of internal origin, com- 
bined with massive external impact 
metamorphism of all primordial sur- 
faces. Dynamical studies show that if the 
impacting bodies were in heliocentric, 
rather than geocentric orbits, all of the 
terrestrial planets experienced a similar 
bombardment history. 

Indeed, the most obvious character- 
istic of the photographs of Mercury and 
Mars obtained from spacecraft is the cra- 
tering record produced by this ancient 
bombardment. The abrupt decline in im- 
pact rate of 3900 million years may con- 
stitute a "marker horizon" throughout 
the inner solar system, separating earlier 
events from later ones. 

These same photographs, and radar 
studies of Venus, show that all these 
planets have volcanoes, and thus inter- 
nal heat engines as well. The magnitude 
of internal volcanic activity since that 
time varies from one planet to another. 
Much effort will be required to under- 
stand how these other heat engines oper- 
ate, and to what extent their differences 
are a consequence of planetary mass, 
chemical composition, distance from the 
sun, and initial boundary conditions. Our 
plate tectonic world is obviously not the 
only possible world. Neither the moon, 
Mars, nor Mercury show evidence for 
such plate motion. 

Preliminary radar data obtained from 
Pioneer Venus suggest that plate tecton- 
ics is also absent on that planet. Entirely 
different tectonic styles may be present 
on the large Galilean satellites of Jupiter, 
photographed by the two Voyager fly- 
bys. Most dramatic is the violent, sulfur- 
rich volcanism on the innermost large 
satellite Io, driven by tidal energy 
pumped into the satellite by its giant 
neighbor planet. 

Major new insights into conditions 
early in the history of the solar system 
are also being provided by research on 
meteorites (Fig. 5). Of particular impor- 
tance are the unequilibrated objects, 
such as the Allende meteorite, and the 
carbonaceous chondrites, which pre- 
serve the record of heterogeneity of 
the early solar system, and may even 
provide a glimpse into our presolar 
history. 

Until recently, it was fashionable for 
practical geologists to regard discussions 
of the formation of the earth and solar 
system as of little relevance to their 
work. This lack of relevance permitted 
theoretically minded scientists to specu- 
late very freely, perhaps even irrespon- 
sibly, about these things. These times 
are over. The unity and interdependence 
of earth and planetary science, as well as 
of stellar and even galactic astronomy, 
are now apparent. Perhaps the greatest 
challenge during the next decade will be 
to integrate these sciences, while at the 
same time preserving the rigorous inter- 
nal professional discipline that is the 
hard-won result of many generations of 
tradition. 
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Others are new and apparently abstract, 
such as functional analysis or algebraic 
K-theory. In almost all of these topics, 
one has today a variety of exciting devel- 
opments, some closely connected with 
applications, as in the case of the theory 
of linear systems. Other active fields, 
such as algebraic geometry, seem far re- 
moved from applications. However, 
startling connections between topics do 
appear, as in the current discovery that 
notions from algebraic geometry can be 
used in solving nonlinear partial dif- 
ferential equations (the solitons) and in 
the gauge theories, which are now of 
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conjecture below, or by the examples in 
Mathematics Today (2). 

Recent years have seen extraordinary 
progress in mathematics, as measured ei- 
ther by the large number of famous prob- 
lems and difficult problems which have 
been solved (2, 3) or by the remarkable 
number of new concepts which have 
been developed. I will first give some ex- 
amples of problems solved and of con- 
cepts developed. Then I will try to give 
more detailed examples of some of the 
new fields of mathematical research. 
First I consider some of the old problems 
recently solved. 

Mathematical problems arise natural- 
ly, but they can be very recalcitrant, and 
sometimes literally insoluble. Thus Fou- 
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rier series have been used to describe pe- 
riodic phenomena for nearly 200 years. 
The basic convergence theorem for these 
series was conjectured about 1910 by the 
Russian N. Luzin, but was established 
just in 1966 by Carleson (4) (convergence 
"almost everywhere," given a function 
in L2). 

In the early 1800's Gauss showed that 
the complex integers m + ni, with 
i = \/-1 and m and n whole numbers, 
could be decomposed uniquely into 
primes. Gauss also found eight other 
such cases of unique decomposition for 
integers m + n/-d, where d is posi- 
tive. It was conjectured that there might 
be just one more case (making ten in all), 
but Heegner (5), Baker (6), and Stark (7) 
proved that there are only nine such 
cases. A recurring problem is that of de- 
termining whether or not such an explicit 
number is irrational (like /2 or \/7) or 
transcendental (like e or 7r). There has 
been much recent progress here; for ex- 
ample, for the famous Riemann zeta 
function C. R. Ap6ry succeeded in 1978 
in proving that 5(3) is irrational (8). 

The four-color conjecture first ap- 
peared 100 years ago; it asserted that on 
any map of different countries on the 
globe, it is possible to color the land of 
each country, using at most four dif- 
ferent colors, in such a way that no two 
countries with a common boundary have 
the same color. Numerous attempts to 
prove this failed, but now Appel and Ha- 
ken (9) have established this theorem by 
using a classical method of attack sup- 
plemented by a massive calculation, of 
about 2000 special configurations, on a 
computer. 

Geometry has made great strides in 
the classification of closed manifolds. In 
two dimensions, these manifolds are the 
closed surfaces such as the sphere, the 
torus (inner tube), the surface of a pret- 
zel with two holes, three holes, and so 
on. In fact, this list can be proved to be a 
complete classification for two-sided sur- 
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