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How Exxon has pioneered 
systems to optimize 

Roy Lieber works 
at the leading edge of 
process control. 

',: 
', ' 

As an operator at an Exxon refinery 
monitors the schematic of a process 
on the CRT, the representation of the 
furnace suddenly changes color and 
begins to pulse, indicating a condition 
requiring attention, He touches the 
screen and corrective action is taken, 
Elsewhere another operator advises 
the system by CRT to switch a tower's 
emphasis from propane to butane as 
a result of analysis of market data, 

Such advanced process control is 
the result of a long history of pioneer
ing in the application of computers to 
refinery operation, It goes back to the 
early 1960's when Roy Lieber and his 
colleagues at Exxon Research and 
Engineering Company (ER&E) intro-

duced the use of computers for 
closed loop control. These first sys
tems, which used the primitive mini
computers of that era, provided 
superior regulatory control despite 
their limited functionality, 

Precision refining 
As computer technology ad

vanced, the systems designed by 
ER&E became progressively more 
sophisticated, Combining control 
theory with process know-how further 
expanded applications, including the 
automation of related refinery func
tions such as blending, product stor
age and shipping, 

Current systems permit implemen
tation of the complex control strat
egies that maximize product yields 
and minimize energy consurnption 
while meeting other product and en
vironmental objectives, 
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advanced computer 
refinery operation. 

User friendliness is also being 
stressed. Through an intercon
nected, hierarchical network of 
micro, mini and maxi computers, 
today's operators monitor the entire 
refinery from work stations housing 
three to five CRTs. 

Future trends 
Exxon has installed more than 100 

closed loop computer control sys
tems in its refineries and chemical 
plants worldwide. In fact, the majority 
of these plants are totally under com
puter control. 

Advanced as the computerized 
process control systems are today, 
Roy Lieber feels there is still great 
potential for future economies and 

efficiencies. He talks about work on 
integrated networks of systems shar
ing data on all aspects of refinery 
operation both within and between 
plants. Using advances in electronics 
and concepts such as artificial intel
ligence, the goal is to optimize single 
refineries and conceivably even refin
eries on a regional and a worldwide 
basis. He is helping guide the de
velopment of the hardware and soft
ware that will make this possible. 

Exxon Research and 
Engineering Company 

Process control technology is but 
one example of the numerous ac
tivities underway at Exxon Research 
and Engineering Company. A wholly 
owned subsidiary of Exxon Corpora-

tion, ER&E employs more than 2,000 
scientists and engineers working on 
petroleum products and processing, 
synthetic fuels, pioneering science 
and the engineering required to de
velop and apply new technologies in 
the manufacture of fuels and other 
products. For more information on 
process control or ER&E, write 
Dr. E.E. David, Jr., President, Exxon 
Research and Engineering Company, 
Room 705, P.o. Box 101, Florham 
Park, N.J. 07932. 
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THE COVER 

The computer-graphics image on the cover symbolizes the theme of this issue 
of SCIENTIFIC AMERICAN: the dynamic earth. The image shows an aurora over 
the earth's north magnetic pole viewed from a satellite at an altitude of 3.19 
earth radii. The aurora is the luminous ellipse projected on the green computer
generated map of the globe. The bright crescent at the upper left is the illuminat
ed daylight side of the earth. Auroras are emitted by molecules in the earth's 
upper atmosphere excited by electrically charged particles in the "wind" of 
thin gas expanding outward from the sun. The particles plunge into the atmos
phere because they are trapped in the earth's magnetic field, which is generated 
by slow flows in the earth's metallic core. Therefore the aurora is a manifesta
tion of the dynamic activity of the core_ The image was made by a University 
of Iowa team from data transmitted by instrumentation aboard the satellite 
Dynamics Explorer 1. It is provided through the courtesy of Louis A. Frank. 
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THE FISH WON1 BE 
BITING IN TWITCHELL 
CREEK TODAY, 
OR TOMORROW, EITHER. 

Twitchell Creek on Woods Lake 
in the Adirondacks. Once a great 
fishing spot. But no more. The 
fish are gone now ... killed off 
by the rain. Acid rain which 
poisoned the water, the land, 

.. 1 and many of the creatures who 
once lived here. 

Acid rain is deadly because it 
contains nitric acid and sulfuric 
acid. These killers are bom when 
rain water mixes with nitrogen 
oxide and sulfur dioxide ... two 
chemicals which are being 
spewed by the ton-load into 
our air every day from coal
buming power plants and indus
trial boilers. 

Some lakes contain neutraliz
ing "buffers" which lessen acid 
damage. But who will stop the 

- rain in the Adirondacks, in west-
em Virginia, throughout New 
England? The Izaak Walton 
League, that's who. Formed in 
1922 by a handful of conser-
vation-minded fishermen, the 
League is now 50,000 strong. 
And ready to fight those who 
want to relax the 1970 Clean 
Air regulations to allow for 
greater sulfur dioxide emissions. 
We want fewer emissions. 
Stricter laws. And we'll get 
them. Because there's some-

!. thing at stake here far greater 
than fishing. And that's life itself. 

For more information on our 
activities, write: 

-
-

Izaak Walton League 
1800 North Kent Street 

Arlington, Virginia 22209 

LETTERS 

Sirs: 
I read Michael McCloskey's article 

"Intuitive Physics" [SCIENTIFIC AMERI
CAN, April] with great interest because it 
added one more to the list of scientific 
disciplines that are seriously considering 
their counterparts in the "real" world. 
Intuitive physics thus takes its place 
among other systems such as folk medi
cine, folk taxonomy, folk linguistics and 
so forth. I found it disconcerting, how
ever, that the concepts of intuitive phys
ics were repeatedly referred to as mis
conceptions, misperceptions or mistak
en beliefs. Surely correctness can be 
defined only within a given system of 
rules, not across systems (for example, 
whether driving on the left side of the 
road is correct or not depends on the set 
of applicable traffic regulations). 

Any system of knowledge can be de
scribed as having a characteristic sym
bolic representation, a characteristic set 
of logical elements, operators and rules 
of inference (including a law of causali
ty), a characteristic set of spatial and 
temporal coordinates and so on. The 
system of knowledge that includes intui
tive physics and the other folk sciences 
shares a common symbolic representa
tion, namely natural language, and a 
common logical system, namely com
mon sense, whereas Newtonian physics 
and the other scientific disciplines share 
a common mathematical system of rep
resentation and logic. I believe, and Mc
Closkey's article appears to confirm, 
that such systems can and do coexist, 
so that physics students, for example, 
can solve (Newtonian) mathematical 
equations for objects in motion while 
expressing (intuitive) descriptions of ob
jects in motion in natural language. 

The theory of coexistent sy.stems elu
cidates two of the key experiments in 
McCloskey's study. In both cases the 
instructions were given in a natural 
language, thereby creating a coherent 
though non-Newtonian universe; the an
swers (or the reasoning leading to specif
ic actions) were expressed in the same 
language and in the same universe. In 
particular, in this universe to drop an ob
ject means "to let an object fall vertical
ly," and usually means "and then" (that 
is, "sequential" rather than "simulta
neous") and circular motion may mean 
"rotation" or "spin." This last equation 
figures, for example, in the description 
of "curve balls" in baseball (and equiv
alent shots in other ball games); in 
fact, McCloskey states that "the con
cept of circular impetus was invoked 
to explain . . .  the continued rotation of 
a wheel." 

Those students who reacted in terms 
of intuitive physics did not (or could 
not) translate natural language into sci-

entific language; they are, not surpris
ingly, akin to the medieval philosophers, 
who were essentially "natural language" 
philosophers. The rise of modern sci
ence is intimately connected with that of 
mathematics; at least since Newton the 
language of science and natural lan
guage have become increasingly distinct 
and, perhaps, mutually unintelligible. 
Those interested in improving science 
instruction may need to take a close 
look at the methodology of foreign lan
guage and bilingual instruction, and at 
the (linguistic) concept of coexistent 
systems. 

BURCKHARD MOHR 

California State University, 
Dominguez Hills 

Carson, Calif. 

Sirs: 
I found Michael McCloskey's views 

on intuitive physics thought-provoking. 
I am not convinced, however, that he is 
justified in implying that the pre-Newto
nian ways of thinking employed by so 
many people are intuitive. It may be of 
value to look for the causes of such per
ceptions in learned traits. Perhaps the 
commonly held Aristotelian beliefs are 
the product of informal learning proc
esses that inspire a confusion of frames 
of reference and the acquisition of mis
conceptions of such concepts as force, 
mass and velocity. Perhaps such errone
ous views persist because they are hand
ed down to the young by ill-advised par
ents and elementary school teachers. 
Even before they can talk the young 
are subjected to cartoon characters and 
things that operate in a world where the 
laws of motion are subject to the arbi
trary whims of the artist's brush. 

It appears that many people by high 
school age have constructed a concep
tual framework, albeit a mistaken one, 
with which they are at ease and that al
lows them to deal with their world to 
their satisfaction. I should like to have 
seen some record of the reasons people 
opt for one explanation or description 
of motions rather than another. That 
some people who have had no formal 
exposure to Newton hold mistaken be
liefs about motion does not surprise me. 
It is disquieting, however, that such a 
high proportion of those who have come 
through an elementary dynamics course 
cling firmly to pre-Newtonian concep
tions of motion. 

As one who is involved in teaching 
Newtonian physics to high school stu
dents I am struck by the lack of imagina
tion in methods of presenting an effica
cious path to the classical view. Most 
high school texts and programs lead 
the student from Newton's first law, 
through his second to the third. The 
Harvard Physics Project, the Physical 
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Sciences Study Committee and the Nuf
field curriculum are notable among the 
guilty. There operates the implicit belief 
that the shortest distance between two 
points is always a straight line. 

In the reality of the high school phys
ics laboratory I have found that concep
tual development in the classical mode 
can be achieved with high success by 
considering the second law first and re
garding the first as its special case. Stu
dents can weave the third law into their 
conceptual fabric by perceiving it, as it 
is commonly stated, as an expression 
of the principle of conservation of mo
mentum. There are probably several 
successful routes to Newton. I doubt 
whether the predominating Western ed
ucational paradigm qualifies as one. 
Perhaps the' time has come to address 
the mind-set that denies to so many an 
access to the Newtonian perspective. 

F. McGEACHY 

Henry Wise Wood High School 
Calgary, Alb�rta 

Sirs: 
Michael McCloskey's article should 

be required reading for football offi
cials. Many seem to think that a ball 
thrown perpendicular to the direction of 
the thrower's motion will not advance 
and hence is not a forward pass. An 
example of such loose .interpretation 
@ccurred during last year's (in)famous 
five-lateral Rugby Runback in the Stan
ford-California Big Game. Although 
the final over-the-shoulder toss was di
rected backward, the films show a net 
ball advance of two yards. This should. 
not surprise anyone who stops to think 
about it, but then not many people there 
were capable of higher mental function
ing after that play. 

THOMAS TOLLEFSEN 

G len Ellen, Calif. 

Sirs: 
Thest letters raise a number of inter

esting points. Professor Mohr suggests 
that the intuitive beliefs I described 
should not be referred to as misconcep
tions bccause correctness can be defined 
only within a given set of rules. As an 
example he mentions that driving on the 
left side of the road may be correct or 
incorrect, depending on what set of traf
fic rules is applicable. This argument 
misses an important point. For both 
driving behavior and beliefs about mo
tion correctness is defined by reference 
to some standard. For driving the stan
dard is the applicable traffic laws. For 
beliefs about motion the standard is 
the actual, behavior of moving objects. 
The intuitive beliefs I discussed are mis-

conceptions because they are inconsis
tent with the actual behavior of objects. 
For example, the belief that an object 
dropped by a walking person will fall 
in a straight vertical trajectory is a mis
conception because such an object will 
move forward as it falls. 

Professor Mohr also seems to over
state the connection between natural 
language and intuitive science. He ap
pears to think natural language is inex
tricably tied to intuitive physics as op
posed to Newtonian physics, so that 
instructions given in natural language 
create "a coherent though non-Newto
nian universe," and application of New
tonian principles requires a translation 
from natural to scientific language. It 
may well be the case that natural lan
guage to some extent reflects intuitive 
beliefs about the world, so that princi
ples of intuitive physics are more easily 
expressible in natural language than the 
principles of Newtonian physics. It is 
by no means the case, however, that the 
use of natural language forces the adop
tion of a non-Newtonian framework. 
Newtonian principles as well as intui
tive ones can be expressed in natural 
language (as I hope the discussion of 
Newtonian mechanics in my article 
illustrates). 

McGeachy points out that an impor
tant issue in the study of intuitive phys
ics is: How do people come to develop 
the intuitive beliefs? In the article I sug
gested that at least some beliefs may 
stem from illusions in the perception of 
motion. McGeachy suggests that car
toons may also be responsible in part. It 
is certainly true that objects in cartoons 
frequently behave in a non-Newtonian 
manner. A striking .example is the coy
ote in the Roadrunner animated car
toons who, after racing over the edge of 
a cliff, continues horizontally for some 
time, comes to a stop and then falls 
straight down. As I mentioned in the 
article, a small percentage of people be
lieve that an object going over the edge 
of a cliff will in fact behave this way. 
Thus cartoons may well contribute to 
the development of non-Newtonian in
tuitive beliefs about motion. 

Mr. Tollefsen makes an interesting 
suggestion about the controversial rul
ing by officials in last year's Stanford
California football game. It is a com
mon misconception that the trajectory 
of an object thrown by a moving per
son will not be affected by the person's 

. motion. Like the belief that an object 
carried by a moving person falls straight 
down when it is dropped, this miscon
ception is a manifestation of the idea 
that a carried object does not acquire 
impetus from the carrier. 

MICHAEL MCCLOSKEY 

Johns Hopkins University 
Baltimore, Md. 
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Once a year in Springtime, there occurs an event in Asia 
that sweater wearers the world over might celebrate: 

. the moulting of the Kashmir goat. 

This event provides the annual supply 
of cashmere, that rare and wondrous 
hair of the goat that is to the world 

of natural fibers what gold is to the supply 
of baser metals. 

Cashmere -the downy undergrowth 
produced by the Kashmir goat-a material 
so rare it rewards a climb of the Himalayas. 
A material we take pains to travel around 
the world unchanged, except for a C instead 
of a K when it reaches the Scottish knitting 
mills which Lands' End haunts to process 
it. And to make some of the world's 
greatest sweaters. 

More like wool than any fiber. 

Natural cashmere is brownish in color. It 
yields itself to the spinning of luxurious, 
soft, wool-like yarns with a characteristic 
highly napped finish. 

It is highly prized -not least by us at 
Lands' End and our customers-for its 
softness, and warmth. It is lighter in weight 
than wool, but not as durable. As. they 
say, nobody is perfect-not even the 
Kashmir goat. 

Our cashmeres are rare values. 

Lands' End specifies that our cashmere 
sweaters be knitted from two-ply yarn, 
which is extremely fine and close and 

extremely soft. By the same token it is a 
costly material-there being a strict 
limitation on the total amount of cashmere 
hair available. 

Still, we have managed to lay hold on 
an encouraging assortment of cashmere 
sweaters and we've priced them afford ably 

(We don't haunt those Scottish mills 
for noth(ng.) 

They include cashmere cable crew
necks with hand-looped collars, as well as 
Fair Isle styles for her, sleeveless V-necks 
for him, and long-sleeved V-necks for the 
two of them. 

Seeing is believing and thrilling. 

Obviously you should see our cashmeres 

on people and in our catalog-and what 
could be easier than to get a free catalog 
simply by dialing our toll-free number 
(800-356-4444) 24 hours a day. Or sending 
in the coupon below. 

Remember, like everything else in the 
catalog�from shoes to soft luggage to 
summer wear and accessories-your 
cashmere sweater is backed by our 
short, sweet, two word guarantee: 

GUARANTEED. PERIOD. 

There is no fine print. 
Call now. So next year when 

the Kashmir goat performs his 
miracle, you can celebrate in 
Lands' End style. 

-r----------------------------

D. Please send free catalog. 

Lands' End Dept. Q-25 
Dodgeville, WI 53595 

Namc __________________________ __ 

Address ________________________ _ 

Ci'y __________________________ _ 

S'a'c ___________ Zip, ____________ _ 

. Or call Toll.free: 

·800-356-4444 
(Except Alaska -and Hawaii call 608-935-2788) 

9 © 1983 SCIENTIFIC AMERICAN, INC



50 AND 100 
YEARSAGO 

SCIENTIFIC 
AMERICAN 

SEPTEMBER, 1933: "A secret methc 
od of depositing photo-sensitive ele
ments on a four-inch square of mica is 
the foundation.of a new television trans
mission system recently announced,by 
Dr. Vladimir K. Zworykin of the RGA
Victor Research Laboratories. Without 
mechanically moving parts, Dr. Zwory
kin .has succeeded in transmitting im
ages built up 250 lines to the inch, or 
62,500 elements to the square inch. The 
best that can be done with the conven
tional scanning disk is about 50 lines or 
2,500 picture elements. The modified 
cathode-ray tube' used in the Zworykin 
transmitting system is called the leono
scope. The mica mosaic is in sucha posi
tion that an image can be focused upon 
it through.the gl.ass. of the tube. At the. 
base of the tube'is an electron-producing 
'gun.' The invisible· stream of projectiles. 
fro.m .the gun is controlled by four coils 
mo.unted on a frame and placed o.utside 
the tube. When the propeT alternating 
currents from vacuum-tube ·oscillators 
are applied to. the coils, the beam of elec
tro.ns can be contro.lled so that it will

' 

sweep back and fo.rth ever the surface o.f 
the mo.saic, covering every portion o.f it· 
24 times during each seco.nd of opera
tion. The mosaic plate has on one sur
face 3,000,000 light-sensitive units and 
en the ether surface a plate of silver. 
Each of the units, together with this 
plate, forms a tiny cond'enser that stores 
up current in' exact proportion to. the' 
amount of light reaching the unit This 
condenser is discharged as the electron 
beam sweeps over 'it, and therefo.re adds 
its bit 'of current to the 'picture signal' 
being built up for', transmissio.n. Dr. 
Zworykin states that this new system 
will operate at a speed comparable 
to that o.f mo.tion-picture camera film. 
Thus it is possible to televise. objects in 
ordinary light.and to dispense with the 
intense lighting systems that up .to. now 
have been necessary. At the .receiving 
end the Zworykin cathode-ray type of 
reproducer is used." 

"Our spectroscopes reveal multitudes 
of lines in the spectra of celestial bodies. 
For almost all the metals these lines ar.e 
in the visible o.r near ultra-vio.let regio.n 
and accessible to. o.bservation, hence our' 
test for metals in the stars is a delicate 
one. But for· the lighter non.metallic at
oms these strong lines lie far out in the 
ultra-violet. Here we .come to the most 

10 

tantalizing thing imaginable, at least to 
the astrophysicist. The earth's atmos
phere, which is so.metimes fairly trans

. 
parent to visible light and to a smallish 
region in the ultra. violet adjacent to. the 
visible, is as o.paq ue as a stone wall to 
the shorter waves. If only we co.uld o.b
serve the far ultra-violet part of the 
spectra, we would doubtless find lines 
enormously stronger than the rather fee
ble ones that appear on o.ur photo
graphs. The stellar spectra .we photo
graph are mere wraiths of the faT more 
remarkable ones we could observe if 
we could find some way of moving and 
keeping alive on, an ai-Tless body such 
as the mo.on. The good spectroscopist 
might perhaps be allowed to go, instru
ments' and all, to set up an o.bservatory 
on the moen when he.,died." 

, 

"Last year United Air Lines ordered 
60 specially built airplanes fro.m the 
Boeing Airplane' Company at Seattle: 
The characteristics o.f these new-type 
planes reveal the lessons the air-trans
port company has learned from 50,-
000,000 miles of flying with· airmail, 
passengers and express. The airplane is 
a low-wing metal monoplane with two 
Wasp engines' superchar.gem to. deliver 
550" horsepower' .each' .at 5,000 feet 
above sea level. It is fast, ha'Vin'g a top 
speed of 175 miles per hour aNd a cwis
ing speed of 155 miles per hour with full 
load. It is medium in size,accommodat
ing 10 passengers with their baggage, 
two. pilo.ts and a load of better. than a 
third of a ton of cargo. It is comfo.rt
able, its roomy passenger cabin being 
equipped with chairs larger than any 
previously used· in commercial trans
port 'planes, and spaced 40 inches apart 
to. provide that all-desirable leg-room 
for passengers." 

SEPTEMBER, 1883:· "The chief 
questions before the annual meeting of 
the American Association fer the Ad. 
vancement of Science in Minneapolis 
were undoubtedly two., viz., on the theo
ry of evolution and en glacial action. 
President Dawson initiated the .discus
sio.n in his retiring address. His utteran
ces were judicious and respectful in' 
their-tone but so decidedly in opposition 
to the extreme evo.lutionists.as to kin-' 
die excitement and provoke replies. On 
the grand question of glacial action, Dr. 
Dawson took .ground against the origin 
of the glaci.al drift in a great continental 
glacier, claiming that there was instead a 
wide glacial sea with Arctic currents and. 
icebergs with' here and there local gla� 
ciers. The gauntlet thus thrown down 
was lifted by. these. adhering to the no
tion of a continental glacier. The geolo.g
ical room became too cwwded for com-

fort, and the closing discussions were 
transferred to the large chapel of .the 
university." 

"Our readers. are well acquainted with 
the herculean stmggle of the British 
anti-vaccinationists, now continued for 
10 or 15 years, directed against the com
pulsory vaccination law. From year .to 
year the movement has been gaining 
strength. Societies have been organized 
in all quarters, periodicals established, 
large funds contributed .and many of the. 
leading men and women 'Of England, in- . 
cluding not a few of the nobility, enlist
ed in the ·enterprise. Judging from the' 
clamor that filled the air, the heart and 
head of the .kingdom wer.e gained over 
to the enterprise. At last the long labor 
of the mountairi culminated in the. intro
duction of a repealing bill in the House 
of Commons. The hour of promise was· 
co.me, and a triumphant majority of the 
representatives of the people of Great 
Britain would reward the labors and 
verify the sanguine predictions of the 
anti-vaccinationists. The vote was tak
en; of 302 members present,' 16 voted 
for repeal and 286 ag,!inst!" 

"General· George B. McClellan; who· 
haS' recently visited many parts of the 
Texas' Panhandle, predicts that by the 
year 1890 the state will have a popula
tion of 5,000,000, and he also affirms it 
can support 20,000,000 without over
crowding. The capabilities'of Texas are 
only just being discovered; it is larger 
than France, with a· better soil and an 
eq uable climate,. is well watered and 
is being completely intersected by rail
roads. There was a large increase of 
population between 1870 and 1880, and 
there will be a still larger one in the.pres
ent decade. The state is already second 
o.nly to. Georgia in the production of .cot
ton, and it produces more cattle than 
any other two states." 

"Several learned professors in Ohio 
educational institutions having recently 
embarked in a newspaper controversy 
as to whether a skillful base ball'pitcher 
could or could net threw a ball in a hori
zontal cur.ve, the question was set to rest 
by actual experiment. A straight chalk 
line was drawn between the home plate 
and the. pitcher's position. Next to the 
right-handed pitcher's po.sition a board 
was placed so that the pitcher could not. 
cross the line. Half way between the 

. pitcher's po.sition and the home plate a 
section of picket fence was set on the 
line, and close to the home plate a sec
ond section was placed en the line but 
on the opposite side: The ball was deliv
ered from one side. of the line with a 
right-hand. twist. It passed ·to the right 
of the first sectio.n of picket fence and 
to. the left o.f the second section, strik
ing the ground. on the same· side. of the. 
line as the pitcher.'! 
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ow to turn 

more places doing more things It's called business graphics. what vou're doing. with Apples than with any other An important business tool that 7 
personal computer in the world. demonstrates, quite graphically, how That's the beauty of Apple 

Which is saying a lot. one picture is worth a few Business Graphics. 
But we'd like to take the time thousand numbers. 

- The software 
to explain just one of the things ?,�,f \ • package that gives 
that can make an Apple" Personal • your Apple II 
Computer or Apple III 

n stR 1tS < D" ,' " 

• 
personal 

,.." !I\l� Sl\\.f5 ' 
S"l'\\lAA1 �;��!} ct.fl"tR ',(:;\ "'�\ • computer the 
O\""R1!}\l r\)1 Q ' � �1 "f,1 Ia� • power to 

--� I\\\��:\I\�' �h 3" convert rows 
3\\:li;1,2\ • and rows of ��31\\.1 � 
,'�1?",.3)\ • numbers--, , 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

-
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or pounds of printout - into one 
simple, colorful, comprehensible 
illustration. 

And that gives you the power, 
for example, to thoroughly 
understand relationships and 
comparisons in a complex 
market analysis. Without having 
to spend hours sifting through 

Horizontal bar graph (a unique feature) makes it 
easy to compare [he profitability of six different 
products - from periwinkles to petunias. 

dull data- armed with little more 
than a ruler, a compass and a few 
not-sa-magic markers. 

With Apple Business Graphics, 
all you do is enter the data or 
transfer it directly from your 
VisiCalc"" model or a number of 
other computer files. Your Apple 
will take it from there. 

Helping you to get the big 
picture in a variety of ways. Line 
or area graphs, bar graphs, pie 
charts or scattergrams. 

Whichever configuration best 
suits your application. 

When you re through charting 
market shares you can do the 
same with forecasts, budgets, 
stock trends, business plans or 

customer demographics. 
Show your stuff. 

• 

---atalnto 
Business Graphics can make 
presentations more presentable. 

Because whatever you've 
produced, including charts and 
graphs, can be rapidly, easily 
and colorfully reproduced on a 
printer or plotter. 

Moreover, sophisticated Apple 
features like exploded views, 

To get the overall market share picture, (and 
any other percentage related data) lchiban 
management consults this easy-to-digest pie chart. 

unlimited overlays and floating 
titles allow your displays to be 
remarkably flexible. 

By combining Apple Business 
Graphics with various slide-show 
packages, charts and graphs 
on your monitor can easily be 
converted into impressive slides 
and transparencies. 

--�-

APt-"".' 

" "', 

Getting started 
in pictures. 

Start by seeing any of the over 
1300 authorized Apple dealers. 

They'll show you Apple 
Business Graphics software can 
generate more types of pictures, 
in more colors, using more data 

With up to six colors per graph, employees can 
easily see just how their annual sales blossomed 
relative to the rest of the. market. 

than any other graphics package. 
More important, they'll show 

you what all that can mean 
to you, your accounting firm, 
your import business, or your 
chain of quiche--on-a-bun family 
restaurants. 

They'll even help you produce 
your first picture. 

But business graphics is 
one of the things an 
help you do. One of 
Which is not t'_I'ikliu"",iu'rI .' .. -" -'- '-
when you COI_�r.t 
software availallle 
for 

So�ge 
Apple 
own 
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SCIBNCB/SCOPB 

A Very High Speed Integrated Circuit chip built for the U.S. military uses 
technology that makes it inherently hardened against radiation. The chip, 
produced after less than two years of development, draws on complementary metal 
oxide semiconductor/silicon on sapphire_ technology. It has circuit dimensions of 
1.25 micrometers, or about 50 millionths of an inch. The VHSIC program is being 
conducted by the Department of Defense to develop chips that will give electronic 
systems a tenfold increase in signal processing capability. The high-speed, 
compact VHSIC chips will be more reliable and will require less power than 
integrated circuits now in use. Hughes Aircraft Company is the only contractor 
in the tri-service program pursuing CMOS/50S technology. 

The new AMRAAM missile will be good at evading enemy detection through a clever 
improvement to its radar system. The improvement, now patent pending, is done 
simply and with only a little extra hardware. It greatly reduces inaccuracies 
caused when the missile jumps from one radar frequency to another en route to its 
target. Frequency hopping makes it extremely difficult for enemy radar-detection 
equipment to get a fix on the missile. Hughes designed and developed the 
Advanced Medium-Range Air-to-Air Missile for the U.S. Air Force and Navy. 

Of the improvements in productivity of electronics offered by computers, some of 
the most dramatic can be found on the manufacturing floor. Computer-controlled 
automation yields important savings through increased efficiency, flexibility, 
and accuracy. Computers can repeat virtually all processes -- machining, chemi
cal processing, fabrication and assembly, quality inspection, and testing -- with 
infallible precision. In the production of digital electronics modules at 
Hughes, productivity sometimes has been increased by a factor of 10 or more. 
Hughes is spending $240 million over five years on computer-aided manufacturing. 

The two shortwave infrared bands on Landsat 4's thematic mapper are gathering 
data that sensors on previous Earth resources satellites couldn't. These bands, 
which are sensitive to the amount of water i� plant leaves, will identify plants 
and assess their health. They can map snow cover without being fooled by clouds 
because snow appears very dark, while clouds remain bright. The infrared bands 
also detect a wider variety of rock and soil types. Experimental studies showed 
these bands can identify variations in type and abundance of clay minerals ex
posed at the Earth's surface. This information can be used to substantially im
prove the quality of geological maps. Hughes and its Santa Barbara Research 
Center subsidiary built the thematic mapper for NASA. 

Career growth opportunities exist at all levels at Hughes Support Systems for a 
variety of engineers qualified by degree or extensive work experience. They 
include systems engineers and software and hardware design engineers for major 
simulation and test equipment programs. Also, field engineering posts through
out the U.S. offer travel, autonomy, and responsibility for the life cycle of 
Hughes electronics systems. Please send your resume to Lowell Anderson, 
Professional Employment, Dept. SE, Hughes Aircraft Company, P.O. Box 9399, Long 
Beach, CA 90801-0463. Equal opportunity employer. 

Creating a new world with electronics r------------------, 
I I 

i HUGHES i 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 

For more information please write: 
P.O. Box 11803, Los Angeles, CA 90291 
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THE AUTHORS 

RA YMOND SIEVER ("The Dynam
ic Earth") is professor of geology at 
Harvard University. He has three de
grees from the University of Chicago: a 
B.S. (1943), an M.S. (1947) and a Ph.D. 
(1950). While he was still a graduate stu
dent he joined the Illinois Geological 
Survey, for which he worked until 1957. 
In 1956 he became a member of the 
Harvard faculty, and he has remained 
at Harvard since. He has served two 
stints as chairman of the department of 
geology. He recently stepped down for 
the second time to devote himself to 
teaching and experimental work. Siever 
writes: "My current interests are in the 
extremely low rates of geochemical re
actions in buried sediments. I am fasci
nated by the relation of these processes 
to the internal heat of the earth, that 
is, how the formation of sedimentary 
rocks near th� surface is affected by the 
dynamics of the interior, hundreds of 
kilometers below. Away from the uni
versity, the piano remains my abiding 
interest: alone, in duets or in cham
ber music." 

RA YMOND JEANLOZ ("The 
Earth's Core") is associate professor of 
geology and geophysics at the Univer
sity of California at Berkeley. He was 
graduated from Amherst College with a 
B.A. in 1975 and went on to obtain his 
Ph.D. in geology and geophysics at the 
California Institute of Technology in 
1979. Jeanloz spent two years as a mem
ber of the faculty at Harvard Univer
sity before moving to Berkeley in 1981. 
He writes: "My main interest is in min
eral physics. I am particularly interest
ed in studying how the physical and 
chemical properties of minerals control 
the ways in which planets evolve. Much 
of the work involves studying materials 
at the high pressures and temperatures 
that occur deep inside the planets. Like 
many earth scientists I became interest
ed in geology through my enjoyment 
of the outdoors, in particular the high 
"mountains." 

D. P. McKENZIE ("The Earth's 
Mantle") is reader in tectonics at the 
University of Cambridge. His associa
tion with Cambridge goes back to his 
student days. He became a graduate stu
dent of Sir Edward Bullard's in 1963 
and got his Ph.D. in geophysics at Cam
bridge in 1966. Soon after receiving his 
degree he joined the Cambridge facul
ty. He was promoted to his present job 
in 1979. He has served as visiting pro
fessor at several American institutions, 
most recently the University of Chicago. 
Most of McKenzie's scientific work has 
been on plate tectonics; he is currently 

most interested in the process of convec
tion in the mantle and in the evolution of 
sedimentary basins. 

JEAN FRANCHETEAU ("The Oce
anic Crust") is a physicist on the staff of 
the Institut de Physique du Globe of the 
University of Paris. He. is a native of 
France who received his diploma in 
mining engineering at the Ecole des 
Mines in Nancy. He came to the U.S. to 
continue his education; the Scripps In
stitution of Oceanography awarded him 
a Ph.D. in geophysics in 1970. After ob
taining his Ph.D. he returned to France 
to join the staff of the Centre Oceanolo
gique de Bretagne in Brest. He left the 
center in 1981 to go to the University 
of Paris. Francheteau's main scientific 
interest is the exploration of the ocean 
floor. His work has concerned the struc
ture and morphology of the oceanic 
crust and the tectonics and geophysics 
of the ocean bottom. Much of his recent 
work has been done on the sea floor in 
the French submersible Cyana. He was 
the leader of Project RITA in 1978. 
During the expedition the first dives 
in a manned submersible to the crest of 
the East Pacific Rise were made in the 
Cyana. 

B. CLARK BURCHFIEL ("The 
Continental Crust") is professor of geol
ogy at the Massachusetts Institute of 
Technology. His B.S., earned in 1957, is 
from Stanford University. He went on 
to get an M.S. at Stanford in 1958 before 
getting his Ph.D. in geology from Yale 
University in J 961. In the same year he 
joined the faculty at Rice University; 
he was at Rice until 1976. At the end of 
that time he moved to M.LT. Burchfiel 
writes: "My current interest is in the 
process of orogenesis (mountain build
ing) and its relation to the interactions 
of tectonic plates and to intraplate de
formation. The specific areas I study 
are western North America, the Alpine 
mountain chains of eastern Europe and 
(more recently) of north-central China." 

WALLACE S. BROECKER ("The 
Ocean") is professor of geology and di
rector of the laboratory of geochemistry 
at Columbia University. His association 
with Columbia is more than three dec
ades old. He received three academic 
degrees there: a B.A. in 1953, an M.A. in 
1956 and a Ph.D. in 1958. In 1956, while 
he was still working on his Ph.D., he 
became a member of the Columbia fac
ulty, and he has remained there since. 
Broecker's scientific concerns are di
verse. He has done work on ancient cli
mates and the causes of the cycles of 
glaciation on the earth, the large-scale 

mixing of water in the oceans and envi
ronmental geochemistry, including the 
effects of acid rain, metals in lakes and 
ocean chemistry. 

ANDREW P. INGERSOLL ("The 
Atmosphere") is professor of planetary 
science at the California Institute of 
Technology. He attended Amherst Col
lege as an undergraduate, getting his 
B.A. in 1960. He received his postgrad
uate education at Harvard University, 
which awarded him an M.A. in 1961 
and a Ph.D. in atmospheric physics in 
1965. He writes: "My career goals took 
shape while I was an undergraduate 
physics major and a summer research 
assistant at the Woods Hole Oceano
graphic Institution. Since getting my 
PhD. I have devoted my professional 
life to the study of atmospheres "and cli
mates. I have participated in several N a
tional Aeronautics and Space Adminis
tration missions to the other planets, in
cluding the Pioneer missions to Jupiter 
and Saturn, the Pioneer mission to Ve
nus and the Voyager mission, which 
flew by'Jupiter and Saturn in 1979-81 
and will fly by Uranus in 1986. I am also 
a member of a team that is analyzing 
the earth's radiation budget by means 
of data from a Nimbus spacecraft." 

PRESTON CLOUD ("The Bio
sphere") is professor emeritus of bio
geology and environmental studies at 
the University of California at Santa 
Barbara. He got a B.S. at George Wash
ington University in 1938 and a Ph.D. 
from Yale University in 1940. From 
1942 to 1961 he was on the staff of 
the U.S. Geological Survey. During his 
years with the Survey he held several 
different positions, among them that of 
chief of paleontology and stratigraphy. 
When he left, he became a member of 
the faculty at the University of Minne
sota and the University of California at 
Los Angeles before moving to Santa 
Barbara in 1968. Cloud's main interest 
is the interaction of the physical en
vironment and life in early times. He 
writes: "My interest in the origin of mul
ticellular animal life, its antecedents and 
its first appearance on the earth has long 
been the central aspect of my research. 
In 1948 I proposed that multicellular 
animal life first appeared and evolved 
into a diversity of forms during an in
terval of less than 100 million years 
at the beginning of Phanerozoic time, a 
view that is now widely accepted. Using 
stromatolites, sedimentary structures, 
microbial fossils and the methods of 
ultramicroscopy and geochemistry, I 
traced the record of microbial life far 
behind the dawn of the Cambrian and 
integrated the study of the earliest bio
spheric, atmospheric and chemospher
ic evolutions and their interactions on 
the primitive earth." 

15 
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In a world full of cookie-cutter SLRs, Nikon introduces the world's 
Over the years millions of people 

have ·bought millions of SLRs 
designed for beginners . 

. But what happens when you 
don't want to take pictures like a 
beginner anymore? 

Many stick with their mass
produced SLR and wonder why they 
can't get better results. 

For the few, however, who are 
determined to improve as photogra
phers, Nikon has created an engineer
ing marvel called the FE2. An 
automatic SLR so different, there are 

no other cameras to compare it with. 
For instance, take the matter of 

Selective Focusing. Which is the abil
ity to vary apertures to express your 
impression of the subject. An absolute 
must for anyone who wants to im
prove as a photographer. 

T he FE2 gives you more options 
for Selective Focusing than any other 
35mm SLR in the world. 

To begin with, the FE2 is an 
aperture-priority automatic. So you 
have total control over depth of field 
when you shoot in automatic. 

But, as we said, thatS just the 
beginning. 

The FE2 is the first 35mm auto
matic with a 114000 shutter speed. 
An innovation made possible by 
Nikons development of an ultra-thin 
honeycomb titanium shutter. It means 
photographers like yourself will, for 
the first time, be able to use a full 
range of apertures in bright sunlight. 
And because the FE2 is faster than 
any other 35mm automatic, it gives 
you greater control over exposure 
than other cameras when using the 

If you love phOOJgraphy; don� miss Nikon!; "The PhOOJgrapherl; Eye" 00 SPN Cable TV. Ole:k 1ocal1istings. For furtller information write Dept 50, Nikoo Inc., 623 Stewart Ave., Garden CiIJI N.Y ll53O. 0 Nikon Inc. 1983. 
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fastest 35mm SLR automatic. The FE2� 
latest 1000 ASA color print film. 

The FE2 is also the only 35mm 
automatic with a 11250 flash synch 
speed. Which means you1l have the 
ability to select a wider range of lens 
apertures when taking flash pictures 
outdoors. An achievement that was 

once considered impossible with a 
35mmSLR. 

In addition, the FE2 is one of the 
few cameras equipped with through
the-lens flash metering (TTL). Which 
gives you unparalleled accuracy 
because flaSh exposures are mea-

sured by.the camera as they 
pass through the lens. And not by a 
sensor on the flash unit itself. TTL al
lows you to achieve virtually unlimited 
aperture settings when shooting flash 
indoors with a dedicated Nikon 
Speedlight. 

Even when you're not taking 
photographs with the FE2 itS an 
astonishing camera. Its balance and 
'feel' make other SLRs seem bulky 
and unresponsive. And its copper 
silumin aluminum body makes it one 
of the most rugged Nikons ever made. 

So while other cameras are 
designed for millions, the FE2 is engi
neered to take the kind of pictures 
only a few strive for. 

o One-in-a-million. 

Mi ... 
\\e take the oorlds 

greatest pictures:M 
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MATHEMATICAL 
GAMES 

The topology of knots, plus the results 

of Douglas Hofstadter's Luring Lottery 

by Martin Gardner 

EDITOR'S NOTE: This is the second of 
two articles by Martin Gardner. 

Mathematics never proves anything 
about anything except mathematics, 
and a piece of rope is a physical object 
and not a mathematical one. So before 
worrying about proofs, we must have a 
mathematical definition of what a knot 
is and another mathematical definition 
of when two knots are to be considered 
the same. 

-RICHARD H. CROWELL and RALPH 
H. Fox, Introduction to Knot Theory 

T
his is knot season in Scientific 
American. Last month in "The 
Amateur Scientist" Jear! Walker 

showed how a simple mathematical 
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analysis could be applied to determine 
whether a given knot will hold or slip. 
This month I shall take up the topology 
of knots. 

To a topologist knots are closed 
curves embedded in three-dimensional 
space . .It is useful to model them with 
rope or cord and to diagram them as 
projections on a plane. If it is possible to 
manipulate a closed curve-of course, it 
must not be allowed to pass through 
itself-so that it can be projected on a 
plane as a curve with no crossing points, 
then the knot is called trivial. In ordi
nary discourse one would say the curve 
is not knotted. "Links" are two or more 
closed curves that cannot be separated 
without passing one through another. 

The study of knots and links is now a 
flourishing branch of topology that in-

A trefoil kllot is dissolved (left) alld a figure-eight kllot (right) 
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terlocks with algebra, geometry, group 
theory, matrix theory, number theory 
and other branches of mathematics. 
Some idea of its depth and richness can 
be had from reading Lee Neuwirth's ex
cellent article "The Theory of Knots" in 
Scientific American (J une, 1979). Here 
we shall be concerned only with some 
recreational aspects of knot theory: puz
zles and curiosities that to be under
stood require no more than the most 
elementary knowledge of the topic. 

Let us begin with a question that is 
trivial but that can catch even mathema
ticians off guard. Tie an overhand knot 
in a piece of rope as is shown at the left 
in the illustration on this page. If you 
think of the ends of the rope as being 
joined, you have tied what knot theo
rists call a trefoil knot. It is the simplest 
of all knots in the sense that it can be 
diagrammed with a minimum of three 
crossings. (No knot can have fewer 
crossings except the trivial knot that has 
none.) Imagine that end A of the rope is 
passed through the loop from behind 
and the ends are pulled. Obviously the 
knot will dissolve. N ow suppose the end 
is passed twice through the loop as is 
indicated by the broken line. Will the 
knot dissolve when the ends of the 
rope are pulled? 

Most people guess that it will form 
another knot. Actually the knot dis
solves as before. The end must go three 
times through the loop to produce an
other knot. If you try it, you will see that 
the new trefoil created in this way is not 
the same as the original. It is a mirror 
image. The trefoil is the simplest knot 
that cannot be changed to its mirror im
age by manipulating the rope. 

The next-simplest knot, the only one 
with a minimum of four crossings, is the 
figure eight at the right in the illustration 
on this page. In this form it is easily 
changed to its mirror image. Just turn it 
over. A knot that can be manipulated to 
make its mirror jmage is called amphi
cheiral because li·ke a rubber glove it can 
be made to display either handedness. 
After the figure eight the next-highest 
amphicheiral knot has six crossings, and 
it is the only 6-knot of that type. Am
phicheiral knots become progressively 
scarcer as crossing numbers increase. 

A second important way to divide 
knots into two classes is to distinguish 
between alternating and nonalternating 
knots. An alternating knot is one that 
can be diagrammed so that if you follow 
its curve in either direction, you alter
nately go over and under at the cross
ings. Alternating knots have many re
markable properties not possessed by 
nonalternating knots:" 

Still another important division is into 
prime and composite knots. A prime 
knot is one that cannot be manipulated 
to make two or more separated knots. 
For example, the sq uare knot and the 
granny knot are .not prime because each 
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TOTAL CONTROL REMOTE CONTROL 
INTRODUCING RC.A:s DIGITAL COMMAND CENT ER. T he 
master control for selected RCA ColorTrak 2000 TV's and 
compatible RCA video components. Its unique microcir
cuitry gives you total control over each separate component, 
letting you switch from broadcast to disc to VCR-instantly. -
Joined with a compatible RCA VideoDisc Player and VCR, 
like those shown at left, the Digital Command Center 
controls a total of 58 separate functions; VCR functions like 
single-frame advancement. And VideoDisc Player functions 
like pause and speed search. 58 functions, all at the touch 
of a button. See the RCA Digital Command Center for your
self at your RCA dealer. You'll see ifs far and away the 
most impressive remote control you've ever laid hands on. 
For more information and a free copy of the "Living with 
Video" book ($2.50 retail value), write: RCA Consumer 
Electronics; Dept. 32-312N, P.O. Box 1976, Indianapolis, 
Indiana 46206. 

WE'LL OPEN YOUR EYES. n en 
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The three lIollaitematillg kllots with eight crossillgs 

The simplest member of all infillite family of Ilollillvertible pretzel knots 
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can be changed to two side-by-side tre
foils. The square knot is the "product" 
of two trefoils of opposite handedness. 
The granny is the prod uct of two trefoils 
of the same handedness, and therefore 
(unlike the square knot) it is amphi
cheiral. Both knots are alternating. As 
an easy exercise to be answered next 
month, see if you can sketch a square 
knot with six (the minimum) alternat
ing crossings. 

All prime knots of seven or fewer 
crossings are alternating. Among the 8-
knots only the three in the top ill ustra
tion at the left are nonalternating. No 
matter how long you manipulate a rope 
model of one of these knots, you will 
never get it to lie fiat in the form of an 
alternating diagram. 

A fourth basic binary division of 
knots is into the invertible and non in
vertible. Imagine an arrow painted on a 
knotted rope to give a direction to the 
curve. If it is possible to manipulate 
the rope so that the structure remains 
the same but the arrow points the other 
way, the knot is invertible. Until the 
mid-1960's one of the most vexing un
solved problems in knot theory was 
whether noninvertible knots exist. All 
knots of seven or fewer crossings had 
earlier been found invertible by manip
ulating rope models, and all but one 8-
knot and four 9-knots. It was in 1963 
that Hale F. Trotter, now at Princeton 
University, announced in the title of a 
surprising paper "Non-invertible Knots 
Exist" (Topology, Vol. 2, No. 4, pages 
275-280; December, 1963.) 

Trotter described an infinite family of 
pretzel knots that will not invert. A 
pretzel knot is one that can be drawn, 
without any crossings, on the surface 
of a pretzel (a two-hole torus). It can be 
drawn as is shown in the bottom illustra
tion at the left as a two-strand braid that 
goes around two "holes," or it can be 
modeled by the edge of a sheet of paper 
with three twisted strips. If the braid sur
rounds just one hole, it is called a torus 
knot because it can be drawn without 
crossings on the surface of a doughnut. 

Trotter found an elegant proof that all 
pretzel knots are noninvertible if the 
crossing numbers for the three twisted 
strips are distinct odd integers with ab
solute values greater than I. Positive in
tegers indicate braids that twist one way 
and negative integers indicate an oppo
site twist. Later Trotter's student Rich
ard L. Parris showed in his unpublished 
PhD. thesis that the absolute values 
can be ignored provided the signed val
ues are distIncl, and that these condi
tions are necessary as well as sufficient 
for noninvefllble pretzels. Thus the sim
plest noninvenible pretzel is the one 
shown. Its crOSSing numbers of 3, -3 
and 5 make II dn II-knot. 

It is now known that the simplest non
invertible knol IS the amphicheiral 8-
knot in the illustration on page 24. It was 
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How to make 
your p-ersona' computer 

more p-ersona' 

A fraid? Of computers? Do they 
still seem cold, impersonal, 

and-well-just not right for you? 
Don't feel bad. You're not alone. 

But at least there's something you 
can do to make those impersonal 
computers more personal. You can 
subscribe to Personal Computing 
magazine, America's guide to better 
computing. 

Sou nd easy? It is, if you're serious 
about getting into computing. 
Here's how we can help: Personal 
Computing magazine can help you 
get started; keep you up-to-date, 
and help you stay current on the lat
est developments in hardware and 
software. 

And, our articles are written for 
people who don't have advanced 
degrees in computer science. Per
sonal Computing magazine is writ
ten in terms you can understand. In 
fact, it's like having yor very own 
computer consultant right in front of 
you. Only better. Because we're a 
magazine-easy to use, easy to digest 
at your own speed. Not a high-tech wiz
ard who speaks another language. Best 
of all, you can keep every issue of Per
sonal Computing to refer back to time 
and time again. 

In Personal Computing, you'll learn 
what you can do with your computer
and just as important-what else you 
can do with it. We'll introduce you to 
people who have solved a wide range 
of problems with their computers. 
Problems you'll relate to, solved by 
peoplejust like you. We'll tell you what 
they did, and how they did it. And we'll 
name names, quote prices, and show 
you where to go for more information. 
Getting into personal computing has 
never been easier. Or so painless. 

P e r so nal Comp utin g is 
Answers. Every month, we answer 
the questions most frequently asked 
about personal computers. Questions 
about hardware, software, specific pro
grams, what to pay, what to avoid, what 
certain systems can and cannot do, 
and more. 

Personal Computing is Inter
views. We talk to the people on the 
leading edge to find out what's on the 
horizon. The company preSidents. The 
software writers. The wiz-kids who 
started it all. And the new generation 
who will take us even farther. 

Personal Computing is Infor
mation . You'll find detailed listings of 
new hardware and software on the mar
ket in our monthly departments: Hard
ware of the Month and Software of the 
Month, the only complete source of 
information on everything that is newly 
available that month, with prices and 
add r e s s e s  t o  w r i t e  f o r  m o r e  
information-you won't find this ser
vice anywhere else. Plus, Dealer List
ings, who has what you need in your 
a r e a .  A n d - exc l u s i v e l y  f o r  

. subscribers-The Product Showcase, 
a wide variety of hardware and software 
products that can be ordered directly 
from suppliers, to save you money. In 
addition, you'll discover a wealth of 
information in the advertisements 
you'll find Personal Computing, since 

. every major computer company has 
chosen our magazine to reach you. 

For business, home, or leisure 
use, computers are here-now. 
And more people-just like you
are getting involved every day. As 
a result, Personal Computing is 
the fastest growing magazine in 
the world. 

Put Personal Computing to work 
for you. There's no better-or more 
inexpensive-way of leveraging 
your computer investment. Or mak
ing your personal computer more 
personal. 

Send For A FREE ISSUE 
We are so sure that Personal Com
puting is the very best way to get into 
personal computing and keep find
ing out what else you can do with 
your computer that we want you to 
try it, and see for yourself. .. on us. 

To receive your FREE trial issue of 
Personal Computing, simply mail 
the attached postage-paid order card 
today! If order card is missing, 

please mail savings coupon below. 
�------------------------, 

o Yes! Rush me my FREE copy of Per
sonal Computing and enter my subscrip· 
tion at the money-saving rate of only 
$ 14.97. That's 1 1  additional issues for a 
total of 12. I'll be saving over 58% on the 
single-copy cost and over 16 % on the reg
ular subscription rate! 

I understand that if I don't like the first 
issue. I can simply return your invoice 
marked "cancel" and I may keep the first 
issue, FREE. 

Name (Please prinf) 

Company Affiliation 

Street 

City/Slate/Zip 

'�onAL-
5AEJ6 

COmPUTinG 
America's guide to better computing 
P.O. Box 2941, Boulder, CO 80322 

Please allow 4-6 weeks for delivery of your first issue. 
Your subscription may be fax deductible. 

�------------------------� 
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The simplest noninvertible knot 

first proved noninvertible by Akio Ka
wauchi in Proceedings'o/the Japan Acad
emy (Vol. 55, Seri.es A, No. 10, pages 
399-402; December, 1979.) According 
to Richard Hartley, in "Identifying 
Non-invertible Knots" (Topology, Vol. 
22, No. 2, pages 137-145; 1983), this is 
the only noninvertible knot of eight 
crossings, and there are only two such 
knots of nine crossings and 33 of 10. All 
36 of these knots had earlier been de
clared noninvertible by John Horton 
Conway, but only on. the empirical 
grounds that he had not been able· to 
invert them. The non invertible knots 
among the more than 550 knots with 
11 crossings hav.e not yet been identi, 
fied. In 1967 Conway published the first 
classification of all prime knots with 
11 or fewer crossings. (A few minor er
rors were corrected in a later printing.) 
You will find clear diagrams for all 
prime knots through 10 crossings, and 
all links through nine crossings, in Dale 
Rolfsen's valuable '1976 book Knots 
and Links. 

There are many strange ways to label 
the crossings of a knot, then derive 
an algebraic .expression (or matrix). that 
will be the same for all diagrams of that 
knot. One of the earliest and most useful 
of such techniques gives what is called a 

knot's Alexander polynomial. Conway 
recently found a beautiful new way to 
compute a "Conway polynomial" that is 
equivalent to the Alexander one .. If. two 
knot diagrams give different algebraic 
expressions, they are different knots. 
Unfortunately the converse is not al
ways true. Two knots may have the. 
same polynomial yet not be the same. 
Finding a way to give any knot an ex
pression that applies to all diagrams of 
that knot, and only that knot, is one of 
the major unsolved problems in knot 
theory. 

Although there are .tests for deciding 
whether any given knot is trivial, the 
methods are complex and tedious. For 
this reason manY'problems that are easy 
to state are not easy to resolve except 
by working empirically with rope mod
els. For instance, is it possible to twist 
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an elastic band around a cube so that 
each face of the cube has an under
over crossing as is shown at the left in 
the illustration on the opposite page. To 
put it another way, can you tie a cord 
around a cube in this manner so that if 
you slip the cord off the cube, the cord 
will be unknotted? 

Note that on each face the crossing 
must take one of the four forms de
picted in the illustration. This makes 
46 = 4,096 ways to wrap the cord. The 
wrapping can be diagrammed as a 12-
knot, with six pairs of crossings, each 
pair of which can have one of four pat
terns. The problem was first posed by 
Horace W. Hinkle in Journal 0/ Recrea
tional Mathematics in 1978. In a later 
issue (Vol. 12, No. 1, pages 60-62; 
1979-80) Karl Scherer showed how 
symmetry considerations reduce the 
number of essentially different wrap
pings to 128. Scherer tested each wrap
ping empirically and found that in every 
case the cord is knotted. This has yet to 
be confirmed by others, and no one has 
so far found a simpler way to attack the 
problem. The impossibility of getting 
the desired wrapping with an unknotted 
cord seems odd, because it is easy to 
twist a rubber band around a cube to put 
the under-over crossings on just two or 
four faces (all other faces being ·straight 
crossings), and seemingly .impossible to 
do it on just one face, three faces or five 
faces. One would therefore expect six to 
be possible, but apparently it is not: It· 
may also be impossible to get the pat
tern even if two, three or' four rubber 
bands are used. 

The illustration on page 26 depicts 
a delightful knot-and-link puzzle that 
was sent to me recently by its inventor, 
Majunath M. Hegde, a mathematics 
student in India. Note that the two tre
foil knots form a granny. The task is to 
manipulate· the rope and ring so that 
the ring is moved to the upper knot as. 
is indicated by the broken line. All else 
must remain identical. 

It is easy to do if you have the right 
insight, but it would spoil the fun if I 
did not postpone the solution until next 
month. Of course; the rope must not be 
untied from the chairs, nor are you al
lowed to open a knot and pass a chair 
through it. It will help if you think of 
the ends of the rope as being permanent
ly fastened to a wall. 

The trick of dissolving or creating 
knots by passing a person through a 
loop was actually used by fake mediums 
in the days when it was fashionable to 
relate psychic phenomena to the fourth 
dimension: Knots in closed curves are 
possible only in 3-space. In 4-space 'all 
knots dissolve. If you could toss an un
knotted loop of rope to a creature in 4-
space, it could tie any knot in the loop 
and toss it back to you with the knot 
permanently forme.d. There was a pop
ular theory ·among physicists who be-

lieved in spiritualism that mediums had 
the power to move objects in and out 
of higher spaces. Some mediums, such 
as the American mountebank .Henry 
Slade, exploited this theory by pretend
ing to put knots into closed loops of 
cord. Johann C. F. Zollner, an Austri
an physicist, devoted an entire book to 
Slade and hyperspace. Its English trans
lation, Transcendental Physics (Arno 
Press, 1976), is worth reading as striking 
testimony to the ease with which an in
telligent physicist can be gulled by a 
clever conjurer. 

Scientists are still being taken in by 
tricks involving knots and links. Psychic 
investigators William Cox and John 
Richards have recently been exhibiting 
a stop-action film that purports to show 
two leather rings becoming linked and 
unlinked inside a fish tank. "Later exam
ination showed no evidence that the 
rings were severed in any way," wrote 
National Enquirer when it reported this 
miracle on October 27, 1981. I was re
minded of an old conjuring stage joke. 
The performer announces that he has 
magically transported a rabbit from one 
opaque box to another. Then before 
opening either box he says that he will 
magically transport the. rabbit back 
again. 

It is easy, by the way, to fabricate two 
linked "rubber bands." Just draw them 
linked on the surface of a baby's hollow 
rubber teething ring and carefully cut 
them out. Two linked wood rings, each 
of a different wood, can be carved if you 
insert one ring into a notch cut into a 
tree, then wait many years until the tree 
grows around and through it. Because 
the trefoil is a torus knot, it too is easily 
cut from a teething ring. 

The trick.I am about to describe was 
too crude for Slade, but less clever medi
ums occasionally resorted to it. You will 
find it explained, along with other knot
tying swindles, in Chapter 2 of Here
ward Carrington's The Physical Phenom
ena 0/ Spiritualism, Fraudulent and Genu
ine (H. B. Turner & Co., Boston, 1907). 
One end of a very long piece of rope is 
tied to the wrist of one guest and the 
other end is tied to the wrist of another 
guest. After the seance, when the. lights 
are turned on, several knots are in the 
rope. How do they get there? 

The two guests stand side by side 
when the lights go .out. In the dark the 
medium (or·an-accomplice) makes a few 
large coils of rope, then 'passes ·them 
carefully over the head and body of one 
of the guests. The coils lie flat on the 
floor until later, when the medium casu
ally asks that guest to step a few feet to 
one side. This frees the coils from the 
person, allowing the medium to pull 
them into a seq uence .of tight knots at 
the center of the rope. Stepping to one 
side seems so irrelevant to the phenome
non that no one remembers it. Ask the 
guest himself a few weeks later whether 
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he changed his position, and he will vig
orously and honestly deny it. 

Roger Penrose, the British cosmolo
gist, once showed me an unusual trick 
involving the mysterious appearance of 
a knot. Penrose invented it when he was 

,in .grade schooL It is based on what in 
crocheting, sewing and embroidery is 
called a chain stitch. Begin the chain by 
tying a trefoil knot at one end of a long 
piece of heavy cord or thin rope and 
hold it with your left hand as in step 1 in 
the illustration on page 28. With your 
right thumb and finger take the cord at A 
and pull down a loop as in step 2. Reach 
through the loop, take the cord at Band 
pull down another loop (step 3). Again 
reach forward through the lowest loop, 
take the cord at Dand pull down anoth
er loop (step 4). Continue in this way 
until you have formed as long a chain 
as possible. 

With your.right hand holding the low
er. end of the chain, pull the chain taut. 
Ask someone to select any link he likes 
and then pinch the link between his 
thumb and forefinger. Pull on both ends 
of the cord. All links dissolve, as expect
ed, but when he separates his finger and 
thumb, there is a tight knot at precisely 
the spot he pinched! 

A few years ago Joel Langer, a mathe
matician at Case Western Reserve Uni
versity, made a remarkable discovery. 
He found a way of constructing what he 
calls "jump knots" out of stainless-steel 
wire. The wire is knotted and then its 
ends are bonded. When it is manipulat
ed properly, it can be pressed flat to 
form a braided ring, Release pressure 

. on the ring; tension in the wire causes 

it to spring suddenly into a symmetri
cal three-dimensional shape. It is now a 
frustrating puzzle to collapse the wire 
back to its ring form. 

In 1981 Langer and his associate 
Sharon O'Neil formed a company they 
call Why Knots. From it you can obtain 
three handsome jump knots: the Figure 
Eight, the Chinese Button Knot.and the 
Mathematician's Loop, When you slide 
one of these wire knots out of its sq uare 
envelope, it pops into an elegant hang
ing ornament. The figure eight is the eas
iest to put back into its envelope. The 
Chinese button knot (so called because 
it is a form widely used in China for 
buttons on nightclothes) is more diffi
cult. The mathematician's loop is the 
most difficult. 

It was James W. Alexander (of the 
Alexander polynomial) who proved that 
every knot can be diagrammed as a 
closed circular braid. This property of 
all knots (not just torus, knots) is known 
as Alexander's theorem. It.is not easy to 
prove, nor is it easy, when you are given 
a knotted rope with many crossings, to 
find a way of altering it to a ring braid 
with the fewest strands. 

Langer tells me that anyone in the 
U,S, can get his three jump knots by 
sending $10.50 to Why Knots, P.O. Box 
635, Aptos, Calif. 95003. These shapes 
make it easier to understand how the 
18th-century physicists could have de
veloped a theory, respectable in its day, 
that molecules are different kinds of 
knots into which vortex rings of ether 
(today read "space-time") get themselves 
tied, Indeed, it was just such specula
tion that led the Scottish physicist P. G. 

, 

The problem of the cube alld the rubber band 

Tait to study topology and conduct the 
world's first ·systematic investigation 
of knot theory. 

D
ouglas Hofstadter writes: The 
Luring Lottery, proposed in my 

June column, created quite a stir. Let 
me remind you that it was open to any
one; all you had to do was send a post
card with a clearly specified positive in
teger on it stating how many entries you 
wanted to make. This integer was to be, 
in effect, your "weight" in the final 
drawing, so that if you wrote "100," 
your name would be 1 00 times as likely 
to be drawn as that of someone who 
wrote "I." The only catch was that 
the cash value of the prize was inverse
ly proportional to the sum of all the 
weights received by June 30. Specifical
ly, the prize to be awarded was $1,000,-
000/ W, where W is the sum of all the 
weights sent in. 

The Luring Lottery was set up as an 
exercise in "cooperation" v. "defection." 
The basic question for each potential 
entrant was: "Should I restrain myself 
and submit a small number of entries, 
or should I 'go for it' and submit a large 
number? That is, should I cooperate, 
or should I defect? " Whereas in the ex
amples of cooperation v. defection I 
had given earlier there was a clear-cut 
dividing line between cooperators and 
defectors, here it seems there is a con
tinuum of possible answers, hence of 
"degree of cooperation." Clearly one 
can be an extreme cooperator and vol
untarily submit nothing, thus in effect 
cutting off one's nose to spite one's face, 
Eq ually clearly one can be an extreme 

r.. 

" 

25 © 1983 SCIENTIFIC AMERICAN, INC© 1983 SCIENTIFIC AMERICAN, INC



A rillg-alld-graIlIlY puzzle Jrolll Illdia '. 

defector and submit a giant number of 
entries, hoping to swamp everyone else 
out but destroying the prize in so doing. 
Still, there is a lot of middle ground be
tween these two extremes. What about 
someone who submits two entries, or 
one? What about someone who throws 
a six-sided die to decide whether or not. 
to send in a single entry? 

Before I go further it would be well to . 
present my generalized sense of the 
terms "cooperation" and "defection." 
As a child, you often had adults admon
ish you for walking on the grass or for 
making noise, saying, "Tut tut tut-just 
think if everyone did that!" This is the 
quintessential argument used against 
the defector, and it serves to define the 
concept: A defection is an action such 
that if everyone did it, things would 
clearly be worse (for everyone) than if 
everyone refrained from doing it, and 
yet it is an action that tempts everyone, 
since if only one individual (or a small 
enough number) did it while others re
frained, life would be sweeter for that 
individual (or select group). 

Cooperation, of course, is, the other 
side of the coin: the act of resisting 
temptation. It need not be the case, how
ever, that cooperation is passive where
as defection is active. Often it is the 
exact opposite: the cooperative option 
may be to participate industriously in 
some activity, whereas defection is to lie 
back and accept the sweet things that 
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result for everyone from the cooper
ators' har.d work. 

Typical examples of defection are' 
blaring loud music through the entire 
neighborhood on a fine summer's 'day; 
not worrying about speeding through a 
four-way stop sign, figuring the people 
going in the crosswise directions will 
stop anyway; not being concerned about 
driving . everywhere alone in your car, 
figuring there is no point in making a 
sacrifice when other people, will just con
tinue to guzzle gas anyway; not worry
ing about conserving water in a drought, 
figuring "everyone else will"; not voting 
in a,crtlcial election, saying, "One '''Vote 
can't make any difference"; not worry
ing about having 10 children.in'a period 
of rapid population growth, leaving' it 
to other people to curb their reproduc
tion; not'devoting any time or energy to 
pressing global issues such as the arms 
race, famine, pollution, diminishing re
sources and so· on, saying, "Oh, it's so 
depressing, but there's nothing one per
son can do." 

When there are large numbers of peo
ple involved, individuals may not real
ize that their own seemingly idiosyn-' 
cratio decisions are likely to :be quite· 
typical and to be re-created many. times 
over, even' on a grand scale; thus. what 
each couple feel to be their,own isolated 
and private decision (conscious or un
conscious) about how many children to 
have can turn into a baby boom. Simi
larly, "individual" decisions about the 
futility of working actively toward the 
good of humanity amount to a giant 
trend of apathy, and this multiplied apa
thy translates at the group level into in
sanity. In other words, greed or apathy 
at the typical-individual level can trans
late into insanity or catastrophe at the 
mass level. 

Garrett Hardin, the evolutionary biol
ogist, wrote a famous article about this 
type of phenomenon, called "The Trag
edy of the Commons"· (Science, Vol. 
162, No. 3859, pages 1243-1248; De
cember 13, 1975). His view was that 
there are two types of rationality, one 
(call it the "local" type) striving for the 
good of the individual and the other 
(the "global" type) striving for the good 
of the group, and that these two types 
are in inevitable and eternal conflict. I 
would agree with his assessment, pro
vided the individuals are unaware of 
their joint plight and are blindly carry
ing out their actions as if in isolation. 

If, however, they are fully aware of ' 
their joint situation and yet in the face of 
it blithely continue to act as if their situ
ation were not a communal one, then I 
would maintain they are acting with to
tal irrationality. In other words, with an 
enlightened citizenry "local" rationality 
is not rational, period. It is damaging not 
only to the group but also to the indiv.id
ual. For example, people who defect
ed in the One-Shot Prisoner's Dilemma 

situation I described in June did worse 
than if everyone had cooperated. ' 

This was the central point of my June 
column, in which I wrote about "renor
malized rationality," or "superrationali
ty." Once you know you are a typical 
member of. a class of individuals you 
must act as if your individual actions 
were to be multiplied manyfold, be
cause they inevitably will be. In effect, to 
sample your.self is to sample the field, 
and if you fail to do what you hope the 
rest wilt do, you will be very disappoint
ed by 'the rest as well. Hence it pays a lot 
to think carefully about one's situation · 
in the world before defecting, that is, 
jumping to do the naively selfish act 

People strongly resist seeing .them
selves as a part of statistical phenomena, 
and understandably so; because ,itseems 
to undermine their sense of free will and 
individuality. Yet it is true that each of 
our �'unique" thoughts is mirrored a mil-' 
lion times over in the minds of strangers. 

Nowhere was this better demonstrat
ed than' in the response to the Luring 
Lottery. It is hard to know precisely 
what in this case constitutes the "field." 
It was declared universally open, to 
readers and nonreaders alike. We' would 
be safe, however, in assuming that few 
nonreaders would become aware of it,' 
so let us start with the readership of Sci
entific American, which is at least a mil
lion. (The circulation of the English
language edition is 660,000.) Let us say 
that 100,000 readers read the col umn, 
and that 10,000 readers read it careful
ly. and pondered the issues seriously. In 
any case I shall take this last figure as 
the population of the field.' 

In my June column I spelled out plain
ly the superrational argument that ap
plies to the Platonia Dilemma for roll
ing an n-sided die and entering a lot
tery only if it came up on the right side. 
Here a similar argument applies. 

In the Platonia Dilemma, where more 
than one entry is fatal to all, the ideal die 
turned out to have 1/ N faces, where N 
is the number. of players; hence 10,000 
players represents a 10,000-sided die. In 
the Luring Lottery the consequences of 
more than one entry are not as drastic. 
Thus the ideal number of faces on the 
die turns out to be about two-thirds as 
many, and with 10,000 players a 6,667-
sided die would do admirably. Giving 
the die fewer than 10,000 sides of course 
slightly increases each player's chance 
of sending in one entry. This is to make 
it quite likely that at least one entry will 
arrive! 

With 6,667 faces on the ,die each su
perra tiona I player's chance of winning is 
not quite one in 10,000; it is more like 
one in 13,000. The reason is that there is 
about a 22 percent chance no one's die 
will·land right, so that no one will send in 
any entry and no one wi.Jl win. But if you 
give the die still fewer faces, say 3,000, 
the expected size of the pot gets consid-
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erably smaller, since the expected num
ber of entrants gets larger. And if you 
give the die more faces, say 20,000, you 
run a considerable risk of having no en
tries at all. Accordingly there is a trade
off whose ideal solution can be calculat
ed withQut too much trouble, and 6,667 
faces turns out to be about optimal, with 
the expected value of the pot being max
imal: nearly $520,000, an amount not to 
be sneered at. 

Now, this means that if everyone had 
followed my example in the June col
umn, I would probably have received a 
total of one or two postcards with" 1" 
written on them, and one of those lucky 
people would have won a huge sum of 
money. But do you think that is what 
happened? Of course not! Instead I was 
inundated by postcards and letters from 
all over the world: roughly 2,000 of 
them. What was the breakdown of en
tries? Part of it is given in this table: 

1: 1,133 
2: 31 
3: 16 
4: 8 
5: 16 
6: 0 
7: 9 
8: 1 
9: 1 
10: 49 
100: 61 
1,000: 46 
1,000,000: 33 
1,000,000,000: 11 
602,300,000,000,000,000,000,000 

(Avogadro's number): 1 
Googol (10100): 9 
Googolplex (lOgoogol): 14 

Curiously, many if not most of the 
people who submitted just one entry 
patted themselves on the back for being 

"cooperators." Stuff and nonsense! The 
real cooperators were those among the 

estimated 10,000 avid readers who cal
culated the proper number of faces of 
the die, used a random-number table 
or something equivalent, and-most 
likely-rolled themselves out. Perhaps 
among those several hundred single en
tries there was one that came from a 
lucky superrational cooperator, but I 
doubt it. The people who simply with
drew without throwing a die I would 
characterize as well-meaning but a bit 
lazy, not true cooperators-something 
like people who simply contribute mon
ey to a political cause but then do not 
want to be bothered any longer about 
it. It is the lazy way of claiming coop
eration. 

By the way, I have not by any means 
finished with my score chart. It is, how
ever, a bit disheartening to try to de
scribe what happened. Basically it is 
this. Scores of readers strained their 
hardest to come up with inconceivably 
large numbers. Some filled their entire 
postcard with tiny 9's, others filled their 
card with rows of exclamation points, 
creating iterated factorials of gigantic 
size. A handful of people carried this 
game much further, recognizing that 
the optimal solution avoids all pattern 
(for the reason see Gregory J. Chaitin's 
article "Randomness and Mathemati
cal Proof," SCientific American, Vol. 232, 
No. 5, pages 47-52; May, 1975). It con
sists simply of a "dense pack" of defini
tions built on definitions, fDllowed by 
a final line in which the "fanciest" of 
the definitions is applied to a relatively 
small number such as 2 or, better yet, 9. 

I received, as I say, a few such entries. 
Some of them exploited such powerful 
concepts of mathematical logic and set 
theory that to evaluate which one was 
the largest became a serious problem, 
and it is not even clear that I, or for that 
matter anyone else, would be able to 
determine which is the largest integer 
submitted. I was strongly reminded of 

Pel/rose chail/ slilch 
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the lunacy and pointlessness of the cur
rent arms race, in which two sides vie 
with each other to prod uce arsenals so 
huge that not even teams of experts can 
say which one is the larger-and mean
while the entire effort is to the detriment 
of everyone. 

Did I find this amusing? Somewhat, of 
course. At the same time I found it dis
turbing and disappointing. Not that I 
had not expected it. Indeed, it was pre
cisely what I had expected, and it was 
one reason I was so sure the Luring Lot
tery would be no risk for the magazine. 

This shortsighted race for "first place" 
reveals how people in a huge crowd er
roneously consider their own fancies 
to be unique. I suspect that most of 
those who submitted a number above 
1,000,000 actually believed they were 
going to be the only one to do so. Many 
of those who sent in numbers such as a 
googolplex or 9, or 9 followed by thou
sands of factorial signs, explicitly indi
cated that they were sure they were go
ing to "win." And then those people who 
pulled out all the stops and sent in defi
nitions that would boggle most mathe
maticians were very sure they were go
ing to win. As it turns out, I don't know 
who won, and it doesn't matter, since 
the prize is zero to such a good approxi
mation that even God wouldn't know 
the difference. 

Well, what conclusion do I draw from 
all this? Nothing too serious, but I do 
hope that it will give readers pause for 
thought the next time they face a "co
operate or defect" decision, which will 
probably happen within minutes for 
each of them, since we all face such de
cisions many times a day. Some of 
them are small, but some will have mon
umental repercussions. The future of 
the globe is in your hands. 

With this perhaps sobering conclusion 
I should like to draw to a close my term 
as a columnist for Scientific American. It 
has been a valuable and beneficial op
portunity for me. I have enjoyed the 
platform from which to express my 
ideas and concerns, I have (sometimes) 
enjoyed receiving the huge shipments of 
mail forwarded to me from New York 
several times a month and I have cer
tainly been happy to make new friends 
through this channel. I shall not miss the 
monthly deadline, but I shall undoubt
edly come across ideas that would have 
made good articles in "Metamagical 
Themas." I shall keep them in mind and 
maybe at some future time shall write a 
similar set of essays. 

But for now it is time for me to move 
on to other territory: I look forward to a 
return to my professional work and to 
a more private life. Good-bye, and best 
wishes to you and to all other readers of 
this magazine, this issue, this copy, this 
piece, this page, this column, this para
graph, this sentence, this line and, last 
but not least, this "this." 
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Across the sweep of rural America today, the 
countryside hums with activity. 

It's a diverse and changing land. Supplier of 
food and raw materials for a nation ... room for 
expansion of commerce and industry ... new 
horizons for crowd-weary people. 

It's our home. We grew up with its traditions 
and challenges. 

We were busy turning on the lights across 
the countryside while most were calling it the 
"impossible dream." We knew even then we were 
taking on a commitment to the future-to provide 
adequate, dependable power to keep pace with 
cha needs. 

----------�-=��===�----ll�--�-==== Today, we own and maintain nearly 
half the nation's power lines to serve 
more than 25 million people in 46 
states. In 1982 alone we hooked up 

more than 390,000 meters ... 
nearly 27,000 new miles of line ... 
made countless system improvements 
to serve our consumer-owners. 

We know first-hand the challenges 
of today's rural America. We're at the 
center of activity in literally thousands 
of communities, providing reliable 
electric service, using our skill and know
how to keep things moving. 

We have a big job ... we work for a 
big and powerful country. 

��America's consumer-owned 
� rural electric systems 
For further information contact 
NATIONAL RURAL ELECTRIC COOPERATIVE ASSOCIATION 
1800 Massachusetts Ave NW Washington DC 20036 
Telephone (202) 857 -9540 
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ENERGY/FUEL I POWER 

I t has been ten years. The long lines 
at the pumps are gone, as are "odd

even" license-plate days. The govern
ment no longer debates rationing, or 
even allocation. 

The atmosphere of crisis-to which 
Americans responded, as we always do, 
with sacrifice and common sense-is 
past. But is the actual crisis past-or is 
it wIth us still, temporarily masked by 
a softened industrial economy and the 
lasting effects of massive American 
consumer conservation? And if the 
"energy crisis" is indeed as much or 
more a concern in 1983 as it was in 
1973, what does the future hold for 
Americans, our industry, and our gov
ernment? 

NEED FOR 

USEFUL INFORMATION 

The American businessman-and, 
broadly, Americans and their govern
ments-must seek information to be 
used to guarantee energy/fuel/power 
security and sufficiency in future 
years, no matter what economic, so
cial, or political disruption might oc
cur. Energy for fuel, for heat, and for 
transportation are crucial to corporate 
economic survival. Essential as well 
are fossil-fuel product components
chemicals, resins, gases for products 
and their packages. The American 
"style" of management is effective and 
world-respected for making swift, ra
tional decisions based on accurate, 
timely information. Yet, in regard to 
energy, that information can be stub
bornly difficult to obtain. 

Energy is a Babel of dissimilarity. 
Units of measure encompass barrels of 
oil, kilowatt-hours of electricity, cubic 
feet of natural gas, carloads or tons of 
coal. One simple, manageable way to 
regard energy data is to use the 
"quad" as a common denominator. 
"Quad" is short for the number qua
drillion (that is, ''1'' followed by fifteen 
zeroes or 1015; a million billions). A 
quad represents one quadrillion Brit
ish thermal units (a Btu represents the 
quantity of heat required to raise the 
temperature of one pound of water by 
one degree Fahrenheit). 

Reducing energy data to quads per
mits expressing America's sources and 
uses of energy, past, present, and fu
ture, in manageable terms. In 1980, 78 
quads of primary energy were con
sumed in America to provide 60 quads 
of power for our residential, commer
cial, industrial, and transportation sec
tors (according to the U.S. Department 
of Energy). DOE projects that, in 2000, 
America will consume 100 quads to 

provide 68 quads of end-use power. For 
each year, the number of quads 
"lost"-18 in 1980, 32 in 2000-are ex
pended in burning fossil fuels for gen
eration of electricity, or in the trans
mission of electricity across power 
lines. Of the original 78 quads con
sumed in 1980, about 14 were import
ed. As a comparison, America con
sumed about 30 quads/year just after 
World War II, and was (for the last 
time) a net exporter of oil. 

Predicting future energy consump
tion and needs has long since become 
more art than science. The U.S. DOE 
ventures to project, rather than pre
dict. Mobil Oil Corporation, which does 
not publicize its future projections 
(which it terms "planning assump
tions"), nevertheless between 1979 and 
1982 revised its own estimates (of U.S. 
consumption in 2000) downward by 
27% for oil consumption, and by 14% 
for energy consumption overall. Yet 
there remains agreement that con
sumption will, in 2000, be much higher 
than today, and of a different sort. If 
DOE is near the mark, then in 2000-
when today's first-graders graduate 
from Harvard Business School or 
Wharton and begin to manage our 
economy-they will find that economy 
driven 65% by oil and gas, 18% by 
electricity, 11% by coal, and 6% by 
hydro and all other renewable power 
resources. The share of oil and gas in 
that economy will be 20% less than in 
1980; electricity's share will be 50% 
greater, and the shares of coal and 
renewables will have doubled. 

Where will 2000's energy-68 quads 
of it-be consumed? DOE projects 40% 
will be consumed in the residential/ 
transportation sectors--down from the 
1980 share of 50%. Commercial con
sumption will remain at its 1980 
share. Industrial consumption, howev
er, will rise from about 39% (of 1980 
consumption) to 46% in the year 2000. 
Virtually all of the increased end-use 
quad consumption-68 quads overall 
in 2000, vs. 60 quads in 1980-will be 
consumed by industry. (It should be 
noted that electricity is projected to 
continue to consume more than three 
quads of fossil-fuel energy for each 
quad of power it ultimately generates.) 

THE SCENARIO APPROACH 

To further organize the information 
America's managers need for effective 
planning, a "scenario" approach to the 
major energy resources may help. The 
major resources are crude oil, natural 
gas, coal, electricity, and such renewa-
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bles as solar and wind energy and hy
dropower. America may expect, in 
2000 and beyond, a sufficient and se
cure supply of energy overall, and of 
most of the major resources. Yet a sin
gle American resource, not included 
above, is already in critically short 
supply. 

That resource is time. 

COAL-OUR PLENTIFUL 

RESOURCE 

America holds one-fourth of, the 
world's coal reserves-and the world's 
reserves are enormous. America's 
share aggregates about 200 billion tons 
or over 5,000 quads, according to The 
British Petroleum Company's " Statis
tical Review of World Energy 1982." 
At our 1980 rate of consumption, re
coverable reserves will last more than 
two centuries. Total worldwide coal re
serves, including those unlikely to be 
economically recoverable, could ap
proach an astronomic 200,000 quads. 
The future seems assured, in terms of 
proved American reserves, and recent 
rates of consumption. 

Still, what's removed cannot be re
stored. Coal is exhaustible, and more 
than three quads of coal are required 
to generate one quad of electric power. 
Should more and more coal be allocat
ed to electricity, rates of coal consump
tion will rise. Should the cost of coal 
liquification and gasification become 
competitive with, or less than, other 
fossil fuels, consumption will rise. 

America's managers in the next 15 
to 20 years will find coal an available 
resource for heavy manufacturing and 
an available base resource for genera
tion of electricity. 

Coal is mined far from the furnaces 
it feeds. Our rail transportation sys
tem has been massively upgraded in 
recent years, and offers excess capacity 
at present. The railroad industry today 
has facilities to deliver double its cur
rent coal freight business, and can 
adapt to almost any projected increase 
in coal loadings through the century's 
end. It cannot, however, efficiently de
liver ever-larger quantities without in
creased capital costs and, eventually, 
necessarily higher freight rates. Fur
thermore, coal is an environmentally 
costly energy resource. Burned at utili
ties in huge amounts, it will give off 
problematic gaseous and particulate 
matter even if combustion efficiency is 
very high. And the cost of developing 
scrubbers and similar procedures to in
crease that efficiency, or to reduce un
wanted post-combustion material, will 
be reflected in electric rates. 
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POWERIS 

THEKEYTO 

AMERICNS 

FUTURE 

By 

David Packard 
Chairman of the Board, Hewlett-Packard Company 

It is time, I think, for 
this country to adopt a sane, forward
looking approach to meeting our 
energy needs. We must replace emo
tion with reason and abandon qUick-fix 
responses for long-term solutions. 

We must define our long-term 
energy goals and set about making the 
commitments and investments that 
are essential to achieving those goals. 
No area is in need of greater atten
tion than the nation's electricity 
supply. 

Basic and New Industry 
Electricity is a key factor in any long
range energy policy. Our basic in
dustries are becoming increasingly 
electrified. Our new, high tech
nology industries are all electronic 
based. Not only will our use of 
electricity increase substantially with 
a step-up in industrial activity, in
creased electricity use and supply are 
essential to the nation's sustained 
economic recovery. 

" If we continue in the current 
trend, not only will sufficiency of 
supply be threatened, but cost 
to consumers will be higher than 
need be." 

The link between growth in elec
tricity use and growth in Gross Na
tional Product has been established 
over many y ears. This linkage has 
remained even as we have become 
more energy conscious and have 
reduced the overall energy content 
of manufactured products. 

In many industries, electricity is 
replacing other energy forms that 
are less efficient at the point of use 
or are subject to the whims of for
eign suppliers. This trend undoubted
ly will-indeed, must-continue. 

At the same time, our means of gen
erating electricity must be made more 
efficient and secure. In recent 
y ears, electric utilities have made 
great strides in displacing imported 
oil as a fuel for generating power. 

But much remains to be accom
plished. Electric utilities are still 
the largest stationary users of oil 
in the nation. 

Danger of Complacency 
We must resist being lulled into 

false complacency by declines in 
energy use and the resulting appear
ance of excess supplies that have 
accompanied economic recession. 
Any such cushion of supply will be 
qUickly eliminated by restoration 
of economic vigor. 

Right now, new power plants 
must be planned and commitments 
made for construction up to 14 y ears 
before they can be put into service. 
Decisions made today will deter
mine whether we will be able to 
power American industry reliably and 
economically in the decades ahead. 
Today 's decisions will determine job 
opportunities for the generation 
now growing to adulthood, our ability 
to compete for world markets with 
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nations that are still developing eco
nomically, and the basic security of 
the country as we head toward the 
21st century. 

Unfortunately, most of the decisions 
being made today are weighted 
toward not building for the future. 

New Construction Risky 
Utility managements, responsible 

for preserving the savings of those 
who have invested in their companies, 
cannot risk building for tomorrow 
when they are unable to earn com
petitive returns on plants in place 
today. They are being forced to oper
ate on the basis of short-term sur
vival after a century of being America's 
most long-term oriented industry. 

Solutions to the utility indus
try's financial problems and the 
nation's long-term energy problems 
coincide: 
1. Rates charged for electric power 

must reflect the actual cost of pro
viding service and provide a rea-

sonable return to shareholders. 
2. The licensing and regulatory pro

cess must be streamlined so that 
new generating plants can be 
brought into service more quickly. 
Combined, these steps will assure 

the nation sufficient power at lower 
cost in the future. If we continue 
in the current trend, not only will 
sufficiency of supply be threatened, 
but costs to consumers will be higher 
than need be. 

Everyone Responsible 
Who is responsible for developing 

those solutions? While regulators 
at .the federal and state level make the 
final decisions that determine 
rates of return and power plant licens
ing procedures, we cannot expect 
that they alone can correct problems 
with the regulatory process. 

Government. in the long run, re
flects the attitudes of the people. It is 
up to all of us-business, industry, 
politicians and consumers-to demon-

David Packard is chairman 
of the board and co-founder 

of Hewlett-Packard Com
pany, a leading manufac

turer of computers and 
other information proces

sing equipment. He also 
served as United States 

D eputy Sec retary o f  
Defense. 

strate our support for policies that 
will enable us as a nation to exercise 
sound options for the future. 

David Packard 

}his message is sponsorf"!d b�' the Edison 
Electric Institute, which represents the investor
owned utilities that deliver 77'0 of the nation's 
electricity. 

Participating independent authorities are not 
paid for these messages. They believe a healthy 
electric industry is of critical national importance. 
EEl welcomes your comments. 

Edison Electric Institute 
The association of electric companies 
1111 19th Street. N.W" Room 716. Washington. o.c. 20036 
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ENERGY/FUEL/P�R 
In energy-resource planning, each 

alternative scenario invariably unveils 
new social and economic costs. Re
search is ongoing to develop more envi
ronmentally acceptable ways to mine, 
move, and burn coal. And the nation's 
largest synthetic fuel plant-a coal 
gasification facility-is set for comple
tion in 1984, following resolution of 
some major short-term financial un
certainties related to Federal commit
ment. 

Unless coal is liquified or gasified, it 
offers no practical portability or stora
bility for use in motor vehicles or resi
dential heating, or, in non urban areas, 
in commercial establishments. So the 
American economy may, in 2000, be 
practically unable to quickly substi
tute coal, our most plentiful energy re
source, for oil or natural gas. In 1925, 
coal supplied 70% of U.S. energy needs 
and about half our electricity. No simi
lar role is projected for coal for genera
tions to come. 

OIL-ESSENTIAL 

TO TRANSPORTATION 

In 1960, President Eisenhower en
acted quotas to restrict imports of oil, 
and Americans were asked to drive an 
extra four minutes per day to reduce 
the national surplus. In 1964, one Esso 
gasoline retailer in East Providence, 
Rhode Island would "put a Tiger in 
your tank" at 19.9 cents per gallon. 
The automobile had become a symbol 
of American independence, and the 
economies of several foreign nations 
were becoming based on the feeding of 
just that symbol. Responding ·to the 
Eisenhower quotas, Venezuela initiat
ed an association of these nations, to 
be termed OPEC; fifteen years later 
that acronym would become a fact of 
American economic life. 

Worldwide economic oil reserves ag
gregate some 3,700 quads, perhaps 35 
years' supply at 1981 rates of consump
tion. Recoverable American reserves 
currently amount to 150-200 quads, 
enough to meet domestic needs for be
tween eight and 20 years (depending 
on our rate of consumption). Of course 
oil imports extend the' number of 
years' supply available to us; past im-, 
ports have allowed us to preserve the 
few domestic reserves we now have. 

Exploration, conservation, and di
version are the most productive means 
of extending our crude-oil reserves. Im
portation is a short-range solution but, 
our experience has been that importa
tion can leave America vulnerable to 
substantial disruption. 

Conservation, at least at the con-
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sumer level, has reduced oil consump
tion dramatically. No industry expert 
could have predicted the extent to 
which Americans would be willing to 
reduce both the size and speed of their 
family cars, to spend (with tax assis
tance) for energy-conserving home im
provements, or to adjust home thermo
stats beyond preferred comfort levels. 
Yet consumer conservation, in the 
words of one venerable Yankee, "is a 
good dog that hunts just once." In the 
event of a future major oil-supply dis
ruption, a similar and additional re
duction of consumer oil use would re
duce the average American standard 
of living to an unacceptable level. Com
mercial and industrial conservation, 
while offering potential oil savings, 
cannot be accomplished without time
consuming and expensive alterations 
to existing plants and equipment. 

Diversion�the substitution of a 
more plentiful energy resource for a 
scarce one-is a productive way to ex
tend reserves. Using electricity for 
heating could free from 3 ·to 4 quads. of 
end-use oil or gas 'for alternative "use 
elsewhere in the economy. Using an 
alternative fuel to generate electricity 
could save an additional 3 quads-com
bined, an amount equal-to half Ameri
ca's total 1980 oil imports .. 

Exploration; and the bringing-to
market of found oil, remains Ameri
ca's best prospect for oil sufficiency be
yond 2000. The expense of exploration, 
expressed in terms of time and money, 
is enormous. America, and other na
tions, have characteristically con
sumed their least-expensive, most
readily-available energy resources. 
Conservation and diversion extend the 
life of American reserves, but only ex
ploration can increase their size. In an 
address to world energy experts in 
Denver last November, Tony Scanlan, 
Economic Adviser to BP Oil said, "I 
hope (your new offshore West Coast oil 
discoveries) will continue, but you will 
need the equivalent of a new East Tex
as field every year just to maintain 
reserves. Twice in the past decade the 
world economy paid a very high, an. 
unnecessarily high price for failing to 
heed the simple warning that it must 
stop trying to live off its seed corn, 
marginal cost oil, and I fear we may be 
about to do so again .... " 

Wellheads and transport routes on 
our side of the globe seem secure, and 
non-U.S. reserves seem promising. Ac
cording to the Oil & Gas Journal, Mex
ico's proved reserves exceed the total 
of those of the U.K., Indonesia, and the 
rest of Europe and the Asia/Pacific re
gions combined, not including reserves 
added after January 1981. It would 
seem very sensible for America's man-
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agers to look realistically at future re
lationships with our southern conti
nental neighbor. 

The rest of our hemisphere contains 
three quads of proved oil reserveS"for 
each one of America's, and one quad of 
natural gas for each of our own. 
Should we, in a worst-case scenario, 
fail to plan adequately for domestic en
ergy security and sufficiency, we will 
be well-served to take note of possible 
partnership with our near neighbors. 
We will be best-served to begin devel

'oping such partnerships; with fairness 
and respect on both sides, under any 
possible scenario. 

NATURAL GAS-CLEAN, 

PORTABLE, EFFICIENT 

Natural gas represents more than 
half of America's overall energy con
sumption in' the residential and com
mercial sectors, and 40% of industrial 
consumption. For years the nation has 
been drawing down its proved reserves 
faster than it has been replacing them. 
The trend, however, is toward near 
equilibrium in production and con
sumption, at least in the Western 
Hemisphere; furthermore, consump
tion in 1981 vs. 1973 declined about 
one-half of one percent, as did produc
tion over the same eight-year period. 

Deregulation has stimulated explo
ration, and all estimates indicate large 
reserves likely to be discovered within 
American territory. Residential gas 
prices in some Northeastern areas 
have inceased 20% or more since late 
1982, an event which follows several 
years during which gas for heating was 
much less expensive than heating-oil, 
and during which many residences 
converted from oil to gas heat.· If de
mand remains high, significant recent 
discoveries in the Rockies and Louisi
ana's Gulf coast will be brought in. 
And the Potential Gas Committee of 
the Colorado School of Mines has esti
mated that Alaska may hold nearly 
five times the reserves of natural gas 
proved to date. 

Midrange projections, therefore, by' 
the U.S. Department of Energy show a' 
25% increase in gas consumption by 
2000, and should exploration and pipe
line construction proceed in response 
to higher prices already allowed, the 
supplies will be there. Even in' a 
"worst-case" scenario, America will 
presumably have access (at cost) to 
Mexico's huge reserves, and'many en-
ergy-industry companies have devised 
workable (if expensive) technologies to 
synthesize natural gas from coal and 
other resources. 
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Like coal, natural gas offers the 

promise of near-term sufficiency and 
security of supply, although at ever
higher cost. Like coal, natural gas is 
ultimately exhaustible. Unlike coal, 
natural gas requires a much less ex
pensive transportation and environ
mental-control infrastructure for de
livery and combustion. Finally, 
natural gas shares with coal a basic 
lack of portability: it cannot, in its 
original state, meet America's need for 
a fuel which can be burned in transit. 

ELECTRICITY-AMPLE, SECURE, 

CONTROVERSIAL 

Electric utilities-regulated at the 
State level for sales to businesses and 

consumers, and at the Federal level for 
transactions among themselves-are 
consumers, converters, and distribu
tors of energy. Where other sectors of 
the energy industry have seen increas
ing deregulation and more free-market 
flexibility, electric utilities are experi
encing much greater amounts of regu
lation-at a rate the Department of 
Energy itself describes as "alarming." 

DOE projects that electricity-fu
eled by a variety of base resources
will increase from about 12% of over
all American power generation in 1980 
to about 18% in 2000. Including losses 
of energy due to conversion and trans
mission, electricity will increase its 
consumption of all of our energy from 
about 25 quads in 1980 (32% of all 
energy consumed in America) to 44 
quads in 2000 (44% of all energy con
sumed). In general, electricity is an 
enormous vortex consuming three to 
four quads of fossil fuels for each quad 
of power generated. In 1981, an 
amount equivalent to a third of total 
U.S. oil imports went to fire utility 
boilers. Two-thirds of this quantity is 
considered uneconomic at present oil 
prices. Separately, eighty percent of 
coal consumption is accounted for by 
electric utilities. Over the past ten 
years, coal consumption by electric 
generating plants has increased 82%. 

At the beginning of the century, 
electric companies provided the na
tion's electricity needs at the least pos
sible cost, receiving, in essence, natu
ral monopoly rights to provide service 
within certain geographic areas. Each 
succeeding year electric costs fell as 
rising demand and improved technolo
gy contributed to industry develop
ment and effectiveness. This trend 
halted abruptly ten years ago. 

Fossil-fuel costs skyrocketed at a 
time when rate-adjustment regulatory 
processes were already lengthy and po-

litically sensitive. New environmental 
regulations added to construction and 
refitting costs. Highest of all was the 
cost of money: 30% of total annual 
manufacturing investment in America 
is consumed by electric utilities-and 
inflation, coupled with high interest 
rates, left the utilities vulnerable. 

As a result, the utilities slowed their 
rates of investment in new plant and 
equipment, particularly when that 
plant and equipment might have been 
fueled by coal or oil or natural gas. 
Most new construction had been pro
jected for plants fueled by atomic, 
rather than fossil-fuel, energy, and by 
1973 there was a wide sense of relief 
that nuclear projects had been initiat
ed as early (mid- Sixties) as they had. 

In 1973, most sectors of the Ameri
can economy were in favor of contin
ued development of nuclear-fueled 
electricity. Industry recognized the 
value of a fuel source which could be 
adapted to many of its long-range 
needs and which was not subject to 
overseas politics. State and Federal 
governments were supportive. And 
fewer than three Americans in ten be
lieved their communities would be 
more dangerous if a great increase in 
the number of nuclear power plants 
were to occur. 

It goes without saying that things 
have changed. The General Electric 
Company has conducted energy-orient
ed market research consistently since 
1964. Given that regulation drives 
electric power into the political arena, 
GE's summary of popular attitudes to
ward energy, based on the Company's 
proprietary research, is instructive: 

"The dire forecasts of the Club of Rome 
were first published (Limits to Growth) in 
1972 when the general public was indeed 
pessimistic about the earth's supplies of 
natural resources. Since that time about 
half of that pessimism has disappeared, 
with twice as many respondents being skep
tical about exhaustion of coal supplies and 
somewhat similar proportions becoming 
skeptical about exhaustion of oil and gas. 
Meanwhile, more respondents have learned 
(due to Three Mile Island) that, along with 
coal or oil, electricity can be made from 
nuclear energy. 

"While shortages are no longer consid
ered likely, the abundance of resources, the 
increasing costs and dangers of power pro
duction, and a belief in the effectiveness of 
conservation have all influenced the rising 
view that new power plants are not needed. 
In short, skepticism about supplies has been 
replaced by skepticism about needs." 

At present, American industry and 
government cannot ignore negative 
public opinion regarding nuclear pow
er, and must plan for a future com-

ADVERTISEMENT 

posed of "brownouts," insecurity, and 
high costs. The Department of Energy 
has stated flatly that "Nuclear power 
has proved to be a safe, economical, 
and environmentally acceptable ener
gy source." Chairman Ian Ross of Bell 
Laboratories said in May before a 
Phoenix audience, "I don't think this 
nation can prosper as it should without 
well-engineered nuclear power 
plants." And yet 78% of Americans 
(based on a study published by Public 
Opinion) consider themselves at least 
moderately well-informed about nucle
ar power (a proportion larger, inciden
tally, than that of Americans who feel 
well-informed about their local school 
systems). So the reality of a "scenario " 
involving nuclear power is dependent 
on what the average American per
ceives that reality to be. John G. Ke
meny, the Dartmouth educator who 
headed President Carter's commission 
investigating the Three Mile Island in
cident, concluded that "the average 
American ... hasn't the foggiest no
tion of most of our findings." 

The Federal Government has direct 
responsibility for proper disposal of 
highly radioactive or very long-lived 
nuclear wastes, and for funding of re
search to develop "breeder-reactor " 
technology which would reprocess 
waste into reusable fuel. DOE states 
"there is no question that technically 
acceptable means of disposal exist," 
yet Americans in general do not be
lieve this to be true. And while breeder 
research and development continues, 
along with research into nuclear fu
sion which would produce no waste at 
all, no prospect for practical commer
cial application is seen before the mid
dle of the next century. In July 1981 
DOE projected that, of 100 quads of 
energy production needed in the year 
2000, more than 10 would be specifical
ly nuclear-sourced, up from less than 3 
quads in 1980. The two years since 
DOE's projections have seen nuclear 
reactor order cancellations rise to a 
hundred-and no new orders have 
been placed since 1978. 

America's rural population is grow
ing as fast as the urban population "for 
the first time. As reported in SCIENTIF
IC AMERICAN in July, "rural areas' at
tractiveness for industry is responsible 
sponsible for much of their population 
growth .... The new rural demograph
ic concentrations appear to represent 
small centers of urban culture trans
planted to the countryside and enabled 
to survive by recent advances in com
munications, transportation, and 
methods of industrial production." 
Such "transplants " have required 

shifts in energy resource planning, es
pecially among electric utilities which 
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must project increases in consumption 
greater than those expected for the na
tion as a whole. 

Fortunately much of that essential 
planning was undertaken several 
years ago, in large measure through 
the offices of the Federal Rural Electri
fication Administration. The REA has 
facilitated capital borrowing by rural 
electricity-generating and -distributing 
cooperatives, thus avoiding cutbacks in 
service to the new industrial popula
tion, and helping to manage local 
growth. It is an example of regional! 
Federal cooperation which can contin
ue to benefit millions of non urban 
Americans. 

What is the reality, then, for busi
ness and government? In March of this 
year, the 64 electric companies com
prising the New England Power Pool 
signed a supply agreement with Cana
da at a cost, over its term, of some $5 
billion. The agreement is expected to 
save New England nearly 60 million 
barrels of oil which would have been 
required to fuel the Pool's boilers. Just 
as America turned to imports in the 
face of insufficient domestic produc
tion of oil after World War II, America 
has begun to consider imports of elec
tricity as well. 

RENEWABLE5-

THE LONG-RANGE HOPE 

The sun is the generator of most re
newable energy resources: the sun con
tributes to wind currents which drive 
windmills, gives light for plants which 
can produce methane, stovewood, and 
similar "biomass " energy, creates rain 
for use as hydropower, drives ocean 
currents for tidal!wave energy, and 
provides fuel for rooftop panels and 
similar heat-making processes. 

It is difficult to measure renewables 
in terms of "quads " since, with the 
exception of hydropower, most renewa
bles consume relatively large amounts 
of investment capital and provide en
ergy only on a local level. Renewables 
contributed fewer than two quads of 
end-use power (by DOE estimate) in 
1980, and are projected to provide 
about four of 68 quads of end-use pow
er in 2000. Not included here is the 
hydropower primary energy which fu
eled about 11 % of American electricity 
in 1981. 

The individual industrial manager 
may divert a fraction of his energy/ 
fuel requirements away from scarce or 
costly fossil fuels by means of installa
tion of equipment permitting con
sumption of renewable energy. It must 
be realized, however, that such re-
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sources are usually intermittent, and 
thus not dependable for energy at the 
time, and in the quantity, that energy 
is wanted. In many parts of America, 
installation of equipment fueled by 
renewables will be in addition to, rath
er than in place of, eqiipment fueled 
by other resources. 

The value of a discussion of renewa
bles, as a potential solution to large
scale American energy needs, is in the 
reducing of wishfulness to practical in
formation. Renewables are popularly 
perceived to be neither scarce nor inse
cure nor environmentally objection
able, and for those reasons many 
Americans hope for an expansion of 
the contribution they might make. The 
National Audubon Society has recent
ly issued a sobering report on the envi
ronmental impact of, for example, in
tensive local construction of windmills. 
Noise levels would be high, and indige
nous and migrating wildlife habits 
could be seriously disturbed. 

In a Newsweek article in 1979, D.C. 
Winston of the Atomic Industrial Fo
rum calculated that our 68-quad ener
gy requirements in 2000 "could be met 
by covering an area equivalent to that 
of the state of Oregon with solar collec
tors. " These collectors, he added, "will 
contain large-truly large-tonnages 
of cadmium, silicon, gallium, copper, 
arsenic, sulfur . . .  of varying availabil
ity on world markets. " And Winston 
suggests the resulting irony: America 
could face the prospect of consuming 
more energy, to manufacture solar 
cells-or other equipment-than the 
products themselves will generate. 

On a national basis, renew abies as a 
basic resource involve many of the 
same uncertainties, scarcities, and 
high costs, as other resources. In a 
1982 address, Texaco Chairman John 
McKinley stated his strongest recom
mendation for meeting America's ex
pected energy needs: evaluate and de
velop all energy resources in a timely 
sequence while continuing basic re
search and development for the mixed
fuel economy of the future-using 
money and manpower in the most ef
fective ways. Renewables alone can
not, and are not projected to, provide a 
cure-all for such energy/fuel!power 
needs as America will incur. 

Cover Photo: Computer·graphics image of the 
sun's corona, based on a photograph made by a 
research group from the High Altitude Observa· 
tory at the National Center for Atmospheric Re
search, sponsored by the National Science Foun· 
dation with a camera developed by Gordon A. 
Newkirk, Jr. 

"ENERGY /FUEL/POWER " was pro
duced by Ruder, Finn & Rotman, Inc., 
Washington, D.C. 
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TIME TO SUCCEED 

American industry and government 
may be assured of secure, sufficient 
resources of energylfuel!power if 
Americans will invest the necesssary 
time to develop those resources. Coal is 
plentiful for many present needs and 
our transport infrastructure can ser
vice a marked increase in its use. Yet 
coal is exhaustible, and its cost will 
rise significantly if the coal industry is 
obliged to extract from less accessible 
reserves. And coal is transmutable 
into oil and natural gas at costs which, 
in the future, may become more attrac
tive than they are at present. 

On a continental and hemispheric 
basis, crude oil and natural gas re
serves-both proved and expected
should last several decades. These fos
sil fuels will become ever scarcer in the 
near term, as exploration and develop
ment are postponed, and America is 
far from safe from a "replay " of the 
supply crisis of ten years ago. 

The energy "scenario " which holds 
the most promise for all sectors of the 
American economy is that involving a 
safe, economic, and technologically-ad
vancing atomic-powered electric-ener
gy capability. All other scenarios in
volve risks to the American economy 
and standard of living, risks which are 
different from, but equivalent to, the 
perceived and actual risks of nuclear 
power. Substitution of nuclear
powered electricity for such fossil-fuel
intensive end-uses as home heating 
and mass transportation would permit 
diversion of coal, oil, and natural gas 
to uses for which they are uniquely 
applicable, while extending the span of 
years for which reserves of them would 
be proved. Substitution of nuclear pow
er for fossil fuels in the generation of 
electricity would immediately treble 
the quad-reserve of each fuel, as it is 
projected to be consumed. 

It is safe to say that Americans will 
not tolerate any reduction in electric 
power below the amount we require, 
and safe to say as well that America 
will consume vastly greater quantities 
of nuclear-generated electricity than 
we do now. Whether we generate that 
power ourselves, or import it at greatly 
higher economic cost, is a decision still 
ours to make. The production and con
sumption of energy is far and away the 
largest industry in America, and the 
primary determinant of our current 
and future standard of living. How we 
manage today's resources, and wheth
er we plan for tomorrow's, will deter
mine our future. 
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BOOKS 

The Mediterranean desert, Christopher Wren, 

monstrous growths, and industrial chemistry 

by Philip Morrison 

T
HE MEDITERRANEAN WAS A DES
ERT: A VOYAGE OF THE GLOMAR 
CHALLENGER, by Kenneth J. Hsli. 

Princeton University Press ($17.95). 
The evidence that glaciers once covered 
much of central Europe, not to men
tion North America, is overwhelming. 
The idea is now a commonplace; every 
schoolchild learns it, if only from the 
comic strips. About 10 million cubic kil
ometers of the mineral ice were added to 
cap Europe alone over the past million 
years. The first insight into that prepos
terous past came from the Swiss peas
ants who lived where a thoughtful per
son could see almost in one glance both 
the moraines and boulders at the living 
glacier edge and their counterparts mys
teriously strewn down along the pleas
ant valley where no glacier had ever 
been known to intrude. The geologists 
who incredulously verified that picture 
and extended it step by step a century 
and a half ago needed no equipment be
yond stout shoes and perhaps an alpen
stock and a hammer. 

This personal account, its first draft 
written on shipboard, tells a parallel sto
ry but a modern one. A similar if some
what smaller volume of the mineral wa
ter was not added but removed from the 
map of Europe about five million years 
back. The central wine-dark sea, where 
Odysseus made his finally happy voy
age, was then a desert, a "deep, dry, hot 
hellhole," its wide basin three kilome
ters below sea level, the seat of whirl
winds stirring red painted deserts, of 
transient briny lakes and of long river
cut canyons. Ken Hsli first found clear 
evidence for this picture (by now of 
course much elaborated) on the morn
ing of August 24, 1970, watching his 
partner, Bill Ryan, another young ship
board sedimentologist, working up the 
sand-and-gravel sample they had col
lected during the long sleepless night be
fore. The gravel held gypsum, an evap
orative residue of seawater, along with 
two or three other components typical 
of the gravelly outwash from a long
eroded bed formed in a dried-up salt 
lake. A keen eye, a wash bucket and a 
hot plate were all the laboratory equip
ment needed to disclose the ancient des
ert that is the only plausible source. 

No one, however, had ever seen or 
walked out those beds of gravel that fur
nished the illuminating little sample. It 
was fished out of two kilometers of sea 
off the Barcelona coast, held in a core 
barrel that had drilled deep into the ooze 
of the sea floor until it had struck a hard
er surface below, long recognized sole
ly by its ubiquitous echo reflection up 
to the sounding ships, now disclosed 
as desert floor. The bright flash of in
ference was in the lofty tradition of 
field geology back to Louis Agassiz and 
James Hutton; the tools were no longer 
the traditional ones but the very epit
ome of big science, heavy investment 
and teamwork on a grand scale. 

A hammer can loosen a sample from 
a rock wall by hand. A collector under
seas needs much more, an entire ship 
dedicated to deep-sea drilling. Such a 
ship was the Glomar Challenger (now 
ignominiously idle, awaiting a buy
er), sponsored by the National Science 
Foundation, sailing on the 13th drilling 
cruise out of the 80-odd legs of its career 
of deep-sea drilling. The product of 
Texas offshore-oil technology, with an 
assist from the shadowy world of techni
cal intelligence, it was the concrete em
bodiment of that half-dream and half
spoof, the abandoned Mohole proposal 
of the 1950's, out of whose fail ure blos
somed the ship's dynamical positioning 
scheme. That keeps the unmoored drill
ing vessel aligned to some 50 meters' 
accuracy above the drill hole kilometers 
below, trimming its position by sensing 
and responding to acoustic beacons set 
on the bottom. 

It is no beauty, this slow-steaming 
ship of 11,000 tons, with a 60-meter 
drilling tower, a foredeck piled high 
with 10 kilometers of big steel drill pipes 
and a "moon pool" opened midships to 
pass the drill string and its bulky attach
ments. It can nonetheless support 500 
tons of drill pipe, to bore into rock a 
kilometer below the ocean floor through 
a seven-kilometer layer of seawater. It 
has done something like that 500 times, 
in all the oceans except the Arctic, over 
its dozen years of service. 

For two months in 1970 direct respon
sibility for 15 drill holes of its expensive 
mission (put the operating cost at $1 

million per month at sea, and $100 mil
lion or so of 1968 dollars to build it) 
was shared by Hsli and Ryan, who had 
just finished his Ph.D. The wiseacres 
complained, with some show of reason, 
that the uniq ue ship had been placed 
in the hands of "a student and an am
ateur." Those two co-chief scientists 
were, however, well up to their heavy 
task of supplying relevance to the ship's 
work, day after costly, tedious day. 

The book is a personal and candid 
chronicle of Hsli's Leg 13, a tale of gar
bled radio messages, stubborn manage
ment, elated success, grim failure, ship
board intrigue and loyal and delighted 
colleagues. The cast of characters in
cludes the captain and his crew, who 
knew both the sea and the demands of 
shore on the vessel; the drilling crew, 
roughnecks, tool pushers and their su
pervisors, who knew how to manhandle 
the rig and how to manage its surprising 
encounters with the rock far below; the 
half-dozen scientists who were "the 'de
coding' section," and the long-haired 
young marine scientists and technicians 
from the Scripps Institution, who staffed 
the shipboard laboratories. The geo
physical laboratory had to characterize 
and store the precious cores, ready for 
X-ray and mass-spectrometric analy
sis; the micropaleontological laboratory 
peered expertly at the tiny fossils that 
make possible stratigraphic dating, "the 
Foram-, Rad- and Nanno- team," as 
they signed their parting ditty. 

There were 69 people aboard, "a big, 
happy, quarreling family in a small oa
sis, isolated from reality," insecurely led 
by what they found, their novice leaders 
acutely aware of the costs of their gold
en opportunities. Every time the drill 
stuck or the satellite position electronics 
(finding its first use outside the navies) 
went bad there began a new hour of 
tense decision. The lucky campaign of 
Leg 13 nonetheless sailed to success, to 
end in two months, rotating to shore its 
leaders and boarding others to man a 
new drilling cruise in another ocean. 

One feature of the voyage is curious. 
The leg was nearly canceled by the plan
ners because earlier seismic exploration 
of that sea floor had revealed abundant 
salt domes with strong promise of gas 
and oil. The industry was glad enough to 
have such a powerful exploration crew 
at work, particularly one it did not have 
to pay for. The National Science Foun
dation advisers, in an era of $3 oil and 
new ecological concerns, took quite the 
opposite view. A find would probably be 
too deep to be of any benefit, and it 
could pollute the seas. By imperative 
command from the heights above, the 
drill had to avoid broaching any subma
rine gas or oil. Worse than a sticking 
drill or a lost bottom assembly was the 
strong scent of gasoline in a core; get o

-
ut 

of there! 
There is now, of course, much more 
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When the first edition of The Dinosaur 
Dictionary appeared in 1972, it was named 
one of the best reference books of the 
year by the American Library Association. 

In the years that have elapsed since 
then, there have been tremendous ad
vances in the study of dinosaurs, making 
older books on the subject obsolete. In 
the words of Bob Long of the University of 
California's paleontology department, we 
are entering a new Golden Age of Dino
saurs. More new dinosaurs are being dis
covered than at any time since the first 
Golden Age back in the nineteenth cen
tury, and there have been many reclassi
fications. Some specimens once thought 
to be dinosaurs have now been shorn of 
that designation. 

Donald F. Glut, now a member of the 
Society of Vertebrate Paleontology, based 
the first edition of this book entirely on 
his own careful research of the field. As a 
result of its success, he has been deluged 
with advice and new information from all 
over the world - from the best "dinosaur 
men" in the field. 

The New Dinosaur Dictionary is exactly 
what its name implies. It is an alphabetical 
listing of every genus of dinosaur now 
known to paleontologists. It contains more 
than six hundred illustrations - drawings, 
paintings and photographs of skeletons 
and reconstructions. Many of the pictures 
have been prepared especially for this 
book by well-known dinosaur illustrators, 
including 25 by William Stout. 

It is by far the most comprehensive and 
up-to-date book on the subject of dinosaurs. 

Published by Citadel Press 

$19.95 at booksellers. Or you may order 
your copy directly from the publisher by 
using the handy coupon below. Do it today! 

CITADEL PRESS' SA 
120 Enterprise Avenue, Secaucus, N.J. 07094 
I enclose my check or money order for $21.95 
($19.95 plus $2 for prompt United Parcel Se,vice 
delivery). Please rush a copy of THE NEW 
DINOSAUR DICTIONARY by Donald F. Glut to 

My name: ___ ---;:=-:-:-:-::-.--,,-___ _ 

(please print) 

Street: ____________ _ 

City: _____ State: ___ Zip: __ 
·Citadel Press is a Lyle Stuart company. 
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evidence than those early flakes of gyp
sum. The cores brought up samples of 
algal stromatolites, signs of shallow-wa
ter growth in the sun, and of "chicken
wire anhydrite," a wispy distribution of 
dark carbonates in a white matrix of cal
cium sulfate, long taken as a signature 
of arid coastal flats in the borehole stud
ies of petroleum geologists. By now the 
carefully archived half of core 124, left 
undisturbed in the first shipboard stud
ies, has been painstakingly peeled. Eight 
or 10 cycles_can be traced, one above 
another; the laminations follow in regu
lar succession, first the fines of a lake 
bottom, signaled as brackish by the un
usual diatoms found, then layers more 
disturbed as the lake shall owed and the 
bottom felt the winds, then the sur
face algal growth, then the final aridity 
shown by the chicken-wire anhydrite. 
The cycle repeated as seawater entered 
anew or the next lake overflowed; for a 
million years or so that was the history 
of a random spot on the Great Mediter
ranean Desert. 

The case is hard to doubt. All plau
sible alternatives stand excluded. The 
micropaleontologist Maria Cita of the 
University of Milan, one of the ship
board specialists to support the early in
sights of the cruise, has by now helped to 
piece together the chronology of the sa
linity crisis of that time, when the ma
rine organisms almost vanished from 
the cores. Today whatever evaporating 
seawater there gets briny and hence 
denser can escape out into the Atlan
tic, flowing deep below the surface of 
the Strait of Gibraltar. In the Miocene, 
however, Gibraltar was a huge dam be
tween the Mediterranean and the Atlan
tic. The waters got steadily saltier in the 
hot sun; only a dwarf microfauna sur
vived_ Suddenly the dam broke and the 
great basin was refilled over a falls a 
thousand times grander than Niagara, 
taking perhaps centuries_ 

The microfauna of the modern Medi
terranean does not resemble its Miocene 
predecessors; it is more like the Atlantic 
fauna. The animals are immigrants, not 
natives. The old plankton families are 
gone, lost in the salt. The Rhone and the 
Nile cut deep gorges into the dry val
ley, long drowned; there are many oth
ers. The caves and the karst lands of 
the coasts are now understandable; they 
were highlands draining into a low des
ert. In 1975 the Glomar Challenger re
turned to drill again deep below Mare 
Nostrum. This time the cruise was 
"more somber and more difficult." The 
cores probed deeper and tapped earlier 
times, revealing a deep-sea environment 
for at least 15 million years before the 
desert epoch. The catastrophe of desic
cation has left its residue of rich potash 
deposit, the last salts to crystallize out of 
the brine, just where they ought to be, 
in the deep Ionian basin. Then came a 
series of lakes fed by the reorganized 

streams of Europe, captured out of the 
north by that vast yawning valley. 

Not everyone is convinced_ Like the 
glaciers, this is a story hard to accept. 
Now, however, we take the ice for grant
ed. "Cita gets excited sometimes when 
her colleagues do not listen to her." One 
of these days "Cita's last tormenter" will 
fall quiet, and the desert of the Mediter
ranean will be held as gospel truth. Then 
in the mega year fullness of time, if our 
species somehow makes it, it will all 
happen again. The Strait is shoaling up 
as the plates compress the basin. Once 
again there will be an isthmus at Gibral
tar. Cannes will become a highlands 
resort for the desert roughnecks win
ning the oil from all those salt domes 
southward, and the more adventure
some tourists will price dory trips down 
the twisting gorge of the Nile and camel 
caravans to the mountains of Malta. 

Kenneth HsU is professor of geology 
at the Swiss Federal Institute of Tech
nology now, and no amateur. But his 
warmth, good humor and candid man
ner remain much as they must have been 
when he spent all those days and nights 
forward in the noisy little driller's shack 
just starboard of the tower. The plenti
ful photographs, maps and bottom pro
files are evocative and helpful. This is a 
winning account of a sunny and serendi
pitous quest after deep secrets, of youth 
and insight and simplicity amid worldly 
tangles, and not least a "testimonial to a 
friendship born at sea." 

THE MATHEMATICAL SCIENCE OF 
CHRISTOPHER WREN, by J. A. 

Bennett. Cambridge University Press 
($29.95). DEVELOPMENTS IN STRUCTUR
AL FORM, by Rowland J. Mainstone. 
The M.I.T. Press ($17.50). "Since the 
time of Archimedes, there scarce ever 
met in one man, in so great a perfection, 
such a Mechanical Hand, and so Phil
osophical a Mind_" So wrote Robert 
Hooke of his friend Christopher Wren, 
in terms apt for Hooke himself, both 
men in their early thirties. Within a few 
years Wren had become Surveyor-Gen
eral of the Board of Works; his London 
had burned, and it was his responsibility 
to build it anew, including that most un
selfish monument to the architect him
self, St. Paul's Cathedral. 

J. A. Bennett has made a case in his 
slender book that Wren's brilliant career 
as mathematician, instrument designer 
and astronomer was not twisted awry on 
his entry into public architecture but 
was fulfilled. Those 50 parish churches 
and Wren's own Greenwich Observato
ry today delight the London .visitor as 
much as the sight of his great dome, it
self a little diminished by the careless 
power of our century. Indeed, his practi
cal bent and his delight in proportionate 
form were foreshadowed in his mathe
matics. His aesthetics, like his science, 
derived not from higher metaphysical 
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Wheels, Life, and 
ematical 

Amusements 

(lIn WHEELS the prestidigitating 
master is better than ever. JJ 

-Isaac Asirnov 

Four years have passed since the last 
volume in this highly successful series 
drawn from Martin Gardner's 
popular "Mathematical Games" 
column in Scientific American. 
This new collection of problems 
and paradoxes, teasers and tricks 
is guaranteed to enhance his already 
considerable reputation as a master conjurer. 

Ranging from classical paradoxes to geometric 
fallacies and games, W HEELS, LIFE, AND 
OTHER MATHEMATICAL AMUSEMENTS 
includes entertainments as easy as pi to wonderfully 
challenging excursions into the intellectual beyond. 
W ith anecdotes about famous (and not-so-famous) 
mathematicians sprinkled among the games and 
problems, W HEELS, LIFE, AND OTHER 
MATHEMATICAL AMUSEMENTS will provide 
hours of enjoyment for recreational math devotees 
games buffs, or those who simply want to sharpen' 

their wits. 

Martin 
Gardner's 

Scientific 
American 

column 
delighted 

both confirmed 
gamesters and 

math-shy novices 
for almost 20 years. This new treasure-trove is sure 
to win him even more fans. 
350 pages, 172 illustrations; $15.95 (cloth) 
ISBN 0-7167-1588-0 

For your copy, fill out the accompanying order 
form, or send payment (including $1.50 for shipping 
and handling; California, New York, and Utah 
residents add appropriate sales tax) to: 

Order Department, W. H. Freeman and Company, 
4419 West 1980 South, Salt Lake City, Utah 84104. 
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principles but from a very English rec
ognition of sensed geometric fitness. He 
followed Palladian models all right, but 
he would not obey rules that were "too 
strict and pedantick. " He held a scru
pulous regard for the relation of form 
and use. "Churches . . .  must be large," 
he wrote, "but still, in our reformed 
Religion it would seem vain to make a 
Parish-church larger, than that all who 
are present can both hear and see. The 
Romanists, indeed, may build larger 
Churches, it is enough if they hear the 
Murmur of the Mass . . . but ours are to 
be fitted for Auditories. " And we still 
enjoy his Observatory in the Park, with 
its facade evoking some grand musi
cal instrument, built at almost domestic 
scale for use and convenience yet leav
ing "a little for Pomp. " 

Rowland Mainstone is an expert on 
contemporary building design and con
struction, a senior staff member of the 
British Building Research Establish
ment. He admits to, indeed he displays, 
a long interest in earlier counterparts 
of our present problems and solutions, 
which he has "never found it easy to 
regard . . .  as something apart. " In this 
large paperback (it is only a review
er's oversight that has delayed the no
tice of this admirable book until its 
bargain edition) his thoroughly analytic 
and entirely nonmathematical text is it-

self built on a splendid plinth of photo
graphs and drawings, to show us hockey 
rinks and temples, coal bunkers and pyr
amids, mosques and the TWA terminal 
at Kennedy. The views often include ap
posite detail; Mainstone is a widely trav
eled consultant (although not to the Far 
East) with a talent for photography. 

The book is a history not of architec
ture itself but of the growth of structural 
form, of course bound to the materials 
in which it has been realized. Its organi
zation is not chronological but topical, 
a scheme much better suited to Main
stone's reflective look at building. The 
first part includes a treatment of the req
uisite background study in the mechan- . 
ics of equilibrium and the response of 
building materials. The second part dis
cusses the elements of structure one by 
one, not only vaults, beams, trusses and 
space frames as they have arisen but 
also a particularly welcome chapter on 
their joining and their supports by walls 
and foundations, easily overlooked but 
literally the basis of all construction. A 
final part then treats of structures as a 
whole: buildings, bridges and towers old 
and new. 

History is sampled for its clues to 
structure. The architecture of old Ath
ens and that of late Renaissance Europe 
are important less for new structure 
than for the way they "exploited existing 

structural possibilities." Hence they are 
here given less attention than the days of 
the Roman emperors, the French Goth
ic and our own times, when structural 
advances were the top of the news. The 
result is a treasure for readers with and 
without some understanding of how 
buildings stand, a first-rate new entry in 
the short list of admirable books on the 
fight with gravity, one that spans the his
tory of what and why we have built with 
a sturdy and persuasive account of how. 

Look into a few of the 16 chapters. 
Building is never much like growth, ex
cept for those remarkable caves, tem
ples and shelters carved out of the liv
ing rock, and perhaps for inflated struc
tures. It is discontinuous; intermediate 
stages either are incomplete or cannot 
stand alone. Even defining the designed 
form at large scale, easy enough perhaps 
in a plane on the ground, req uires some
thing more to set it out high in the air. 
The prefabrication of masonry is as old 
as the Great Pyramid itself, and the Ro
mans set up arches in their aq ued ucts 
first stone by stone horizontally on the 
ground; the marks for the layout can 
still be seen. 

The deck truss of the new suspension 
bridge across the Firth of Forth is shown 
here in construction, its free ends curv
ing sharply upward before it feels the 
full load of the long span under cable 
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support. Prestressing has a history as old 
as ship's rigging and wagon wheels with 
iron tires; its use today waited for better 
understanding and better jacks. Both an 
external prestress, say on the steel rein
forcing cables in concrete beams, which 
is applied while the member is quite 
free, and a prestress applied to the fin
ished element in place, in effect squeez
ing or stretching it to fit, are in common 
service, ever since the pioneer concrete 
designer Eugene Freyssinet 50 years ago 
and more. 

A stepped and timber-linked piling 
holds up the Rialto bridge across the 
Grand Canal, quite new in the 16th cen
tury. The complex built-up struts of the 
railway cantilevers across the Firth of 
Forth make plain how much effort went 
into that wonderful Victorian produc
tion, whose legible three-dimensional 
form-the photograph is a delight-de
manded an intricacy of detail hardly ac
ceptable in these times of fairer wages 
and faster, safer work. Then there is 
Wren himself; his design for the dome of 
St. Paul's was one of the earliest known 
to embody mechanical calculation, to 
be sure in a rather misleading Archi
medean approximation. He neglected 
the horizontal thrust between the two 
conceptual halves of the dome, assum
ing stability if each center of gravity 
lay above the weight-bearing pier. The 

dome stands very well indeed; prudence, 
experience and intuition are great aids 
to bad theory. The first acceptable ratio
nal analysis of a structure of which we 
know is the report on the dome of St. 
Peter's in Rome made by three very able 
mathematicians in 1743, T. Le Seur, 
F. Jacquier and the famous R. G. Bos
covich. The form of the alarming new 
cracks then visible at the springing of the 
vault certainly steered them away from 
Wren's error; they put on ties against 
outward collapse, which have worked 
well ever since, "epoch-making," the au
thor adds drily. Even though it is not 
quite clear that they understood fully, 
their analysis was correct. 

THE HUMAN TERATOMAS: EXPERIMEN
TAL AND CUNCAL BIOLOGY, edited 

by Ivan Damjanov, Barbara B. Knowles 
and Davor Solter. Humana Press, P.O. 
Box 2148, Clifton, N.J. 07015 ($49.50). 
Every reader would accept the sugges
tion that cancer is protean, manifold. 
Yet for most of us there is a simple mod
el. Somehow one cell of a normal tissue 
eludes the developmental controls. It di
vides into a clone of Similar progeny 
that may come to abandon the special
ized site and even the nature of their 
ancestor, to spread as an invasive cellu
lar army of mutineers. 

This up-to-date although technical 

survey by a passel of experts from Eu
rope and America serves first to show 
how schematic that model is. A terato
ma (the word is from the Greek for 
monster, plus the ending familiar for 
neoplasms) is a tumor composed of 
multiple well-differentiated tissues, pro
foundly foreign to the site where they 
appear. The commonest form in chil
dren presents at birth, as "a grotesque 
protrusion" from the low end of the spi
nal column, mainly in female infants, 
perhaps in one birth out of 26,000. That 
diagnosis requires no opening of the 
body cavity; it was described long be
fore Galen, in clay tablets from Nine
veh, as the birth of an infant with three 
feet, and an omen of prosperity. Nowa
days such tumors are easily removed 
and are generally benign. They contain 
a variety of mature tissues, in particu
lar skin, nerve and gland. 

Commoner and more dangerous are 
teratomas of the ovary and the testis, 
appearing usually in young adults. The 
ovarian type, both disclosed and re
moved by surgery, are most commonly 
dermoid cysts, sacs the size of a tennis 
ball or larger-the record is beach-ball 
size-that turn out to hold an inner layer 
of well-developed skin, with its details 
of sweat and sebaceous glands and a 
fatty underlayer, the skin usually over
grown with dense hair. A third of them 
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PERFORMS LIKE A STRADIVARIUS. 
A Tough Act To FoUow. Frankly, 

an Okidata printer is the best printer 
on the market today. Why? We pack 
more performance features per dol
lar into our dot matrix printers than 
anybody. Bar none. Data processing 
at speeds from 80 to an incredible 
350 characters per second. Excep
tional letter quality printing at three 
times the speed of most daisywheels. 
Draft and color printing. High resolu
tion all pOints addressable graphics 
for charts, graphs, illustrations and 
photos. Even alternate character sets 
for self-designed typefaces and sym
bols. (Print a G-c1ef, if you Iike.1 

Long-Term Engagement. Our high 
performers are the most reliable 
printers available, with rugged steel 

frames, laser-welded parts, and a 
print head (the most vital part of aliI 
so strong we guarantee it for up to 
one full year. No wonder our warran
ty claim rate leads the industry at less 
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Computer. Every Okidata printer 
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computer name printers. (Which, by 
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contain teeth as well; the record tumor 
held 300! Thyroid and pancreas tissue 
are not uncommon. 

The testicular analogues of the ovari
an tumors are usually less differentiated, 
fast-dividing, immature, embryonic and 
thus much more dangerous. They nev
er contain teeth. One teratoma in 10 or 
20 arises at sites outside the gonads. 
Strangely enough, these tend to occupy 
the midline of the body, all the way 
from the lower pelvic region to the rear 
lining of the abdomen or the membrane 
dividing the right lung from the left, up 
to the pineal gland within the cranium: 
symmetry in disorder. The most com
plex structures repeatedly found are fin
gers, complete with bones, muscles, fat, 
nerves, skin and nails. A couple of docu
mented cases of more or less fetuslike 
tumors are cited. 

The various chapters of this compre
hensive review deploy the entire battery 
of modern techniq ues and viewpoints. 
In the clinical direction the search is on 
for specific proteins secreted by these 
tumors, in the hope of monitoring the 
tumor burden in patients under chemo
therapy, and even for diagnosis. Such a 
watch depends on the use of antibodies 
linked to fluorescent stains; here the 
work parallels that on more ordinary 
tumors. A careful course of combined 
chemotherapeutic drugs has quite re
cently "made testicular cancer one of 
the most curable malignancies," with a 
cure rate expected to be 95 percent of 
the 4,000 cases per year in the U.S. 

A couple of papers recount the prog
ress of tissue cultures of cell lines tak
en from human teratomas. Cultures al
low much more detailed cytology than 
would otherwise be possible, although 
the work is rather new and has not yet 
yielded cells that differentiate very strik
ingly. Genetic studies of neutral bio
chemical marker genes in host and tu
mor cells have given good reason, how
ever, to believe the dermoid cyst arises 
from a single cell. Its DNA has replicat
ed and chromosomes have been paired, 
but it has become a diploid without fer
tilization, parthenogenetically: No such 
detail.can be adduced for the origin of 
any other tumor. 

The laboratory mouse has provided 
even deeper insight by way of these 
strange disorders. Some 10 years ago an 
inbred strain of mouse was found in 
which about half of the animals devel
oped spontaneous ovarian teratomas. 
At once the earliest steps in develop
ment were opened to study; before that 
time only fully developed tumors were 
much known. There has been fast prog
ress; by 1981 it was shown that selected

' 

cells of the mouse teratoma-stem cells 
of distinct appearance-could differenti
ate and give rise to many tissues in a line 
of normal mice if some normal embry
onic cells also were available for coop
eration. So far it has not been possible 

to generate normal mice solely from 
clumps of such teratoma-derived cells. 
Perhaps that will yet work. The old idea 
is at the point of demonstration: differ
entiation is the antagonist of prolifera
tion. The tumor stem cell, like the pri

. mordial germ cells of each mammal, 
carries the information to become any 
phenotype of the animal, but it loses 
that chance as it differentiates along any 
single path of its potentialities. When 
such a cell escapes an early embryo, it 
may begin to form a teratoma. 

Human beings are not mice. There are 
plenty of distinctions among their tera
tomas too, but it looks as though this 
wry direction of research points toward 
the large questions of development, a 
chain of alternative gene expressions, 
a: program longer and subtler than can 
well be extrapolated from bacteria. Ter
atomas are defects of development of a 
logical hierarchy quite different from 
that of tumors in general. Pathology 
once again illuminates, if still fitfully, 
the path to understanding those extraor
dinary phenomena we call normal. 

D IEGEL'S HANDBOOK OF INDUSTRIAL 
.ft. CHEMISTRY. Eighth edition edited 
by James A. Kent. Van Nostrand Rein
hold Company, Inc. ($59.50). "As al
ways, the aim of this book is to present 
an up-to-date account of the many fac
ets of as broad a cross section of the 
chemical process industry as is reason
able in a single volume. " So writes the 
editor, a chemical engineer, now dean 
at the University of Detroit, who has 
gathered 34 authors, most of them ex
perts from within the industry, for his 
account. They have prepared some 20 
chapters, each one devoted to the indus
try of a class of related products, from 
sulfuric acid to sugar, from oils and fats 
to explosives, from rubber to dyestuffs, 
from pharmaceuticals to sweeteners. 
A few chapters take the standpoint of 
input: coal technology, petroleum and 
synthetic organics. There is a still more 
diverse chapter on the nuclear indus
try, from ore and reactors to stable iso
topes. Two other general chapters treat 
economic aspects and the technology 
of wastewater. 

The book is the inheritor of a classic 
tradition; the first edition appeared from 
Riegel's own hand about 50 years ago. 
In this edition the material can be dated 
to about 1980. The heavy volume offers 
a readable and concise engineering sum
mary of a complex of industrial activi
ties; a needed chapter on the labor force 
and another on the supplies of process 
equipment are both lacking. Some of 
the flavor of an excursion through these 
nearly 1,000 pages can be transferred by 
an assortment of examples of recent 
swift change, whether in a process, a raw 
material or a marketplace. 

Sulfuric acid is the workhorse of the 
old-line chemical industries. Its catalyt-
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in all branches of botany, zoology, 
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archaeological finds. The Journal of 
Field Archaeology is preparing a list 

of taxonomic specialists who are able 

to classify plant (seeds, pollen, fibers, 

wood, etc.), animal (insects, shells, 
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QUESTAR® 12 on the 
QUESTAR® MOUNT 

The Questar 12, latest addition to the Questar family of fine optical 
instruments, now has its own Questar-designed mount. A German 
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ic production is so rationalized by now 
that plant location is set by the location 
of the market, since the weight of sulfur 
is small compared with the weight of the 
acid, made up by air and water. This 
industrial symbol is produced in no state 
half as much as it is in rural Florida! 
The reason is that the phosphate rock 
mined in central Florida requires the 
acid to yield superphosphate fertilizer. 
The sulfur used in the U.S. these days 
is mostly extracted very pure from the 
sour natural gas of western Canada; 
the sulfur from drilled wells has lost its 
market lead. 

Ammonia is the chief form of nitroge

nous fertilizer today.; it has gained great
ly in the U.S. over 20 years, and con

struction is under way on many large 

new plants in China, India and the 

U.S.S.R. Asia (outside the U.S.S.R.) now 

synthesizes more ammonia than either 

of the superpowers. Sometimes, how

ever, nature catches up with the chem
ical engineer. In the U.S. sodium car
bonate-the indispensable ingredient of 
glass-is no longer supplied by the Sol
vay process, the classic mark of heavy 
industry, with its waste pools of coal
blackened calcium chloride sol ution. 
Long, long ago the volcanoes made so
dium carbonate in bulk out in Wyo
ming; the curve of production for Sol
vay synthetic soda ash has fallen steep
ly, to drop below that of the mined ash 
10 years back, and 'the mines are still 
gaining. Naval stores-rosin and turpen
tine mainly-were once the distillate of 
the stumps .and roots of the southern 
pine, or of the gum collected from the 
living tree. Now nearly all of them arise 
as by-products of the kraft-paper indus
try, as vapor out of the top of the big 
continuous digesters odorously making 
strong dark pulp out of Southern pine
wood chips. 

Technology can now spread the bac
terial enzyme glucose isomerase out 
along a big vertical column; Starch from 
any source, say corn-mill slurry, can be 
hydrolyzed to a glucose syrup with acid, 
and the glucose can be converted into 
the much sweeter sugar fructose by a 
pass through that active column. Com
mercial·use of the synthesized sweetener 
is mushrooming, although it is still no 
overall threat to sugar. Oxygen is now a 
megatonnage chemical (nitrogen and ar
gon too); pipelines distribute the pure 
stuff in gaseous form for a few miles 
around a central air liq uefier to the steel 
ingot furnaces and chemical plants that 
are the big consumers, for example at 
Gary and Houston. 

The chapters vary in readability; all 
seem authoritative, although the sincere 
authors do not always maintain detach
ment from the problems they see beset
ting their own effluents and price struc
ture. Safety and externalities have not 
yet found a productive place in every 
supply-side mind. 
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LEARN MATH EASY! 

Your 
. brain 

works 3 times 
as fast as your 

fingers can write! That's where the 
Calculator comes in - you can go 
three times as fast with. your machine 
doing the dirty work. 

It's easier and more interesting. And 
you'll understand it better when it's fun. 
(If you haven't yet tried out a modern 
scientific-statistical calculator, you're in 
for a pleasant surprise - see below!) 

WHY MATH? To get a promotion or a new 
job. Just to hang on to that job you've got. 
To quicken your mind. To understand this 
world you live in. To impress people. Just 
for some fun you'll feel good about. (Read 
those letters below to see how it has 
worked for others.) 

·Do it at home .•. You can start right 
away and go as fast as you like! Pulit aside 
while you're busy with something else -
in short, set your own pace! 

Lots of us like to avoid being com
pared with the other members of a class 
- we·like to set our own standards. Too, 
we like to save the time and expense of 
going to a school or seminar. (Best of all, 
it's a lot cheaper to study at home where 
the rent is already paid - read on!) 

Let's be honest. You wouldn't expect 
to learn to play baseball or chess by 
watching an expert do it. Math is the same 
- you'll need to do some work. BUT
with my calculator method, you'll see it's 
a whole new ball game! 

THIS METHOD IS FRIENDLY! Y ou can 
use it on your own. You follow interesting 
examples step-by-step with calculator 
keystrokes - instead of algebra. 

Let me introduce myself - I'm Dr. 
George McCarty and I teach at the Uni
versity of California. Tens of thousands 
of people like yourself have already used 
my guidebook to teach themselves cal
culus. Recently I have teamed up with 
another professor. We put those same 
tested and proven techniques to work for 
you in a new Statistics Guidebook. 

Even if you've had trouble with 
math, this method will work for you. 
Choose the one you want to learn, 
calculus or statistics (or both) 
and start today! 

As pennywise Ben Franklin said, 
"An investment in knowledge pays the 
best dividends." 

CHOOSE STATISTICS 
It's used everywhere - to set insurance 
rates and to assess a drug's effectiveness, 
to detect a crooked roulette wheel and to 
measute lightbulb lifetimes, to audit the 
books and to find your position at sea. 

People have always known that their 
experience was not a perfect guide to the 
future. Statistics shows us 
that uncertainty is not 
only inevitable but 
it itself is measurable. 

You'll find out about 
this in my guidebook. 
You'll read informal ex
planations with detailed cal
culations for topics like "confidence 
intervals" and "contingency tables." 
YOU'LL BE DOING Inference and Hypothesis 
Testing, the Chi-Square Distribution, A NOVA, 
Regression and Correlation, Non-Parametric 
Methods - they're all here. 

SUPPOSE YOU HAV E ALREADY STUDIED 
STATISTICS. You'll use Quick-Reference Guides. 
to go straight to a topic you want to refresh yourself 
on - then get right-now answers in your own field, 
business, biology, science, psychology, education. 

T he Guidebook is guaranteed to 
work with any calculator or computer. If 
you would like to start out with a fancy 
new machine, order my Statistics Kit 
which includes the guidebook 
and a II-35 calculator which 
finds means and standard 
deviations at the touch 
of a button. It has 
an LCD display, 1000 
hour batteries - the works. 
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CHOOSE CALCULUS 
T he math of science and engineering -
satellite orbits and compound interest, 
bacterial growth and 
radioactive decay, 
marginal profits and 
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about these concepts 
when you use the 
Calculus Kit. This Kit 
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contains my gUidebook and a II -35 
calculator which finds log and trig values 
at the touch of a button. (It's modern, too, 
with LCD display and 1000 hour batteries.) 

In the guidebook you'll learn both 
differential calculus and integral cal
culus - even differential equations! 
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The Dynamic Earth· 
Presenting an issue on the earth as a system ofinteracting fluids, 

including living matter. Some of the Rows are fast; others slow, 

but overall the planet is maintained in a remarkably steady state 

Scientists who study the_.earth .are. ac
customed to working with many 

, different scales of space and time. 
The physicaLdimensions of their subject 
range from the global to the submicro
scopic, from volumes of matter mea
sured in cubic kilometers to interatomic 
gaps measured in angstrom units. Often 
a given research topic will encompass 
widely disparate scales of length, as 
when an earthquake triggered by a slip
page of a Jew centimeters along a fault 
generates seismic waves that travel for 
thousands of kilometers through the 
earth's interior. Similarly, the temporal 
dimensions of geology incl ude not' only .. 
short-lived phenomena such as earth
quakes, volcanic eruptions and meteor
ite impacts but also events recorded in 
units of tens or hundreds of years (for 
example the meandering of a river), 
thousands of years (glaciation), millions 
of years (continental drift) and even bil
lions of years (the formation of the pres
ent, oxygen-rich atmosphere). Again a, 
single process, notably weathering, can 
be studied .over a wide range of time. 
scales: from the minutes and hours of 
a laboratory experiment measuring the 
dissolution rate of a mineral to the thou
sands of years needed to form a soil. 
Taken in various combinations, the pa
rameters of geologic space and time de
fine the scope of this single-.t.opic issue. 
of Scientific American: the IlliIltitude of 
great and small changes that have taken 
place-and ,continue to take place.""in 
the history of the earth. 

Most geologists,. oceanographers and 
other earth scientists tend at one time or 
another to think or the earth as a ma
chine, or perhaps as a living organism. 
The metaphor of the machine captures 
an important aspect of. the earth's dy
namism: in spite of all the changes that 
are observed at many different scales 

by Raymond Siever 

of space and time, the earth as a whole 
. stays remarkably constant. In particu- , 

lar, 'it has become apparent in recent 
years that major parts of the globe-the 
core, the mantle, the crust, the oceans 
and the atmosphere-can be profitably 
viewed as a complex, interacting system 
in which there is a cyclic flow of materi
al from one reservoir to, another. The 
mechanistic model of the earth as a vast ' 
recycling system has its counterpart in 
the physiological model of dynamic 
equilibrium known as homeostasis. 

The hierarchy of scales that pervades 
the work of the earth scientist is.per, 

haps best exemplified in the making of a 
geologic map, an artifact that can be de
scribed in somewhat nongeologic terms 
as a graph of the position on a coordi
nate system at the earth's surface of rock 
formations of .different ages. The first 
step in geologic mapping is the job of the 
field investigator, who determines tW0 
major properties of the rocks at a given 
site: age and composition. At a typical 
rock outcrop one can see only small-' 
scale relations, usually over distances 
measured in meters. From an assem
blage of such observations the final map 
of the region i.s constructed, like any oth-

" er graph, by interpolation and extrapo-_ 
lation, showing forms appropriate to its 

scale. On a map with an area of, say, 200 
square kilometers one can see patterns 
of river valleys and the characteristic 
folds and faults of bedrock. The wealth 
of information at the outcrop level is 
sacrificed in favor of grosser features. 
On a map that covers a region of many 
thousands of square kilometers one be
gins to see even larger features: plateaus, 
mountains, plains, entire river systems, 
the outlines of a rift valley, the'distribu
tion of glacial lakes. As the map gets to 
continental or global proportions one 
sees the largest structures, of the conti, 

_nental surface, principally .. mountain 
chains. Whenever ,detailed information 
is sacrificed for patterns that show up 
only on a large-scale map, the trick is to 
recognize what details to leave out. In 
other words, the essence of this kind of 
geologic analysis is always to separate 
the "signal" from the "noise." 

Inevitably earth scientists face the 
problem of reconciling scales. For ex
ample, structural geologists and' geo
physicists are currently trying to relate 
the large-scale collisions of tectonic 
plates that throw up, high mountains 
such as' the Alps and the Himalayas to 
the small-scale folds and faults that can 
be seen on an individual mountainside. 
The aim is to 

'
learn how_ to go in the 

opposite direction: to infer from small-

EVIDENCE OF ANCIENT UPHEAVALS underlies the pastoral scene on the opposite 
page. The engraving is from James Hutton's Theory of the Earth, published in 1795. It shows 
an exposed riverbank of the river Jed in southern Scotland. 'The vertical beds of rock 'at the 
bottom of the bank were originally laid down as oceanic sediments. They subsequently under
went metamorphosis to become schist and ,were deformed and uplifted to become part of a 
mountain chain. The band, of mixed material just above them is erosional debris dating from 
that period. The metamorphic rocks were then submerged again, and the horizontal sedimen
tar-y beds of sandstone were deposited above them; Finally the entire formation rose above sea 
level once more and the new soil layers were formed at the top. Hutton cited such examples' 
from his wide-ranging field trips as evidence both of the earth's antiquity and its dynamic ac
tivity. In modern terminology a rock formation of this type is called.an angular unconformity. 
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scale folds and faults what an older, ob
literated mountain chain was like and 
how it might have been created by an
cient plate motions. 

Scales of time involve additional sub
tleties. A river flowing at several centi
meters per second moves at roughly the 
same speed as a fault block slipping in 
an earthquake. Yet the distribution of 
these two movements over a longer peri
od is quite different. The river runs more 
or less steadily for months or years, 
whereas the movements along the fault 
are episodic, with intervals of little or no 
movement extending over as much as 
hundreds of years. The distinction be
tween steady and episodic change is cen
tral to the current debate over the rate of 
biological evolution: the key question 

here is whether or not the geologic time 
scale embodied in fossil-bearing rocks is 
precise enough to resolve the issue be
tween the "gradualist" and the "punctu
ated equilibrium" models of the evolu
tion of species. 

Generations of geologists have relied 
primarily on a biological clock: the se
quences of fossils that by their evolu
tionary changes mark the major divi
sions of geologic history. In the 19th 
century that was the only choice; in the 
20th century, however, it became pos
sible to calibrate the fossil clock by an
other timekeeper: the radioactive-decay 
clock, which depends on the known de
cay rates of radioactive isotopes of car
bon, uranium, potassium, rubidium and 
neodymium. The scales of the events the 

HEAVY METEORITE BOMBARDMENT 

ORIGIN OF LIFE? 

OLDEST OLDEST 

two clocks date are apt to be different, as 
is the nature of the events timed. Work
ing with both clocks is a little like ar
ranging to meet someone at a certain 
time when one person relies on his pulse 
to count seconds and the other has a 
watch with only an hour hand. 

Geologists refer to the apparent mo
tion of the sun (or what might be called 
everyday time) to time comparatively 
fast processes such as the weather, 
floods, landslides, volcanic eruptions 
and earthquakes. They invoke radioac
tivity alone to time very slow processes 
such as the evolution of the atmos
phere. In between lies the scale of geo
logic time over which continents move, 
mountain chains rise, the earth's mag
netic field reverses, fossil species evolve 
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GEOLOGIC TIME SCALE, originally constructed by 19th-centu
ry naturalists solely on the basis of fossil evidence, has been calibrat
ed by means of modern radioactive-dating techniques. In this repre
sentation the top line shows the full sweep of geologic time from the 
origin of the earth some 4.6 billion years ago to the present. The com-
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paratively short span of Phanerozoic time, during which fossils of 
shelled organisms have been abundant in the geologic record, is en
larged in the second line from the top, and successively shorter time 
segments are enlarged in the next two lines. The three eras of Phan
erozoic time (Paleozoic, Mesozoic and Cenozoic) are divided in turn 
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and glacial epochs last. Over this in
termediate time scale reference is made 
primarily to the specific rock sequences 
that constitute the geologic record. 

For example, in order to study the 
meandering of a river one can rely on 
historical records if they go back far 
enough, perhaps supplementing this in
formation with data drawn from the rel
icts of prehistoric terraces. To study the 
long-term evolution of the river, from 
the early cutting of its valley into bed
rock to its later broadening into a char
acteristic floodplain, however, one has 
no alternative but to consult the geolog
ic record. The rise in sea level since the 
retreat of the glaciers some 10,000 years 
ago is also revealed in the geologic rec
ord, which yields information both on 

FORMATION OF EARLY 
SUPERCONTINENT 

PROTEROZOIC 

1,500 1,000 

the rate of change of the ice sheets and 
their relation to the sea and on an impor
tant property of the earth's interior. As 
the ice retreated it unloaded the crust, 
and from the crust's "rebound" it is 
possible to estimate the viscosity of the 
mantle material that flowed under it in 
order to accommodate the rise. 

The history of the earth is studied 
not only for its own sake but also for 
economic reasons: to explore for oil, 
gas, metallic ores and other useful sub
stances formed at a specific time and 
place in the distant past. Simple curiosi
ty, however, is what drives most geolo
gists to want to know just what hap
pened when. They want to know about 
the last ice age both for what it can 
reveal about the next one and for a 

BREAKUP OF EARLY 
SUPERCONTINENT 

EARLY MULTICELLED 
I 

570 500 
J 

o 

OPENING OF 
ATLANTIC OCEAN 

FORMATION OF ROCKY MOUNTAINS 
FORMATION OF ALPS 

I 
25 

I 
.7 

Y EARS) 

200 

EARLY BIRDS 
AND MAMMALS 

EARLY 
FLOWERING PLANTS 

100 

EXTINCTION 
OF DINOSAURS 

65 

J 
0 

FORMATION OF HIMALAYAN MOUNTAINS 

OPENING OF RED SEA 
AUSTRALOPITHECUS 

OUAITR,J 

MIOCENE PLIOCENE r 
I I I I 

20 15 10 5 1.B 0 

---

NEANDERTHAL 
MAN 

MODERN 
FIRST USE OF FIRE MAN 

I I I I I 

�OLOCENfl 
.6 .5 .4 .3 .2 .1 .01 0 

into 11 periods; the Tertiary period is divided into five epochs, and the Quaternary period con
sists of the Pleistocene and Holocene epochs. The calibration of the geologic clock by radioac
tive dating is a continuing con<:,ern. For example, according to a recent review of the radio
metric evidence by an international group headed by the French geochronologist G. S. Odin, 
the beginning of the Cambrian period may have been between 540 and 520 million years ago. 

glimpse of what the conditions of life 
were for early man. Finally, there are 
those geologists who specialize in the 
search for evidence that the history of 
the earth is not just one random thing 
after another but rather the playing out 
on a long time scale of the cycles of a 
great machine. 

I 
(earth history is cyclic, over what pe

riods of time does it repeat itself, and 
how does one keep track of the process? 
The hydrologic cycle serves as a model 
of the cyclic flow of material between 
different parts of the earth. Water from 
one major reservoir, the atmosphere, 
falls on the land and the sea. Some of the 
precipitation is stored temporarily in the 

I ground and in lakes. The rest follows 
various routes back to the other major 
reservoir, the sea. Evaporation from the 
sea and the land back to the atmospheric 
reservoir completes the cycle. 

The hydrologic cycle is global. Hence 
by adding up all the water in all the 
world's reservoirs and flow paths one 
can arrive at an estimate of the total 
water content of the system and its ma
jor parts. Bypassing analysis of individ
ual reservoirs has the effect of removing 
heterogeneity: one finds that the global 
balance is quite steady from year to 
year. In other words, there is always 
about the same amount of water in the 
atmosphere, in the oceans, in the polar 
ice caps and on the continents. Over pe
riods of less than a year the system may 
not be so steady, and over periods of a 
few years the global balance may shift 
somewhat from one reservoir to anoth
er. Indeed, perturbations of the system 
can elucidate the operation of the cycle. 
The ice ages represented one such shift 
in the cycle: water was removed from 
the ocean and stored in the ice reservoir, 
and the flows from one reservoir to an
other were adjusted accordingly; the re
sult was a drastic change in the climate 
and a lowering of the mean sea level, 
which exposed much of the area of the 
continental shelves. The continuing dis
cussion of this major perturbation cen
ters on the possible reasons for the shift 
and how rapidly the glacial ice caps ex
panded and then shrank as the earth re
turned to the comparatively unglaciated 
stage that prevails today. Polar ice and 
mountain glaciers still exist, of course, 
and so it is not possible to know from 
firsthand evidence what the hydrologic 
cycle was like when the earth was com
pletely free of ice. 

The movement of carbon dioxide 
through the atmosphere, the ocean 

and the solid earth provides another op
portunity for following the large-scale 
flow of chemical elements from one part 
of the earth to another. The carbon di
oxide of the atmosphere is taken up by 
plants in photosynthesis and by rocks 
in weathering. Photosynthesis manufac-
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tures the earth's supply of organic car
bon and weathering accounts for the 
calcium carbonate of limestones, a ma
jor product of the transformation of ig
neous rocks into sediments. Dead plant 
and animal matter, together with the 
calcium carbonate shells of mollusks 
and other organisms, immobilizes the 
carbon. As these materials are buried in 
the form of sediment and incorporated 
into the crust of the earth, carbon is re
moved from the surface reservoir. At 
the same time ancient organic matter 
and limestones are eroded and chemi
cally weathered. By the oxidation of 
organic matter and the dissolution of 
calcium carbonate, carbon dioxide is 
returned to the dynamic system, keep
ing it in balance. 

In much the same way one can con
struct cycles of all the elements and their 
isotopes. For example, from the rate 
at which dissolved calcium enters the 
ocean from rivers (about 1013 moles per 
year) and the total amount of calcium in 
the oceans (about 1019 moles) one can 
estimate how long an ion of calcium can 
be expected to remain in the ocean: 
about a million years. On the average 
that is how long it takes before the calci
um combines with a carbonate group 
and settles out of the reservoir as a part 
of some limestone. The calcium ion 
may then be buried, perhaps ultimately 
to be incorporated into a silicate-bear
ing metamorphic rock. Alternatively, it 
may go deeper still, becoming part of a 
magma that will return to the surface in 
a congealed form as an igneous rock, 
there to be weathered, dissolved and 
sent back to the ocean by a river. 

These chemical cycles are different 
versions of the grand geologic cycle that 
James Hutton, the founder of modern 
geology, enunciated almost 200 years 
ago. In Hutton's original version rocks 
are weathered to form sediment, which 
is then buried. After deep burial the 
rocks undergo metamorphosis and/or 
melting. Later they are deformed and 
uplifted into mountain chains, only to 
be weathered again and recycled. In 
spite of many arguments and theories 
about the mechanisms of Hutton's rock 
cycle its basic outlines remain intact as 
the geologist's way of viewing an earth 
of constant change. 

The continental crust, the repository 
of the geologic record of the past 3 .8 
billion years, is engaged in its own cycle 
of destruction and renewal. Each year 
some 1016 grams of solid and dissolved 
products of the erosion of the land sur
face are removed by rivers, wind and 
glacial ice. Much of the solid detritus is 
deposited on the continental shelves, but 
a good deal is lost to the ocean basins. 
The return is by way of subduction 
zones, where some of the sediments of 
the deep-sea basins are scraped off as 
the oceanic lithosphere plunges into the 
mantle [see "The Oceanic Crust," by 
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Jean Francheteau, page 1 14]. The ocean
ic sediment, which is found in front of 
oceanic island arcs and along continen
tal margins where the subduction zone 
borders a continental mass, is plastered 
back onto the continent. The igneous 
rocks generated at subduction zones are 
also added to the continents. Thus over 
geologic time the continental masses re
main in a steady state, even though there 
are freq uent rises and falls in sea level 
that periodically flood and bare the con
tinental shelves and the lower parts of 
the continents proper. The sediments 
and igneous rocks that are added to 
the continents are welded to them main
ly as mountain chains associated with 
plate boundaries [see "The Continen
tal Crust," by B. Clark Burchfiel, page 
13 0]. Old mountains, then, are the rem
nants of a past recycling of the conti
nents brought about by the motions of 
the lithospheric plates. 

The recycling story extends deep into 
the mantle, as crustal materials are 
thrust to depths of hundreds of kilo
meters at the subduction zones where 
plates converge. There they mix with 
some materials that have never been 
part of the crust and others that have 
reached the surface before in their histo
ry. Geologists are just beginning to un
derstand how the materials of the earth 
mix under the conditions of high tem
perature and pressure prevailing in the 
interior. The chief tracers of this mixing 
are the radioactive isotopes of rubidium 
and neodymium, which are helping to 
reveal the relations between age and 
mixing [see "The Earth's Mantle," by 
D. P. McKenzie, page 66]. Studies of 
the behavior of the core and the mantle 
over various time scales will determine 
to what extent they too can be viewed 
as parts of the great recycling machine. 

I f the machine has been going for bil
lions of years, including some violent 

perturbations at times, how was it built 
in the first place? By what series of 
steady states did it evolve to its present 
condition? These are the questions that 
link a fragmentary rock record of the 
early history of the earth and the other 
planets to deductions drawn from the 
astronomy of the formation of the stars 
and the evolution of the solar system. 

Theories of the formation of the solar 
system out of a nebula of gas and dust 
are still being refined, but they all have 
in common the central idea that about 
4.6 billion years ago the earth grew to 
roughly its present size by a combina-

tion of two processes: the condensation 
of priinitive solar-nebula mater.ial and 
the accretion of bits and pieces of other 
planetary matter in the vicinity. The ear
ly history of the earth was marked by 
continued accretion and by a rapid in
crease in temperature, due to a combi
nation of three effects: heating from the 
radioactive elements abundant in the 
early condensate, heating from the im
pact of infalling material and heating 
from the contraction of the young plan
etary body. The rise in temperature, ac
cording to the now conventional view, 
led to widespread melting and a massive 
differentiation of the earth into a core, a 
mantle and a crust. All these ideas, pro
posed long before the exploration of the 
solar system by spacecraft, were refined 
in recent years by studies of the moon 
and of other planets. This was particu
larly true of the moon, where astronauts 
were able to sample a body whose his
tory was frozen at an early stage. The 
moon, with no atmosphere or oceans, 
suffered no chemical weathering that 
could obliterate earlier generations of 
rock. It also did not offer a hospitable 
environment for life to begin. Viewing it 
emphasizes how vital the fluid envelope 
of water and gas was to the earth's 
machine. The composition of the gas, 
however, was not the same as that of 
the atmosphere of today. In its earli
est stages the primitive atmosphere was 
free of oxygen and contained reduced 
gases such as methane and ammonia 
[see "The Atmosphere," by Andrew P. 
Ingersoll, page 162]. 

How the dynamics of the earth ma
chine worked in the early days is a de
ductive study, because no mountains or 
sediments are preserved to give any hint 
of the products. The radioactively dated 
rock record begins in a fragmentary way 
about 3 .8 billion years ago, which is the 
age of metamorphism by pressure and 
temperature of a series of originally sed
imentary rocks in southwestern Green
land. The record clearly demonstrates 
that the essential operations of the geo
logic machine were similar to those in 
effect today. Iron formations and other 
types of sedimentary rocks such as sand
stones and shales can be recognized 
in their metamorphosed forms in the 
Greenland rocks. Igneous rocks found 
at the site seem to have been created by 
much the same kind of melting that can 
be seen operating today. The deforma
tion of rocks is also similar to the defor
mations of later times. 

Nevertheless, there are differences be-

CHANGING FACE OF THE EARTH is portrayed at 60-million-year intervals from the 
Cambrian period to the present in the 10 computer-generated maps on the opposite page. The 
sequence documents the assembly and breakup of the supercontinent of Pangaea, the two chief 
episodes of continental drift leading up to the present arrangement of the earth's land masses. 
The maps were assembled by Alfred M. Ziegler and Christopher S. Scotese of the Universi
ty of Chicago's Paleographic Atlas Project mainly on the basis of paleomagnetic evidence. 
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tween these early rocks and more re
cent ones. Although no fossils have 
been found in the Greenland rocks (per
haps because the rocks have been so al
tered by metamorphism), evidence of 
primitive life is found in somewhat 
younger ones [see "The Biosphere," by 
Preston Cloud, page 176]. Some of the 
basalts found in the earliest earth rocks 
have compositions that reflect much 
higher melting temperatures, as if the 
rate at which the temperature increased 
with depth in the earth were much great
er then than it is now; this is not surpris
ing in view of the earth's early thermal 
history. Moreover, before 'about 2.5 bil
lion years ago there were few large mas
ses of granitic rocks and the kinds of 
sediments formed on shallow continen
tal shelves. 

The. differences indicate a machine 
whose internal temperatures were 

higher, whose atmosphere and oceans 
were deficient in oxygen and whose land 
masses were isolated, smaller areas 
rather than large continents. Yet at all 
times the average compositions of the 
rocks and their similarities from one 
place and time to another demonstrate 
that the recycling machine was operat
ing at something like the. same rate and 
with the same general character as it 
does today. It undoubtedly underwent 

PRECIPlTATION 
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grad ual changes, and there are also rec
ords of abrupt episodic shifts. The first 
glaciation of the earth was recorded 
early in Precambrian time. A more sig
nificant change in the cycle came about 
2.5 billion years ago, when there seems 
to have been a sudden rise in the pro
d uction of granite and the appearance 
of large continental shelves. 

Later in the Precambrian, about a 
billion years ago, the machine began' 
to look much as it does today. Oxygen 
in the atmosphere started increasing as 
photosynthetic organisms grew in num
bers and efficiency, and as the march 
toward more complex life forms accel
erated. Although the land surfaces were 
populated only by algal, fungal and bac
terial species, rock weathering in Pre
cambrian soils and the formation of riv
er and lake deposits were proceeding 
much as they are today; their rates, how
ever, may have been lower. The interior 
of the earth had by now settled down 
to something like its present state and 
through partial melting some regions of 
the mantle were being differentiated and 
depleted in certain elements with re
spect to the mantle as· a whole. Whether 
plate tectonics was the primary mode of 
heat loss at that time is an open ques
tion. The magnetism of ancient rocks 
gives evidence of continental drift and 
reversals in the polarity of the earth's 
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magnetic field, and so the dynamo in the 
earth's core that generates the field must 
have been in steady operation [see "The 
Earth's Core," by Raymond leanloz, 
page 56]. Perhaps the plates were too 
thin to act quite as they do today, or the 
average size of the plates was smaller. 
Geologic knowledge of the Precambri
an is too fragmentary to give firm an
swers to these questions yet. 

Most geologists working in the past 
two centuries would have agreed that 
the biggest change of all was the one 
at the boundary of Precambrian time 
and the Cambrian period, marking the 
beginning of the Phanerozoic eon: the 
"known" part of the geologic record. It 
was then that organisms with shells 
evolved; their fossils make it possible 
to date the rocks more precisely and to 
erect the stratigraphic time scale. Com
pared with the Precambrian there are 
many more areas of these younger rocks 
exposed in an unmetamorphosed state, 
and so one can more readily deduce 
the course of earth history since then. 
This change, which is generally believed 
to have taken place about 570 million 
years ago, was far more important for 
the life of the. planet than it was for the 
working of most other parts of the ma
chine, which by then had reached ma
turity. The parts most affected by the 
evolutionary development of higher or-

EVAPORATION 
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HYDROLOGIC CYCLE, represented quantitatively in this diagram, 
serves as a model of the cyclic flow of material between different 
parts of the earth. The numbers shown are multiples of a basic unit 
equal to 10,000 cubic kilometers of water per year. In spite of occa
sional short- and long-term perturbations, the global balance among 
the world's major water reservoirs-atmosphere, oceans, continents 

and polar ice caps-is quite steady from year to year. In addition to 
the amounts indicated here water is also brought to the surface of 
the earth by volcanism. This comparatively small increment consists 
of former surface water recycled through the interior by way of sub
duction zones as well as "juvenile" water, namely part of the origi
nal water of the mantle that has never es·caped to the surface before. 
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ganisms were those at the surface, where 
the chemical influence of life processes 
is felt. The atmosphere arrived at some
thing like its present oxygen level; the 
deposits of limestone became dominat
ed by the shells of shallow marine or
ganisms, and the chemical cycles of car
bon dioxide, oxygen, phosphorus and 
nitrogen rather abruptly shifted to their 
present states. 

Since that time changes in the rates and 
quantities of sediments controlled 

by organisms have been determined by 
the course of evolution. The vascular 
land plants first appeared about 400 
million years ago and coal beds began 
to be widespread. The evolution of the 
flowering plants came about 120 mil
lion years ago. The siliceous algae (di
atoms) and the pelagic foraminifera 
evolved about 130 million years ago 
and started to form the abundant sili
ceous and calcium carbonate oozes of 
the sea floor. Much biological sedimen
tation was shifted to the open sea floor, 
whose evolution can be understood only 
for the past 150 million years. The older 
record of sea-floor spreading has been 
swept into subduction zones and de
stroyed by metamorphism or melting. 

The earth in old age is predictable 
from the present running of the ma
chine. As the original supply of radioac
tive elements steadily decreases, the in
ternal heat of the earth will diminish and 
simple heat conduction will slowly take 
over from the currently dominant mode 
of heat transfer by convection. As the 
earth cools, the rigid plates of the outer 
crust will thicken, and eventually they 
will congeal and become motionless. 
The "hot spots" that form volcanic cen
ters will cool and solidify. With no inter
nal forces to throw up mountains and 
move continents around, the external 
machine on the surface will take over, 
reducing much of the surface elevations 
of the land to plains elevated slightly 
above sea level. Sediment, the debris of 
erosion, will spread over land surfaces 
and sea bottom with no interruption by 
deep-seated rocks brought to the sur
face. A new balance of chemical ele
ments based on a static tectonic system 
will lead to a shift in the composition of 
the atmosphere and the ocean, finally 
leading, as all mountain' building and 
sedimentation ends, to a new steady 
state determined almost entirely by 
life's balance between photosynthesis 
and respiration. 

That balance itself, together with the 
total mass of biological material, might 
change significantly as the nutrient res
ervoirs of the ocean and the atmosphere 
interact only with the thin surface skin 
of the earth. This brief essay at describ
ing the future workings of the earth ma
chine is enough to show how dependent 
the present workings of the planet are on 
interactions with the interior. No one 
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ROCK CYCLE, first proposed by Hutton almost 200 years ago, is still the basis of the geolo

gist's view of the changing earth. In Hutton's version rocks are weathered to form sediment, 

which is then buried. After deep burial the rocks undergo metamorphosis and/or melting. Lat
er they are deformed and uplifted into mountain chains, only to be weathered again and recy
cled. The modern theory of plate tectonics is in a sense an elaboration of Hutton's rock cycle. 

is sure, however, of how such perturba
tions in the operation of the present ma
chine can be predicted quantitatively, as 
is suggested by the current experience 
with carbon dioxide. 

I t has now been almost 100 years since 
Svante A. Arrhenius, the great Swed

ish chemist, called the attention of earth 
scientists to the effects of carbon diox
ide on climate and its possible relation 
to. glaciation. For much of that peri
od some workers have been concerned 
about the steadily rising amounts of car
·bon dioxide in the atmosphere contrib
uted by the burning of fossil fuels. As 
the pace of carbon dioxide emissions 
has increased dramatically in the latter 
half of the 20th century and as knowl
edge of the carbon cycle has grown, the 
issue has come to the point where gov
ernment commissions and other nation
al bodies estimate how much climatic 
change there is likely to be and what 
its effects might be. The comparatively 
small changes man has worked in the 
earth machine might have enormous 
conseq uences. Large as the earth is, the 
behavior of one of its biological spe-

cies may be enough to seriously disturb 
its balance. 

In order to estimate the effects of 
increased carbon dioxide in the atmos
phere one must consider all the fluxes 
and reservoirs. The human disturbance 
has been to change a single flux by in
creasing through coal mining and oil 
production the rate of return of buried 
organic carbon to the surface by orders 
of magnitude over the estimated prein

·dustrial flux. To forecast the conse
.quences one must follow through the 
entire system the changes that result. 
More carbon dioxide in the atmosphere 
leads to a slight increase in global tem
peratures as a result of the "greenhouse 
effect." An additional dissolution of cal
cium carbonate in the ocean and im
perceptible changes in the balance of 
weathering and sedimentation of silicate 
and carbonate minerals will follow. The 
warming of the atmosphere will lead to 
some melting of the polar and glacial ice 
and a rise in the sea level, and very prob
ably a shift in climatic belts. Reciting 
this list is only the beginning of a con
sideration of the innumerable ramifi
cations of a shift in only one flux in 
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the .system. It is this complexity that 
makes the estimation of the ultimate ef
fects so difficult. 

Burning fossil fuels is only the most 
recent perturbation of the earth ma
chine. Geologic history is in one sense a 
recital of the many small shifts of the 
balance, some local and some global, 
that have characterized this otherwise 
smooth-running mechanism. The closer 
one looks at any complex machine,. the 
more clearly one can detect fluctuations· 
in its operation. In the midst of thou
sands of fluctuations that generate back
ground noise-small shifts in sea level, 
plate-spreading rates and erosion rates, 
among others-one can see the signal 
of large and unusual events, infrequent 
and sometimes catastrophic. Near the 
end of the Miocene epoch, about 1 1  mil
lion years ago, the convergence of the 
African and European plates closed the 
mouth of the Mediterranean Sea. The 
Mediterranean dried up and thick layers 
of evaporites, principally salt and gyp
sum, were laid down. Soon afterward 
continuing plate motions reopened the 
Mediterranean to the Atlantic and it re
filled. An immense waterfall existed for 
a time as water from the Atlantic spilled· 
in to fill up the entire Mediterranean ba
sin. Spectacular as the event was for 
this area of the world, it probably had 
a negligible effect on the global cycle; 
the evaporated water and salt removed 
from the ocean· was minor compared 
with the huge volume of water in the 
world ocean. 

Salt deposition at another time in the 
history of the earth was a part of a 

much more pervasive global cycle, one 
familiar to all geologists for its relation 
to massive extinctions of many biologi
cal species and almost complete with
drawal of the seas from every part of the 
continents. The end of the Paleozoic era, 
the boundary between the Permian and 
the Triassic periods, about 225 million 
years ago was marked by the complete 
assembly of the supercontinent Pangaea. 
with the superocean Panthalassa sur; 
rounding it. Over a period of about 200 
million years plate motions had gradu
ally joined various pieces of continents 
into a single land mass. In the process 
evaporation from' the narrow gulfs and 
bays of closing oceans and from arid· 
regions led to great amounts of salt be
ing withdrawn from the oceans, decreas
ing the salt content of the open ocean 
slightly and perhaps altering its density
driven circulation. 

As the continents joined, their total 
perimeter shrank. As a result of moun
tain building caused by continental col
lisions in the course of the assembly 
the continents were dominated by high 
mountains. The ocean basins were en
larged by the slowing of plate-spreading 
rates and the lowering of midocean 
ridges as plate motions became largely 
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limited to the oceanic crust. The conse
quence of all these effects was a severe 
restriction of the area of the continen
tal shelves. The diminished habitats of 
the .shallow marine populations of the 
world and more variability in the cli, 
matic regimes of the land, which had 
recently gone through another glacial 
age, set the stage for the rapid evolution 
of new species and the extinction of old 
ones. A lot of guesswork is needed here 
because the rock record for the period 
is sparse. Most of the sediments depos. 
ited on the continents have since been 
eroded and the sea-floor record has 
been swept into the subduction zones. 

Even this unusual time was soon su
perseded by a return to normal condi� 
tions as the supercontinent proved un
stable. It began to rift into separate con
tinental masses, and the· Atlantic and 
Indian oceans opened. The seas trans
gressed the continents, salt beds were 
eroded, the salt returned to the ocean 
and the normal pattern of life resumed 
on the continental shelves. The episode 
demonstrates the machine's ability to 
right itself and settle down to a smooth 
operation after a violent shudder. 

The glacial ages represent another 
kind of perturbation, one that primarily 
affected the. surface and near-surface 
layers of the earth. The earth has been 
glaciated several times in its history, 

.at least twice during the Precambrian, 
once in the early Paleozoic, once near 
the end of the Paleozoic and many times 
in the Pleistocene, which ended only 
about 10,000 years ago. Each of these 
events may have been triggered by con
tinental-drift patterns that put a conti
nent in a polar region and caused shifts 
in oceanic circulation. Perhaps there 
was a correlation with a wider than nor
mal fluctuation of the carbon dioxide 
level. In each glacial period the peri
odicity of changes in the earth's orbit 
around the sun led to oscillations in the 
advance and retreat of the ice; the oscil
lations, called Milankovitch cycles, are 
now thought to account for the glacial 
and interglacial stages of the most re
cent ice ages. Each time, the postglacial 
earth returned to its preglacial state with 
little change, leaving behind a record of 
glacial sediment and grooved and stri
ated bedrock, the pavement over which 
the ice moved. 

In the past few years geologists have 
begun to evaluate disturbances of the 
earth's balance due to extraterrestrial· 
sources. A thin bed of iridium-enriched 
clay has been found in a . number of 
places around the world where sedi
ments were deposited during the tran
sition from the Cretaceous period to the 
Tertiary, about 65 million years ago. It 
has been proposed by Luis W. Alvarez, 
WalterS. Alvarez, Frank Asaro and 
Helen V. Michel of the University of 
California at Berkeley that this bed is 
the product of the impact of a large me-

teoritic body. Among the po�tulated 
consequences of the collision (with a 
body estimated to weigh about 1018 
grams) were clouds of dust .that ob
scured the sun, sudden cooling of the 
atmosphere and the ocean, changes in 
the chemistry of the atmosphere and the 
deposition of a thin layer of clay en
riched in certain rare metals such as irid
ium. These changes are thought to have 
led to the extinction of many plant and 
animal species in the sea and the dino
saurs on the land. 

Regardless of the durability of this 
hypothesis as an explanation of the geo
chemical and biological associations of 
the boundary between the Cretaceous 
and the· Tertiary, geologists have come 
to recognize that collisions with aster
oid-size bodies have been an important 
feature of the earth's history since its 
formation 4.6 billion years ago. Such 
heavy impacts may have come every 
100 million years or so. Most of the 
events have left· little trace because of 
erosion over the next few tens of mil
lions of years, but some have left con
spicuous circular·scars. 

As the ·interconnectedness of,the huge 
Il. and complex earth system becomes 
more widely recognized, earth 'scientists 
are learning how to link up subsystems 
and explore new relations. Oceanogra
phers have combined marine chemistry, 
marine biology and the geology of the 
sea floor, from midocean ridges to vol
canic-island arcs, to see the oceans as 
an entire system. Indeed, it is the only 
way to estimate the interactions of the 
oceans with the carbon cycle and the 
carbon dioxide greenhouse [see "The 
Ocean," by Wallace S. Broecker, page 
146]. With' geologists and paleontolo
gists they are now mapping the past of 
the oceans, particularly in relation to the 
recent glacial epoch. Predicting the op
eration of the surface part of the ma
chine, powered by solar radiation, has 
become the business of oceanographers, 
geologists, atmospheric scientists and 
biologists. The ability to predict is de
pendent on devising ever more inclusive 
and sensitive models of the system and 
testing them against observations. Geo
physicists working on the dynamics of 
the interior heat engine are engaged in 
correlating. its structure and constitu
tion, as revealed by earthquake waves, 
with its mineralogical and chemical. con
stitution, as deduced from laboratory 
experiments on rock systems at high 
temperatures and pressures. Isotope-ra
tio studies of rocks derived from the in
terior and brought to the surface pro
vide observations that tell about mixing 
mechanisms in the mantle. Theoretical 
studies· of convection dynamics in plas
tically deformable solids at high pres
sures are showing how the mixing pro
ceeds. The core, the mantle and the crust 
are no longer regarded as separate do-' 
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mains but as interacting parts of a larger 
system whose properties and dynamics 
are modeled by geophysicists, geochem
ists and petrologists. 

Earth scientists have long been famil
iar with the ways in which the actions of 
the interior affect the exterior through 
volcanism, mountain building, the flow 
of heat and the geomagnetic field. Now 

they are seeing how chemical weather
ing and the differentiation of the materi
als of the interior as they are brought to 
the surface react on the interior as the 
altered material is plowed back into 
the mantle by subduction. In this way 
the surface machine is further coupled 
to the interior machine. As the subsys
tems are linked the earth may come to 

OCEANIC CRUST 

CONTINENTAL CR 
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RADIUS (THOUSANDS OF KILOMETERS) 

be thought of more in the ways one 
thinks of a highly differentiated organ
ism: as a system so complex that the ul
timate reduction to simple forces and 
bulk compositions does not lead to a 
satisfactory understanding of the won
derful diversity and detail that can be 
observed directly at the surface and 
sensed remotely in the interior. 

o 

LARGE-SCALE MOTIONS of the major parts of the earth are in
dicated by arrows in this highly schematic diagram. Heat-driven con
vection in the fluid outer core has a dynamo effect that is responsible 
for the geomagnetic field. Convection in the upper mantle drives plate 
tectonics. Volcanism transports molten material to the surface at mid-

ocean ridges and other places. Solid material is returned to the interior 
at subduction zones. The degree of mixing between the upper mantle 
and the lower mantle is a subject of debate; in this case a model call
ing for separate convection cells has been adopted. Mixing of materi
al between the lower mantle and the outer core is still speculative. 
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The Earth's Core 

Indirect evidence indicates that it is an iron alloy, solid 
toward the center but otherwise liquid. It is the turbulent 
flow of the liquid that generates the earth's magnetic field 

It is ironic that one of the great specta
cles of terrestrial nature, the light of 
the aurora shimmering in the night 

sky, is a clue to the character of the 
earth's hidden and enigmatic core. The 
ultimate cause of the aurora is the inter
action of the magnetic field generated in 
the core and the "wind" of electrically 
charged particles flowing outward from 
the sun. The core also has much to tell 
about the earth's formation and geolog
ic history. Indeed, there are indications 
that it may still be influencing the distri
bution of temperature in the overlying 
mantle and thus may indirectly govern 
large-scale geologic processes at the sur
face. It is also clear that the composition 
of the core is a major factor in any mod
el of the bulk chemistry of the earth. 

The present nature of the core is best 
determined from seismological data, 
that is, the information gathered by 
studying the acoustic waves generated 
by earthquakes. Such data reveal that 
the core extends from a depth of 'about 
2,900 kilometers (1,800 miles) to the 
center of the earth at 6,370 kilometers 
(3,960 miles). They also show that the 
inner core is solid, with a radius of about 
1,200 kilometers, and that the outer core 
is liquid. What the composition of the 
solid and the liquid might be are matters 
to which I shall return. 

Conditions are known to be extreme 
at these depths. The pressure ranges 
from 1.3 to 3.5 million atmospheres, 
which is to say from 1.3 to 3.5 million 
times the atmospheric pressure at the 
surface of the earth. Temperatures are 
estimated to be in the range from 4,000 
to 5,000 degrees Celsius (7,200 to 9,000 
degrees Fahrenheit). 

The most direct information on the 
core in the past comes from studies of 
the ancient magnetic field of the earth. 
For example, the magnetization of some 
of the oldest rocks suggests that whatev
er process generates the magnetic field 
in the core was already operating 3.5 
billion years ago. Students of such mat
ters are still far from a thorough under
standing of the geomagnetic field: how 
it is generated, when and how it started 
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by Raymond Jeanloz 

and how it has evolved. Nevertheless, it 
is now possible to begin to understand 
how the core might have formed and 
evolved and how these processes may 
have affected the geologic evolution of 
the earth. 

The geomagnetic field is often de
scribed as being like that of a dipole. 

In other words, it looks like the field that 
would be generated by a bar magnet at 
the center, of the earth, with the lines of 
force looping from the south magnetic 
p.ole to the north. This is actually a paro
chial description, because the magnetic 
field is like that of a dipole only near 
the surface of the earth, where it can be 
studied most readily. 

Around the earth in the magneto
sphere the lines of force in the magnetic 
field are strongly distorted by the solar 
wind; they are crushed toward the earth 
on the side facing the sun and swept far 
into space on the night side of the planet. 
Similarly, all models of the source of the 
magnetic field show distorted field lines 
in the core. Nevertheless, it is worth re
membering that about 90 percent of the 
field now observed at the surface is dipo
lar. The rest consists of a more complex 
pattern of field lines that can be de
scribed in terms of several poles rather 
than just the two that describe most of 
the present field. 

Since the pioneering work of Walter 
M. Elsasser of Johns Hopkins Universi
ty, Edward C. Bullard of the Univer
sity of Cambridge and others the geo
magnetic field has been understood as 

ongmating with magnetohydrodynam
ic processes in the earth's liquid outer 
core. In general terms the processes en
tail convection in an electrically con
ducting fluid, with the result that the 
core acts as a dynamo maintaining and 
regenerating the magnetic field. Specifi
cally, as the field lines directed toward 
the center of the earth (the poloidal 
lines) enter the outer core they are 
pulled in the direction of the earth's ro
tation. The rotation of the solid inner 
core probably tends to wrap the field 
lines around the earth's axis (producing 
a toroidal component). 

Furthermore, it is thought the field 
lines become contorted by smaller-scale 
cyclonic motions that result from the 
fact that the core is rotating along with 
the rest of the earth. The cyclonic mo
tions are analogous to the hurricane pat
terns that arise in the atmosphere. Al
though the contortions of the magnetic 
field lines play a central role in current 
theories of the magnetic dynamo, nei
ther the exact origin nor the detailed 
pattern of the contortions is known. It is 
worth emphasizing, however, that with
out the dynamo process the magnet
ic field would certainly die out within 
10,000 years or so. Therefore the field 
must be continuously maintained or re
generated by the fluid motions. 

In order to better understand the na
ture of the magnetic field within the core 
it is necessary to know the convective
flow pattern of the liquid. The trouble is 
that the magnetic field can significantly 
modify the flow generating the field in 

MAGNETISM OF THE EARTH is visible in these images of the aurora made from data 
transmitted by the spacecraft DYllamics Explorer 1. The aurora is the circle at the lower right in 
each image. It is created when electrically charged particles in the "wind" of the sun's expand
ing atmosphere are trapped in the earth's magnetic field. Plunging into the earth's atmosphere 
aloug the magnetic lines of force descending toward the magnetic poles, the solar-wind parti
cles interact with molecules in the earth's atmosphere to generate the light of the aurora (here 
actually detected at ultraviolet wavelengths). The bright area at the upper left in each image 
is the side of the earth lighted by the sun. Each image represents data received for a 12-minute 
period. The images show a hitherto unknown configuration of the aurora, in whIch the circular. 
area of emission is crossed by a liuear one; the configuration is called the theta aurora because 
of its resemblance to the Greek letter. The images were obtained with the University of Iowa's 
auroral-imaging instrumentation. They are provided through the courtesy of Louis A. Frank. 
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the first place. Hence no one has yet ful
ly solved the problem of determining 
the fluid motions in the outer core. 

A logical starting point, however, is to 
first ask what the flow would look like if 
there were no magnetic field. Possible 
answers to this purely hydrodynamic 
question are emerging from the theoret
ical and experimental work of Friedrich 
H. Busse and his colleagues at the Uni
versity of California at Los Angeles. 
They find that both the presence of the 
solid inner core and the rotation of the 
earth are major influences on the flow 
pattern in the liquid outer core. In condi
tions thought to be appropriate to the 
earth's core the pattern takes the form of 
screw like rollers. One can speculate that 
if this pattern of flow is not too strongly 
modified by the presence of the magnet
ic field, the rollers are intimately associ
ated with the contortion of the field lines 
that is required for the dynamo. 

The magnetization that is retained in 
rocks of different ages has been studied 
by, among others, M. W. McElhinny 
and his colleagues at the Australian Na-

SOLAR 
WIND 

tional University. They find that a geo
magnetic field of about the same inten
sity as the present one existed at least 
2.5 billion years ago and probably ex
isted 3.5 billion years ago. (The latter 
determination was made on the basis of 
only a few samples.) Although data are 
absent for a substantial fraction of the 
earth's history, inasmuch as the planet 
is 4.6 billion years old, it seems that 
the geodynamo started operating fairly 
early in geologic time. 

The fact that the presence of an in
ner-core appears to be important in the 
process generating the magnetic field 
leads to the further inference that this 
solid region at the center of the earth 
has existed for at least 3.5 billion years. 
Even though the inner core may have 
grown or shrunk since then, there is no 
reason to infer that the general nature of 
the flow in the outer core has changed 
substantially throughout recorded geo
logic time. In other words, the magnetic 
evidence suggests that the basic struc
ture of the liquid outer core surrounding 
the solid inner core has existed for at 

AURORAL ZONE 

least three-fourths of the earth's history. 
The understanding of the geomagnet

ic dynamo and of the convective-flow 
pattern in the core has advanced consid
erably in the past several years. It is rea
sonable to predict that the theoretical 
and experimental work now being done 
will lead to major new insights. Never
theless, certain aspects of the problem 
are still baffling. 

Agood example is the reversal of the 
magnetic field that has occurred 

hundreds if not thousands of times in 
geologic history. In a reversal the north 
magnetic pole switches from pointing 
toward geographic north to pointing 
south (or vice versa). Reversals appear 
not only in the earth but also in the sun 
and even in laboratory dynamos, pre
sumably in response to the chaotic na
ture of magnetohydrodynamic proces
ses. On a practical level the frequent 
and apparently random geomagnetic re
versals have provided an exceedingly 
useful clock for timing geologic events 
and correlating geologic deposits. In-

MAGNETIC FIELD IS GENERATED by a dynamo in the core. 
The details of how the dynamo works are not known, but in the mod
el depicted here it is assumed that the electrically conducting metal-

lic liquid of the core flows in screwlike rollers. The lines of force 
in the magnetic field would be threaded through the rollers; here a 
single such line is depicted. It is the thick line from north to south. 
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deed, it is the magnetic reversals record
ed in the rocks of the ocean floor that 
have yielded one of the main lines of ev
idence for the theory of· plate tectonics. 

It is only fairly recently that high
quality data have become available to 
trace in detail what happens when the 
magnetic field reverses. Apparently the 
magnetic pole follows a convoluted 
path at the earth's surface. It is clear, 
however, that the field can reverse com
pletely within just a few thousand years. 

Several models have been proposed 
for what the field should look like dur
ing a reversal. According to one of them, 
as an example, either the north or the 
south magnetic pole should appear to 
follow a line of constant longitude, with 
the pole crossing through any given 
sampling location on the surface of the 
earth in the course of a reversal. One can 
visualize the magnetic pole as splitting 
into a hoop that sweeps the surface in 
a north-south direction. The data now 
available, however, do not support this 
hypothesis. 

A major difficulty in modeling the 
field as it reverses is that during the 
process the absolute intensity of the field 
is reduced to about 10 percent of its 
normal value [see illustration on /lext 
page]. At present the geomagnetic field is 
about 90 percent dipolar, the rest being 
multipolar. No one is certain what frac
tion of the reduced field is dipolar while 
a reversal is under way. To derive the 
poles shown in the illustration it is nec
essary to assume that the field was di
polar during the depicted reversal. Per
haps, however, there are effectively 
several magnetic poles existing simulta
neously during a reversal. If they fluctu
ate in strength, they can give rise to the 
erratic path seen in the illustration. This 
possibility can be investigated only by 
studying the same reversal at several 
different places. 

Reversals seem to be more than just 
a passive dying out and rebirth of the 
field because they appear to happen on 
a time scale that is much shorter than 
the time it would take for the field to be 
regenerated. Hence one may ask: Are 
reversals caused by turbulence or shifts 
in the detailed flow patterns in the 
outer core? No one has been able to 
answer the question. It is quite possible 
the dynamo is self-reversing, that is, a 
reversal can be initiated internally, with
out any external trigger. 

Regardless of the mechanism, one 
conseq uence of reversals is only now be
ginning to be recognized. What is being 
found in the growing new discipline of 
biomagnetism is that complex organ
isms synthesize magnetic components 
whereby their behavior can be signifi
cantly affected by changes in the geo
magnetic field. Therefore one may spec
ulate that reversals play a role in biolog
ical evolution. 

The geologic record of the earth's 

magnetic field yields information on 
the nature of the core in the past. In 
order to proceed further in understand
ing the core it is necessary to consider 
the available data bearing on its present 
nature as well. The only detailed and 
direct information comes from seismo
logical studies, which provide values of 
the density of the material and the ve
locity and attenuation of sound as a 
function of depth in the earth. "Sound" 
is employed here in a loose sense to re
fer to the mechanical waves produced 
by earthquakes (or large manmade ex
plosions) 'and propagated through and 
around the globe. Such waves are of 
low frequency compared with audible 
sound: from about 10-4 to 10 hertz, 
or cycles per second, which is some 100 
to a million times lower in "pitch" than 
the concert A. From these data the pres
sure can be calculated at each depth. 
Moreover, liq uid and solid regions can 
be distinguished because a liquid 
transmits only compressional waves 
(waves moving back and forth in the 
direction of their travel), whereas a sol
id transmits both compressional waves 
and shear waves (waves moving at right 
angles to their direction of travel). 

The basic structure of the earth im
plies a crude but strong constraint 

on the deep temperature. Evidently the 
geotherm (the average temperature as a 
function of depth) is below the melting 
point of the inner core and the mantle, 
since they are both solid. By the same 
token the geotherm is above the melting 
point of the outer core. 

Usually this argument is taken one 
step further on the assumption that the 
inner core is solidified outer-core mate
rial. The assumption is plausible and is 
not contradicted by any data now avail
able. No one has yet demonstrated, 
however, that the inner and outer core 
are in chemical equilibrium, as the as
sumption would imply. In fact, the inner 
core may be in chemical disequilibrium 
with the outer core, which in turn may 
be (and is often taken to be) in disequi
librium with the mantle. In other words, 
the composition of the inner core may 
not be related in any direct way to the 
composition of the outer core. 

If the inner core has formed (or is still 
forming) by crystallization from the liq
uid outer core, the boundary between 
them is fixed within the temperature in
terval of melting and solidification of 
core material at a pressure of 3.25 mil
lion atmospheres for the present size of 
the inner core. For example, the inner 
core could be pure iron that has crystal
lized out of the alloy liq uid of the outer 
core. The temperature at the boundary 
between the inner and the outer core is 
similarly constrained even if the outer 
core is heating up and hence is growing 
by the melting of the solid inner core. In 
either case one would in general expect 

a region of partial melting between the 
inner and the outer core, because only 
the simplest chemical systems melt at 
a sharply defined temperature, that is, 
begin melting or begin solidifying at 
the same temperature. 

. The core is thought to be a complex 
alloy, which would therefore melt over 
a range of temperatures. As a result 
there has been much interest in recent 
seismological studies by V. F. Cormier 
of the Massachusetts Institute of Tech
nology and G. L. Choy of the U. S. Geo
logical Survey, who find evidence for a 
"mushy" zone of reduced velocity and 
relatively high attenuation of seismic 
waves in the top few hundred kilometers 
of the inner core. Their conclusions are 
uncertain because of the great difficul
ties involved in resolving such details of 
physical properties near the center of 
the earth. It does appear, however, that 
there may be an anomalous zone such as 
one would expect for a slurry of liquid 
and crystals. This is circumstantial evi
dence that the top of the inner core is 
right at the melting point. Thus if the 
composition of the core were known, an 
experimental determination of the melt
ing point of this material at the pres
sures of the core would yield a direct 
determination of the temperature near 
the earth's center. 

It is also possible to infer that the tem
perature has not varied enough to com
pletely melt (or solidify) the core within 
the past 2.5 to 3.5 billion years. The in
ference is based on the record of the 
earth's magnetic field suggesting the in
ner and the outer core have existed for 
at least that length of time. 

The core is usually represented as 
consisting mainly of iron. This inter

pretation is clearly in agreement with 
the seismological data, but two other 
lines of evidence can be in.voked to 
strengthen the concl us ion. The first is 
that the generation of the magnetic field 
requires the core to be metallic (that 
is, electrically conducting) in order for 
the geodynamo to operate. The second 
is that no other element having the ob
served properties of the core is abun
dant enough in the cosmos to be a plau
sible candidate. 

Hence there is a gross separation of 
the earth into an iron-rich region (the 
core) and a silicate region (the mantle 
and the crust). Silicates are the complex 
silicon-oxygen compounds making up 
rocks, so that the two regions are remi
niscent of the two general classes of me
teorites: iron and stony. Beyond this, 
however, there is no evidence for a more 
detailed analogy between the earth's 
core and the nature of meteorites. In 
fact, it is not possible that the core is 
made up only of iron or the nickel-iron 
alloy commonly observed in iron mete
orites. This is evident from a compari
son of the density of iron alloys at high 
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pressures with the density of the core: a 
small amount of a component less dense 
than iron, such as sulfur, oxygen or sili
con, must also be present. 

There is no consensus on the composi
tion of the core other than that it is pre
dominantly iron. In part the reason is 

that gross physical properties, such as 
the measured densities and seismic ve
locities within the core, cannot be ex
ploited to uniq uely determine the core's 
chemical composition. Moreover, only 
a small amount of any of the alloying 
elements that have been proposed is re-

quired in order to match the observed 
properties of the core. (Typical values 
are about 8 to 10 percent by weight.) 
Finally, it is quite possible-probable 
according to many investigators-that 
the core alloy has many components in 
addition to iron. 

GEOGRAPHIC NORTH 
I 

REVERSAL OF THE GEOMAGNETIC FIELD gives cIues to the 
action of the dynamo in the core. A reversal that took place 15 mil
lion years ago is traced here on the basis of the magnetism record
ed in a sequence of lava flows at Steens Mountain in Oregon. The 
switch was from reverse to normal, with normal meaning that mag
netic and geographic north are in the same direction. The nodh mag
netic pole followed a convoluted path, recorded here for a period of 
15,000 years; each filled circle represents a separate measurement of 
the pole position. The. field's strength and direction are indicated at 
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approximately 500-year intervals by the colored arrows. During the 
reversal the geomagnetic field did not necessarily have two poles, as 
it does today, so that the poles depicted here represent only a sche
matic view. The erratic path of the pole could result from variations 
in the dipole and nondipole components of the field or from shifts in 
field's main direction. The data on which the drawing of a magnetic 
reversal is based are from Robert S. Coe of the University of Cali
fornia at Santa Cruz, M. Prevot of the University of Paris and E. A. 
Mankinen and Charles S. Gromme of the U.S. Geological Survey. 
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In view of these uncertainties it is best 
just to summarize contemporary think
ing by saying the present favorites for 
the main light components in the core 
are sulfur and oxygen. Sulfur was pro
posed by V. R. Murthy and H. T. Hall of 
the University of Minnesota primarily 
because it is depleted in the rest of the 
earth in relation to cosmic abundances. 
If enough sulfur could be assigned to the 
core, the planet as a whole might turn 
out to be undepleted in sulfur. It is 
relevant that iron sulfides are found in 
meteorites . 

. The trouble with this argument is that 
sulfur is relatively volatile, and it has 
long been recognized that the bulk earth 
is depleted in volatiles in relation to cos
mic abundances (most notably in hydro
gen and helium but also, for example, in 
potassium). In addition the high-pres
sure data indicate that only about 8 per
cent by weight is required for sulfur to 
lower the density of iron to the density 
of the core. That amount of sulfur is not 
nearly enough to make up the deficiency 
of the bulk earth. 

This relation weakens the original jus
tification for invoking sulfur as the light
er component, but it does not rule sulfur 
out. Indeed, an iron sulfide combination 
is regarded by many workers as being 
the most plausible one for the core. It is 
worth noting that iron sulfide is a good 
electrical conductor and that it melts at 
temperatures several hundred degrees 
below the melting point of mantle min
erals. Its properties are therefore consis
tent with those of the core, and one can 
see how the bottom of the mantle could 
be solid (a silicate with a high melting 
point) and the outer core liquid (a sulfide 
with a lower melting point). 

The main proponent of oxygen as the 
light component in the core is A. E. 
Ringwood of the Australian Nation
al University. He suggests that at high 
pressures iron oxide becomes metallic. 
The point is crucial because at low pres
sures iron oxide is not metallic. The re
q uired metallization would necessitate a 
drastic change of .properties. 

There is as yet no clear evidence by 
which to judge Ringwood's hypothesis, 
although shock-wave experiments in the 
laboratory have demonstrated that at 
something less than a million atmo
spheres of pressure iron oxide does un
dergo a transformation. Unfortunately 
in the experiments the nature of the 
transition could not be determined. In 
the transition does the bonding become 
metallic, or is there just a change in crys
tal structure? Answers to this question 
and others about the properties of iron 
oxide at high pressures await the conclu
sion of additional experiments now in 
progress. In any case the proposed met
allization of iron oxide should not be 
regarded as improbable. After all, the 
evidence is that even oxygen can be
come metallic at high pressure, and 

EARTHQUAKE FOCUS 
I 

INNER CORE 

OUTER CORE 

MANTLE 

SEISMIC WAVES provide data on the physical properties of the core. Two types of waves 
move through the earth from the focus of an earthquake: P, or compressional, waves (waves 
that move back and forth in their direction of travel) and 5, or shear, waves (waves that move 
at right angles to their direction of travel). 5 waves, which cannot travel through the body of a 
liquid, do not pass directly through the core, demonstrating that at least the outer core is Iiqnid. 
P waves go through both solids and liquids. Besides information on the state of the core, seis
mology yields data on density, which make it possible to calcnlate the pressure at each depth. 

molten iron oxide appears to be a semi
metal at high temperatures. 

One of the main differences between 
the oxide and the sulfide hypothe

ses is that under the oxide hypothesis 
the core must have acquired its present 
composition at high pressures. Ring
wood concludes that below the metalli
zation pressure oxygen does not com
bine with iron in any significant amount 
(in relation to the silicates of the man
tle). This is why the core would have to 
form at high pressures to incorporate 
oxygen. In contrast, sulfur can readily 
be alloyed with iron at low pressures. 

The effect of combining either sulfur 
or oxygen with iron is that the melting 
point of the compound is lowered. At 
low pressures sulfur has a much larger 
effect than oxygen on the melting point 
of iron, and it is thought this difference 
may persist at high pressures. Therefore 
a .notable 'difference between the sul
fide and oxide models for the core is 
that melting would begin at significant-

ly lower temperatures in a sulfide com
position than it would in an oxide one. 
As a result it may be easier for a core 
to start forming if it is sulfur-rich than 
if it is oxygen-rich. 

In order to apply this information it is 
necessary to know the melting tempera
tures of iron alloys at the pressures of 
the core. The melting poi,nt of iron it
self has recently been determined in 
the shock-wave experiments of J. M. 
Brown and R. G. Mcqueen at the Los 
Alamos National Laboratory. For the 
first time they were able to discern the 
onset of melting in pure iron at 2.5 mil
lion atmospheres. 

Applying these data, Brown and 
Mcqueen have modeled the melting in 
iron alloys at pressures corresponding to 
those at the boundary of the inner and 
the outer core. On the assumption that 
this boundary corresponds to ·the melt
ing-freezing transition and that the core 
is iron sulfide, they are able to estimate 
temperatures throughout the core. For 
example, they arrive at a value of 3,700 

61 
© 1983 SCIENTIFIC AMERICAN, INC



degrees C. (plus or minus 500 degrees) 
at the core-mantle boundary, which is 
close to previous estimates. This is the 
first time estimates of the temperature 
near the earth's center have been brack
eted by experimental data obtained at 
the conditions existing within the core. 
Experiments that are now being done to 
determine the melting behavior of al
loys at high pressures should further 
clarify the possible range of tempera
tures in the core. 

Asubtler connection between compo
sition and temperature at the core is 

related to the source of energy that pow
ers the geodynamo. Two distinct mech
anisms-thermal and compositional
have been proposed for driving the con
vective flow that. generates the earth's 
magnetic field within the outer core. 

The thermally driven flow requires 
that the fluid be heated by a local source 
of energy. Warmer regions of the outer 
core would then rise because they are 
less dense than the colder regions, which 
sink. This is the familiar type of convec
tion that occurs in the atmosphere, in a 
pot of water on the stove and (on a long
er time scale) in the earth's mantle. 

The compositionally driven flow is 
different in that dense and less dense re-

gions are formed even if there are no 
differences in temperature. It is simply 
an unmixing process of the kind that can 
take place in a mixture of oil and water; 
the oil rises and the water sinks. Da
vid Gubbins of the University of Cam
bridge and D. E. Loper of Florida State 
University have suggested solidification 
of the outer-core fluid could result in 
dense crystals that would sink toward 
the inner core while the remaining, less 
dense liquid would rise toward the top 
of the core. This separation process 
could apparently be quite effective in 
driving the flow that generates the mag
netic field. The details are not well un
derstood, however, and most workers 
consider this model of the dynamo to be 
speculative. 

The thermally driven dynamo does 
not call for any compositional differ
ence between the inner and the outer 
core. All it needs is a source of energy. 
One possible source is the decay of ra
dioactive isotopes such as uranium 238 
or potassium 40, which are present in 
the mantle and the crust. Are such ele
ments also present in the core? Recent 
studies of the uranium content of miner
als by D. S. Burnett and his colleagues at 
the California Institute of Technology 
suggest that sufficient amounts of radio-
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ACOUSTIC PROPERTIES OF THE CORE as revealed by changes in the velocity of seismic 
waves are shown as a function of depth from the surface of the earth and of pressure at each ' 

depth. One atmosphere is the pressure at the surface of the earth. The experimentally deter

mined' acoustic velocity of molten iron at core conditions (the pressures and temperatures of 
the core) closely matches the observed velocity. The seismic, data also suggest the presence of 
an anomalous zone (.'ertical shading) at the top of the inner core. The zone is characterized by 
a relatively high attenuation of seismic waves. This is thought to be a partially molten region. 
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active uranium are capable of partition
ing into core-forming metal to be an 
important source of heat. Furthermore, 
both theoretical results and new experi
mental data support the idea that the 
chemical bonds of potassium change at 
high pressures in such a way that radio
active potassium could also combine 
with the metallic iron of the core. 

In each case the data are too scanty to 
allow anything more than speculation 
about heat sources in the core. The point 
is that according to present knowledge 
radioactive decay could be the domi
nant source of energy driving the flow 
in the core. Incidentally, one reason 
some geophysicists argue for signifi
cant amounts of potassium in the core 
is that it could partly explain why the 
mantle and crust are depleted in potas
sium in relation to cosmic abundances. 

There may be other sources of energy 
to drive convection in the outer core. 
For example, considerable heat could 
have been released when the earth orig
inally assembled or when the core 
formed. This "primordial heat" hy
pothesis, to which I shall return, is in
timately associated with whatever view 
one might hold on how the earth was 
formed. 

Another possibility is that if the inner 
core is freezing out of the surrounding 
liq uid, there could be enough heat from 
the latent heat of crystallization to pow
er the geodynamo. This hypothesis has 
been discussed extensively by John Ver
hoogen of the University of California 
at Berkeley, who emphasizes the uncer
tainties in such a model arising from the 
lack of data on melting in complex alloy 
systems at high pressures. 

Whatever the precise source of ener
gy may be, the fundamental instability 
driving thermal convection is that less 
dense fluid lies under denser fluid. This 
situation arises because there is a suffi
cient increase, on the average, of tem
perature with depth and because ther
mal expansion causes the density of ma
terials to decrease as the temperature is 
increased by the heat sources . 

If the geodynamo is thermally driven, 
the temperature of the vigorously flow
ing region in the outer core increases 
adiabatically with depth (that is, with 
pressure). In an adiabatic process the en
ergy content of a given parcel of fluid 
remains the same, which is to say there is 
not enough time for heat to flow out of 
the parcel' as it moves over long dis
tances, and energy is not lost to the sur
roundings. Thus if the parcel is com
pressed, its energy density increases: the 
fluid gets hotter. This increase in tem
perature with depth in the core is esti
'mated to be rather small, about .8 de
gree C. per kilometer. Nevertheless, the 
adiabatic gradient that would exist in 
the thermally convecting core would 
have a profound influence on the evolu
tion of the mantle and crust above. 
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According to Fourier's law, heat is 
cond ucted down a temperature gradi
ent with a flux (thermal energy passing 
through a surface of unit area in unit 
time) given by the value of the tempera
ture gradient times the thermal conduc
tivity. No one has measured the thermal 
conductivity of iron alloys at the tem
peratures and pressures of the core, but 
R. N. Keeler and G. Matassov have 
determined the electrical conductivity 
of alloys at core conditions by means 
of shock-wave experiments done at the 
Lawrence Livermore National Labora
tory. In these metals the electrons carry 
the thermal energy as well as being re
sponsible for the electrical conductivity. 
Thus one can employ the data to esti
mate the thermal conductivity of the 
outermost core; values between about 
60 and 110 watts per degree C. per me
ter seem appropriate. Multiplying them 
by the adiabatic gradient of .8 degree 
per kilometer, one finds the surprising 
result that the predicted heat flux out of 
the core (70 milliwatts per square meter, 
plus or minus 25 milliwatts) is the same 
as the average heat flux at the surface of 
the earth. 

In fact, as most investigators currently 
believe, if thermal convection occurs, 
one would expect much more heat to be 
transported with the fluid than conduct
ed. Therefore the heat flux from the core 
into the mantle would be higher still. 
The core thus becomes one of the major 
sources of heat driving convection in the 
mantle. Hence there may be not only 
an indirect but important link between 
the dynamics of the core and the earth's 
magnetic field but also one between the 
dynamics of the core and the large
scale tectonic motions observed at the 
earth's surface. Alternatively, lower 
temperature gradients in the core and a 
lower heat flux into the mantle are pos
sible to the extent that the dynamo is 
compositionally driven. A low heat 6ux 
would imply the core exerts little influ
ence on the dynamics of the mantle. 

I f a thermally driven geodynamo 
would need no compositional differ

ence, a compositionally driven one 
would need no thermal difference. 
Therefore if no heat sources are invoked 
and the convective motions in the outer 
core are assumed to originate in the sep
aration of dense crystals from the core 
fluid, the core could theoretically be iso
thermal: it would show essentially no 
change in temperature with depth. This 
is an extreme case, and it seems more 
plausible that heat sources are at work 
in addition to the compositional mecha
nism. Hence even for the composition
ally driven dynamo temperature would 
be expected to increase with depth in 
the core. The core must still be consid
ered an important source of heat for 
the overlying mantle. 

The compositional dynamo does have 
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DENSITY AS A FUNCTION OF PRESSURE is charted in a comparison of the observed val
ues for the earth's mantle and core with experimental data on iron and iron alloys that may ex
ist in the core. The shock-wave experiments were done at the California Institute of Technol
ogy and at the Los Alamos National Laboratory. The comparison is improved by correcting 
the experimental data for the temperature within the earth and for the liquidity of the outer 
core, as is shown for iron by the shaded band. The width of the band corresponds to the uncer
tainty in density at each pressure. The "mystery transition" in iron oxide is a rapid increase in 
density with pressure that is seen in the experiments. The reason for this densification is not 
known, but it may indicate that the oxide becomes metallic at core pressures. If this is the 
case, oxygen may be the alloying element that modifies the observed density of iron in the core. 
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ELECTRICAL CONDUCTIVITY of iron and two iron alloys at high pressure is shown on 
the basis of shock-loading experiments. The data are corrected to a uniform temperature of 
3,200 degrees Celsius to approximate conditions in the core. Because heat is transported by the 
electrons in metals, the data make it possible to estimate the thermal conductivity in tlie core. 
Near the top of the core it is evidently from 50 to 70 watts per degree per meter for the alloys, 
10 times higher than in the overlying mantle. The finding snggests that the flnx of heat from 
the core to the mantle makes the core a major sonrce of heat driving convection in the mantle. 

the simple req uirement that the liquid 
of the outer core can separate into two 
phases (presumably solid and liquid) of 
significantly different composition, so 
that they can have significantly different 
densities. After separation the remain
ing liquid must be less dense than the 
original liquid, which makes up the rest 
of the outer core. 

A liquid with a composition differ
ent from that of a solid is exactly what 
would be expected for a partially fro
zen alloy under equilibrium conditions. 
This is why an alloy melts and freezes at 
slightly different temperatures. Here, of 
course, the presumption is that the solid 
inner and liquid outer parts of the core 
are at equilibrium and that accordingly 
they differ in composition. Certainly the 
presence of a seismic attenuating zone at 
the top of the inner core-possible seis
mological evidence for a crystal-liq uid 
mush-supports the idea. 

On the other hand, one should bear in 
mind that the magnetization of rocks 
suggests the basic structure of the core 
(for example the presence of an inner 
core) may have been unchanged for 
most of geologic history. If the geodyna
mo is powered by the separation of the 
inner core from the outer one, it may be 
difficult to avoid accepting the contra-
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dictory assertion that the structure of 
the core has changed drastically over ge
ologic time. 

A stronger test would be to see wheth
er the inner core is significantly denser 
than what would be expected for solid
ified outer-core material. The present 
seismological evidence is not sufficient 
to answer this question unambiguously. 
What seismic waves show is that the 
jump in density across the boundary be
tween the inner core and the outer one 
is quite similar to the change in density 
of iron solidifying at the same pressure 
without a change in composition. This 
finding does not support the composi
tional-dynamo model because it im
plies that the solidified part of the outer 
core has essentially the same density as 
the inner core. Geophysicists are tanta
lizingly close to being able to evaluate 
this model, but more data are needed 
from both seismology and experiments 
at high pressure. 

I return now to the question of primor
dial heat because it bears on the q ues

tions of how and when the core formed 
and in what way the process was related 
to the birth of the planet. Two extreme 
scenarios can be identified. One is that 
the earth assembled first and then sepa-

rated into distinct iron and silicate frac
tions: the core and the mantl�. The oth
er is that the core aggregated first and 
then the remaining silicate-rich materi
al was added. 

The first of these pictures is called ho
mogeneous accretion. It is mechanically 
analogous to the compositional model 
of the geodynamo, entailing a separa
tion of dense material from less dense 
material after the earth had accreted. 
This model is well entrenched in the 
geophysical literature. 

The second picture is heterogeneous 
accretion. It is a more recent and some
what less well defined model. The rea
son is that different rationales have been 
proposed for the core metal to accrete 
before the silicates of the mantle do. 

In order to distinguish between mod
els of accretion one must consider the 
timing of three separate (but not neces
sarily temporally distinct) events in the 
earliest history of the solar system: (1) 
the condensation of solids out of the 
gaseous, cooling solar nebula; (2) the ac
cretion of the entire earth, and (3) the 
accretion or formation of the core. This 
is the order of events for homogeneous 
accretion, with the key factor in the 
model being that all solids are con
densed before accretion begins. Thus 
the growing planet accumulates both sil
icate and metal at the same time. 

Subsequently the core separates from 
the mantle. According to Francis Birch 
of Harvard University, the separation 
leads to the release of an enormous 
amount of gravitational energy as the 
dense iron settles to the center of the 
planet. The amount of energy involved 
is comparable to the total thermal en
ergy that would leave the earth over 
4.6 billion years, given the present heat 
flux at the surface. It would have been 
enough to heat the entire planet by a few 
thousand degrees, which would presum
ably initiate substantial melting. 

The best-known model of heteroge
neous-accretion, proposed by Karl K. 
Turekian and Sydney P. Clark, Jr. , of 
Yale University, visualizes the core ma
terial as condensing early and accreting 
before condensation is complete, indeed 
before the mantle silicates can condense 
and begin to accrete. Hence by the time 
the mantle has accreted the core is al
ready in place because of the prior 
chemical separation of iron and silicates 
during the condensation process. The 
result is that the planet is relatively cold 
once it has formed. The reason is that 
little heat is retained as the earth ac
cretes small particles condensing out of 
the solar nebula; most of the heat can be 
efficiently radiated back into space. 

With no heat released by the separa
tion of the core and the mantle, high 
temperatures would not be reached in 
this model. Yet the chemical separation 
of iron and silicates during condensa-
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tion is no longer thought to be plausi
ble. Calculations of the temperatures at 
which minerals would condense out of 
the cooling solar nebula indicate that 
the mantle phases appeared at about 
the same time as the core materials and 
maybe earlier. Therefore chemical het
erogeneous accretion is now considered 
to be an unacceptable model. 

An alternative, physical mechanism 
could lead to heterogeneous accretion 
after condensation is complete. As pro
posed by Egon Orowan of M.I.T. and 
Hitoshi Mizutani and Takafumi Matsui 
of the University of Tokyo, after the 
materials of the core and the mantle 
have condensed one would expect me
tallic (core-forming) grains to accrete 
preferentially. In this view, because of 
the brittleness and rigidity of silicate 
and the relative ductility and high densi
ty of iron-rich phases, one would expect 
a rapid agglomeration of metal and a 
much slower accumulation of silicates. 
With increasing size the growing proto
planet can accumulate silicates more 
readily as the gravitational attraction 
increases. Thus most of the mantle 
could be accreted after the core has as
sembled. In this model one can think of 
planetary growth as being nucleated by 
the formation of a metallic core. 

All the evidence suggests that the earth 
.f\.. accreted after metal and s.ilicate 
particles had condensed in the solar neb
ula. The model of homogeneous accre
tion and the model of physical hetero
geneous accretion could accommodate 
this process. The present thinking is that 
not only particles but also small plane
tesimals, perhaps already differentiated 
into iron (core) and silicate (mantle) 
regions, may have been the building 
blocks of the earth. One line of evidence 
is that iron meteorites are thought to 
have been present 4.6 billion years ago. 
They exhibit textures characteristic of a 
slow cooling that could have occurred 
only in planetary bodies with dimen
sions of hundreds of kilometers or more. 
Protoplanetary bodies of substantial 
size therefore could well have been 
present at the time the earth formed. 
Computer studies show that if such bod
ies were accreted rapidly, the radiation 
of heat into space would have been rel
atively inefficient and the planet would 
have got hot as it grew. 

Without rejecting the possibility that 
the nucleation of the earth may have 
been initiated by the accumulation of 
iron, one should consider what would 
have happened as the planet was grow
ing. On the assumption that both silicate 
and iron were being accreted, as in the 
homogeneous-accretion hypothesis, one 
finds it is not possible to delay for long 
the settling of iron toward the center of 
the planet. As G. F. Davies of Washing
ton University has recently pointed out, 

the force of gravity pulls increasingly on 
the denser iron-rich regions with time. 
The reason is that the gravitational 
force increases as the planet grows, 
which is to say as its mass increases. For 
reasonable estimates of the sizes of the 
denser regions Davies finds the iron can 
sink, without necessarily melting, after 
only about one-eighth of the final mass 
of the earth has been accumulated. The 
phenomenon is explained by the fact 
that rocks remain relatively weak even 
at the pressures existing deep inside a 
planet. 

It therefore seems inevitable that the 
formation of the core began well before 
the earth was fully formed and that the 
differentiation of the planet took place 
at the same time as most of its accretion. 
This picture has features of both the ho
mogeneous- and the heterogeneous-ac
cretion models: the earth accretes after 
condensation is complete, but the core is 
present early in the growth of the planet. 

One implication is tha, the core proba
bly started forming at a relatively low 
pressure. This implication may lead to 
difficulties with the hypothesis that the 
core is an alloy of iron and oxygen. Still, 
the relation between the composition of 
the core and the processes by which it 
formed is not well understood, and fur
ther work in this direction is needed. 

In any case, once the differentiation 
of iron and silicates begins the planet 
would be expected to heat up rapidly 
as gravitational energy is released. This 
heating and the heating caused by the 
relatively rapid accretion of planetesi
mals are thought to be enough to trigger 
melting, which leads to an even more 
effective differentiation of the planet. 
In this way the formation of the core 
is seen as a self-perpetuating and possi
bly accelerating process. Evidently the 
core had a role in triggering the geolog
ic processes that are still taking place, 
some 4.6 billion years later. 
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FORMATION OF THE EARTH is visualized as having been by one or the other of the 
processes depicted here. In the homogeneous-accretion model silicate (black) and iron (color) 
accumulate to form the com plete planet (top left). Subsequently the core forms by the separa
tion of the metal from the silicate (top right). During the formation of the core the iron sinks to 
the center of the planet and heat is generated by the release of gravitational energy. In the het
erogeneous-accretion model the metallic core is accumulated first and the silicate mantle ac
cretes around it. The sequence could occur during or after the condensation of solids out of 
the solar nebula, depending on whether chemical or physical processes are involved. In each 
model the accretion of the planet is viewed as resulting from the infall of meteoritic bodies. 
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The Earth's Mantle 
The great shell of sllicate that lies above the metallic core is heated 

by the decay of radiQactive isotopes. The heat energizes massive 

convection currents in the upper 700 kllometers of the ductile rock 

Whereas the dynamics of the 
earth's core are reflected in 
the frozen polarity of ancient 

magnetic fields· and in the luminous 
spectacle of the aurora, change within 
the mantle of the earth is recorded in the 
surface configuration of the oceans and 
the continents. Large-scale motions in 
the mantle take the form of currents of 
dense, solid, ductile material. The sur
face expression of these currents is the 
movement of the plates that form the 
solid surface of the earth, most of which 
include parts of both oceans and conti
nents. The familiar map of the world is 
therefore a snapshot of dynamic proc
esses that have their origins in the man
tle. The snapshot does not, however, re
veal much about the deeper circulation. 

The major difference between conti
nents and oceans is the thickness of their 
crust. The continental crust is anyw.here 
from 20 to 70 kilometers thick; the mean 
oceanic crust is only about six kilome
ters thick. The plates therefore have to 
be at least 70 kilometers thick if they are 
to carry continents. It is now clear that 
the thickness of the plates actually has 
nothing to do with the thickness of the 
crust, and that all plates are about 100 
kilometers thick, regardless of whether 
they are covered by continental or oce
anic crust. This layer from which the 
plates are made is called the lithosphere. 

by D. P. McKenzie 

The currents that move the plates are 
convection currents, in which hot mate
rial rises and cold material sinks. New 
plate is formed at a mid ocean ridge and 
cools as it moves away from the ridge 
toward an oceanic trench. The plate is 
then subducted by the trench and sinks 
into the mantle, because it is colder and 
denser than. the surrounding material. 
As the dense plate sinks it releases gravi
tational energy and carries cold material 
downward, forming a sinking cold limb 
of a convection cell. These two parts of 
the convective circulation, namely sub
duction and the motions of the plates at 
the surface, can be directly observed. 

In addition there must be a horizontal 
return flow that carries material from 
the trench back to the ridge, and an 
upward movement. of hot material to 
balance the downward movement near 
trenches. Nothing can be learned about 
this part of the circulation from the 
movement of the plates. In particular 
there is no reason to believe the upward 
flow coincides with the position of a 
midocean ridge; indeed, it is now known 
it does not. The motion of the plates also 
tells us nothing about any mantle flow 
whose horizontal extent is considerably 
smaller than the size of the plates them
selves. The reason is that the plates 
move rigidly, and their motion responds 
only to the average of the forces on their 

WINDOW ON THE EARTH'S MANTLE is afforded by the island of Hawaii, which has 
been built up entirely by volcanic eruptions. Two major volcanoes make up the island; Mauna 
Kea, in the upper part of the photograph on the opposite page, is now dormant, but Mauna 
Loa, in the lower part, has erupted several times in this century. Older, weathered lava radiates 
in brown bands from the summit of Mauna Loa. Darker radial bands mark relatively recent 
lava flows. The major site of current volcanic activity, however, is along the southeastern flank 
of Mauna Loa at the Kilauea caldera and near the coastline southeast of Kilauea. The chrono
logical trend is therefore from the northwest to southeast; indeed, along the entire Hawaiian 
ridge the seamounts and islands become younger to the southeast. The oldest parts of the ridge 
are the Emperor seamounts in the northwest Pacific, and the youngest island is the one in the 
photograph. The lava emerges at the center of a hot, upwelling region in the mantle, which is 

much larger than the Hawaiian ridge itself. The ridge is thought to record the slow northwester
ly movement of the Pacific plate with respect to the upwelling region. Isotope measurements 
on Hawaiian lava show that the material has not been well mixed with the rest of the upper 
mantle and must be d erived instead from a part of the mantle that has been isolated from the 
convecting parts of the upper mantle for perhaps a billion years. The lower mantle is a possible 
source. The photograph is a digital reconstruction of two images made by Landsat; the recon
struction was done by the Flagstaff Image Processing Facility of the U.S. Geological Survey. 

base and their boundaries. Clearly little 
can be learned about mantle convection 
from past and present plate motions, 
even though these motions are now 
known in great detail. This situation was 
thoroughly unsatisfactory: everyone be
lieved convection in the mantle provid
ed the energy to maintain the motions 
of the plates but no one could explain 
in any detail how it did so! 

Fortunately the behavior of convect
ing fluids had been studied in con

siderable detail by workers interested in 
fluid dynamics, who had developed a 
variety of methods for modeling such 
flows. The most straightforward models 
consist of a layer of fluid in a shallow 
tank heated from below or from within. 
The behavior of the fluid can be studied 
by measuring the temperature within 
it or by shining light vertically through 
it; the light is focused by cold, sink
ing sheets to form bright lines. Anoth
er method of investigating convection, 
which Nigel O. Weiss and I have been 
pursuing intensively at the University 
of Cambridge, is to solve the relevant 
equations numerically on a large com
puter. The two methods are in many 
ways complementary. The tank experi
ments can easily be done in three dimen
sions, but they are little help in under
standing geophysical observations. The 
numerical experiments are at present 
limited to two-dimensional flows, but 
they can serve to relate the observations 
to the convective circulation. In carry
ing out such modeling our aim was to 
understand the physical processes that 
control convection, not to create a math
ematical model of the mantle. 

Both the tank and the numerical ex
periments produced convection cells in 
which the separation between cold, sink
ing regions was about twice the depth of 
the convecting layer. Tank experiments 
with a moving upper boundary showed 
that the convection could then occur in 
rolls parallel to the direction of motion 
of the boundary. The convecting layer 
in the earth was thought to be about 
700 kilometers thick, and so these fluid-
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dynamical experiments suggested that 
mantle convection consisted of at least 
two scales of motion. A small-scale cir
culation with a distance of about 1,500 
kilometers between cold, sinking regions 
should be superimposed on the larger
scale circulation that returns material 
from a trench to a ridge. This two-scale 
model of circulation in the mantle could 
reconcile the geophysical observations 
with the behavior of convecting fluids, 
but the existence of the small-scale cir
culation could not be directly observed 
until recently. 

The key to mapping the small-scale 
flow came with the introduction of re
mote-sensing devices that have made it 
possible to map the earth's gravity field 
with great accuracy. The numerical cal-

culations had shown that upwelling re
gions of convection should be associ
ated with small, positive gravitational 
anomalies and that flow should push up 
the earth's surface. Plates are too thin to 
have much effect on either the gravity 
field or the surface deformation; there
fore if the gravity field and the surface 
deformation can be accurately mapped, 
it should be possible to see through the 
plates and map the convective circula
tion under them. 

In practice it is not the gravity field 
but the shape of the sea surface that can 
be measured from a satellite. Since the 
water is attracted to regions where the 
gravity field is stronger, there is a close 
relation between variations in gravity 
and the height of the sea surface. In 
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NUMERICAL SIMULATION OF CONVECTION in the mantle shows that the flow is com
plicated and varies with time. The sim ulation is carried out by assuming the mantle is a two
dim ensional fluid layer of constant viscosity, nniformly heated from below, cooled from above 
and thermally insulated on both sides. Heat is carried through the fluid by convection; the heat
ed material moves upward and the cooled material moves down. The circulation of the material 
in the cells is shown at the top (a); tem perature contours at intervals of 100 degrees Celsius record 
a rising plum e of heated material near the center of the fluid layer and regions of cold er, sink
ing material at the left and right (b). The model can also predict certain observable effects of 
the convection, such as the variation in the depth of the ocean (c) or the variation in the local 
acceleration of gravity, which is term ed the gravitational anomaly (d). An important new m eth
od for m easuring the gravitational anomaly is to determine the variation in the height of the 
sea surface caused by the local force of gravity. The model can also predict such variation (e). 
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this way Barry Parsons of the Massa
chusetts Institute of Technology, An
thony Watts of the Lamont-Doherty 
Geological Observatory of Columbia 
University, Micheline Roufosse of the 
Center for Astrophysics of the Harvard 
College Observatory and the Smithso
nian Astrophysical Observatory and I 
have been able to map tht;: small-scale 
convection cells in the mantle. The 
maps confirm' the general features of 
the two-scale model, but they leave two 
major questions unresolved: How does 
the flow evolve, and to what depth does 
the circulation extend? 

Before attempting to answer these two 
questions in detail it is worth noting 

they take for granted that the mantle can 
flow like a liquid. This behavior is quite 
unlike that of familiar crystalline solids 
at room temperature. Such solids gen
erally deform elastically under small 
stresses, and they only flow when they 
are subjected to stresses in excess of 
their yield point. The yield point of 
mantle rocks is very large, much greater 
than any estimate of the stresses in the 
mantle, and so many geophysicists did 
not believe the mantle could flow. The 
solution to the problem became appar
ent when the flow behavior of materials 
close to their melting point was exam
ined. Such studies were required in or
der to predict the behavior of materials 
at high temperatures, for instance those 
encountered in jet engines and in nu
clear reactors. It was found that under 
these conditions all crystalline materials 
flow under any stress, however small it 
may be. The process is called creep, and 
it is familiar at low temperatures. High
temperature creep, however, differs in 
many important ways from low-temper
ature creep. 

The creep of solid rock at high tem
peratures has resolved an important 
puzzle in geology. Observations made in 
the 19th century clearly showed that 
mountains, in spite of their great mass, 
are not associated with a positive grav
itational anomaly. The excess mass 
above sea level must therefore be com
pensated for by low-density roots thrust 
into the mantle. Geologists had recently 
discovered that major mountain 'belts 
were raised by the thrusting of sheets of 
continental crust over each other, and 
so it was natural to argue that the same 
process could produce the low-density 
roots. The entire mass floats in the dens
er mantle, as icebergs do in water. The 
process is known as isostatic compen
sation. Furthermore, it was widely be
lieved the lithosphere was everywht;:re 
underlain by a dense molten layer from 
which volcanic magma came, and it 
seemed entirely reasonable that the flow 
associated with isostatic compensation 
occurred within this layer. 

Such evidence that the mantle could 
flow was largely neglected, however, 
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when seismologists began to probe the 
structure of the mantle by analyzing the 
waves generated by earthquakes. They 
found that S waves, or waves oscillating 
at right angles to the direction in which 
they propagate, can travel almost every
where in the mantle. Such waves cannot 
pass through the body of a liquid, and 
so the 19th-century idea that the litho
sphere floats on a molten layer of mag
ma had to be abandoned. It was not until 
the discovery of sea-floor spreading in 
the late 1960's and the recognition that 
this newly created oceanic lithosphere 
eventually cools and sinks once again 
into the mantle that the seismological 
evidence was reconciled with the pres
ence of mantle flow. Indeed, if high-tem
perature creep had been widely recog
nized in 19 10, when Alfred Wegener 
first proposed that the continents drift, 
the response to Wegener's ideas might 
have been more favorable than it was. 

Ironically, some of the most convinc
ing evidence for flow within the man
tle has now been derived from seismic 
studies. The foci of earthquakes under 
island arcs define a sinking slab whose 
thickness is rarely greater than 50 kilo
meters, llnd that dips from the oceanic 
trench at the surface at an angle of be
tween 30 and 90 degrees. The shape of 
the slab is controlled by the shape of the 
island arc, which overrides the slab and 
shears it like the cutting tool of a lathe. 
Thus the data from seismic studies 
show a close connection between mate
rial near the trenches and material as 
deep as the earthquake foci: about 700 
kilometers. 

According to the theory of plate tec
.£\. tonics, the slabs are large, cold lay
ers of mantle material that form the 
lower part of a plate. The slabs sink be
cause they are denser than the hotter 
material that surrounds them. As they 
move downward and away from the 
trench, they tend to fracture vertically, 
and the part of the slab below the ver
tical crack tends to slip even farther 
downward. The sudden release of ener
gy from the slippage generates an earth
quake; this kind of earthq uake is not ob
served, however, below 300 kilometers. 
On the other hand, at depths greater 
than 600 kilometers the part of the slab 
below a vertical fracture slips upward, 
as if the tip of the slab had met with 
considerable resistance to its motion. 
Meanwhile the entire slab is heated, 
and.it gradually becomes hot enough to 
·creep and so ceases to generate earth
quakes. The process takes about 10 mil
lion years. 

The mapping of the path of a sinking 
slab was one of the first empirical confir
mations that convection currents in the 
mantle exist. As I have emphasized, the 
descent of a large quantity of cold mate
rial must be balanced by upward move
ment elsewhere in the mantle, and the 

TIME 0 

r 1 
+33 MILLION YEARS 

+94 MILLION YEARS 

+ 155 MILLION YEARS 

CONVECTIVE STIRRING IN THE MANTLE is vigorous enough to mix thoroughly the 
material in the upper mantle within sev eral hundred million years. The stirring can therefore 
account for a surprising uniformity of the basalts collected along mid ocean ridges throughout 
the world: all such basalts include certain trace elem ents, such as neodymium, whose isotopes 
are found in a constant ratio to one another. Here a num erical m odel similar to the one on the 
opposite page is used to follow the evolution of a square patch of fluid whose properties are 
identical with those of the rest of the fluid in the conv ecting layer. The material in the patch is 
d eformed into thin sheets on a time scale that is short com pared with the tim e necessary to 
generate m easurable variations in the isotopic ratios among the trace elem ents. This study of 
mixing in the mantle was carried out by Nicholas Hoffman of the University of Cam bridge. 

transport of material from midocean 
ridges to trenches must be matched by 
deeper movements in the opposite di
rection. In order to understand such 
convective motion Nigel Weiss and I 
began 15 years ago to construct two
dimensional numerical models, based 
on the best contemporary estimates of 
the temperature, density and viscosity of 
the mantle, that we hoped would clarify 
the main features of convective flow. 

In the model we assumed that the 
mantle is a two-dimensional object, rec
tangular in shape and 700 kilometers 
deep. At the bottom of the rectangle a 
constant flux of heat energy is intro
duced, representing the input of heat 
from the core of the earth and from the 
deeper part of the mantle. The sides of 
the rectangle are considered perfect in
sulators, and so heat can emerge from 
the rectangle only from the top, corre
sponding to heat lost through the earth's 
surface. Inside the rectangle' there is 
a fluid whose viscosity is constant and 
whose density varies only with tem
perature. The calculation is done on a 
computer by dividing the rectangle into 
many smaller rectangular cells and then 
calculating the temperature, the density 
and other properties of the fluid in each 
cell at a given time. The effects of each 
cell on its neighbors are then extrapolat
ed over a short time increment, and the 
values for the properties of the fluid in 

each cell are recalculated. By repeating 
the procedure over many increments of 
time the evol ution of the fluid circula
tion throughout the rectangle can be ap
proximated to a high accuracy. 

Although the model is obviously 
much simpler than the real mantle, the 
flow within the rectangle is complex and 
varies with time [see illustration 01/ oppo
site page]. Several small-scale cells are 
generated with variable size and shape. 
No cells on a scale large enough to ac
count for the plate motions are generat
ed in this experiment (although they 
were in others). Upwelling regions of 
hot material do not remain fixed; they 
shift with respect to one another at a rate 
eq uivalent to about a centimeter per 
year in the real mantle. The overlying 
lithosphere would be. pushed upward 
above an upwelling region and pulled 
downward above a downwelling region 
by as much as a kilometer. The gravita
tional anomaly and the associated varia
tion in the shape of the sea surface are 
calculated for each point along the up
per edge of the rectangle. 

The calculation of the gravitational 
anomaly is complicated. At first it might 
seem that the anomaly above a hot, ris
ing region of a convection cell would be 
negative, because the density of the hot 
material is less than that of the cooler 
surrounding material. The elevation of 
the surface above an upwelling region, 
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however, generates a positive anomaly 
because of its additional mass. The two 
contributions tend to cancel, but the 
positive contribution from the surface 
deformation is slightly larger than the 
negative one from the hot material. 
Hence according to the model a positive 
gravitational anomaly should be found 
over the rising region of a convection 
cell and a negative anomaly should be 
found over a sinking region. In order to 
detect convection cells one should look 
for a pattern of positive and negative 
gravitational anomalies that is correlat
ed with a similar pattern of anomalies 
in the elevation of the sea floor. 

In 1978 Parsons, Watts, Roufosse and I 
began to analyze all available gravi

tational and bathymetric data in order 
to detect such a correlation and thereby 
map the circulation of the mantle. Both 
kinds of data present special problems 
that must be overcome before useful 
correlations can be made. The conven-

tiona I method of measuring gravitation
al anomalies is to measure the extension 
of a spring in a delicate balance. The 
weight of the mass at the end of the 
spring varies with changes in the gravi
tational field, and so the extension of the 
spring gives the anomaly. The instru
ment works well on land but is less accu
rate at sea. Indeed, although we needed 
an accuracy of one part per million, we 
were not confident that the accuracy of 
measurements made aboard ships was 
better than one part per 100,000. 

Remote-sensing methods offered an 
alternative. Seawater is attracted to re
gions where the gravitational anomaly is 
positive and forms a measurable bulge 
on the surface; a trough in the sea sur
face is formed where the anomaly is 
negative. The numerical model predicts 
that the change in elevation from bulge 
to trough caused by circulation in the 
mantle is about 20 meters over a dis
tance of 2,000 kilometers. Although the 
variation is small, the effect can readily 
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ELASTIC RESPONSE OF A PLATE to stresses that are unrelated to convection in the mantle 
must be und erstood before the effects of upwelling or downwelling in the mantle can be ob
served. For example, the weight' of the Hawaiian ridge causes a depression of the sea floor on 
both flanks of the ridge, which can be seen in the profiles of both the bathym etry and the grav
itational anomaly north and south of the island of Oahu. The deflection caused by the ridge is· 
confined to within about 200 kilom eters of the load. Hence it can be inferred that the rigidity 
of the plate is not great enough for local loads to generate variations in depth or gravity at great
er distances. Both profiles also show that the Hawaiian ridge and the neighboring depressions 
are superposed on a broad swell, which is generally thought to be the surface expression of a 
hot, upwelling region in the mantle. The swell can be best observed if fluctnations in the ba
thym etry and gravitational anomaly shorter than 500 kilom eters are smoothed (colored curves). 
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be measured with the aid of a satellite. 
At least two satellites, Geos 3, which was 
launched in 1978, and Seasai, which op
erated for three months in the same year 
before it failed prematurely, have made 
measurements of the height of the sea 
surface with radar altimeters. If the po
sition of the satellite is known, the time 
radar waves take to travel from the sat
ellite to the sea surface and back can be 
measured; the height of the sea surface 
can thereby be determined. 

In order to correlate the altimetric 
measurements with the changes in the 
shape of the sea floor the depth of the 
oceans must be measured as well. All 
detailed bathymetry must still be done 
by measuring the interval for sound 
waves to travel from a ship to the sea 
floor and back again. Raw bathymetric 
data, however, cannot be used directly 
to map swells and depressions in the sea 
floor caused by the circulation of the 
mantle. Short-wavelength changes in 
depth (changes that take place over rela
tively short distances) are caused by 
elastic forces within the plates them
selves and have nothing to do with the 
mantle. For example, when a load is 
placed on the. surface of a plate, the 
plate bends downward. The most obvi
ous causes of plate loading are volcanic 
eruptions, such as the ones still building 
the island of Hawaii. 

Watts has found that the bending of 
the plate caused by the weight of the 
volcanic rock making lip the island and 
its submarine part is confined to within 
less than 200 kilometers of the load. By 
measuring the effects of plate loading 
in the vicinity of many islands and sea
mounts Watts has estimated that ocean
ic plates behave as if they were elastic 
plates whose thickness is 35 kilometers 
or less. Such a plate is too thin and 
flexible for its elastic response to local 
forces to affect any bathymetry or gravi
tational anomaly with a wavelength of 
500 kilometers or more. Thus in our 
study of convection in the mantle we 
removed all variations in the depth of 
the sea and in the height of the sea sur
face whose wavelength is shorter than 
300 kilometers. 

Another important effect of the plates 
.£\. on the depth of the sea floor is the 
age of material in the plate. Midocean 
ridges are relatively shallow because the 
plate is hot and has a relatively low den
sity. As the plate spreads away from the 
ridge and cools it contracts; the depth of 
the ocean therefore increases with the 
age of the plate at the bottom. By dating 
the sea floor on the basis of magnetic 
anomalies associated with reversals of 
the earth's magnetic field, the depth of 
the sea caused by the contraction of the 
plate can be estimated. Since the con
traction is unrelated to the swells and 
depressions caused by circulation in the 
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CONVECTION CURRENTS IN THE MANTLE under the Pacific 
plate are mapped by correlating bathymetric and gravitational anom
alies. Both maps have been smoothed to eliminate fluctuations short
er than 500 kilometers; in addition the bathymetric anomaly is plotted 
as the so-called residual depth, which is the difference between the 
d epth that can be attributed to the contraction of the oceanic plate as 
it cools and the observed depth (upper map). The gravitational anom
aly is observed as a fluctnation in the height of the sea snrface, which 
is measured by radar altimeters carried aboard satellites (lower map). 

The maps show that where the sea surface tends to bulge the resid
ual depth is positive, and both features are expected above an up
welling region in the mantle. By the same token the sea surface tends 
to be d epressed where the residual depth is negative, which is expect
ed above a downwelling region. The map is projected in such a way 
that the motion of the plate with respect to the mantle is always to 
the left over the entire region. The motion generates a slight but de
tectable elongation of the anomalies in the direction of the motion, 
and so they resemble ellipses whose long axes run across the page. 
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RATIOS AMONG THE ISOTOPES of an element can indelibly 
mark materials as having undergone chemical differentiation in the 
distant past, even though the ratios are not affected by recent chemi
cal change. For example, in the early stages of the earth's history 
certain elements such as strontium and rubidium, whose ionic radii 
are relatively large, were concentrated in the crust of the earth and 
depleted in the upper mantle because their ions do not fit easily into 
the lattice framework of common minerals. The relative increase in 
the crustal concentration of rubidium was greater than that of stronti
um. In the schematic diagram the ratio of the isotope strontium 87 to 
strontium 86 remains the same after the differentiation of the crust 
and the upper mantle because all the isotopes of any element are 

ORIGIN OF MATERIAL erupted onto volcanic islands can be in
ferred from the isotopic ratios of certain elements. The ratios are in
dicated by the color coding adopted in the illustration at the top of 
these two pages: material from the continental crust has a high ratio 
of strontium 87 to strontium 86 (dark blue) and a low ratio of neody
mium 143 to neodymium 144 (dark red), and so it is colored dark 
purple. Similarly, material from the upper mantle is colored pale pur
ple, and material from the lower mantle, whose isotopic ratios are 
assumed to be the same as those for the earth as a whole, is colored 
an intermediate shade of purple. Rivers carry large amounts of stron
tium into the oceans but only small amouuts of neodymium. The ratio 
of strontium 87 to strontium 86 in seawater is therefore similar to 
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-I STRiNTIUM 87 
NEODYMIUM 143 "-

SAMARIUM 147 

{, RADIOACTIVE DECAY 

CONTINENTAL CRUST BULK EARTH 

chemically equivalent. The ratio of rubidium to strontium varies; 
thereafter half of the rubidium 87 in each part of the earth decays to 
strontium 87. (The actual fraction that decays is smaller, but here it 
has been exaggerated for the purpose of clarity.) Hence because of 
the initial surplus of rubidium 87 in the crust, the ratio of strontium 
87 to strontium 86 grows most rapidly in the crust, less rapidly ill the 
earth as a whole and least rapidly in the upper mantle. The shad e of 
blue in the diagram indicates the present isotopic ratio: the darker 
the blue, the greater the ratio of strontium 87 to strontium 86. Simi
larly, the elements samarium and neodymium were both concentrat
ed in the crust, but relatively more neodymium than samarium was 
transferred to the crust. Therefore the ratio of samarium to neodymi-

OCEANIC LITHOSPHERE 

that in the continents, and so it is colored dark blue. As seawater cir
culates through the oceanic crust it d eposits continental strontium, 
and so the oceanic crust is also colored dark blue. Three possible ori
gins of the material that forms volcanic islands are shown. Island-arc 
volcanoes are formed from a mixture of melt from the upper mantle 
and the oceanic crust that is subducted under another plate. They are 
therefore colored an intermediate shade of blue mixed with a pale 
shade of red (a). Oceanic islands associated with rising regions in the 
mantle have isotopic ratios of both strontium and neodymium that 
are between those of the upper mantle and those of the contin ents, 
and so they are colored an intermediate shade of purple (b). They 
could have been generated from a mixture of the upper mantle and 
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urn in tbe upper mantle was greater tban it 
was in tbe crust just after differentiation; tbe 
ratio of tbe isotope neodymium 143 to neo
dymium 144, bowever, remained tbe same 
tbrougbout tbe eartb. In tbe diagram balf of 
tbe samarium 147 decays to neodymium 143 
in eacb part of tbe eartb. Tberefore tbe ratio 
of neodymium 143 to neodymium 144 grows 
most rapidly in tbe upper mantle, less rapidly 
in tbe bulk eartb and least rapidly in tbe crust. 
Tbe darker tbe red, tbe smaller tbe present ra
tio of neodymium 143 to neodymium 144. 

material from tbe mantle part of tbe conti
nental Iitbospbere, wbicb may bave sunk into 
tbe upper mantle. Oceanic islands could also 
bave been built up from material tbat leaks 
from tbe lower mantle into tbe upper mantle; 
tbey are colored a pale sbade of purple, be
tween tbat of tbe upper mantle and tbat of tbe 
lower mantle (c). Tbe sbades of gray of tbe 
landforms at tbe surface bave no isotopic sig
nificance, and tbe vertical scale of tbe scbe
matic diagram bas been exaggerated. Tbe mo
tions of tbe plates are indicated by arrows. 

mantle, the depth determined from the 
age of the plate can be subtracted from 
the observed depth to obtain what is 
called the residual depth. It is the long
wavelength variations in residual depth 
that we hoped could be correlated with 
the long-wavelength variations in the 
height of the sea surface. 

In the Atlantic, Pacific and Indian 
oc.eans a good correspondence has been 
found between the two kinds of obser
vations [see illustration on page 71]. For 
example, the sea floor around Hawaii is 
too shallow for its age, and so the residu
al depth is positive. (Both the estimate of 
depth from the age of the plate and the 
measured depth are negative numbers.) 
The sea surface in the same region is 
elevated as well, reflecting a positive 
gravitational anomaly. Both features 
are predicted to exist above a hot, rising 
current in the mantle. Similarly, in many 
regions that are too deep for their age 
the sea surface is depressed; the mantle 
under such regions is probably sinking. 
In all the oceans active volcanic islands 
are at the center of what are thought to 
be upwelling regions in the mantle. Per
haps the most striking feature of the 
observations is the absence of any obvi
ous relation between the motions of the 
plates and the small-scale circulation 
of the underlying mantle. Upwelling re
gions are not in general associated with 
mid ocean ridges; they are distributed 
ali over the ocean floor. There are even 
several areas along ridge axes, such as 
along the ridge between Australia and 
Antarctica, where there appears to be a 
downwelling current in the mantle. 

The pattern of rising and sinking re
gions determined by this method agrees 
in all essentials with the predictions of 
the models. The size and spacing of the 
gravitational anomalies are similar to 
the calculated ones and, as was predict
ed, the separation between rising and 
sinking regions is much less than the size 
of the plates. The data also show a slight 
elongation of the pattern of rising and 
sinking regions in the direction of the 
plate motion. In other words, the large
scale circulation responsible for the mo
tions of the plates is probably superim
posed on the smaller-scale circulation 
that is drawn out in the direction of the 
plate motion, The observations there
fore support a two-scale model of man
tle convection. 

Although our investigations of resid u
al depths and gravitational anomalies 
make it possible to map rising and sink
ing regions, they provide little informa
tion about the depth to which the circu
lation extends and none at all about its 
evolution with time. In order to make 
further progress geochemical observa
tions must be related to the known fea
tures of convective motion. Ideally one 
would like to be able to draw material 
from the mantle at selected points and 
match its composition with material 

elsewhere on the earth. In this way the 
mixing and distribution of the materi
al could be traced over time. Unfortu
nately changes in elemental composition 
that are introduced as the material with
in the mantle comes to the surface make 
it difficult to infer the composition of 
the mantle from the composition of 
the melt. Progress has come, however, 
with advances in the design of mass 
spectrometers that can measure trace 
amounts of various isotopes. 

I 

The isotopes of an element are chemi
cally indistinguishable: variation in 

the number of neutrons in the atomic 
nucleus has no effect on the electron
ic structure, which is solely responsible 
for the chemical behavior of the atom. 
Hence the ratio of the concentrations of 
two isotopes of a given element is not 
affected by the high-temperature chemi
cal reactions that take place in volca
noes. The ratios of the relative a,bun
dances of a few isotopes do, however, 
change with time because certain iso
topes are radioactive and decay into iso
topes of other elements. Therefore any 
chemical reactions in the distant past 
that brought about changes in the rela
tive abundances of different radioactive 
elements are now reflected in isotope ra
tios of the decay products. 

For example, continental crust was 
made by the melting of the upper man
tle, and the process concentrated in the 
continents more of the element rubidi
um than of the element strontium. If for 
the sake of simplicity it is assumed that 
the differentiation of continental crust 
from the mantle took place instanta
neously, then just after the melting the 
ratio of strontium 87 to strontium 86 
was the same in the continents as it was 
in the upper mantle. It happens that ru
bidium 87 is radioactive; with a half-life 
of 48 billion years it decays into stron
tium 87. Therefore as time passes the 
amount of strontium 87 with respect to 
strontium 86 increases. It does sO both in 
the upper mantle and in the continents, 
but the rate of increase is higher in the 
continents, because after the differentia
tion of continental crust there is more 
rubidium 87 in the continents. Conti
nental crust is thereby indelibly marked 
with a characteristic ratio of strontium 
87 to strontium 86 higher than the ratio 
of the two isotopes in the upper mantle. 

Isotope ratios determined by radioac
tive decay can also be exploited to fol
low the circulation of material derived 
from the crust, just as a colored dye add
ed to a mass of water makes it possible 
to follow its movement underground. 
For example, it has been found that in 
island-arc volcanoes a certain fraction 
of the strontium is from continental 
crust and that the fraction of neodymi
um from continental crust in the volca
noes is much smaller. If such volcanoes 
were directly derived from continental 
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crust by melting, the isotopic signatures 
of both strontium and neodymium in 
the volcanoes would be identical with 
those in the continents. Since the stronti
um shows a greater continental influ
ence than the neodymium, there must be 

. some process that transfers strontium 
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from the continents to the source re
gions of island-arc volcanoes and leaves 
neodymium behind. 

That process begins with continental 
erosion, which carries most of the stron
tium in the continental rocks into solu
tion. The isotopic composition of sea-

PERIDOTITE 
CARBONACEOUS 

CHONDRITE 

ROCK FROM WHICH THE MANTLE IS MADE must be capable of producing the melts 
that are known to come from it. The basalt now being erupted along midocean ridges could be 
formed by the complete melting of an eclogite, whose composition is shown below the photo
graph at the left. In the first half of the earth's history, however, melts much richer in mag
nesium were erupted, which cooled to form peridotitic komatiite. The long, thin crystals in this 
section show that this rock was once entirely molten. Such melts could have come from the 
rock peridotite, whose composition is much closer to that of a peridotitic komatiite than the 
composition of eclogite is. The composition of p eridotite also resembles the oxide composition 
of carbonaceous chondrites, extremely old meteorites that are thought to be similar in compo
sition to the material from which the earth was formed. Carbonaceous chondrites contain wa
ter, carbon, metallic iron and nickel and sulfides as well as oxides, but these materials have not 
been included in the comparison because they were largely separated from the mantle in the 
early differentiation of the earth. The photomicrographs of eclogite and peridotite were pro
vided by F. R. Boyd of the Carnegie Institution of Washington, the photomicrograph of peri
dotitic komatiite by Euan G. Nisbet of the University of Saskatchewan and that of carbona
ceous chondrite by Lawrence Grossman of the University of Chicago. The compositions given 
for comparison are typical, but they may differ slightly from those of the specimens illustrated. 
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water is dominated by that of the rivers, 
and when seawater circulates. through 
the hot oceanic crust at the axis of mid
ocean ridges, much of the continental 
strontium is left behind in the basalt of 
oceanic crust. Most of the neodymium 
in continental rocks, on the other hand, 
does not go into solution and remains in 
sediments. When the oceanic crust is 
then carried below the island arc by a 
sinking plate, it melts to yield a rock 
enriched in continental strontium but 
not in continental neodymium. 

There is a striking uniformity among 
all measurements of isotopic ratios 

made on basaltic rocks from midocean 
ridges, all of which show the depletion 
caused by the formation of continents. 
Such uniformity calls for vigorous mix
ing, and so it is natural to ask whether 
thermal convection could be responsible. 
Nicholas Hoffman of the University of 
Cambridge has used numerical models 
of mantle convection to follow the evo
lution of a square sample of the mantle 
fluid as it is deformed. He found that the 
mixing is vigorous, and that it can easi
ly produce the observed uniformities in 
isotopic ratios within a billion years. 

It is less straightforward to trace the 
source of the volcanic material erupted 
above the hot, upwelling regions of the 
mantle. For example, the isotopic ratios 
of volcanic material from Hawaii are 
intermediate between those found along 
midocean ridges and those thought to be 
characteristic of the earth as a whole, 
whereas those from Kerguelen in the 
southern Indian Ocean must come from 
a region enriched in both rubidium and 
samarium with respect to the bulk earth. 
To account for such anomalous ratios 
the material must have been isolated 
from the convecting part of the man
tle for about a billion years. There are 
two regions that could give rise to the 
observed ratios: continental lithosphere 
and any region of the mantle, such as its 
lower part, that does not take part in 
upper-mantle convection. It is not yet 
clear whether either source is consistent 
with all the observations. 

There are now several lines of evi- ' 
dence suggesting all scales of convection 
that have been observed in the upper 
mantle are confined to a layer whose 
lower boundary is no deeper than 700 
kilometers. Bear in mind that the nu
merical simulation, which successfully 
predicts the distribution of rising and 
sinking regions for the small-scale con
vection cells, assumes the material cir
culates to a depth of no more than 700 
kilometers. Isotopic ratios can also yield 
a rough estimate of this depth. The argu
ment is ingenious but somewhat compli
cated, and it depends on knowing the 
total amount of the samarium and neo
dymium in the crust as well as in the 
earth as a whole. 

The samarium and neodymium in the 
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SEISMIC PROFILE OF THE UPPER MANTLE shows a series of 
zones in which the wave velocity is relatively constant, alternating 
with transition zones in which the velocity increases with depth. Lab
oratory simulations of the pressures within the upper mantle suggest 
the zones are the result of changes in the solid phase, or rearrange
m ents of the atoms that make up the crystalline structure of the solid, 
rather than a result of changes in composition. The material between 
the base of the crust and a depth of about 390 kilom eters is peri
dotite, whose dominant mineral is olivine. Each silicon atom in the oli
vine structure is surrounded by four oxygen atoms (top right). B elow 

390 kilom eters is a transition zone in which the atoms in olivine are 
rearranged into a denser structure resem bling that of the mineral spi
nel. Each silicon atom in the spinel structure is also surrounded by 
four oxygen atoms (middle right). The deepest major phase change is 
found at pressures corresponding to a depth of 700 kilom eters; the 
spinel structure breaks down into a mixture of an even d enser struc
ture resembling that of the mineral perovskite (bottolll right) and 
magnesium oxide (not shown). Each silicon atom in the perovskite 
structure is surrounded by six oxygen atoms. The low-velocity zone 
near the top of the mantle may contain a small quantity of melt. 

crust can be determined from the many 
detailed measurements that have been 
made on a variety of crustal rocks. The 
composition of the bulk earth can be 
estimated from the composition of the 
type of meteorites called carbonaceous 
chondrites, which are older than the 
earth. The earth presumably formed out 
of a cloud of gas and dust or out of 
meteoritic bodies with a composition 
similar to that of carbonaceous chon
drites. Although the process of forma
tion is not well understood, it is likely 

that it thoroughly mixed the elemental 
raw materials. Therefore when the crust 
differentiated from the mantle, any con
centration of an element in the crust 
would have resulted in a corresponding 
depletion of the element in the mantle. 
Since the isotopic ratios in the mantle 
can be measured, it is possible to cal
culate the volume of the mantle that 
had to be depleted in order to produce 
the observed quantity of the element 
in the cr us t. 

To understand how the calculation is 

carried out consider two extreme cases. 
In the first case the isotopic ratio of 
neodymium 143 to neodymium 144 in 
the mantle is found to be infinite; in oth
er words, there is no neodymium 144 in 
that part of the mantle from which the 
crust was produced. Such a ratio could 
come about only if all the neodymium in 
the convectively mixed part of the man
tle had been removed in the course of 
the differentiation of the crust from the 
mantle. Neodymium 143 would then be 
generated within the depleted mantle 
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only through the decay of the isotope 
samarium 147. The volume of mantle 
involved in crustal production would 
therefore have to be just enough to pro
vide the quantity of neodymium present 
in the crust. Since the concentration of 
neodymium in carbonaceous chondrites 
can be measured and the total amount 
of neodymium in the crust can be esti
mated, the mass of mantle involved IS  
easily obtained. 

In the second case the ratio of neo
dymium 143 to neodymium 144 in 

the mantle is found to be nearly the 
same as that in the bulk earth, even 
though the enrichment of neodymium 
in the crust is the same as it was in the 
first case. Here the amount of neodymi
um extracted from the mantle by the 
formation of the crust must have been 

negligible compared with the amount 
left behind in the mantle. Therefore the 
volume of mantle involved must have 
been relatively large. 

The real situation lies between the two 
extremes. The observed isotopic ratios 
show that the crust has been extracted 
from about a third of the mass of the 
mantle. In other words, only a third of 
the material in the mantle, thoroughly 
mixed, is needed to account for the rel
ative abundances of the elements and 
their isotopes in the continents. Since a 
third of the mantle lies between the base 
of the crust and a depth of 700 kilome
ters, the composition of the crust and the 
mantle is consistent with the idea that 
convection in the upper 700 kilometers 
of the mantle is physically separated 
from any convection in the lower man
tle. Moreover, because much of the con-
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tinental crust has existed for at least two 
billion years, there must have been only 
limited transport between the Lipper and 
the lower mantle in that period. 

In order to understand why the upper 
mantle may convect as a separate lay
er one must consider its composition. 
Whatever the mantle is made of must be 
capable of melting in whole or in part to 
produce basalt, the commonest type of 
volcanic rock. The entire ocean floor is 
covered with a layer of basalt at least 
three kilometers thick, which is generat
ed by melting of the mantle under the 
midocean ridges. Huge volumes of ba
salt are also erupted by volcanoes far 
from the ridges. The most straightfor
ward way to imagine making a basalt is 
to start with a solid rock of the same 
composition and melt it entirely. An ap
propriate rock is eclogite, which consists 
of garnet and pyroxene, dense minerals 
that are stable at high pressures. 

A number of investigators still believe 
large parts of the mantle are made of 
eclogite, but there are serious difficulties 
with this view. In the first half of the 
earth's history much of the volcanic ma
terial erupted at the surface was too rich 
in magnesium to have been produced 
by the melting of an eclogite. Such a 
melt, however, could readily have come 
from peridotite, a rock whose dominant 
mineral is olivine, a magnesium silicate 
(Mg2Si0 4). Fragments of peridotite are 
carried from great depths to the surface 
by basaltic magma, and they also domi
nate the rocks found in diamond-bear
ing kimberlite "pipes," volcanic struc
tures that must originate in the mantle at 
depths of at least 150 kilometers. Most 
important, the composition of the car
bonaceous chondrites agrees well with 
the composition of peridotite but not 
with that of eclogite. 

I f the composition of the mantle re
sembles that of peridotite, laboratory 

tests show there must be two changes of 
solid phase in the rock that forms the 
upper 700 kilometers of the mantle. A 
phase change in a solid involves a reor
dering of the atoms of the crystal struc
ture in response to a change in pressure 
or temperature. Experiments show that 
the crystal structure of olivine changes 
to that of a spinel at pressures corre
sponding to depths between 390 and 450 
kilometers. This change increases the 
density of the material by about 10 per
cent. The second phase change converts  
the spinel structure into that of a perov-
skite, and the density of the material in
creases by another 10 percent. The dif
ferences between the perovskite struc-

170' W 175' W 180' W 175' E 170' E ture and the spinel are considerably 
more important than the differences be
tween the spinel structure and the oliv
ine. The silicon atoms in the perovskite 
structure are each surrounded by six 
oxygen atoms, whereas the silicon at
oms in both the olivine structure and the 

EARTHQUAKE EPICENTERS, or surface coordinates, are plotted to the west of the Tonga 
and Kermadec trenches in the South Pacific for all earthquakes detected at depths of from 500 
to 600 kilom eters below the surface. The deep earthquake foci outline a shape similar to the 
shape of the Tonga trench. The resemblance shows that the -material at the base of the trench 
and the material at depth are closely conn ected. The diagram is based on a chart prepared by 
by Lynn R. Sykes of the Lamont-Doherty Geological Observatory of Columbia University. 
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FOCI OF EARTHQUAKES at all depths to the west of the Tonga 
and Kermadec trenches are fitted by a com puter to a smoothly de
scending surface. The surface can be understood as being the central 
plane of a descending slab of the lithosphere, which is subducted into 
the mantle under an island arc. The general shape of the island arc 

is retained in the slab at all d epths. It is now thought the island arc 
overrides the sinking slab and shapes it like the cutting tool of a lathe. 
The existence of such slabs is strong evidence for relatively rapid cir
culation within the mantle. The diagram is based on a computer-gen
erated surface constructed by Bryan L. Isacks of Cornell Univ ersity. 

spinel are each surrounded by only four 
oxygen atoms. The phase change to the 
perovskite structure takes place at the 
pressure that corresponds to a depth of 
about 700 kilometers. 

The two phase changes coincide with 
transition zones in the mantle observed 
by seismologists. The velocity of seis
mic waves generated by earthquakes 
increases sharply between 390 and 450 
kilometers and again near 700 kilome
ters. It is also striking that earthq uakes 
have not been found deeper than 700 
kilometers. Remember that such earth
quakes mark the greatest depth to which, 
a subd ucted slab of cold mantle can 
descend without becoming assimilated 
into the surrounding material. 

The progress in the understanding of 
the dynamics of the mantle has encour
aged a number of geophysicists t6 study 
the thermal history of the earth. Ther
mal evolution is regulated by the man
tle because the predominantly iron core 
is an excellent conductor, whereas the 
mantle is not. In the mantle heat is trans
ported primarily by convection. The 
largest source of heat loss is the process 
of plate creation at mid ocean ridges. 

The hot plate is cooled partly by the 
seawater circulating through the rock 
near the ridge axes and partly by ther
mal tonduction through the sediments 
that cover the older parts of the plate. 
The total rate of heat loss is about 40 
million megawatts. 

Heat is generated in the earth's interi
or by the decay of the radioactive iso
topes of uranium, thorium and potas
sium. The rate of such heat genera
tion from uranium and thorium can be 
estimated with some confidence from 
the composition of carbonaceous chon
drites. Potassium, however, is a volatile 
element, and it is less abundant in the 
earth than it is in carbonaceous chon
drites. Its terrestrial abundance must 
be estimated from the composition of 
crustal rocks. The total heat-genera
tion rate estimated in this way is about 
20 million megawatts. Hence the earth 
must be cooling. There is even some di
rect evidence that the mantle has cooled 
with time. The volcanic rocks whose 
high magnesium content excluded eclo
gite as a source rock were erupted in 
quantity only during the first half of the 
earth's history. Because of their compo-

sltlOn, at the 'time they were extruded 
they must have been about 200 degrees 
Celsius hotter than any volcanic rocks 
now being erupted. 

The heat that is being lost comes part
ly from higher rates of radioactive 

heat generation in the past and probably 
also partly from heat generated by the 
formation of the earth. If the earth were 
a perfect conductor of heat, the rate 
of heat loss would always have exact
ly matched the rate of heat generation. 
The fact is, however, that the mantle is 
a poor conductor and can store heat, 
which is slowly released as it and the 
core cool down. The response time of 
the earth's heat loss to changes in its 
heat generation is a measure of the man
tle's overall insulating properties. 

Calculations have now been carried 
out on the assumption that convection 
currents carry heat throughout the man
tle, and they give a response time that is 
too short. In other words, convection in 
the entire mantle would carry heat to the 
surface too efficiently to be consistent 
with the observed ratio of heat loss to 
heat generation. In this model the rate of 
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heat loss could never be double the rate 
of heat generation because heat could 
not be stored in the earth for a sufficient
ly long time. On the other hand, if the 
circulation in the upper mantle is sepa
rate from the circulation in the lower 
mantle, the upper mantle can act as a 
thermal insulator. The heat stored in the 
lower mantle can thereby be retained. In 
principle the insulating mechanism is 
similar to domestic double glazing: the 
rate of heat loss from a house is de
creased by introducing a convective lay
er of air between two panes of glass. 

There is by no means unanimous 
agreement among geophysicists regard
ing the preceding conclusions or any 
other conclusions that depend on the 
properties of the lower mantle. Indeed, 
so 'little is known about the mantle at 
depths below 700 kilometers that there 
can be few constraints placed on theo
retical speculation. The composition of 
the lower mantle is thought to be similar 
to that of the carbonaceous chondrites, 
but it is not yet possible to exclude in
creases in the ratio of iron to magnesium 
of as much as 5 percent. Such a change 
would increase the density by about 2 
percent, in addition to the increase in 
density caused by the phase change 
from the spinel structure to the perov-

skite one. Even such small changes in 
density could have a profound influence 
on the interchange of material between 
the upper and the lower mantle. Within 
the lower mantle there is no evidence for 
any major phase changes, although it 
would not be surprising if some minor 
transition zones have so far escaped de
tection. Within about 200 kilometers of 
the core, however, the velocity of seis
mic waves is variable, and the waves 
are scattered in all directions. The cause 
of the variations is not clear, and no 
systematic attempt has yet been made 
to map the velocity changes and relate 
them to other features. 

Recently a simple but ingenious de
vice called the diamond-anvil cell has 
become available, which makes it possi
ble for the first time to subject materials 
in the laboratory to the enormous pres
sures encountered in the lower mantle 
and in the core. A small sample of a 
mineral is placed between the two sharp 
points of gem-quality diamonds, and the 
material is squeezed between the points 
by turning a screw by hand. Although 
the force that generates the pressure on 
the sample can therefore be quite small, 
the area across which the force is ap
plied is so small that the pressure be
tween the points of the anvil can be far 

greater than the pressure generated by a 
large hydraulic press. By analyzing mi
nute samples compressed by the anvil 
new phase changes have been detected 
that may occur in the lower mantle. 

Twenty years ago many earth scien
tists considering the evidence for 

or against continental drift were con
sciously or unconsciously thinking in 
terms of a static model of the earth. This 
situation changed completely with the 
general acceptance of sea-floor spread
ing and plate tectonics. The effect on the 
study of the dynamics of the mantle was 
particularly profound, since plate tec
tonics established the existence of man
tle convection without providing much 
information about the forces involved. 
Some of the first attempts to understand 
mantle dynamics limited the circulation 
to the plate motions and a return flow 
that carried the mantle material from 
trenches to ridges. The dynamic mod
els and observations of the gravity field 
have now clearly shown that much of 
the convective circulation is not related 
to the movements or boundaries of the 
plates. I believe we now understand the 
outlines of the dynamics of the upper 
mantle; the challenge is to discover how 
the more massive lower mantle behaves. 

Y E L L O W S T O N E 
N A T I O N A L  P A R K  

YELLOWSTONE CALDERA is one of the few volcanic structures 
in a continental region known to be associated with a long-wavelength 
gravitational anomaly and therefore with a hot, upwelling region in 
the mantle. In most continental areas convection in the mantle has 
not been mapped because the gravitational field is too poorly known. 
A pair of special satellites orbiting the earth at a height of less than 
200 kilom eters could make a worldwide map of the long-wavelength 
gravitational field; volcanoes that are directly related to motions in 

the mantle could thereby be distinguished from those that are not. 
Such a project is now being considered by NASA. The dark-colored 
areas in the map at the right are accumulations of rhyolite (a glassy 

volcanic rock) that began to erupt 1.2 million years ago, before the 
region inside the rim of the caldera collapsed; the light-colored ar
eas are rhyolitic ash flows deposited during the climactic collapse of 
the roof of the magma chamber under the cald era. The gray areas 
mark subsequent eruptions. The satellite image was made by Landsat. 
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We gave the instant print a split personalit� 
Now there are two ways to enjoy 
instant pictures. 

Kodak scientists have learned to 
manage a phenomenon called "con
trolled adhesion;' the stripping- layer 
concept used for years as a laboratory 
tool to study how color image forma
tion occurred in different layers of 
film. And we've turned the concept 
into a new product with broad con
sumer appeal. 

The product, Kodamati� TrimprintTM 
instant color film, has an integrated 
stripping agent which allows picture
takers to separate the fully developed 
print from the backing like a pressure
sensitive label .  With backing removed 
(and imaging elements discarded), 
the print is slimmer, 50% lighter, and 
can easily be cut, posted, thumb
tacked, mailed, carried or displayed 
in an album or photo cube. 

Development of a film-stripping 
layer that was reproducible and con
trollable resulted from the combined 
efforts of Kodak chemists and engi
neers, as well as manufacturing and 
marketing specialists who collabo
rated in adapting technology to meet 
market demands. 

Our challenge was threefold: First, 
to find a permeable adhesive material 
(strong enough to bond the picture 
unit, yet flexible enough to permit 
quick and easy separation) that could 
be sandwiched between the image-

forming and image-receiving layers. 
Second, to design machinery to slit 
(with finite accuracy) the separation 
point on the specification layer of the 
instant print. Third, to add this fea
ture, yet retain all other attributes of 
the film, regardless of whether the 
prints would be separated or left as 
integral units. 

While our dry-strippable capability 
may be beneficial to you today only as 
a consumer, tomorrow it may prove 
useful in industrial or scientific 
applications. 

Kodak. Where tecbnoIogy anticipates need. 
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No matter what business you're in, from banking to satellite communications, 
from petroleum to wind farms, from medicine to robotics, the computer chip is 
unavoidably a basic part of how you do business. And if you do business. 

In the greatly magnified chip shown here, error is easy to spot. Potential 
risk is not. 

How, for example, does an insurance company identify and analyze the 
infinite risks associated with technological developments like this over the course 
of years to come? 

How do you insure the billions of microscopic chips that help fly airplanes, 
power pacemakers, manage assembly lines, transfer bank deposits and perform 
a thousand other vital functions every day? 

At AIG it is our business to understand the miracles as well as the dangers 
inherent in trusting the nation's economy to the ubiquitous microchip. 

That's why our engineers and underwriters are among the industry's most 
experienced in evaluating the newest and most complex challenges High Tech 
companies can offer. 

After all, if business is going to move forward, we have to be ready to 
underwrite the necessary risks. The High Tech revolution won't stop just because we 
don't know what dangers it may bring. 

For over 60 years the AIG Companies have been helping to protect investments 
which have built the future. We know that if business is to take advantage of what 
science discovers, we have to be ready to assume the necessary risks. 

Our experience in over a thousand different fields has made us one of the most 
successful and innovative international insurance organizations in the world. Today, 
this not only means looking to the future, but knowing how to assure your place 
in that future. ONCEAGAlN lHE.t\NSWERJsAIG. 

THEAIG COMPANIES : A merican International Underwriters, American HomeAssurance Co., Commerceand Industry Insurance Co. , 
National Union Fire Insurance Company of Pittsburgh, Pa. ,  American International Life Assurance Co. ,  North American Managers, 

New Hampshire Insurance Co. and over 230 other companies operating around the world to meet your insurance needs. 
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SCIENCE AND THE CITIZEN 
Science or R&D 

W
hat does the proposed Federal 
budget for 1984 reveal about 
the current state of the support 

of science in the U.S.? It all depends 
on how science is defined. If "science" 
includes the development, testing and 
evaluation of new technologies for na
tional defense and industry, then science 
is doing well: Federal outlays for re
search and development (R&D) should 
increase 13.3 percent in constant (in
flation-corrected) dollars, even in the 
teeth of another projected $200 billion 
Federal deficit. If science is defined as 
the search for new knowledge, then the 
picture begins to blur. Since the Rea
gan Administration began reshuffling 
the R&D budget in 1981, funding for de
fense R&D has increased 82 percent, so 
that it now accounts for more than 65 
percent of the total Federal R&D bud
get. The dollar amount for nondefense 
R&D has remained virtually constant 
since it was cut back $3 billion in 1981, 
and so the investment in nondefense sci
ence has actually been diminished by 
inflation. 

The President's science adviser, 
George A. Keyworth II, has his own 
views on how support should be given. 
He has suggested that the scientific com
munity choose the priorities, both with
in disciplines and among them. The 
first it has begun to do, notably through 
the Committee on Science, Engineering, 
and Public Policy (COSEPUP) of the Na
tional Academy of Sciences; the second 
it has not done. Keyworth has said the 
nondefense areas that deserve high pri
ority are the physical sciences, mathe
matics and engineering. In this view the 
salvation of the U.S. economy, its posi
tion in world markets, its defense and 
science itself lies in high technology. 

The budget category that best serves 
as an indicator of Federal support in the 
core sciences (the ones that are taught 
in universities) is "basic research." Next 
year the biggest boost to basic research 
will come from the National Science 
Foundation, which traditionally sup
ports all sciences except the life and clin
ical sciences. The NSF is scheduled to 
receive a 17.4 percent increase in its 
overall budget ·and so to be restored 
almost to its 1981 funding level. Even 
so, some NSF programs, such as Inter
national Cooperative Scientific Activ
ities, will receive large cuts in order 
to allow substantial increases for engi
neering, technology development and 
certain scientific areas: "information sci
ences," "astronomy and atmospheric 
sciences" and deep-sea geologic drilling 
(up 60 percent). 

The Administration apparently sees 
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the NSF as a vessel for its new policy on 
science education. For some years uni
versities have been calling attention to 
the physical deterioration of their re
search facilities. Moreover, there has 
been a steady decline in Federal support 
of graduate education and in the train
ing and support of young faculty mem
bers. The Administration budget calls 
for the following NSF correctives: a 61 
percent increase in grants for instrumen
tation, a 20 percent increase in grants 
for graduate research fellowships, Pres
idential Young Investigator Awards as 
an incentive for young faculty members 
(the funds for which are to be matched 
by industry) and a variety of programs 
to provide an incentive for performance 
in precollege teaching, particularly in 
mathematics and engineering. 

R&D expenditures by the Department 
of Defense have traditionally includ
ed some support for "basic research." 
The Defense Department R&D budget 
is scheduled to increase 30 percent in 
1984, to $33 billion. Basic research in 
the department is funded through the 
"6.1 category," which is scheduled to 
rise 9.2 percent in current dollars. An 
increasing fraction of that money, how
ever, is going to applied research. More
over, sentiment in Congress is said to be 
running against a 30 percent increase in 
funds for Defense Department R&D. It 
is more than likely the House and Senate 
appropriations committees will, as they 
did last year, make large cuts in the 
defense budget. Defense Department 
budget makers may have learned to ex
pect such cuts, because the requested 
increase for R&D is $2.2 billion more 
than the department's predictions made 
last year, and $400 million more than 
the cut made by Congress in the 1983 
R&D budget. 

The Office of Science and Technol
ogy Policy, headed by Keyworth, and 
the Office of Management and Budget, 
headed by David A. Stockman, have 
been urged by the White House to re
d uce funding, at least for nondefense 
R&D, of short-term projects that are 
more appropriately supported by indus
try. Therefore the Department of Ener
gy (while it still exists as a separate agen
cy) will seek less money for research 
in conventional energy supplies. It will 
seek more money, however, for research 
in nuclear energy and high-energy phys
ics. The budget for the National Aero
nautics and Space Administration will 
decrease 3.1 percent (including the ef
fect of inflation), although there are in
creases scheduled for some important 
scientific projects, such as the Space 
Telescope, the Gamma Ray Observato
ry and the new Venus Radar Mapper. 
On the other hand, NASA's develop-

ment of scientific satellites to make ob
servations of the land, the sea and the 
atmosphere will virtually come to a halt. 

What about the life sciences at a time 
when the emphasis is intended to be on 
the physical sciences, mathematics and 
engineering? According to Keyworth, 
the life sciences have been receiving 
"rather healthy funding." The proposed 
1984 budget for the National Institutes 
of Health, however, shows a constant
dollar decrease of 3.8 percent. The NIH 
supports more than half of all the basic 
research done at universities in the U.S. 
Over the past 10 years, which have seen 
an explosive growth in molecular biolo
gy, the NIH budget has increased a total 
of only 5 percent, and it has declined 
steadily since its high point in 1979. 

The prime directive at the NIH is the 
funding of investigator-initiated com
petitive research grants, awarded under 
a peer-review system. During the Carter 
Administration the NIH was expected 
to make a minimum of 5,000 new re
search grants per year, regardless of the 
funding level. That goal has never been 
reached. With the arrival of a new Sec
retary of Health and Human Services, 
Margaret Heckler, the Administration 
has submitted a budget it hopes will en
able the agency to reach the 5,000-grant 
level. In order for the NIH to do so with
out exceeding its budget, however, it 
will have to cut other programs; for ex
ample, training grants (primarily post
doctoral) and support for research cen
ters across the country will drop more 
than 10 percent. By the same token the 
average size of a research grant will 
have to be decreased 10 percent. More
over, the NIH has begun to deny the 
universities reimbursement for indirect 
costs: administrative expenses associat
ed with research programs. The NIH 
maintains that these expenditures have 
gone up unreasonably over the past few 
years, and that the universities must pay 
a larger fraction of the costs. 

Overall Federal support for research 
·at universities has dropped 3.3 percent 
since 1981. The budget indicates that 
even though the NSF may get a 17.8 
percent increase, the funding of univer
sity-based research by Federal agencies 
will continue to decline next year. 

The Administration budget may not 
be the final word on the support of ba
sic research in 1984. The Association 
of American Universities, together with 
120 other research organizations, has 
submitted a proposal that would in
crease the NIH budget by $414 million. 
The two Missouri senators, John C. 
Danforth (Republican) and Thomas F. 
Eagleton (Democrat), have submitted 
a bill, "The University Research Ca
pacity Restoration Act of 1983," that 
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NUCLEAR ELECTRICITY 
Who Stands Where 

A t a time of intense criticism of 
� nuclear-generated electricity, 
an independent academic study 
found surprisingly strong sup
port among persons considered 
well informed on the subject. 

The study was part of a large proj
ect directed by Professors Stanley 
Rothman and S. Robert Lichter and 
sponsored by the Research Institute 
of International Change at Columbia 
University, Smith College, and the 
Graduate Program in Science, Tech
nology, and Public Policy at George 
Washington University. 

A survey of scientists 
In mid-1980, little more than a year 
after the accident at T hree Mile 
Island, a detailed questionnaire on 

energy issues was sent to a purely 
random sample of: (1) scientists listed 
in American Men and Women of Sci
ence, (2) scientists in energy-related 
disciplines, and (3) scientists in fields 
closely related to nuclear energy. 

Asked how best to proceed with 
nuclear energy (see Table 1), an over
whelming majority from aU groups felt 
that the nation should continue with 
the development of nuclear energy. 

Table 1 
VIEWS OF SCIENTISTS ON HOW TO PROCEED 

WITH NUCLEAR ENERGY 

/l!t.�/i! 4.l 41 :tl '" '" 
53% 70% 92% Proceed rapidly 

36 25 8 Proceed slowly 

7 4 0 Halt development 

3 1 0 Dismantle plants 

Most felt we should proceed rapidly. 
This high level of support is echoed 

in Table 2, which notes positive atti-

Table 2 
SCIENTISTS' ATTITUDES ON NUCLEAR 

ENERGY ISSUES 

Itt #1/«·/ -«:",<f '<J", �4 
65% 75% 99% Risks acceptable 

69 80 98 
WiUing to locate 
nuclear plants in 
their cities 

Enough knowledge 
75 91 100 to solve nuclear 

problems 

tudes toward the acceptability of risk 
posed by nuclear plants; the scientists' 
personal willingness to have a nuclear 
plant located where they live; and 
the scientists' confidence that enough 
knowledge exists to solve the scien-
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tific and technical problems posed 
by nuclear energy. 

Expanding the study 
Such positive results were somewhat 
surprising to the researchers. They 
decided to expand their study. This 
was a time when public concern was 
high and the nuclear regulatory envi
ronment was toughening consider
ably, so the researchers wondered 
whether decision makers in the 
nuclear field would be as wary of 
nuclear power plants as the man in 
the street. 

To find out, the researchers mailed 
questionnaires to top decision makers 
in seven different categories: 
• the nuclear power industry 
• the financial community 
• the Nuclear Regulatory Commission 
• other regulatory agencies involved 

with nuclear energy 
• members of Congress who were 

involved with nuclear policy 
• outside experts (scientists, social 

scientists and consultants involved 
with nuclear energy issues) 

• groups with professed anti-nuclear 
views. 
The results were again surprising. 

As Table 3 indicates, outside experts 
and financiers were as united in their 

0% 
0 

33 
67 

Table 3 
POLICY PREFERENCES ON NUCLEAR 

DEVELOPMENT 

93% 94% 65% 54% 40% 69% Proceed 
rapidly 

5 6 35 25 40 26 Proceed 
slowly 

2 0 0 8 20 5 Halt 
development 

0 0 0 13 0 0 Dismantle 
plants 

support of nuclear energy develop
ment as were industry executives. 
The only significant opposition came 
from the heads of the anti-nuclear 
groups. A few members of Congress 
and some regulators also expressed 
opposition. (It should be noted that 
response from Congress was low in 
number.) 

Table 4 reinforces the pattern. Major
ities of all decision-making sectors 
except the anti-nuclear groups be
lieved nuclear plants safe, the risks 
acceptable, the problems solvable, 
and they would be willing to live 
near a reactor. 

The questionnaire also sought to 
learn what potential problems within 
the industry were considered most 
serious. Most of the anti-nuclear groups' 
leaders rated most of the problems as 
"very serious. " None of the problems 
was considered that serious by a major
ity of the other decision makers. Only 
high-level waste disposal was con
sidered very serious by a majority of 
persons within any of these seven 
groups. 

The Nuclear Waste Policy Act of 
1982 has addressed this problem by 
establishing a procedure and a time
table leading to the safe disposal of 
nuclear waste. The concept of bury-

Table 4 
GENERAL ATTITUDES TOWARD NUCLEAR 

ENERGY 

o 94 61 72 60 43 
100 2 0 7 28 28 

o 97 83 94 60 53 

ing the waste in stable geological for
mations deep in the earth has been 
endorsed by the National Academy 
of Sciences. 

What sources can we 
count on today? 

There was more agreement when the 
leaders were asked which energy 
sources would make the greatest con
tributions to our needs by the year 
2000. The questionnaire listed 16 
possible sources ranging alphabeti
cally from biomass to wind power. 
As Table 5 illustrates, most groups 
viewed coal as the primary energy 
source, followed by oil and then 
either natural gas, nuclear fission, or 
conservation. T he anti- nuclear groups 
are the only dissenters, rating conser
vation as their top choice, solar heat as 
a major contributor and disInissing 
nuclear fission altogether. No other 
group ranks conservation higher than 

fourth, expects such a significant 
contribution from solar heat, or 
writes off nuclear energy altogether. 

Table 5 
RESOURCES THAT W ILL MAKE MAJOR 

CONTRIBUTIONS TO OUR ENERGY NEEDS 

l/itjii1U 
?J " � ::i A .C S � � ��# ,I �I ; o�t (j# oIJ/ 

58% 96% 78% 94% 75% 91% 95% Coal 
50 57 50 63 84 67 79 Oil 
42 44 41 34 48 52 67 Natural gas 

0 52 24 28 52 25 33 Nuclear 
fission 

42 1 0 3 12 10 2 Solar heat 
100 16 29 19 50 52 38 Conservation 

The researchers found it especially 
surprising that government agencies 
which frequently have been critical 
of nuclear energy were nevertheless 
looking to this resource for a large 
contribution. In fact, the other regu
lators' projection precisely matched 
that of the nuclear power industry. 

An ongoing debate 
The debate continues over the risks 
and rewards of nuclear electricity. In 
the heat of the debate, it's easy to get 
the impression that almost everyone 
has turned against nuclear electricity. 
This study shows that such an impres
sion would be incorrect. 

All energy sources have problems
environmental, safety, reliability, cost. 
Perhaps someday we'll find a perfect 
energy source, but until then we must 
provide for America's energy needs 
with sources we can count on today. 

r-------------------------� 
For a full report on the surveys discussed 
here, send for our free brochure, "Nuclear 
Electricity-Who Stands Where." Just fill 
out this coupon and mail it to: 

U.S. Committee for Energy Awareness 
P.O. Box 37012 
Washington, D.C. 20013 

NAME ______________________ _ 
ADDRESS ___________________ _ 
CITY STATE _____ ZIP __ 

[ill] 
�-------------------------� 

Information about energy 
America can count on today 

u.s. COMMITTEE FOR ENERGY AWARENESS 
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would assign funds for education and 
the improvement of facilities at re
search universities over the next four 
years. The fact remains that science as 
the search for new knowledge must con
tinue to struggle for support in the U.S. 

Casualties 

The most sensitive indicator of the 
health status of a country or a locali

ty, it is generally agreed, is the infant 
mortality rate: the number of infants dy
ing within a year after birth per 1,000 
live births. Recent UN estimates in
dicated an average infant mortality rate 
of 19 for the more developed countries 
and 100 for the less developed ones. In 
1980 the U.S. rate was 12.5; the country 
ranked 19th, behind the United King
dom and East Germany. Since then the 
overall rate for the U.S. has continued 
its long-term improvement, reaching a 
provisional 11.2 in 1982. 

The rates for individual states and lo
calities are something else again. Inves
tigators of maternal and child health, 
state health officials and children's ad
vocacy groups are deeply concerned to 
note that in many cases long-term rates 
of decline in infant mortality have flat
tened out and have even been reversed. 
They blame the recession, and some of 
them blame specific red uctions in the 
funding of medical care by the Federal 
Government. Officials of the Reagan 
Administration argue that health-care 
cuts have not been significant, that no 
direct link can be established between 
the cuts (which took effect only in 1981) 
and any health-care outcomes and that 
the reported increases are "random" lo
cal and short-term fluctuations in gener
ally improving trends. 

Critics insist that Federal cutbacks 
have exacerbated the devastating im
pact of the recession on health care for 
people in need. The fraction of. the U.S. 
population living below the official pov
erty level rose from 11.4 percen,t in 1978 
to 14 percent in 1981. Millions of unem
ployed workers have lost their health in
surance. In Michigan alone Blue Cross 
and Blue Shield lost 556,633 partici
pants in less than three years. People 
without insurance seek free or low-cost 
care in community hospitals, many of 
which are threatened with insolvency, or 
turn to public programs for support. 
States and cities are hard-pressed finan
cially, however, and Federal Medicaid 
payments were reduced by $1 billion in 
1981. According to a survey made by 
the Children'S Defense Fund, every 
state has reduced its Medicaid program 
for mothers and children by cutting 
back on services or making it harder to 
meet eligibility requirements; 44 states 
have specifically reduced prenatal and 
delivery services for pregnant women. 

A clear circumstantial chain of cause 
and effect can be established between 
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lack of health-care services and in
creased infant mortality. The key link is 
the low-birth-weight rate: the number 
of infants delivered weighing less than 
2,500 grams (five and a half pounds) per 
1,000 live births. A major correlate of 
low birth weight is inadequate prenatal 
care for mothers, and since 1980 in
creasing numbers of women have had 
too few prenatal-care visits or none at 
all. In Oregon the fraction of women 
who had no prenatal care doubled be
tween 1980 and 1982, according to the 
Oregon Center for Health Statistics. The 
U.S. average low-birth-weight rate is 
some 70 per 1,000. (Japan's rate is 53 
and Sweden's is 41.) In Oregon the low
birth-weight rate for 1979 through 1982 
was 136.5 for women who had no pre
natal care, about three times as high as 
for women receiving adequate care. In 
Michigan in 1978 the rate was 203 for 
women who had five or fewer prenatal 
visits and 57 for women who had six 
visits or more, according to a recent re
port from the Michigan Department of 
Public Health. 

Low birth weight in turn increases the 
likelihood of lifelong handicapping con
ditions and appears to be associated 
with about two-thirds of infant deaths. 
Oregon data associate early death di
rectly with lack of prenatal care: the 
1979-81 neonatal mortality rate (death 
before 28 days) was more than nine 
times as high for infants whose mother 
had no prenatal care as it was for infants 
whose mother had adequate care. 

Last winter an advocacy group, the 
Food Research and Action Center, re
ported (on the basis of a telephone sur
vey) that infant mortality rates were ris
ing in a number of states and urban 
areas, in most cases reversing the long
term improvement. Clearly not all the 
increases are statistically significant, as 
the center noted at the time. Administra
tion spokesmen emphasized the contin
uing decrease in the overall U.S. rate 
in rebuttal. For large cities and states 
showing large increases, however, the 
data may indeed be significant. In a 
study to be published by the United Na
tions Children'S Fund, C. Arden Miller 
of the University of North Carolina 
at Chapel Hill concludes that "to ig
nore [such reports] altogether suggests 
too much willingness to conceal within 
aggregate data some important clues 
about adverse effects on especially hard
hit people and locales." 

Consider the case of Michigan, which 
has suffered three and a half years of 
double-digit unemployment, where 15 
percent of the population receives some 
form of public assistance and where 
public-assistance grants have been cut 
repeatedly since 1979. Between 1950 
and 1980 Michigan's infant mortality 
rate was reduced by 50 percent. It de
clined in every year from 1970 through 
1980. In 1981 it rose by 3 percent, to 

13.2, and last year it declined somewhat 
to a provisional 12.4. Regression lines 
calculated on the basis of totai U.S. and 
Michigan rates for 1976 through 1980 
highlight the difference between the ag
gregate data and those for an economi
cally depressed state. The U.S. line pre
dicts rates of 11. 82 for 1981 and 11.18 
for 1982, almost exactly the rates actu
ally observed. The Michigan line pre
dicts rates of 12.22 for 1981 and 11.68 
for 1982 compared respectively with the 
observed 13.2 and 12.4. "In effect we 
lost a couple of years of progress," 
writes Jeffrey R. Taylor of Michigan's 
Division of Maternal and Infant Health; 
"229 more babies died than would have 
died if the downtrend had continued." 

Taylor makes a point that is repeated
ly emphasized by students of the sub
ject: "Infant mortality has always been a 
problem of certain subpopulations in 
our society, not of the dominant white, 
well-insured, working majority. For an 
entire population's rate to go up, as in a 
large state such as Michigan (140,000 
births per year), requires that certain 
subpopulations must be experiencing 
dramatic increases in suffering." De
troit's infant mortality is at about the 
total-U.S. level of the late 1960's. The 
city's rate was 21 in 1980, 21.9 in 1981 
and provisionally almost 25 last year. 

Health status in the U.S. is closely 
linked to socioeconomic status, Miller 
points out in his UNICEF report, perhaps 
because of "the nation'S relatively weak 
commitment to assuring participation 
of all people in essential and appropri
ate health services." During the 1974-75 
recession, however, there was a striking 
increase in health benefits, which "miti
gated the adversities of unemployment 
and impoverishment." Now data are 
available "to lead reasonable policy
makers to the inescapable conclusion 
that the health of children, pregnant 
women and poor families is suffering 
and in great jeopardy." The adverse ef
fects must be attributed to "a combina
tion of circumstances that include seri
ous recession, increased poverty rates 
for households with children and dimin
ished health benefits and social support 
services." In a time of local or wide
spread economic reversals, he points 
out, health services need to be expanded 
rather than contracted. 

The Children's Defense Fund points 
out that building 239 MX missiles rath
er than the projected 240 would save 
$110 million-enough to fund Medicaid 
benefits for every pregnant woman liv
ing below the poverty level. 

Microelectronic Projection 

The advance of semiconductor tech
nology over the past two decades 

has been reduced to strings of initials 
indicative of the growing density of 
microelectronic devices integrated on a 
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Motor Sales, U.S.A, Inc. 

Grand Touring. What does it mean? 
In the new 1983 Toyota 

Cressida, Grand Touring means 
Grand Performance. With an amaz
ing new 2.8 liter Twin Cam engine 
that does to smoothness and 
quietness of ride, what Michelan
gelo did to a ceiling. Add that to 
Cressida's new independent rear 
suspension, with coil springs and 
stabilizer bar, and its new elec
tronically controlled 4-speed 
automatic overdrive transmission 
and you start to see how grand a 

driving experience can be. 
Cressida's Grand Touring also 

means Grand Luxury. From the 
look of luxury outside - dashing, 
elegant, refined - to the feel of lux
ury inside - power windows and 
door locks. Automatic tempera
ture control air conditioning. Varia
ble assist power steering. Cruise 
control. AM/FM/MPX stereo re
ceiver with four speakers. And a 
driver's seat that adjusts to your 
body in four distinct ways. 

What else does Grand 

Touring mean? 
In the new Cressida, it rep

resents a feeling you get, while 
touring town or country. A feeling 
based on uncompromised per
formance. And spirited drive. It's 
the image of the car you've chosen. 
And of yourself. 

Dashing. 
BUCKLE UP-IT'S A GOOD FEELING! 

CRESSIDA MOVES PROUDLY 
INTO THE GRAND TOURING CLASS. 
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The IBM 4341 super-mini at universities 

The BMOC, from 
engineering freshmen 
to Ph.D. researchers. 

That's "Big Machine On Cam
pus" at two big universities. 

Tht· University of Maryland 
Engineering freshmen start 

using the IBM 4341 after only a 
few lectures. "Engineers will utilize 
the computer all their professional 
lives. The 4341 is so easy to use our 
students turn to it instinctively to 
solve problems;' says Professor 
William Wockenfuss, who devel
oped the introductory course. 

Instructors are enthusiastic. 
"We know students use it. We get a 
rundown on how often they log in;' 
says John Horan. "Log-in com
mands help them interact with the 
4341 with no technical jargon;' 
adds Aliakbar Elahi. 
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Dr. Glenn Ricart, Director of 
the Computer Science Center, 
believes. "With the 4341's 'Help' 
command, students pick them
selves up if they stumble. That's 
critical in how they'll relate to com
puters in the future:' 

"The university's 4341s serve 
as a major resource for interactive 
computing�' says James S. Harvi
son, Acting Assistant Vice Presi
dent. "We have five 4341s installed 
at different campuses serving our 
university community. They are a 
definite asset to our instruction 
and research computing network:' 

Th ... Iohns Hopkins University 
Here. the 4341 is used by The 

Center for Metropolitan Planning 

and Research. Teams of Ph.D;s, 
under Dr. Steven Gottfredson, 
perform complex analyses of huge 
data bases. One study takes ten
year census figures and utilizes 
small samples to test the effects of 
federal programs on inner-city 
housing. Another breaks down 
census data to make it useful for 
planning by fire, sanitation and 
education departments. 

Professor Gottfredson ex
plains that "machine capacity and 
speed are vital because of the size 
of our data sets. We also handle 
many interactive algorithms, and 
the 4341 gives us fast access to 
information:' 

The 4341 is used in other areas 
at Johns Hopkins, including stud-

ies of cancer frequency and astro
physics applications in preparation 
for the planned launch of the space 
telescope. Vice Provost of the uni
versity, Richard Zdanis, says, "We 
decided on a 4341 because it's easy 
for inexperienced users and can 
support a variety of peripherals:' 

IBM systems, using microcode
assisted VM/CMS, help engineers 
and scientists in industry, research 
and universities think about the 
problem, not worry about the com
puter. We'd like to help you, too. 

For an informative brochure, 
please write IBM Engineering and 
Scientific Marketing, 1 133 West
chester Avenue, ==-= .:: - - ---
W hite Plains, = = === - - - ---N.Y. 10604. ==-= ':' = 

® 
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INVEST 
YOURSELF 

A windmill to pump water for "salt farm
ing" in India. More efficient woodburning 
stoves for the Sahel. Photovoltaic irrigation 
pumps for the Somali refugee camps 

All these are solutions to technical prob
lems in developing countries. Devising 
such solutions is no simple task. To apply 
the most advanced results of modern sci
ence to the problems of developing areas 
in a form that can be adopted by the people 
requires the skills of the best scientists, 
engineers, farmers, businessmen-people 
whose jobs may involve creating solid state 
systems or farming 1000 acres, but who 
can also design a solar still appropriate to 
Mauritania or an acacia-fueled methane 
digester for Nicaragua. 

Such are the professionals who volun
teer their spare time to Volunteers in Tech
nical Assistance (VITA), a 20 year old pri
vate, non-profit organization dedicated to 
helping solve development problems for 
people world-wide. 

Four thousand VITA Volunteers from 82 
countries donate their expertise and time 
to respond to the over 2500 inquiries re
ceived annually. Volunteers also review 
technical documents, assist in writing VITA's 
publications and bulletins, serve on tech
nical panels, and undertake short-term 
consultancies. 

Past volunteer responses have resulted 
in new designs for solar hot water heaters 
and grain dryers, low-cost housing, the 
windmill shown above and many others. 
Join us in the challenge of developing even 
more innovative technologies for the future. 

vIrA Putting Resources 
to Work for People 

1815 North Lynn Street, Artington. Virginia 22209·2079, USA I I 
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single silicon chip. Beginning with SSI 
(small-scale integration) in the 1960's, 
the industry progressed to MSI (medi
um-scale integration) and LSI (large
scale integration) in the 1970's and is 
now entering the era of VLSI (very
large-scale integration). As the number 
of components on a chip has increased 
more or less exponentially with time 
(reaching into the hundreds of thou
sands in the case of some recently man
ufactured VSLI chips) the minimum 
dimensions of an individual circuit ele
ment (a line or a space) have shrunk dra
matically: to a resolution approaching 
one micron in the most advanced de
signs. Given the inherent limitations of 
the photolithographic process employed 
to fabricate such devices, how far can 
this trend be expected to continue? 

According to a leading investigator in 
the field, the prospt;cts for reaching and 
breaking the "one-micron barrier" are 
good. In a review article on micron and 
submicron circuit engineering published 
in Proceedings a/the IEEE (a publication 
of the Institute of Electrical and Elec
tronics Engineers) Arnold Reisman of 
the Microelectronics Center of North 
Carolina forecasts that "by the end of 
the 1980's it is not unreasonable to ex
pect that minimum lithographic dimen
sions will have decreased to the 1 /-Lm 
[one micron] level" and that "by the end 
of the 20th century 0.25 /-Lm minimum 
dimensions are anticipated." However, 
"based on what we know today, if this 
shrinkage occurs without major innova
tion in device, circuit and interconnec
tion design, 0.25 /-Lm may represent the 
end limit of usable linewidth shrinkage" 
in the fabrication of the transistors that 
now make up the bulk of the compo
nents in most integrated circuits. 

For the immediate future the continu
ing miniaturization of microcircuit ele
ments can apparently be accomplished 
by extending the "step and repeat" pho
tolithographic process in widespread 
service today. In this process a "unit 
cell" pattern is projected in ultraviolet 
radiation through a mask onto part of 
a silicon wafer, and the wafer is repet
itively stepped across the projector's 
field of view to expose the entire surface. 
As in earlier photolithographic meth
ods, the radiation exposes a photosen
sitive emulsion, called a resist, which is 
then developed with a solvent; the un
protected areas of the silicon substrate 
are treated chemically to define a sin
gle circuit layer. Reisman reports that 
at present "there is considerable uncer
tainty about the minimum nominal di
mension . . .  achievable using optical ex
posure techniques for volume produc
tion." Nevertheless, "a somewhat soft 
consensus is that the optical resolution 
number is around 1-1.25 /-Lm." 

To achieve smaller dimensions, he 
predicts, shorter-wavelength radiation 
will be required. One possibility that has 

been under study for more than a dec
ade is "direct writing" on the photoresist 
with a computer-controlled electron 
beam. Another is a step-and-repeat 
process utilizing X rays to expose the 
resist through precision masks gener
ated by an electron-beam system. At 
present direct electron-beam writing is 
considered economically unfeasible for 
mass production because of its compar
ative slowness and high cost, but elec
tron-beam systems are coming into 
widespread use for making photolitho
graphic masks. In the long run, Reisman 
points out, the main problem with the 
shorter-wavelength approaches "may 
not be the fabrication of small struc
tures but rather their reliability." 

By the time one-micron minimum di
mensions are achieved routinely in man
ufacturing it is estimated that a chip 
approximately six millimeters on a side 
will hold about a million components, 
corresponding to half a million bits 
of dynamic random-access memory, or 
DRAM. (Component counts are double 
DRAM counts, since every bit of infor
mation stored in such a memory re
quires both a storage capacitor and a 
transfer device.) At that stage, Reisman 
reckons, the cost of manufacturing such 
VLSI memory components will have 
fallen to "about .0002 cent per bit in 
1983 money," or roughly $1 per chip. 

Bedrock Pharmacopoeia 
The pharmacopoeias of industrialized 

nations list on the order of 1,500 
drugs. All have their uses, but only a few 
can be said to be basic to the health 
of a human population. Which are they? 
The question comes up because in many 
developing countries the system of 
health care is rudimentary, the supply of 
drugs depends on foreign suppliers and 
the ability to store and transport drugs 
in such a way that they do not deterio
rate is limited. The World Health Organ
ization Expert Committee on the Use 
of Essential Drugs looked into the prob
lem and has published a list of 249 sub
stances that would be appropriate in 
such conditions and a list of 22 substan
ces, taken from the main list, considered 
essential for primary health care. 

The committee based its choices on 
several criteria. One of them is that the 
drugs should meet the health-care needs 
of the majority of a country's popula
tion and therefore should "be available 
at all times in adequate amounts and in 
the appropriate dosage forms." Another 
is that a given country's choice of drugs 
will depend on many factors, including 
the pattern of diseases prevalent there, 
the facilities for treatment and the train
ing and experience of health workers. 
Moreover, "only those drugs should be 
selected for which sound and adequate 
data on efficacy and safety are avail
able from adequate clinical studies and 
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Were light on your feet. 
Our casting material is up to one-third asked for something "less barbaric" than 
lighter than plaster. It's three times stronger his plaster cast. 
and we hope you never need it. 

But on most any injury requiring a cast, 
you'd find Scotchcast® Casting Tape more 
comfortable than plaster and easier to 
get around in. It's thinner, so it fits under 
clothing. It also breathes. That reduces 
itching , odor and helps you stay cooler in 
warm weather. 

All the comforts of Scotchcast tape 
were inspired by a 3M employee who 

Hearing the needs of the medical 
profession and the patients it serves has 
helped 3M pioneer over 700 health care 
products. We now make everything from 
stethoscopes and pharmaceuticals to 
x-ray film that cuts radiation danger in half. 

And it all began by listening. 

3M hears yOU ... 

I';or you r free 3M Prod ucts and Capabi I iti� I Brochure, write: Department 010709/3M, I I PO. Box 22002, Robbinsdale, MN 55422. I I Name I I Address I I City State __ Zip __ I I Or call toll-free: 1-800-33M-HEAR I � 1-800-336-432� _____ � 
�1983. 3M 

3NI 
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This is'i, public service message on behalf of 
Reading Is Fundamental and this magazine. 
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for which evidence of performance in 
general use in a variety of medical set
tings has been obtained." 

Applying these criteria, the commit
tee made up its main list in 27 cate
gories. Among them are analgesics; 
antidotes; anti-infective drugs; blood 
products and drugs affecting the blood; 
drugs for cardiovascular, dermatolog
ic and gastrointestinal maladies; hor
mones; muscle relaxants; ophthalmo
logical preparations; psychotherapeutic 
drugs; drugs acting on the respiratory 
tract, and vitamins and minerals. 

The 22 substances on the committee's 
"model list of drugs for primary health 
care" are acetylsalicylic acid (aspirin), 
activated charcoal, an antacid, an anti
hemorrhoidal drug, atropine (an anti
spasmodic), benzoic acid plus salicylic 
acid, benzyl benzoate, calamine lotion, 
chlorhexidine solution, chloroquine, 
chlorphenamine, ephedrine (for asth
ma), ergometrine (for bleeding after 
childbirth), iodine, ipecacuanha, iron 
and folic acid (a nutritional supplement 
during pregnancy), lindane, mebenda
zole, oral rehydration salts, paraceta
mol, piperazine and tetracycline eye 
ointment. The committee said the drugs 
on this list "can be used effectively and 
safely by responsible individ uals with 
little formal medical knowledge." 

Conjugate Bliss 
Tight is notoriously subject to aber
L rations induced by the medium 
through which it passes; indeed, the sci
ence of optics came into existence large
ly to correct them. Now a novel kind of 
mirror optics is emerging in which aber
rations are corrected by the light itself. 
The mirrors are called phase-conjugate 
mirrors. The first such mirror was de
veloped in the early 1970's by B. Ya. 
Zel'dovich and his colleagues at the Le
bedev Institute in Moscow. It was sim
ply a tube of methane under pressure. 
Since then workers at the Hughes Re
search Laboratories, the California In
stitute of Technology, Bell Laborato
ries and elsewhere have explored more 
complex systems of beams and materi
als, notably crystals. 

In such a system a beam of laser light 
passing through a distorting medium 
(for example the atmosphere, which is 
heated by the beam and acts as a dis
persing lens) is made to strike the phase
conjugate mirror. The mirror, which is 
solid, liquid or gaseous, is a material 
whose atomic structure is maintained 
by binding forces not markedly greater 
than the electric field strength of the 
beam. Hence the beam affects the struc
ture. In particular the beam affects the 
material's index of refraction, thereby 
changing its own propagation. In effect a 
mirror develops inside the material, and 
so the beam is reflected. 

The reflection, however, is curious. 

FOr one thing, the reflected beam re
turns along the precise traject.ory of the 
incident beam. With an ordinary mirror 
this happens only if the beam arrives 
perpendicular to the mirror. Then too 
the reflected beam is the phase conju
gate of the incident beam. That is, the 
evolution of the spatial information in 
the reflected beam (for example the 
spreading of the beam caused by the at
mosphere) reverses the evolution of the 
information in the incident beam. Thus 
the return of the beam through the me
dium that distorted it restores the beam 
to its initial, undistorted state. 

The reversal of distortion promises 
several applications. In a scheme for 
controlled nuclear fusion, fuel pellets 
are to be heated with lasers; phase
conjugate mirrors might keep the pel
lets well targeted. In a scheme to in
crease the power and speed of comput
ers, circuits that manipulate electrons 
are to be superseded by circuits that 
manipulate light; phase-conjugate mir
rors might make the circuits self-correct
ing. In photolithography, integrated cir
cuits are manufactured by etching a 
photographic emulsion after parts of it 
have been exposed to light; phase-con
jugate mirrors might make the process 
more precise. 

A system of phase-conjugate optics 
being developed by Amnon Yariv and 
his colleagues at Cal Tech is intended to 
serve communication channels by elimi
nating the requirement that laser beams 
make two-way trips, one to reach a 
phase-conjugate mirror and one to re
turn. In their arrangement a "probe 
beam" and an "information beam" trav
el in opposite directions. The probe 
beam leaves the receiving station of a 
communications link and travels toward 
the broadcasting station, becoming dis
torted on the way. On its arrival at the 
broadcasting station it affects a phase
conjugate device, so that the device can 
give the information beam a distortion 
complementary to the one the probe 
beam has undergone. The information 
beam can then take flight in a predis
torted form. The distorting medium 
through which it will pass will now serve 
to correct its information, so that it ar
rives distortion-free. 

Waiting for Halley 

The apparition of Halley's comet in 
1910 was so spectacular that, photo

graphed by the largest telescopes of the 
time, it became a kind of astronomical 
allegory. Soon after the comet's closest 
approach to the sun it had a bright coma 
(the gaseous and dusty cloud that envel
ops the nucleus of a comet) and a lu
minous double tail extending across a 
fourth of the sky. What will the comet 
look like on its return in 1985 and 1986? 
Writing in The Journal a/the Royal Astro
nomical Society 0/ Canada. Ian Halliday 
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SOPHISTICATED 
RESOURCES TO 

ADVANCE 
COMMUNICATIONS 
TECHNOLOGY. 

Imagine the multi network TV and telephony based communi
cation system that could unite the world in a global village, 
CSD engineers are working on a project that will make the 
technology for such a system a reality. 

You can expect unusual opportunities at a company involved 
across the entire communications spectrum from DC to day
light That's why we've been able to assemble some of the 
finest minds in the field working on projects at CSD. And 
we're looking for more engineers with the vision to turn 
customer problems into new solutions, integrate diverse tech
nologies and take a position of leadership in a high visibility 
environment. 

Our growth is so rapid that if you meet our criteria, we'll create 
the right opening for you. 

SYSTEMS 
ENGINEERS 

Among our broad range of projects: 
TRANSMISSION SYSTEMS 

We're engineering integrated radio systems using digital 
wide band processing. New technologies include unique fiber 
optic applications and systems operating in the VHF to EHF 
range. 

MILSATCOM 
Our emergent-technology EHF band systems involve AJ 

protection, rapid configuration and interoperability with satel
lite networks. Key systems elements include EHF antennas, 
feeds and high performance synthesizers. 

DIGITAL PROCESSING SYSTEMS 
These high performance systems cover the range of audio, 

ELF, VLF, LF and HF. We're developing algorithms with critical 
timing and throughput requirements, as well as applying high 
speed data processing in advanced digital communications 
products that include digital modems, voice and receivers, 
and systems controllers. 

NETWORKING 
We're pioneering totally integrated multinetwork interface 

systems pushing the state-of-the-art. Our extensive involve
ment in networking includes new concepts in such areas as 
message, packet and digital Switching. 

SECURE SYSTEMS 
The security/intelligence community looks to us for leader

ship in systems knowledge. We're providing custom LSI/VLSI, 
dedicated secure communications networks, fault tolerant 
computer architectures and computer network security. 

SURVIVABLE and ENDURING SYSTEMS 
With our primary focus on (31 propagation and network 

analysis under benign and stressed environments, we're ex
panding modeling and assessment software tools to detennine 
vulnerability, survivability, endurability and/ or exploitation of 
(31 systems worldwide. 

Along with a network of project opportunities offering new 
growth comes a strong system of support and rewards. 
Success here is recognized within GTE and across the commu
nications industry. Intemal advancement can take the direction 
of management or development of technical knowledge. Our 
educational opportunities are unusually sophisticated and 
include an in-house MASTERS DEGREE program in Systems 
Engineering and Computer Science, and complete tuition 
reimbursement. Our benefits include life, health and dental 
insurance coverage for dependents. And because we provide 
year after year of challenge, CSD has kept top quality profes
sionals and maintained low turnover in a fiercely competitive 
market for engineers. For access to the important opportunities 
in communications, we can be the last place you'lI ever have to 
look. 

We are seeking Systems Engineers with 5+ years of ex· 
perlence. U.S. citizenship required. 

Send your resume, Indlcadng areas of Interest, to Lyn N. 
Murray, GTE's Sylvania Systems Group, Communlcadon Sys
tems DIvision, 11 "A" Street, Needham, MA 02194. Or call 
us In Needham, MAat 1-800-225-3956. (In Massachusetts 
call 611-449-2000.) An Equal Opportunity Employer M/F 

IF IT'S HAPPENING IN COMMUNICATIONS, IT'S HAPPENING AT CSD. 

[iji=t Systems 
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at the micron level 
Can a small semiconductor device 
pack power? 

Visible-light semiconductor lasers are the 
compact, lightweight, energy-efficient 
alternative to bulky gas lasers. They also 
improve high-speed modulation. But 
trouble begins when the power rises above 
20 mW. Ught intensity distribution 
becomes destabilized and excessive stress 
occurs in the device's active region, 
rendering it unusable in high-power 
applications. And as for gas lasers, it 
would require one more than 2 m wide 
and 2 m long to deliver a 40 mW output 
with accuracy. 

Hitachi innovation lights the way 
To solve this problem, Hitachi engineers 
completely restructured the semicon
ductor laser, placing a micron-thin active 
layer between four, rather than two, 
passive layers, so it somewhat resembles 
a tiny block of Neapolitan ice cream with 
custard filling. Using a crystal substrate 
as a base, these layers are " grown" one 
after another by means of liquid phase 
epitaxy, with their relative positions and

· 

widths controlled automatically by 
chemical etching. Morever, the rear face 
is specially designed to raise the light 
reflection rate to 90%, and a separate light 
guide allows the beam to pass out 
smoothly without undue stress on the 

active region. The overall result: A device 
measuring only 0.4 x 0.3 x 0.1 mm, yet 
capable of a stable output of 40 mW, the 
highest power in the world for visible-light 
semiconductor lasers. 
Ready for wide-ranging applications 

This complex little unit, generating a 
beam with a short wavelength of j\,lst 
0.78 p'm, may now be used to upgrade the 
performance of video disc players, optical 
disc files, digi�1 audio systems and other 
devices employing laser-beam pickup 
technology, because the shorter the 
wavelength and more powerful the beam, 
the higher the recording density and 

1)  Actual cross-sectlon of Hitachi's 
semiconductor laser (6,oooX) 2) DIagram showing the laser's 
layered structure 

recording speed possible. And in H itachi's 
laboratories, progress continues, with a 
stable, nondegrading 75 mW device near
ing com letion. 

-�....;...-
Technical excellence is embodied in all 
Hitachi products 

The development of a small, powerful 
semiconductor laser is just one case 
demonstrating Hitachi's technological 
strength. You'll find other examples in all 
of H itachi's products, from digital audio 
disc players and laser optical systems to 
a whole host of high-quality electronic 
appliances. Our comprehensive tech
nological expertise is your guarantee of 
convenience, easy operation -and high 
reliability in every product that bears the 
Hitachi brand. 

�HITACHI 
A World Leader in Technology 
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Close 
your eyes. 
Now have 
someone 
read this 

to you. 
You are b l ind . A student .  

Fac ing fou r  years of col lege.  With 
about th i rty-two textbooks to 
read . P lus  f ifty su pplemental texts . 
How are you go ing  to manage? 

With Reco rd i ng for the B l ind . 
S ince 1 951 , we've he l ped over 
53 ,000 b l i nd , perceptual ly  and 
physica l ly  hand icapped students 
g et th roug h  sc hoo l .  By send ing  
them record i ngs  o f  the  books they 
need to read . Free. 

Record ing  fo r the B l i nd is  
non-profit ,  and suppo rted by 
vol u nteers and contr i but ions from 
people l i ke you who can imag i ne 
what it 's l i ke to be bl i n d .  

You r  tax-ded ucti ble donation 
wi l l  he lp  ou r students meet thei r 
ed ucationa l  goals .  We'd a l l  be 
g ratefu l .  

I f  you want to know more 
about us ,  write : 

92 

(51 
Recording 

for the Blind ,  Inc.,  
an ed ucationa l  l ife l i ne .  

Station E ,  21 5 East 58th Street, 
New York ,  N ew Yo rk 1 0022  

(21 2) 751-0860.  

of the Herzberg Institute of Astrophys
ics in Ottawa surveys the situation. For 
the spectator it is not good. 

The comet has already been detected 
by the 200-inch telescope on Palomar 
Mountain, so that it is indeed returning. 
(Some comets disappear because of or
bital perturbations induced by the larger 
planets.) According to Halliday, how
ever, the geometry of the comet's orbit 
on its 1985-86 passage will be the least 
favorable of its 29 recorded passages. 
Halley's comet follows an elongated el
l iptical orbit inclined at an angle of 
18 degrees to the plane of the ecliptic 
(the principal plane of the orbits of the 
planets). A comet is at its brightest and 
displays its fullest range of activity 
near perihelion (the point in its orbit 
where it is closest to the sun). When Hal
ley's comet reaches perihelion on Feb
ruary 9, 1986, the earth will be on the 
opposite side of the sun from it; indeed, 
the comet, the sun and the earth will be 
nearly aligned. From the earth the com
et will appear less than five degrees 
north of the sun and some distance to 
the west. As a result it will rise less than 
an hour before the sun in a region of 
bright twilight. 

The closest approaches of the comet 
to the earth will be on November 27, 
1985, soon after it passes above the 
plane of the ecliptic on its way toward 
the sun, and on April 1 1, 1986, about a 
month after it passes below the plane of 
the ecliptic on its way out of the inner 
solar system. In neither case will the 
comet be particularly close to the earth 
and in both cases it will be more than 
one astronomical unit (the distance 
from the earth to the sun) from the sun. 
At these solar distances the comet is not 
likely to be particularly active. 

In spite of this orbital inconvenience 
the passage of the comet is eagerly 
awaited by astronomers. The reason is 
that Halley's comet is the only short-pe
riod comet (a comet with a period of less 
than 200 years) that reliably displays a 
full  range of cometary activity and that 
has a well-worked-out orbit. Therefore 
instrument networks and space-inter
cept missions that should yield pho
tographs and data compensating for 
the disappointing appearance of the 
comet can be planned well in advance. 
Photometric, spectroscopic and other 
instrumental networks are already be
ing organized for the occasion by the 
International Halley Watch, a com
mittee formed under the auspices of 
the International Astronomical Union, 
and three space-intercept missions are 
planned: the spacecraft Giotto, built by 
the European Space Agency, Venera

Halley, built by the U.S.S.R in partner
ship with other European countries, 
and Planet A, built by Japan. 

The comet is now essentially an icy 
nucleus visible by telescope only be
cause it reflects the light of the sun. As 

it approaches the sun, however, the ice 
will begin to sublime. The outflowing 
gas, together with the particles carried 
with it, will create the coma. The coma 
will brighten as the dust particles begin 
to scatter light and as the fragments of 
molecules dissociated by the sun's radia
tion begin to fl uoresce. Jets or fans will 
develop within the coma as it is subject
ed to intense radiation from the sun. 
Eventually the pressure of sunlight will 
push dust particles out of the coma, cre
ating a long, curved dust taiL The solar 
wind, the electrically charged particles 
blowing outward from the sun, will ion
ize the gas in the coma. The ionized gas , 
will be swept backward by the magnetic 
fields entrained in the solar wind, creat
ing a straight tail, within which thread
like streamers, knots and other struc
tures are likely to appear. Detailed data 
on such activity could reveal much 
about the comet. For example, the ori
entation and rate of rotation of the nu
cleus could be deduced from observa
tions of jets and fans within the coma. 

The networks of ground instruments 
have an additional purpose: tracking the 
comet during and after perihelion, the 
least predictable part of its orbit. For 
the most part the orbits of comets can 
be reliably predicted from Newton's 
law of gravity. Edm und Halley recog
nized that the great comets seen in 
153 1, 1607 and 1682 had followed near
ly identical trajectories across the sky 
and must therefore be the same body 
on a closed elliptical orbit around the 
sun, and in 1705 he predicted on the ba
sis of his calculations of the orbit that 
the comet would reappear in 175 8. 
Some time later he realized that the 
gravitational attraction of Jupiter and 
Saturn (Uranus and Neptune had not 
yet been discovered) as well as that of 
the sun had to be taken into considera
tion, and he revised his prediction of 
the time of perihelion from late 1758 
to early 1759. When this prediction 
proved correct, the comet was named 
in his honor. 

As a comet approaches the sun, how
ever, it is subject to less predictable non
gravitational forces. These could poten
tially perturb the orbit of Halley's comet 
enough to put the space missions off tar
get. The outgassing caused by the radia
tion of the sun is more vigorous on the 
warmer afternoon side of the rotating 
comet than it is on the cooler morning 
side. Halley's comet is rotating in the 
same direction as its motion around the 
sun, and so the rocketlike thrust created 
by outgassing has a forward component 
that pushes the comet outward from the 
sun, increasing its orbital period by sev
eral days. The information provided by 
the ground networks is therefore crucial 
to the targeting of the space missions 
planned for March, 1986, when Halley's 
comet, having passed perihelion, will 
again be near the plane of the ecliptic. 
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Switzerland-October 26- November 1, 1983 
Fourth World Telecommunication Exhibition 

TELECOM 83, the fourth in a series of quadrennial 
World Telecommunication Exhibitions, is organized 
under the auspices of the International Telecommunica
tion Union (ITU) and its 158 member countries. 

Participation for each of these parts 
of FORUM 83 is limited to the first 1500 
registrants. 

In keeping with the ever-increasing 
transnational exchange of data, informa
tion and broadcasting, FORUM 83 Part 
Three, a Legal Symposium, will examine 
the legal aspects of international tele
communication. This concluding session 
of TELECOM 83 will scrutinize the inter
national regulations relating to transna
tional information transport. 

Highlighting the general theme "Telecommunications 
for Everyone," TELECOM 83 offers a unique opportun
ity for individuals or groups to join in the exchange of 
ideas, information, and technology in the fields of tele
communications and electronics. Additionally, it will 
provide an excellent setting for international contacts. 

TELECOM 83 Exhibition 
T he Telecom 83 Telecommunication 
Exhibition encompasses all of the exhibi
tion, conference and outdoor floorspace 
of Geneva's New Exhibition and Confer
ence Centre. T his quadrennial Telecom
munication Exhibition will be a kaleido
scope showcasing the world's telecom
munications and electronics industries, 
their capabilities

' 
and their networks. 

An integral part of TELECOM 83 will be the Fourth 
World Telecommunication Forum, organized by the 
ITU and 50 national and international engineering soci
eties from all five continents. Telecom and the World 
Telecommunication Forums are recognized as the uni
versal and most authoritative meeting of telecommuni
cation engineers and economists. 

The BOOK FAIR at TELECOM 83 will 
provide an opportunity for delegates to 
reference current works on telecommuni
cations, electronics and allied fields. FORUM 83: The World Telecommunications' Summit 

FORUM 83-Parts 1,2 and 3-will Towards a World Network Registration Fees (Swiss Francs) 
assemble a "brains trust" of several thou
sand top executives who will present 
and discuss the planning, financing, 
management and implementation of the 
world telecommunication network, and 
the convergence of computing and com
munications technologies. 

Over 200 presentations will enable 
participants to hear, meet and question 
industry and government leaders on cur
rent and future developments of the 
world telecommunication network. Ple
nary sessions and selected parallel 
sessions will have simultaneous 
interpretation. 

Nations Working Hand in Hand 

The three-day Part One of FORUM 
83 will offer presentations by prominent 
figures in the economic sector as well as 
the telecommunication field. Speakers 
will include government leaders, senior 
corporate managers, chief scientists from 
industry, and representatives from inter
national and financial organizations. 
They will discuss the technological re
quirements of industrialized and develop
ing nations. They will also confront the 
future need for financing national, re
gional and international telecommunica
tion development plans. 

FORUM 83 Part Two has adopted the 
theme: "Integration of the World Tele- Part 1 
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communication Network." This three-day Part 2 3 00 
event will be a far-reaching technical and 
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scientific symposium with wide-ranging Parts 1 and 2 750 750 750 
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forts of the ITU's 158 member countries 
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Some 60 presentations will be made cov- and members of institutions co·sponsoring the Technical 
Symposium. 

ering the latest innovations and techno- ··official representatives from administrations of countries! 
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International Telecommunication Union 
� Place des Nations 

CH-1211 Geneve 2 0. Switzerland 
Please register me for the following Forum '83 session(s). 
Part 1 D at rate for individuals D groups D officials D 
Part 2 D at rate for individuals D groups D officials D 
Part 3 D at rate for individuals D groups D officials D 

Name _________________________ _ 

Organization/JobTitie _____________________ _ 

Address ________________________ _ 

I enclose a cheque for SwFr of in full payment of my registration. 
I have initiated a bank transfer of SwFr to Credit Suisse Geneva alc Wagons-
lits Tourisme Cooks TW 673 .050.71. Specify TELECOM 83 Forum. 
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The Oceanic Crust 
It is created and destroyed in a Row outward from midocean ridges 
to subduction zones, where it plunges back into the mantle. Currently 
it is being opened to view by submersibles and novel instrumentation 

F
rom the point of view of the earth 
scientist our planet probably 
should be called Ocean rather than 

Earth, not only because 70 percent of it 
is covered by water but also because 60 
percent of its solid surface is covered by 
the thin crust that is manufactured in a 
unique geologic mill at mid ocean. The 
first piece of the oceanic crust to be iden
tified was recovered by the British cable
laying steamship Faraday in 1874. The 
Faraday was sailing in the North Atlan
tic on a mission to mend a broken trans
atlantic telegraph cable. The cable had 
broken in 2,242 fathoms of water where 
it passed over a large rise in the ocean 
floor later named the Faraday Pla
teau. The Faraday was equipped with a 
large grapnel for lifting cables from the 
ocean floor. 

According to Marshall Hall, an En
glish'geologist, "whilst engaged in grap
pling for the broken telegraph cable the 
ship caught the strong claws of the grap
nel in a rock, which resisted with a strain 
of about 27.5 tons, to which any but 
a rope of marvelously perfect manufac
ture would have yielded. As it was, the 
rock gave way and a lump of black ba
salt came up weighing 2 1  lb. This mass 
shewed signs of having been torn off." 
The basaltic rock was brought back to 
England, and in 1876 Hall and J. Clifton 
Ward examined and described it. 

In the century following the finding of 
this first piece of it the oceanic crust has 
come to have a central position in earth 
science. It is now known that the Fara
day Plateau is one segment of a 59,000-
kilometer system of ridges that girdle 
the earth under the sea. The midocean 
ridge has great significance in the theory 
of plate tectonics, which transformed 
the earth sciences in the late 1960's 
and early 1970's. The ridge marks the 
boundary between two rigid plates that 
are supported by the underlying mantle 
of the earth. At the ridge the plates sepa
rate slowly and the underlying rock rises 
to fill the gap, melting as it does so. Thus 
a few sq uare kilometers of new oceanic 
crust is formed each year at the crest of 
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the midocean ridges. The crust that is 
formed in this way is profoundly differ
ent from the crust of the continents. It is 
an order of magnitude younger on the 
geologic time scale than the continental 
crust and has a quite different composi
tion from the continental masses. 

As a result of many decades of ob
servation that were unified in the plate
tectonic hypothesis it is now known 
where and roughly how oceanic crust is 
formed. The detailed structure of the 
crust, however, is much less well known. 
Therefore in the late 1970's and early 
1980's the work on the oceanic crust has 
turned from global theory-making to in
vestigating details of structure and com
position. The oceanic crust now appears 
to be much more diversified both in its 
topography and in its layered structure 
than had previously been thought. The 
refinements in understanding the ocean
ic crust that have been achieved are due 
in large part to novel techniques of ob
servation of the sea floor, which remains 
one of the least accessible parts of the 
planet's surface. 

Satellite measurements of the grav
ity field over the oceans are yielding 
an improved picture of the general to
pography of the ocean bottom. The 
detailed topography is being mapped 
by new sonic methods. The layers of 
the crust are being probed by deep drill
ing, by new seismic methods and by 
measurements of electrical conductivi
ty. The large body of new information 
that is being made available by such 
techniques is rapidly changing the ac
cepted notion of the oceanic crust. The 

work is by no means complete, but with
in a few years we should have a substan
tially better picture of the thin crust that 
covers the larger part of the earth's sol
id surface. 

In plate-tectonic theory the crust and 
the upper mantle of the earth are di

vided into the lithosphere, or strong lay
er, and the asthenosphere, or weak lay
er. The lithosphere includes the crust 
and part of the upper mantle. In the 
ocean the crust is on the average from 
five to seven kilometers thick; away 
from the ridge crest the lithosphere is 
about 100 kilometers thick. The litho
sphere is broken up into a set of fair
ly rigid plates that are much like rafts 
floating on the less rigid material of the 
asthenosphere. 

The plates move at a rate of a few 
centimeters per year with respect to 
each other, and the boundary between 
two plates can be described according 
to the relative plate motion. At diver
gent boundaries the plates separate . At 
convergent boundaries the plates move 
toward each other, and one plate gen
erally plunges under the other and into 
the asthenosphere in the process called 
subduction. At transform boundaries 
the plates slide past each other. The 
spreading center of the mid ocean ridge, 
where molten rock from the mantle is 
injected into the crust, is a divergen t  
plate boundary. 

The mantle below the spreading cen
ter is composed mainly of peridotite, a 
type of rock consisting mainly of the 
mineral olivine, which in turn consists 

EAST PACIFIC RISE appears as a raised area running roughly north and south in the topo
graphic map on the opposite page showing the Pacific Ocean off the coast of South Am erica. 
Brown designates shallow regions, yellow intermediate regions and green deep regions. The 
East Pacific Rise is part of a ridge system that circles the earth under the sea. Each ridge marks 
the place where two lithospheric plates diverge: the East Pacific Rise is the boundary between 
the Pacific plate and the Nazca plate. As the plates separate, molten material wells up to fill 
the gap and creates new oceanic crust. The axis of the rise is crossed by many of the large faults 
called transform faults. The map is based on depth soundings made by research vessels; the 
data were compiled by the U.S. Naval Oceanographic Office. The map was plotted and col
ored by a computer at the Lamont-Dohertv Geological Observatory of Columbia University. 
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mainly of magnesium, iron, oxygen and 
silicon but is poor in silicon compared 
with the rocks of the crust. The separa
tion of the plates at the ridge reduces the 
downward pressure on the mantle rock 
below. Hence a part of the mantle be
gins to move upward; the zone of up
welling extends from a depth of 50 to 70 
kilometers to the base of the crust. The 

decompression of the mantle material 
is adiabatic, meaning that it takes place 
without loss of heat, and under such 
conditions the peridotite begins to melt 
as it rises. 

Not all the peridotite melts on the way 
to the surface. In general the basaltic 
liquid injected at the spreading center is 
formed by the melting of 10 to 20 per-

cent of the upwelling mantle rock. The 
melt collects in a magma chilmber at 
the base of the crust, where it separates 
through crystal fractionation into frac
tions of different composition. The frac
tions lie above a residual solid that 
has the composition of peridotite. With
in the chamber slow cooling and crystal 
fractionation result in the formation of 

-
GEOTECTONIC IMAGERY based on satellite gravity measure
ments reveals the tectonic features of the ocean floor as if the seas 
had been drained. White areas correspond to the high gravity fields 
associated with shallow regions of the ocean floor, blue areas to the 
low gravity fields associated with deep regions and red areas to inter-

mediate gravity fields. The raised red-and-white strip between Eu-
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rope and America marks the Mid-Atlantic Ridge. The dark blue 
lines in the western Pacific show the effect of deep oceanic trenches; 
the trenches are surrounded by shallow areas. The irregular diagonal 
line in the Pacific is the Emperor-and-Hawaii seamount chain. A 
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gabbro, a type of rock incorporating in 
addition to olivine the mineral plagio
clase, which consists mainly of silicon, 
oxygen, sodium and calcium. Gabbros 
and other rocks that are formed by accu
mulation make up the lower layer of the 
crust. The basaltic liquid in the upper 
part of the chamber reaches the surface 
through a system of vertical passages. 

Once at the surface, the liquid flows 
down the slopes of the ridge and hardens 
into sheets or the rounded forms known 
as pillow lavas. Which of the forms re
sults depends on the slope of the ridge 
and the rate at which the lava is extrud
ed. Moreover, as the plates move apart 
the ascending magma hardens into a se
ries of dikes: massive vertical sheets. 

The injection of magma, or molten 
silicate liquid, plugs the gap left by the 
moving apart of the plates. The plates 
continue to diverge, however, and the 
plug is ultima�ely rifted open. A new 
cycle of asthenospheric upwelling, peri
dotite melting, separation in the magma 
chamber and extrusion begins. Mean
while the crust formed in the previous 

seamount is an undersea volcano; Hawaii is at the southern end of 
the chain. The map is based on measurements of the height of the sea 
surface made by Seasat, a satellite launched by the National Aero
nautics and Space Administration in 1978. The computer methods 
for making geotectonic images were developed by William F. Haxby 

of Lamont-Doherty. Differences in the mass of the rock on the sea 
floor result in variations in gravity: seamounts have a high gravity 
field and trenches have a low field. Hence water tends to "pile up" 
over seamounts and to do the opposite over trenches. Therefore the 
ocean bottom can be inferred from the height of the sea surface. 
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round of upwelling is moving outward 
from the spreading center. As the crust 
moves outward it is modified. Tension 
exerted by the continuing plate metien 
can result in a series ef fissures and 
faults running parallel to. the strike, er 
lengitudinal axis, ef the ridge crest. 

As the crust ceels many small cracks 
appear in its upper layers. Seawater pen
etrates the cracks and the fissures caused 
by the tensien in the crust. The water 
flews dewnward into. the crust, is heat
ed and rises to. the surface ef the crust 
again. Such hydrethermal circulatien 
efficiently leaches water-seluble cem
peunds eut ef the reck. Metallic ele
ments, which readily ferm ienic cem
plexes, are leached with particular effi
ciency. The leached elements are car
ried upward and the het seawater with 
its burden ef metals is expelled into. 
the ecean by vents near the ridge crest. 
The discevery ef the vents and the exet
ic bielegical cemmunities that cluster 
around them was ene ef the mest ex
citing findings ef eceanic science in the 
late 1970's. 

The het circulating water and shallew 
heat seurces lead to. metamerphic 

changes in the lewer crust and rapid 
chemical changes in the upper crust. In 
additien, as the crust meves eutward a 
layer ef sediment is depesited en its up
per surface. The sediments censist large
ly of the remains ef tiny eceanic plants 
and animals. The type ef sediment that 
is deposited and the depth ef the sedi
ment cever therefere depend largely en 
the bielegical activity ef the ecean. 

Thus at seme distance frem the ridge 
crest the eceanic crust has the fellewing 
vertical structure from the ecean fleer 
dewnward. At the tep is a layer of sedi
ment perhaps .5 kilemeter thick. Under 
the sediment is a layer knewn as the ece
anic basement made up ef interspersed 
sheet flews and pillew lavas with the un
derlying cemplex ef vertical dikes. The 
basement can be two. kilemeters thick 
and is heavily fractured and altered by 
hydrethermal circulatien. The third lay
er, the eceanic layer, is made up ef the 
gabbres that selidify eut ef the basaltic 
melt in the magma chamber. The gab
bres can undergo. censiderable meta
merphism as they meve away frem the 
ridge. The eceanic layer is perhaps five 
kilemeters thick. 

This medel ef the layered structure ef 
the eceanic crust and hew it is fermed is 
based en marine geephysical data, en 
studies ef recks frem the ecean fleer, en 
ebservatiens of fragments ef eceanic 
crust emplaced in meuntain belts en dry 
land and en cenjectures. The rest ef this 
article will be deveted to. examining 
seme ef the unselved preblems present
ed by that me del. It will beceme clear 
that the simple picture ef the crust that 
was theught to. be accurate until quite 
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recently is rapidly being made mere 
cemplex by new findings. 

Since the first deep-sea seundings 
were made in the secend half ef the 19th 
century it has been knewn that the ecean 
fleer lies much deeper belew the sea 
surface than the centinents rise abeve 
it. A way frem the centinental margins, 
which are net made up ef eceanic crust, 
the ecean is en the average 3.7 kileme
ters deep. The great depth ef the ecean 
and the sediment cever en the eceanic 
crust make the crust difficult to. ebserve 
with mest geelegic techniques. In the 
past decade, hewever, several techni
cal advances have greatly increased the 
accumulated knewledge ef the ecean
ic crust. 

At the mest general level the metheds 
ef ebservatien can be put in two. greups: 
these that reveal the tepegraphy ef the 
surface ef the crust and these that pene
trate belew the ecean fleer to. gain infer
matien abeut the cempesitien and verti
cal structure of the crust. In the studies 
of topography much interest is fecused 
on the midocean ridge that marks the 
spreading center. The ridge is a leng lin
ear upswelling with a gradual slope. The 
average depth at the crest ef the ridge is 
about 2 .5 kilometers, and the ecean bot
tom slopes away on both sides to a depth 
ef frem five to. six kilemeters. 

As the eceanic crust is carried away 
frem the ridge crest it ceels and cen
tracts. In this precess the lithespheric 
plate can b« theught ef as "fleating" en 
the asthenosphere. Censider a bleck ef 
weed fleating in a barrel ef water. If the 
bleck is net perturbed, it will ceme to. 
rest in the water at a level cerrespend
ing to. a balance between the dewnward 
ferce ef gravity and the bueyancy ef 
the weed. The bueyancy and hence the 
peint ef equilibrium depend en the den
sity ef the weed. Similarly, in the ab
sence ef perturbing facters the lithe
spheric plate fleats en the asthenesphere 
at a depth cerrespending to. what is 
called isestatic equilibrium: the level at 
which the weight ef the lithesphere is 
balanced by the pressure frem the man
tle. The level to. which the plate sinks 
depends en the density ef the rock in the 
lithespheric celumn, a thin vertical sec
tien threugh the lithesphere. 

As the eceanic crust ceols and cen
I\.. tracts its density increases and 
hence it sinks deeper into. the astheno.
sphere. The depth to. which the crust 
sinks has been shewn to. vary with the 
square roet ef its age. Crust that is two. 
millien years old lies at abeut three kile
meters, crust that is 20 millien years eld 
lies at feur kilemeters and crust that is 
50 millien years eld lies at five kile
meters. Charting the tepegraphy ef the 
ecean bettem can therefere previde an 
estimate ef the age ef the crust. 

Tepegraphic maps can yield ether 

significant infermatien en the meve
ment ef the plates. Because lithespher
ic plates are rigid bedies, when two. 
plates separate, their metien can be de
scribed in relatien to. a peint en the 
earth's surface that is referred to. as the 
pele ef retatien. (The pele ef retatien 
sheuld net be cenfused with the earth's 
geegraphic er magnetic peles; it is sig
nificant enly in relatien to. plate me
tien. Furthermere, the pele describing 
the relative metien ef a pair ef plates 
can shift several times ever the histery 
ef the plate's interactien.) Centinueus 
segments ef spreading axis aleng the 
ridge crest define great circles that pass 
threugh the pele ef retatien much as a 
meridian, er line ef leng"itude, passes 
threugh the geegraphic pele. 

As two. plates meve areund their pele 

DIVERGENT BOUNDARY 

CONVERGENT BOUNDARY 

UNCERTAIN 

TRANSFORM FAULT 

• • • •• •  

DIRECTION OF PLATE MOTION ------»� 
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of rotation transform faults caused by 
stresses in the plates form across the 
'strike of the ridge. Other transform 
faults are caused by the irregularity of 
the initial rupture within a continent 
that created the ocean basin. When the 
land masses separate, the breaks paral
lel to the direction of plate motion de
velop into transform faults; the breaks 
perpendicular to the plate motion de
velop into spreading centers. At a trans
form fault the axis of the ridge is offset, 
and the parts of the plates slide by 
each other in opposite directions. 

The offsets at the transform faults are 
roughly parallel to the direction of rela
tive plate motion. The offsets have the 
effect of keeping the axis perpendicular 
to the direction of spreading. On the 
Mid-Atlantic Ridge transform faults 

can be as close together as 50 kilome
ters. A way from the ridge, outside the 
offset, the parts of the plate are not 
in motion with respect to one another. 
In this region structures called fracture 
zones mark the position of the trans
form faults; the fracture zones extend 
from the ridge crest like ribs from a 
spine. Between the transform faults are 
many smaller faults that are also caused 
by plate motion. 

The precise position of the faults and 
fracture zones on the ridge holds an 

excellent record of the kinematics of 
the plates: the history of the relative 
plate motions. Mapping techniques that 
enable geologists to identify the posi
tion of these transverse features can 
therefore serve as the basis for recon-

structing the history of the plates, by a 
method analogous to projecting a reel 
of motion-picture film in reverse. 

One of the most promising tools for 
reconstructing the kinematics of the 
plates is a kind of mapping that has been 
named geotectonic imagery by its devel
oper, William F.  Haxby of the Lamont
Doherty Geological Observatory of Co
lumbia University. Geotectonic images 
come from data gathered by Seasat, a 
satellite launched by the National Aer
onautics and Space Administration in 
June, 197 8 .  Seasat was equipped with 
a radar altimeter capable of measuring 
the height of the sea surface to within 
five to 10 centimeters. The instruments 
on board the satellite failed premature
ly after three months of operation, but 
by then the device, orbiting at an alti-

PACIFIC 

P L A T E 

MAJOR LITHOSPHERIC PLATES and their boundaries are 
mapped. The lithosphere consists of the crust and the rigid upper part 
of the mantle. In mid ocean, away from the spreading center, the lith
osphere is about 100 kilometers thick. The upper five to seven kilo
meters is crust. The lithospheric plates are in motion with respect 
to one another, and the boundaries are defined according to this rel-

ative motion. At divergent boundaries the plates move apart; the 
spreading centers at the mid ocean ridges are divergent boundaries. 
At transform faults the plates slide past each other. At convergent 
boundaries the plates move together and one plate plunges under 
the other in the process of subduction. Thus oceanic crust is creat
ed at divergent boundaries and destroyed at convergent boundaries. 
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tude of 800 kilometers, had surveyed 
the world's oceans between 72 degrees 
north and 72 degrees south. 

The data from the three months of 
Seasat operation are currently being 
processed to yield dramatic images of 
the ocean floor [see illustration on pages 
116 and 117]. The principle employed 
to convert the information on sea height 
into topographic maps is an intriguing 
one . The main cause of the spatial varia
tion in the height of the sea surface is 
variation in the gravity field at sea level: 
the ocean tends to "pile up" where the 
gravity field is high and do the opposite 
where the gravity field is low. 

The differences in gravitation are 
measured in relation to the ellipsoid. 
The ellipsoid is a mathematical figure 
corresponding to what the average sea 
surface would be if the mass of the earth 
were distributed in a radially symmetri
cal way. 

The mass of the upper layers of the 
earth under the oceans is not, how

ever, distributed in a radially symmetri
cal way. Hence the sea surface does not 
follow the ellipsoid. Instead it follows 
an irregular figure called the geoid. The 
difference between the geoid and the el
lipsoid at any point on the ocean cor
responds to the gravitational anomaly 
there . Where the geoid is higher than the 
ellipsoid there is a positive gravitational 
anomaly. Where the geoid is lower there 
is a negative anomaly. 

What could account for the differ
ences in the gravity field? Since the grav
itational force exerted by a body is pro
portional to its mass, the presence of 
large topographic features such as sea
mounts, or undersea mountains, rising 
from the ocean floor is associated with 
positive gravitational anomalies; de
pressions or valleys in the floor are asso
ciated with negative anomalies. 

In the Seasat maps of the ocean floor 
the fracture zones, volcanic seamounts 
and deep trenches near subduction 
zones stand out as if the ocean had been 
drained away. Their spectacular vistas 
aside, geotectonic images are being put 
to significant geophysical uses. For ex
ample, by providing detailed maps of 
fracture zones the geotectonic images 
are helping in the reconstruction of the 
direction of plate motion in the past. 

The geotectonic images do not corre
spond exactly to the topography of the 
sea floor. Although seamounts, fracture 
zones and trenches are rendered with 
great clarity, one of the main spread)ng 
centers in the Pacific, the East Pacific 
Rise, appears as an insignificant swell. 
The reason for the discrepancy can be 
understood by considering again the 
block of wood. Imagine the block is a 
topographic feature on the crust and 
Seasat is flying over it comparing its 
gravity field to the fields around it. 

When the block floats, part of it ex
tends above the surface; hence there 
is an additional mass at that point on 

MAGMA CHAMBER 

the surface and a positive gravitational 
anomaly would be expected there . The 
block is less dense than the fluid in 
which it floats, however, and so below 
the surface there is somewhat less mass 
than there is at the nearby points where 
no blocks are floating. When the block 
is at flotational equilibrium, the mass 
added above the surface and the mass 
subtracted below the surface are eq ual. 
Therefore under conditions of isostatic 
equilibrium in the crust a much smaller 
gravitational anomaly is observed than 
would be expected on the basis of the 
topography alone . The topographic fea
ture is thus almost invisible to Seasat. 

The mid ocean ridges are approxi
mately in isostatic eq uilibrium, and 

so they appear as relatively small up
swellings, much smaller than they are 
in reality. Other features are out of 
equilibrium and appear quite clearly. 
Consider a seamount on a piece of old 
oceanic crust. The crust has cooled and 
contracted and is quite rigid; hence the 
seamount cannot sink down far enough 
to reach equilibrium at that point. In
stead the crust is depressed only slightly 
under the seamount but the shallow de
pression extends a long distance around 
the mount. Thus the large area that in
cludes the seamount is in equilibrium 
but the point where the mount sits is 
not. The subtracted mass is spread over 
a considerable area of the crust, whereas 
the added mass is concentrated at the 

SEDIMENTS 
�"""'--� _-:,� }(LAYER 1) 

-�-:::-� � � PILLOW LAVAS -AND 
SHEET FLOWS � (UPPER LAYER 2) 

SHEETED DIKES 
( LOWER LAYER 2) 

GABBRO (LAYER 3) 

SPREADING CENTER is where magma is injected into the crust, 
as is shown in this cross section of the mid ocean ridge. The magma 
forms as the lithospheric plates diverge and mantle rock rises and 
melts with the decrease of pressure. It collects in a chamber below 
the spreading center. Withiu the magma chamber the rock gabbro 
crystallizes. At the top of the chamber the magma rises as the plates 

diverge and cools as vertical dikes. At the surface lava flows out and 
hardens in the form of sheets and "pillows." As the new crust moves 
away from the spreading center, a layer of sedim ents is deposited on 
it. The crust also cracks along normal faults, which run parallel to 
the ridge crest. Hence the mature crust has a layered structure from 
the top down: sediments, sheet and pillow lavas, dikes and gabbros. 
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seamount. The result is a positive gravi
tational anomaly at the seamount and a 
smaller negative anomaly around it. 

Because the Mid-Atlantic Ridge and 
the East Pacific Rise are almost invisi
ble to instruments that measure the grav
ity field, other techniques must be em
ployed to map them. The most signif
icant are methods based on recording 
acoustic pulses with a very high fre
quency projected from a device on ship
board to the ocean floor. The depth un
der the ship can be calculated from the 
travel time of the pulse from the ship to 
the bottom and back. In addition to the 
capacity to map spreading centers such 
sonic methods can provide much great
er detail than a satellite can. 

Sonic techniques are not new, but re
cent innovations have made them much 
more valuable to earth scientists than 
they were previously. The most signifi
cant innovation is arrays of sonar sour
ces and receivers mounted in a single 
device. The information from the mul
tiple beams can quickly be combined 
into a detailed topographic picture. An 
even more recent innovation is to mount 
such arrays on vehicles towed at consid
erable depth behind a ship. 

The system called SeaBeam, made 
by the General Instrument Corpora
tion, has an array of 16 beams, each 
with a frequency of 12,000 hertz (cy
cles per second). Each beam is a little 
less than three degrees wide. The beams 
are projected out in the shape of a fan 
along a line perpendicular to the ship's 
course, enabling' the device to map a 
swath of sea floor two-thirds the water 
depth as the ship advances. 

High-resolution SeaBeam mapping is 
a powerful tool for examining the sea 
floor, particularly the parts of the ridge 
system where the plates diverge rapidly. 
The spreading rate at the ridge crest can 
vary considerably. The Mid-Atlantic 
Ridge is a medium-to-slow spreading 
center with a rate of about five centime
ters per year. The East Pacific Rise, on 
the other hand, is a fast spreading center 
where the rate of divergence can be as 
high as 15 centimeters per year. At fast 
spreading centers the features at the 
crest of the ridge tend to be concentrat
ed in a fairly narrow zone that can be 
taken in with a single pass of SeaBeam; 
hence the system is particularly useful 
for mapping areas such as the crest of 
the East Pacific Rise. 

The axis of the East Pacific Rise runs 
roughly north-south off the coast of 

Central America and South America. 
At its crest is a ridge about 30 kilometers 
across and 500 meters high. The axial 
ridge has recently been the subject of 
intensive work both by earth scientists 
interested in the fast spreading center 
and mining companies interested in the 
sulfide compounds deposited along the 

AXIAL RIFT delineates the exact center of the midocean ridge: it is the line along which lava 
flows out onto the surface. The rift shown is on the East Pacific Rise, a major spreading center 
that runs along the coast of Mexico, Central Am erica and South America. The image was 
made with the sonar system SeaMarc I. A source of high-frequency acoustic pulses is housed 
in a "fish" that is towed close to the ocean floor behind a ship. The pulse is projected to the side 
and the intensity of the reflected beam is recorded. The data are later converted into an image 
of the ocean bottom. In this sonar image highly reflecting surfaces are light and nonreflecting 
surfaces and shadows are dark. The image was made during a cruise over the Clipperton Frac
ture Zone at 21 degrees north in the Pacific led by William B. F. Ryan of Lamont-Doherty. 
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BLACK SMOKERS are vents through which hot water is expelled from the crust. The parti
cles that give the plume its dark color are sulfides that have been dissolved out of the crustal 
rock. Near the midocean ridge seawater penetrates cracks in the newly formed crust. The wa
ter is beated and propelled upward tbrougb tbe vents. Tbe pbotograpbs on tbis page were tak
en on tbe East Pacific Rise from tbe manned submersible Cyalla. Tbis one was taken during 
an expedition led by Roger Hekinian of tbe Centre National pour l'Exploitation des Oceans. 

FISSURE CUTS THROUGH THE SURFACE of tbe oceanic crust near tbe crest of tbe 
East Pacific Rise. Sucb fissures are caused by plate motion, wbicb generates lateral stresses, 
and also by tbe contraction of tbe crust. Tbe fissures nearest tbe ridge crest are active sources 
of lava flow and are often concealed by tbe flows. Tbose fartber from tbe ridge crest, like tbe 
one sbown, no longer expel lava. Tbis pbotograpb was taken in 1978 during tbe first explo
ration of tbe East Pacific Rise by manned submersible in an expedition led by tbe autbor. 
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ridge by the heated seawater rising from 
the vents . 

The crest of the ridge includes a zone 
of active volcanism. In the course of 
dives with the French submersible Cy
ana in early 1982 other investigators 
and I observed that the area of current 
volcanism is only one to two kilometers 
wide, so that it can easily be mapped in 
one SeaBeam pass. Indeed, about two 
years earlier a SeaBeam map of the 
"Great Pacific Highway," the narrow, 
flat crest of the rise, was made from the 
French research vessel Jean Charcot. 
Similar maps have since been made by 
other vessels, and the detailed topog
raphy of the East Pacific Rise is becom
ing clear. 

The simultaneous employment of so
nar mapping and manned submersibles 
on the East Pacific Rise has revealed a 
dramatic topographic pattern that could 
modify the notion of how the spreading 
center works. In the northern part of the 
East Pacific Rise major fracture zones 
marked by transform faults interrupt 
the ridge crest every 200 to 300 kilome
ters. Between the large faults are many 
smaller faults, some as little as 10 kilo
meters apart. 

Near the transform fault the ridge is 
quite deep, and it rises to a peak between 
each pair of faults. The topographic 
high is usually equidistant from the two 
faults; the overall swell is about 500 
meters over the 200-to-300-kilometer 
distance . Thus in a profile taken along 
the strike the ridge has the appearance 
of a gently rising hill. Since the pro
file of the ridge transverse to the strike 
is also that of a gentle rise, the area 
between a pair of transform faults is 
shaped like a low dome . 

A second set of smaller domes pro
trudes from the large structure like a 
row of blisters along the ridge crest. This 
second set of domes was discovered in 
multibeam sonar studies by Robert D. 
Ballard of the Woods Hole Oceano
graphic Institution, Roger Hekinian of 
the Centre National pour l'Exploitation 
des Oceans and me on the East Pacific 
Rise between the Orozco Fracture Zone 
at 15 degrees north and the Clipperton 
Fracture Zone at 10 degrees north. The 
information from the sonar maps was 
augmented by dives in Cyana. 

The small domes are bounded by the 
faults that cut the ridge between trans
form faults .  The small projections are 
about 100 meters high. It is probable 
that each dome corresponds to a spread
ing center: a small area where the manu
facture of new crust goes on indepen
dent of the adjacent ridge segments. 
Thus instead of a single great factory 
the midocean ridge could be a string of 
small adjacent workshops . Hans Schou
ten and his colleagues at Woods Hole 
have suggested that the midocean ridge 
is indeed such a chain of adjacent 
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spreading cells separated by fracture 
zones; the cells could be stable for long 
periods of time. Schouten's hypothesis 
implies that oceanic crust is not creat
ed as a single homogeneous mass but is 
made in long narrow ribbons laid side 
by side with fracture zones in between. 

Although SeaBeam is the most con
I\. venient sonar system for mapping 
along-strike topography, two other so
nar systems can give a more detailed 
picture of the ocean floor than SeaBeam 
can. Both are "side-looking" sonars, 
meaning that the acoustic pulses are 
projected to the side from devices towed 
behind the ship near the ocean floor. The 
Geological Long Range Inclined ASDIC 
(GLORIA) was developed at the Institute 
of Oceanographic Sciences at Wormley 
in England. The sonar transmitters en
cased in the "fish," a neutrally buoyant 
housing, emit pulses of sound with a fre
quency of 6,200 to 6, 800 hertz. GLORIA 
can map a swath of sea floor about 30  
kilometers wide . 

A side-looking sonar system has one 
great advantage over a single-channel 
sonic profiling system operated from 
shipboard. In the shipboard systems ver
tical features such as scarps are difficult 
to detect because they yield little up
ward reflection of the acoustic beams. In 
the side-looking system, however, verti
cal features show up clearly because 
they offer excellent surfaces for hori
zontal reflection. Thus at the midocean 
ridges GLORIA has made plain the pat
tern of inward-facing scarps along the 
faults that parallel the ridge axis. 

Each side-looking sonar system has 
its own frequency and arrangement of 
beams, hence it is best suited for a par
ticular purpose. SeaMarc I was devel
oped by International Submarine Tech
nology, Ltd., to search for the remains 
of the liner Titanic. The SeaMarc device 
is towed in a fish from 100 to 400 meters 
above the sea floor. It transmits two 
roughly horizontal beams with a fre
quency of 2 7,000 to 30,000 hertz. Sea
Marc can map a section of sea floor 
about five kilometers wide; its scale is 
thus between that of SeaBeam and that 
of GLORIA. Combining results from the 
SeaBeam, GLORIA and SeaMarc systems 
is beginning to provide a rich picture of 
the spreading centers. On a recent cruise 
led by William B. F. Ryan of Lamont
Doherty and J. Paul Fox of the Uni
versity of Rhode Island the SeaMarc 
system was employed to map the East 
Pacific Rise between the Clipperton 
Fracture Zone and the Orozco Fracture 
Zone . The structures associated with the 
creation of oceanic crust could be seen 
as clearly as if they had been observed 
from the air. 

In the past five years satellite data and 
sonar recordings have filled more detail 
in the map of the ocean floor than has 
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been added in any comparable period 
before. As a result earth scientists now 
have almost as clear a picture of some 
parts of the mid ocean ridge as they do 
of structures on land. To penetrate be
low the crust and develop a picture 
of its composition and structure, how
ever, other techniques are needed. 

Much of the current understanding of 
the layers of the oceanic crust comes 
from recordings of seismic waves, both 
those generated naturally by earth
quakes and those generated experimen
tally by explosions or special air guns. 
Indeed, the definition of the crust was 
originally formulated on the basis of 
work with seismic waves. The Mohoro
vicic discontinuity, or Moho, which di
vides the crust from the mantle, was first 
detected because of its capacity to re
flect seismic waves. 

The speed with which seismic waves 
travel depends on the temperature, pres
sure and composition of the rock medi
um. Hence recordings made at a dis
tance from an earthquake or an exper
imental explosion can yield clues to 
the makeup of the intervening material. 
Two main types of waves are studied in 
the seismic work: body waves, which 
tend to travel through a particular layer, 
and surface waves, which tend to travel 
along the boundary between two layers. 

Both body waves and surface waves 
can consist of two other types of waves: 
P waves and S waves. P waves are anal
ogous to sound waves in air. As the P 
wave passes, the rock is compressed and 
expanded only in the direction of wave 
motion. S waves subject the rock to 
shear stresses perpendicular to the di
rection of wave motion. S waves can 
travel only through solids; P waves can 
travel through solids, liquids and gases. 

In the late 1950's Russell W. Raitt of 
the Scripps Institution of Oceanogra

phy proposed a seismic model of the 
crust. In Raitt's model the crust was 
composed of three layers that could 
be distinguished on the basis of the P
wave velocity. Layer 1 consisted of the 
sedimentary cover, Layer 2 the oceanic 
basement and Layer 3 the oceanic layer. 
The underlying mantle was designated 
Layer 4. The P-wave velocity was held 
to be constant in each layer. 

Raitt's hypothesis included three sim
plifying assumptions. The first was that 
the wave velocity in the rock always in
creases with depth. In general this is the 
case, because the compression of the 
rock increases its "resonance" as a medi
um for wave motion. There are, how
ever, exceptions to the rule, and the ve
locity pattern in the crust is complex. 

Raitt's second assumption was that 
the boundary between any two layers 
of the crust is a horizontal plane. His 
third assumption was that the layers are 
quite thick in relation to the character-
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istic length of the waves. In general a 
seismic wave can give information only 
about features that are considerably largo

' 

er than the length of the wave. Fea
tures that are smaller than the wave
length have little effect on the path of 
the wave and therefore cannot be detect
ed when the wave motion is analyzed. 
Experimental explosions (which were 
the main source of seismic waves in geo
logic work in the 1950's) generally give 
rise to waves with a wavelength , of 
from .5 kilometer to two kilometers; 
thus they yield information only about 
components of the crust that are a few 
kilometers thick or thicker. 

Recent work has shown that all three 
assumptions are drastic oversimplifica
tions. Even the idea that the velocity in 
the layers is constant has now been 
called into question. Paul Spudich and 
John A. Orcutt of Scripps and G. Mi
chael Purdy of Woods Hole have put 
forth a model of a crust in which layers 
are defined not by the absolute wave ve
locity but by the velocity gradient: the 
change in wave velocity with depth. Re
cent seismic work has been much more 
concerned with Layer 2 and Layer 3 
than with Layer 1, where sediment of
ten gives inconsistent seismic results. 

According to Spudich and Orcutt, in 
Layer 2 the velocity gradient is quite 
steep. The wave velocity increases by 
from one to two kilometers per second 
with each kilometer of depth in the 
crust. In mathematical notation such a 
gradient is written as 1 to 2 S - I . In Lay
er 3 the gradient is about . 1  S - I . Thus 
the P-wave velocity in Layer 3 is al
most uniform, which makes Layer 3 the 
best defined region of the crust from the 
seismic point of view. In Layer 4, the up
per mantle, the wave velocity exceeds 
7 . 8  kilometers per second. 

Some seismologists argue that there is 
an additional low-velocity zone between 
Layer 3 and Layer 4 corresponding to 
the transition from the crust to the man
tle, but the evidence for such a layer is 
scanty. It is known that the transition 
from the crust to the mantle takes place 
over a distance of three or four kilo
meters. Waves with a wavelength short 
enough to give a high-resolution picture 
of the Moho, however, become quite at
tenuated in traveling to the bottom of 
the crust and back to the surface, and 
therefore little is known in detail about 
the transition layer. 

Purdy took a seismic profile southwest 
of Bermuda in oceanic crust created 

during the Mesozoic era about 140 mil
lion years ago. Carefully allowing for 
the effects of a variable sediment cover, 
he found that the crust was 7 . 2  kilome
ters thick above a 500-meter transition 
zone to the mantle. The P-wave velocity 
at the top of the crust was five kilome
ters per second. Layer 2, defined as the 
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region where the gradient was greater 
than .64  S - l , was 2.3  kilometers thick. 
Layer 3 ,  with a gradient of . 1  S - l or less, 
was 4.9 kilometers thick. 

In the crust where Purdy did his work 
Layer 3 is subdivided into two levels: an 
upper level 1 .7  kilometers thick with a 
gradient of . 1  S - l and a lower level 3 .2  
kilometers thick where the waves show 
no change in velocity with depth. The 
velocity in the lower level of Layer 3 is 
seven kilometers per second. Thus the 
oceanic layer (Layer 3 ) ,  seismically de
fined, is about five kilometers thick and 
the basement layer above it (Layer 2) is 
half as thick. 

Several workers have attempted to go 
beyond the structural profile given by 
the velocity gradients to infer the com
position of the rock layers. This is gener
ally done by comparing the P-wave ve
locity with the S-wave velocity for rock 
at a given depth in the ctust. Different 
kinds of rock have characteristic ratios 
of P- to S-wave velocities and hence 
some deductions about the rock type 
can be made on the basis of the seis
mic data. Unfortunately for the seismol
ogist the wave-velocity ratios for the 
rock types are not unique . The velocity 
change from Layer 2 to Layer 3 could 
therefore be interpreted as either a 
change in metamorphic rock type (from 

greenschist above to amphibolite facies 
below) or a change in lithologic type 
(from basalt above to gabbro below). 

It is possible that knowledge of the 
exact composition of the lower layers of 
the oceanic crust will have to wait until 
drills penetrate deeper in the crust than 
they have done so far. In the winter of 
198 1 a drill on the Glomar Challenger in 
the six-nation International Program for 
Ocean Drilling succeeded for the first 
time in going deeper than one kilometer. 
The drill hole , 1,076 meters deep and 
designated 504-8, is in the Costa Rica 
rift, which crosses the East Pacific Rise 
between the Galapagos Islands and 
South America. 

Although a one-kilometer hole seems 
.fl. modest compared with the full sev
en-kilometer depth of the crust, the 
achievement is a considerable one be
cause of the problems of drilling in the 
ocean. The difficulties encountered in 
drilling holes in the oceanic crust have 
included the twisting and breaking of 
the drill string and severe wear on the 
bits. The drilling of Hole 504- 8 was 
relatively free of such problems. What 
does Hole 504-8 tell us about the crust? 

The crust at the drill hole is six million 
years old. Because the Pacific at the lati
tude of the Costa Rica rift is warm and 

biologically active, the surface of the 
crust is already covered with a layer of 
sediment 2 75 meters thick. Below the 
sediments the upper 575 meters of the 
basement consists of pillow lavas and 
the rocks called breccias and hyaloclas
tites, which are produced by the melding 
of small pieces of fractured basalt into a 
single mass under pressure . Between 
575 and 7 80 meters the first dikes ap
pear and extensive breccias are inter
spersed with a few pillow lavas. From 
7 80 meters to the bottom of the hole are 
massive basalts, abundant dikes and a 
notable lack of either pillow lavas or 
fractured material. 

Recordings of the in situ pressure 
deep down in Hole 504- 8 made by Rog
er N. Anderson of Lamont-Doherty and 
M ark Zoback of the U.S. Geological 
Survey are clarifying the circulation of 
water through the upper layers of the 
crust. Anderson and Zoback employed 
an inflatable device called a packer to 
isolate a section of the hole . The pres
sure in the isolated zone was measured 
from a "go devil" developed by the oil 
industry to explore oil and gas wells. 
Intriguingly, Anderson and Zoback ob
served that the water halfway down the 
hole is under less pressure than the 
water at the top. The difference in pres
sure is about eight bars. (One bar is 1 4 . 7  
pounds per square inch. )  

25° N '---.. -r� __ �----------------'-----------------------------' TAMAYO 

The mechanism of the remarkable re
versal of the pressure gradient is not 
yet understood. The underpressure in 
the hole could, however, be due to a 
heat-convection cycle in the mantle . The 
relatively low pressure in the lower lay
ers of the crust could help to explain the 
hydrothermal circulation; it would tend 
to pull seawater from the ocean floor 
down into the cracks in the crust. 

FRACTURE \ZONE 
j R I VERA 

-- PLATE 

PAC I F I C  P LATE 

The depth of the hydrothermal circu
lation is currently a matter of consid
erable controversy. It has been suggest
ed that the circulating water penetrates 
deeply enough to have a role in regulat
ing the operation of the magma cham
ber under the midocean-ridge axis. If 
enough seawater reaches the lower lay
ers of the crust, it could cool the magma 
and cause it to solidify. The lava would 
therefore stop flowing onto the surface 
of the ridge until the plates pulled apart 
enough to renew the decompression of 
the mantle rock. 

For the circulating water to have such 
an effect it would have to penetrate into 
the gabbro in Layer 3 .  Hole 504-8 did 
not go deep enough to settle the q ues-

80' tion, but it is significant that the rocks 
recovered from a depth of 600 meters 
on down to the bottom of the hole show 
a pattern of alteration that is quite com
patible with the fluxing of heated sea
water through them. M oreover, the 
rocks from the deepest part of the hole 
are among the most extensively altered. 
Such alteration would have had to take 

EAST PACIFIC RISE OFF SOUTHERN MEXICO has a complex geometry that includes 
many faults across the strike, or main axis, of the ridge. The axis of the rise runs along the 
boundary between the Pacific plate and the Cocos plate; arrows indicate the direction of plate 
motion. Fracture zones mark the points where major transform faults cross the strike. At the 
fracture zone the ridge axis is offset. Within the offset the direction of movement of the crust 
on one side of the fault is opposite to that of the crust on the other side. Between the fracture 
zones are many smaller faults. Much of the author's recent work in the Cyal/a and the re
search vessel Jeal/ Charcot has been done between the Clipperton and Orozco fracture zones. 
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SUPERPOSED DOMES at the crest of the East Pacific Rise could 
give clues to how the spreading center at the midocean ridge operates. 
The upper panel shows part of the East Pacific Rise in plan view as 
mapped by the SeaBeam sonar system. The mapping was done by 
the author with Hekinian and Robert D. Ballard of the Woods Hole 
Oceanographic Institution. The ridge axis is marked by the central 
line; broken segments stand for regions where the axis had to be 

< 

DEEP REGION OF 

< 

DEEP REGION OF 

LARGE TRANSFORM FAULT 

HYPOTHESIS proposed by the author and Ballard to explain how 
the spreading center operates includes the idea that each large dome 
between transform faults is an individual spreading cell: an area 
where the creation of oceanic crust proceeds independently. In this 
schematic diagram two complete domes are shown. The broken line 
of eruptive fissures from which lava flows marks the ridge crest. 

50 100 

guessed at. The axis is marked by active volcanic fissures. Pairs of 
parallel lines show areas that have been mapped by the SeaBeam so
nar system. Ridge offsets mark transform faults and relay zones, 
where small faults cross the strike. The lower panel shows the same 
ridge segment in profile. Two large domes run between transform 
faults, with the peak about halfway between the faults. A series of 
small domes bounded by relay zones protrude from eac� large dome. 

LARGE TRANSFORM FAULT 

DI RECTION OF 

RELATI VE PLATE MOTION 

PEAK OF DOME 

> 
SHEET FLOWS 

ERUPTI VE F I SSURES 
AND FAULTS 

Each dome has a peak between faults; the dome slopes down to deep 
regions next to the fault. Near the peak the ridge crest is covered 
mainly by sheet flows. Farther down, the slope is covered by pillow 
lavas. Which form of lava is predominant depends 011 the position on 
the dome. If each dome is a spreading cell, the crust could be creat
ed in thin ribbons extending from the sides of the spreading cell. 
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place before the sediments were deposit
ed, capping the basement and prevent
ing the flow of water into it. 

The clues to the operation of the mag
ma chamber gained from Hole 504-B 
are being supplemented by seismic 
work. In investigating the magma cham
ber both the reflection and refraction of 
seismic waves are observed. In the re
flection experiments air guns towed be
hind a ship are generally employed qS 
the energy source. The waves from the 
air guns pass down to the crust and are 
reflected upward to the ship, where their 
travel time and amplitude are recorded. 
In the refraction experiments the energy 
propagates at the interface between rock 
layers and can be recorded some dis
tance away on the sea floor with an 
ocean-bottom seismometer or at the sea 
surface. By combining reflection and re
fraction results the speed of the waves 
through the structures of the crust can 
be calculated. 

The speed of seismic waves is reduced 
considerably by rock in the molten state; 
therefore a low-velocity zone in the 
crust could correspond to a magma 
chamber. There is an area under the 
East Pacific Rise where the refracted 
waves are attenuated or much slowed; 
the area is probably a crustal magma 
chamber. Magma is an efficient reflector 
of seismic energy, so that in the reflec-
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tion work the top of the magma cham
ber comes out as a strong, roughly flat 
reflecting surface two or three kilome
ters below the sea floor. In the spreading 
center on the East Pacific Rise at nine 
degrees north and also in the Lau Basin 
near the Fiji Islands the reflection at the 
top of the chamber is about four kilome
ters wide. 

Refraction experiments done by Bri
an T. R. Lewis and his colleagues at the 
University of Washington also make it 
clear that the magma chamber is quite 
narrow. Lewis believes it is even less 
than four kilometers wide. Thus the 
entire oceanic crust is created by a 
thin tube of molten rock running a few 
kilometers below the crest of the mid
ocean ridge. 

The "root" of the mid ocean ridge, the 
underlying structures in the mantle, 

is also being seismically probed. One 
means of examining the deeper layers 
is the surface waves called Rayleigh 
waves. Donald W. Forsyth of Brown 
University, Nicole Girardin of the Insti
tut de Physique du Globe of the Univer
sity of Paris and Wolfgang Jacoby of the 
University of Frankfurt studied the pas
sage of Rayleigh waves through young 
lithosphere in the Pacific and also along 
the Reykjanes Ridge south of Iceland. 
They found that the low S-wave ve-

locity extends down to 60 kilometers. 
Additional data were supplied by 

waves from a strong earthquake in Uz
bekistan in the southern U.S.S .R.  in 
May, 1976 .  Rayleigh waves from the 
earthq uake with a period of 300 to 400 
seconds, which can make several cir
cuits of the earth, were recorded with 
ultralong-wavelength seismometers at 
Los Angeles and at the South Pole. The 
passage of the long-wavelength waves 
shows that the low-velocity zone under 
the East Pacific Rise extends to a depth 
of 200 kilometers, with the minimum 
velocity at about 100 kilometers. Thus 
the mid ocean ridge has deep roots. 

Stuart A. Hall of the University of 
Houston and his colleagues have ad
vanced a quantitative model of the mag
ma chamber and its root in the mantle. 
Their work is intended to account for 
the small gravitational anomalies on the 
crest of the mid ocean ridges. As I men
tioned above, the ridge is approximate
ly in isostatic equilibrium and so is not 
associated with large anomalies in the 
gravitational field. There are, however, 
small anomalies directly over the ridge 
crest. At the Mid-Atlantic Ridge, where 
the spreading rate is low, there is a nega
tive anomaly; at the East Pacific Rise, 
where the spreading rate is high, there 
is a small positive anomaly. 

According to Hall and his colleagues, 

SEISMIC PROFILE offers evidence that the magma chamber under 
the midocean ridge is quite narrow. The profile was made by Peter 
Buhl of Lamont-Doherty at nine degrees 30 minutes north on the 
East Pacific Rise. The peak on the upper border of the profile is the 
ridge crest. The dark line at a reflection time of about six seconds is 
the MohoroviCic discontinuity, or Moho: the boundary between the 
crust and the mantle. A seismic profile is made by generating strong 

acoustic waves and recording their reflections from various levels of 
the crust. The travel tim es and amplitudes of the reflected seismic 
waves yield information about the character of the crustal rock. In a 
partially liquid magma the seismic waves are considerably retarded. 
The break in the Moho directly under the ridge crest indicates the 
presence of magma. The width of the break suggests that at the level 
of the Moho the magma chamber is less than two kilom eters across. 
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the gravitational anomalies could both 
be ' explained by one type of magma 
chamber. They hypothesize that the 
density of the material in the magma 
chamber is about 2 . 75 grams per cubic 
centimeter, or 1 percent lower than that 
of the surrounding rock. The mantle 
root that is made up of gabbro has a 
density of three grams per cubic centi
meter, or 6 percent lower than that of 
the surrounding mantle rock. The densi
ty of the chamber and the mantle root 
is thus quite close to the density of the 
adjacent rock. 

Hall and his co-workers conclude that 
the small gravitational anomalies over 
the ridges are therefore due not to varia
tions in density but to topographic fea
tures at the ridge crest. On the slow
spreading Mid-Atlantic Ridge there is a 
rift valley along the ridge axis. On the 
fast-spreading East Pacific Rise the axis 
is marked by a ridge. 

The newest source of information 
about the structure of the oceanic crust 
is not seismic waves or gravity data but 
electromagnetic radiation. It is now pos
sible to measure undersea electric and 
magnetic fields with considerable accu
racy by means of receivers on the ocean 
bottom. If a source of electric current is 
put on the sea floor some distance away 
from such a receiver, the electric field 
induced by the current travels through 
the rock. The measured intensity of the 
electromagnetic indicates how well the 
intervening section of the crust conducts 
electricity. 

The electrical conductivity of rock is 
affected by chemical composition, 

temperature and the extent of melting. 
A deep electrical conductivity log can 
therefore be quite informative about the 
rock of the crust and the upper man
tle. As a source of electromagnetic en
ergy Charles S. Cox and Peter Young 
of Scripps have employed an insulated 
wire 800 meters long with bared ends. 
The wire acts as a horizontal electric 
dipole, with the return flow of current 
being through the ocean. The wire is laid 
on the sea floor at the end of a cable 
attached to a ship. An alternating cur
rent with a peak of about 70 amperes is 
passed through the wire. The energy 
transmitted by the dipole has a frequen
cy of about one hertz. A pair of cruci
form antennas with arms nine meters 
long are put on the sea floor 19 kilome
ters away from the transmitter. With 
this setup Cox and Young have record
ed electric field signals as strong as 10 - 10 

volt per meter. Since the "noise," or 
background electric field on the sea 
floor, is 10 - 12 volt per meter, 100 times 
weaker than the recorded signal, the 
finding is significant. 

The pattern of received signals shows 
that there are two layers in the crust with 
quite different electrical conductivity. 

The upper layer is at most 1.5 kilome
ters thick and has a fairly high electrical 
conductivity: about . 1  Siemens per me
ter. The upper layer corresponds to the 
relatively young fractured basalts found 
near the top of Hole 504-B; the mea
sured conductivity in the two places is 
about equal. In both places the pres
ence of seawater that has penetrated 
the fractures greatly increases the elec
trical cond uctivity. 

Below the conductive layer is a re
gion, extending down to about six or 
seven kilometers, in which the cond uc
tivity is much lower: about .004 Siemens 
per meter. The measured conductivity 
in the lower region is probably an aver
age for the lower crust and upper man
tle. In the deep parts of the crust the 
conductivity is due to seawater penetrat
ing the gabbro layer. In the mantle the 
conductivity results from the passage of 
the electric signal through minerals in 
the hot rock. 

Electromagnetic measurements can 
yield unique information about the 
changes in temperature with depth and 
the presence of molten rock in the deep 
regions of the crust. Therefore this new 
method could In the next few years 
throw much light on the zone near the 
Moho, which is not eas.ily investigat
ed with other techniques. Novel and in
triguing as it is, electromagnetic obser
vation is only one of an array of meth
ods that are currently being harnessed to 
probe the upper part of the earth under 
the ocean. Theories about the oceanic 
crust advance, even more than theories 
in other areas of science, only in con
junction with new methods of observa
tion. The past decade has been a period 
of remarkably rapid development of 
such methods. Given the inevitable lag 
between observation and the formula
tion of new theories, in the next dec
ade there could be developed a new 
and more accurate picture of the thin 
layer that covers most of the surface 
of the earth. 

DEEPEST HOLE yet drilled in the oceanic 
crust is Hole 504-B on the Costa Rica rift be
tween the Galapagos Islands and South Amer
ica. Drill cores from Hole 504-B, such as the 
one shown in schematic form, are providing 
new information about the structure of the 
crust. The depth below the sea surface is giv
en at the left; the core depicted extends for 
about half the full depth of the hole. The crust 
on the Costa Rica rift is about six million 
years old. It is covered by a sediment layer 
275 meters thick, made up mainly of the re
mains of microscopic marine plants and ani
mals. Below 275 m eters is the oceanic base
m ent, composed of pillow lavas and sheet 
flows. Intriguingly, it has been shown that the 
in situ pressure at the bottom of the core in 
the illustration is less than the pressure at the 
ocean floor. The difference in pressure could 
pull seawater down into cracks in the crust. 
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The Continental Crust 

It is much older than oceanic crust, some of it dating back 

nearly four bJJlion years. It is constantly reworked, however, 

by cycles of tectonics, volcanism, erosion and sedimentation 

F
or a little more than 200 years earth 
scientists have been studying the-
geology of the continents, hoping 

to reconstruct a record of the history of 
the earth. It is a daunting project. The 
crust underlying the oceans is rapidly 
created; it remains intact and relatively 
undeformed for most of its short life
time, and then it is rapidly destroyed. 
The oldest crust in the earth's ocean ba
sins today is less than 200 million years 
old. In contrast, the crust making up the 
continents is created and modified by a 
variety of physical and chemical proc
esses, often undergoing many phases of 
deformation and reworking that pro
duce a complex worldwide p:htern in 
which belts of deformed rock hundreds 
of kilometers wide and thousands of kil
ometers long are invaded by intrusions 
of igneous rock and locally overlain by 
a thin veneer of younger sedimentary 
rock. In addition continental crust large
ly resists the processes that destroy oce
anic crust. The most ancient parts of the 
continents are about 3.8 billion years 
old. Thus the continental crust holds a 
complex and fragmentary record of the 
evolutionary and dynamic processes op
erating through 85 percent of the earth's 
4.6-billion-year history. 

Continental crust underlies the conti
nents and their margins, and also small 
shallow regions in the oceans. In total it 
covers about 45 percent of the earth's 
surface and makes up about .3 percent 
of the mass. It is distinguished from oce
anic crust and from the mantle under it 
by its physical properties and chemical 
composition. The horizontal boundaries 
between continental crust and oceanic 
crust are poorly defined; they are under 
not only the ocean's water column but 
also, in most places, a thick sequence 
of sedimentary rock. Seismic, magnet
ic and gravitational data indicate that 
the boundary is less than 10 kilometers 
across in some places but is several tens 
of kilometers across in others. Studies 
of the rock of oceanic and continental 
crust and the correlation of rock compo
sitions and seismic velocities indicate, 
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however, that the oceanic crust is char
acterized by'the igneous rock basalt 
whereas the cdntinental crust is an as
semblage of igneous, metamorphic and 
sedimentary rocks enriched in elements 
such as potassium, uranium, thorium 
and silicon. 

The vertical boundary between the 
mantle and the crust (both oceanic 
and continental) is called the Mohoro
vicic discontinuity, more commonly the 
Moho. It is a zone, less than one kilo
meter thick in some places but several 
kilometers thick in others, where the ve
locity of compressional seismic waves 
increases from about 6.8 kilometers per 
second in the crust to 8.1 in the mantle. 
The change in seismic velocity is caused 
largely by a change in the composition 
of the medium. Rocks of the mantle 
differ from rocks of the crust: they 
are poorer in silicon but richer in iron 
and magnesium. 

Seismic studies of the Mohorovicic dis
continuity indicate that the oceanic 

crust is typically from five to eight kilo
meters thick, whereas the continental 
crust varies from about 10 kilometers to 
more than 70. To a first approximation 
the crust behaves as if it were floating 
on the mantle. Oceanic crust is relative
ly thin and dense (3.0 to 3.1 grams per 
cubic centimeter); thus the parts of 
the earth's surface underlain by oceanic 
crust are usually far below sea level, at a 
depth ranging from 2,500 to 6,500 me
ters. Continental crust is thicker and is 
notably less dense (2.7 to 2.8 grams per 
cubic centimeter); thus the parts of the 
surface formed by continental crust lie 
near sea level or above it. The thickest 
parts of the continental crust usually un-

derlie places of great elevation, such as 
the Himalayan and Andean mountain 
chains. Conversely, the thinnest parts of 
the continental crust usually lie below 
sea level at places such as the continen
tal margins of the Atlantic. 

Some important exceptions to this 
pattern are found at mid ocean ridges 
and some areas on the continents where 
volcanism is active and the crust is being 
stretched. In such places hot material 
from the deeper mantle rises to shallow
er levels, making the upper mantle hot
ter and so less dense than normal. The 
resulting buoyancy raises the surface el
evation. The Basin and Range province 
of the western U.S. is a good example. 
The crust there is thin, but the surface 
elevation is nonetheless high. 

Other exceptions to the pattern are 
found in areas with great topographic 
relief, where the crust bends downward 
over short horizontal distances, usual
ly about 200 kilometers. Evidently the 
crust and the uppermost mantle deform 
like an elastic sheet to support the top
ographic load. One result is that long, 
linear troughs filled with sediment as 
much as eight kilometers deep form 
next to many great mountain chains. 
The troughs are underlain by crust of 
normal thickness. The crust has simply 
bent downward to support the weight 
of the mountains. 

In general the rocks that form the con
tinental crust fall into two major groups: 
widespread, relatively undeformed ac
cumulations of sedimentary or volcanic 
rocks on the one hand and long, de
formed belts of sedimentary, igneous 
and metamorphic rocks on the other. 
The belts are called orogenic belts, af
ter the Greek oros, mountain. The first 

LABRADOR FOLD BELT, shown in a Landsat image made above north Quebec, exempli
fies the evolution of the continental crust: the belt was once a chain of mountains raised by the 
collision of two continents 1.8 billion years ago. Since then the mountains have eroded, expos

ing the deeper, mostly metamorphic and igneous rocks that the collision had deformed into 
myriad folds. Moreover, subsequent plate collisions have reshaped the continents. Nevertheless, 
the belt resembles the ones being formed by tectonic activity along continental margins today. 

© 1983 SCIENTIFIC AMERICAN, INC



© 1983 SCIENTIFIC AMERICAN, INC



group is not ubiquitous on the conti
nents, but where it is present it always 
overlies the second. In places such as the 
central U.S. it forms a thin veneer no 
more than a few kilometers thick. Else
where, along continental margins and in 
linear, circular or irregular depressions 
in the continents, it forms sequences of 
rocks that can be more than 10 kilome
ters thick. 

TIME SPAN (BILLIONS OF YEARS AGO) 

_ .25 TO 0 0 2.5 TO 1.7 0 2.5 TO .7 

c:::J .7 TO .25 _ 3.8 TO 2.5 _ 3.8 TO 1.7 

_ 1.7 TO .7 
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The second group makes up the bulk 
of the continental crust. Its great variety 
of rock assemblages gives it a heter
ogeneity contrasting significantly with 
the relative homogeneity of the ocean
ic crust. Each belt in the second group 
evolved over a span of time as long as 
several hundred million years, and the 
ages of adjacent belts may differ by hun
dreds of millions of years, or even a bil-

lion years; hence each belt represents a 
different segment of earth history. Often 
the younger belts are obliq ue to the old
er ones, so that the younger truncate the 
older. In other places belts are parallel. 

Adetailed examination of the rocks 
in the belts shows that many older 

belts are similar to the ones formed in 
the more recent geologic past. They also 

WORLDWIDE PATTERN OF BELTS of rocks deformed during different geologic periods 
accounts for the major proportion of the continental crust. In places the belts are overlain by 
sedimentary or volcanic rock or by ice (black hatchillg). Even then drilling and other methods 
of exploration confirm that the belts are present at depth. Each belt is complex: it records many 
individual episodes of deformation and usually includes rocks reworked from older belts. Col-
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resemble the belts that the earth's tec
tonic activity is forming today. This of
fers the prospect that the study of mod
ern rock formations and how they are 
currently deforming will yield under
standing of the processes responsible 
for the formation of the older orogenic 
belts making up most of the continental 
crust. The theory of plate tectonics is 
crucial in such a venture, because the 

theory provides a framework in which 
rock assemblages and their deformation 
can be related to interactions of the 
plates that make up the entire crust. To 
be sure, the theory was developed large
ly from data gathered in the oceans, 
and its application to the study of con
tinental crust has met with mixed re
sults. Still, a modified version of the 
plate-tectonic concepts is a basis for 

understanding continental development. 
The central concept of plate tectonics 

is straightforward: the outermost shell 
of the earth, the lithosphere, can be di
vided into six major plates and many 
smaller ones that move with respect to 
one another with velocities ranging 
from a few centimeters per year up to 
20 or more. The plates consist of ocean
ic and continental crust together with 

ors show the time spans of major episodes of deformation. Rocks of 
similar continental composition underlie the continental margins and 

parts of small oceanic plateaus and rises (light blue). In addition vol
canic arcs (orange) built up on the oceanic crust form a type of crust 
that can be sutured to a continent when two plates slide past each oth-

er or collide. Rocks and structures arising from the divergence of two 
plates are also preserved in the continents. Active rifts such as the 
East African rifts, older rifts such as the Oslo rift in Scandinavia 
and ancient rifts such as the Athapuscow and Bathurst rifts in Can
ada, which are more than two billion years old, are examples (gray). 
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some of the underlying mantle; the Mo
horovicic discontinuity lies within them. 
The plates are generally regarded as rig
id bodies, so that most of their inter
actions are concentrated along plate 
boundaries, which can be zones of in
tense deformation. The boundaries can 
be classified into three basic types: di
vergent, transform and convergent. At 
divergent boundaries new oceanic crust 
is created; at transform boundaries it 
slides past the crust of a neighbor
ing plate; at convergent boundaries it 
plunges into the mantle. The continental 
crust generally resists this subd uction, 
largely because it "floats" on the mantle. 

This basic scheme must be modified 
in several important ways if it is to help 
illuminate the evolution of continental 
crust. In the first place the continental 
crust participating in plate interactions 
often does not behave rigidly. In the up
per lithosphere, therefore, the motions 
of plates may be absorbed partially or 
entirely by deformation within the con
tinental crust. Much of the deforma
tion can be attributed to forces arising 
at plate boundaries; hence the bounda
ries, which generally are narrow and 
well defined in oceanic crust, become 

broad and diffuse on the continents. 
The boundary between the Eurasian 
plate and the Indian plate, for example, 
is more than 2,000 kilometers wide in 
some of the places where the continental 
crust of one plate is in contact with the 
continental crust of the other. 

Second, the continental crust is 
markedly nonuniform in its mechanical 
properties, consisting as it does of belts 
of older rock and other preexisting 
structures that can localize new episodes 
of deformation. A zone of deformation 
extending well into a continent may thus 
form structures so greatly influenced by 
the anisotropies in the crust that the 
structures are hard to relate to the tec
tonic activity at the border of the plate. 
In such a zone of deformation it is dif
ficult to define a plate boundary: the 
entire zone functions as the boundary. 
Commonly the older rock assemblages 
and structures of the continents have 
been subjected over time to the activity 
of many different plate-boundary sys
tems. Therefore the record in the rock 
is often fragmentary and difficult to in
terpret. Under these circumstances the 
study of modern plate-boundary sys
tems can show how modern and ancient 

plate boundaries evolve. Some exam
ples from the three types of plate bound
aries can serve as an introduction to 
the more complex patterns that result 
from the superposition of several tec
tonic episodes. 

The divergence of two plates along a 
divergent plate boundary that cross

es the continental lithosphere begins as 
the crust and its underlying lithospheric 
mantle become stretched and attenuat
ed. Crustal faults develop in long, nar
row zones, and within these zones the 
faulted crustal rocks subside differen
tially, forming great tilted blocks. Since 
the upper part of the mantle participates 
in the stretching, material from lower 
in the mantle (the hotter, more ductile 
level called the asthenosphere) rises to 
take its place, increasing the heat flow 
through the lithosphere. The result is the 
partial melting of the mantle and a char
acteristic volcanism of basaltic rock that 
is often alkalic (that is, rich in sodium 
and potassium). 

Sometimes the divergence ends after 
only a few tens of kilometers of stretch
ing, so that the zones of attenuated con
tinental crust remain rifted scars in the 

MANTLE 

MANTLE 

FLOTATION EQUILIBRIUM describes the relation of the conti
nental crust to the underlying mantle. The crust, which is the lighter 
of the two, behaves as if it were floating; thus regions of great eleva
tion, such as mountain chains, tend to be places where the crust is 
notably thick. Here two exceptions are shown. In the top drawing the 
crust near a mountain chain has flexed downward as if it were an elas-

tic sheet supporting a weight. In the downward-flexed region, which 
has filled with sedimentary rock (color), the crust is thicker than one 
would judge from the elevation of the surface. In the bottom drawing, 
which shows the westeru U.S., a part of the mantle is hotter and so 
less dense than usual (color). Its buoyancy supports the crust, which 
is thinner than one would judge from the elevation of the surface. 
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DIVERGENT PLATE BOUNDARY, where two plates move apart, causes extension and 
thinning of the continental crnst. Initially (top drawing) the upper crnst develops a series of 
brittle fanlts. Often the fanlt blocks rotate as they subside. The extension at deeper levels is less 
well nnderstood. The snbsidence (middle drawing) provides a site for the accumulation of non
marine or shallow-marine sedimentary rocks (medium colors) and the rise of igneons rocks 
(dark gray). If the plates continue to diverge (bottom drawing), two continents result, and 
oceanic crnst forms between them. The thinned margin of each continent subsides as it moves 
away from the zone of divergence; thus it is covered by unfaulted sedimentary rocks (light color). 

continents. Some young, still active ex
amples are the Rhine valley and associ
ated rifts in central Europe, the East Af
rican rift valleys and the Rio Grande rift 
of the American Southwest. More an
cient examples are the Oslo rift in south
ern Scandinavia, which is some 2 80 mil
lion years old, the Keweenawan rift of 
the central U.S., which is a billion years 
old, and the Athapuscow and Bathurst 
rifts in northwestern Canada, which are 
more than two billion years old. 

In other instances the divergence con
tinues. The attenuation of the crust thus 
becomes more extreme. It culminates in 
the separation of two bodies of conti
nental crust and the formation of a new 
ocean basin, underlain by a widening 
span of oceanic crust. Each margin of 
the continental crust moves away from 
the region of divergence. The hot upper 
mantle moves with it. With time this hot 
upper mantle cools and contracts, caus
ing the crust to subside. Meanwhile the 
faults that accompanied the stretching 
and attenuation of the crust become 
inactive. Sedimentary rocks begin to 
accumulate thick buildups above the 
thinned, subsiding crust. They also ac-
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cumulate above the transition from con
tinental crust to oceanic crust, forming 
the characteristic continental margin 
(called a passive continental margin) 
that flanks many ocean basins. 

A profile through a rifted margin 
illustrates its evolutionary history. 
Thinned and faulted continental crust is 
overlain by a sequence of sedimentary 
and volcanic rocks deposited in faulted 
rifts during the initial phase of diver
gence. Those rocks are overlain in turn 
by a thick blanket of unfaulted sedi
mentary rock deposited during the lat
ter, more gradual phase of subsidence. 
Well-studied examples of rifted margins 
are the Atlantic margins of the East 
Coast of the U.S. and the west coast of 
Africa. The margins generally have high 
temperature gradients during their. ear
ly evolution, and so they are favorable 
sites for the maturation of organic mat
ter into deposits of petroleum and nat
ural gas. Occasionally the divergence 
of two continental bodies occurs near 
an older continental margin, and frag
ments of continent are rafted away to 
form small plateaus of continental crust 
partially or entirely submerged in the 

oceans and surrounded by oceanic crust. 
Examples include the Lord Howe Rise 
(with its highest part, New Zealand) in 
the southwestern Pacific and part of the 
Kerguelen and Mascarene plateaus in 
the Indian Ocean. 

At transform boundaries, where two 
I\. plates slide horizontally past each 
other along vertical or nearly vertical 
faults, crust is neither created nor de
stroyed. The horizontal displacement 
along the length of the boundary can 
measure hundreds of kilometers, even 
thousands. When the boundary crosses 
continental crust, the displacement is 
commonly distributed across a zone of 
faults as much as several hundred kilo
meters wide. Preexisting belts are shift
ed laterally, and parts of them can be 
rotated, greatly disrupting their original 
continuity. Moreover, offsets or bends 
in the faults can give rise to local regions 
of divergence or convergence. 

Here are two examples. The Alpine 
fault in New Zealand is part of a trans
form system along the boundary be
tween the Pacific plate and the Indian 
plate. It passes through a fragment of 
continental crust that was rafted away 
from Australia about 100 million years 
ago. The horizontal displacement along 
the fault is now about 400 kilometers, 
but the movement of the plates is not 
limited to displacement. In addition 
rock assemblages and structures creat
ed by activity at older plate-boundary 
systems have been rotated and bent, 
recording a total of about 1,200 kilo
meters of differential motion. It can be 
shown that the motion was purely trans
form about 40 million years ago and 
later became oblique, with components 
of both transform and compression. The 
compression has thickened the crust and 
raised a chain of high mountains: the 
New Zealand Alps. 

The Dead Sea fault zone in the Mid
dle East is a transform system connect
ing a divergent plate boundary in the 
Red Sea to a convergent plate bounda
ry in the Taurus Mountains of southern 
Turkey. In places the fault zone steps to 
the west, cutting across the direction of 
transform motion and thereby creating 
small regions where the transform mo
tion causes the crust to stretch, become 
attenuated and subside. The Dead Sea, 
the Sea of Galilee and the Gulf of Aqa
ba are all instances of such "p ull-apart 
basins" along the fault. North of the 
northernmost basin the fault zone bends 
and steps to the east, producing the op
posite result: the compression and thick
ening of the crust, which has raised the 
Palmyran Folds. In this way some of 
the northward motion of the Arabian 
plate with respect to Europe has been 
absorbed by convergence and shorten
ing within the continental crust. 

It is convergent plate-boundary sys-
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terns that generate most of the conti
nental crust. Among the three types of 
boundaries they are the most complex 
type, and in addition they deform the 
continental crust across the widest re
gion. In the most usual configuration of 
a convergent boundary system a plate of 
oceanic lithosphere is subducted under 
an overriding plate of either oceanic or 
continental lithosphere. At increasing 
distance from the zone of subduction 
the overriding plate commonly shows a 
sequence of geologic features: first an 
accretionary wedge of folded and fault
ed sedimentary rocks and fragments of 
oceanic crust scraped from the top of 
the downgoing plate; then a topographic 
maximum (an "outer-arc high") formed 
by the most elevated parts of the accre
tionary wedge; then a fore-arc basin, 
which accumulates sediment from the 
adjacent elevations, and finally a vol
canic arc, the most characteristic fea
ture, fueled by magma rising from the 
subducted plate and the mantle just 
above it. If the overriding plate is oce
anic lithosphere, the geologic features 
form what is called an island arc. If it 
is continental lithosphere, they form a 
continental-margin volcanic arc, 

Behind the volcanic arc the overrid
ing plate may be extended or com

pressed. Alternatively it may be rela
tively passive. If the plate is in extension, 
structures similar to the ones at diver
gent plate boundaries can form. A broad 
zone of stretching may thin the litho
sphere and the crust, forming depres
sions such as the Aegean Sea of the east
ern Mediterranean, If the extension of 
continental crust behind the arc pro
ceeds until new oceanic crust is formed, 
a marginal sea will result. It will inter
vene between the greater part of the con
tinental mass and the newly rifted frag
ment of continental crust, just as the 
marginal sea called the Sea of Japan in
tervenes between Asia and the islands of 
Japan. If the overriding plate is in com
pression, folds and faults arise in belts to 
accommodate the shortening and thick
ening of the crust behind the arc. In 
the Andes such features are found more 
than 800 kilometers behind the subduc
tion zone. 

At convergent zones new material 
from the mantle is added to the crust. 
In particular the subduction of ocean
ic lithosphere carries some ocean-floor 
sediments and the uppermost part of the 
oceanic crust downward into the man
tle. The sediments and the crust contain 
water, and the water reduces the melting 
temperature of certain components of 
the subducted material. It also reduces 
the melting temperature of certain com
ponents of the mantle of the overlying 
plate. In short, the subduction of oce
anic lithosphere causes partial melting 
at depth. The melted igneous material 

rises into the overlying rock. There it 
may cool and crystallize to form plu
tons: large subterranean igneous bodies. 
It may also reach the surface as lava or 
as explosive volcanic products such as 
pumice and ash. It is enriched in the 
elements common in continental crust; 

MEDITERRANEAN 
SEA 

thus the partial melting advances the 
chemical differentiation of the outer 
part of the earth. 

Geochemical studies of the igneous 
products show that they have had a 
complex, multistage history before 
coming to rest. In many instances the 

o 150 
KILOMETERS 

TRANSFORM PLATE BOUNDARY, where two plates slide past each other, is exemplified 
by the Dead Sea fault zone in the Middle East. The crust at the east of the fault is moving north 
with respect to the crust at the west, and the relative displacement, which amounts to about 105 
kilometers in the southern part of the zone, has opened a number of gulfs and seas, of which 
the Dead Sea is one. In addition parts of crust have shortened to form the Palmyran Folds. 

137 

© 1983 SCIENTIFIC AMERICAN, INC



igneous rocks have been contaminated 
by contact with older crustal rock, so 
that not all their volume represents new 
material derived from the mantle. In
deed, some igneous rocks are derived 
entirely from the melting of continental 
crust; hence they add nothing to the vol
ume of the crust. The question of how 
much of the material added to the conti
nents through igneous intrusion is new 
and how much is recycled is still un
resolved. 

In any case the igneous intrusions in
crease the temperature within the low
er crust, and the increase enhances the 
ability of the crustal rock to lose brittle
ness and deform in a ductile way. The 
structures in this ductile part of the crust 
may thus form large, complex folds. 
Moreover, the preexisting rocks may re
crystallize into rocks with new mineral 
assemblages. The deformation and re
crystallization may obscure and even 
obliterate the preexisting rock types and 
deformational patterns, so that it is diffi
cult to elucidate the origin and evolution 
of the older rocks when erosion uncov
ers them at the surface of the earth. In 
general the regions of ductile deforma
tion in the continental crust grade up
ward and laterally into regions of brit
tler deformation where the temperature 
remained lower. 

Inevitably the convergence of plates 
leads to collisions between island arcs 
and continents. The arcs (along with 

OCEANIC 
LITHOSPHERE 

OCEAN 
BASIN 

oceanic islands and plateaus) are a tran
sitional type of crust thicker and less 
dense than oceanic crust but not as thick 
and not as "light" as most continental 
crust. Nevertheless, the arcs, like conti
nental crust, tend to resist subduction. 
Thus the elimination (by subduction) of 
the oceanic crust between an arc and a 
continent that are on converging plates 
leads to their becoming sutured togeth
er. The convergent motion during the 
collision may be perpendicular to the 
convergent boundary or it may be 
oblique to the boundary and. have a 
component of transform motion. Where 
the motion is oblique the deformation 
within the collision system will have the 
characteristics of both convergent and 
transform boundaries. 

The tectonic events at Papua New . 
Guinea exemplify the geologic evo

lution caused by the collision of island 
arcs and continents. Here the conver
gence of the Australian plate and the 
Asian plate over the past 40 million 
years has driven one island arc or possi
bly two up over the edge of the Austra
lian plate. The rock assemblages of the 
arc (or arcs) have been slivered and fore
shortened, along with the assemblages 
of the ancient margin of Australia. In
deed,'the northern edge of Australia has 
been shortened and thickened as far as 
300 kilometers from the site of the colli
sion. The disruption of the arc and of the 

continent has therefore been severe, but 
not so severe that the original relations 
among the rock assemblages cannot be 
deciphered. 

Another type of geologic evol ution is 
found where two continents collide 
along a convergent plate boundary. 
Such collisions are occurring today 
along the Alpine-Himalayan chain, 
where the Indian plate, the Arabian 
plate and the African plate are each 
colliding with the Eurasian plate. In 
the eastern Mediterranean the collision 
zone is more than 500 kilometers wide. 
There the geologic evidence suggests 
that several small fragments of conti
nental lithosphere were swept togeth
er between the converging plates. The 
"buoyant" fragments stayed at the sur
face while oceanic tracts were subd uct
ed. The continued convergence in the
region has deformed both the fragments 
and the margins of the plates, so that the 
collision system now extends across a 
broad zone. 

One of the characteristics of collision 
systems, particularly those between con
tinents, is subhorizontal decoupling, a 
process in which crustal sheets 10 to 20 
kilometers thick slide over one another 
for tens or hundreds of kilometers. Such 
displacements stack and thicken differ
ent parts of the crust into a series of 
irregularly deformed and folded sheets, 
so that the rock assemblages and struc
tures at depth in the crust cannot be pre-

FORE-ARC 
IN 

VOLCANIC 
ARC 

CONTINENTAL 
LITHOSPHERE 

CONVERGENT PLATE BOUNDARY, wbere two plates collide, 
is marked by a cbaracteristic sequence of geologic features in tbe 
overriding plate. In tbe most usual configuration oceanic Iitbospbere 
(crust and upper mantle) is subducted under continental litbospbere. 
Fragments of oceanic crust and sedimentary rock scraped from the 
subducted plate form an accretionary wedge and an outer-arc higb. 

Next comes a fore-arc basin, whicb accumnlates sediments from the 
adjacent elevations, and then a volcanic arc, the most characteristic 
feature resulting from subdnction. Some of the magma rising from 
the subduction zone solidifies in the crust. The back-arc region be
hind the volcanoes may show convergence (such as crustal faulting 
and folding) or divergence (such as crustal thinning and subsidence). 
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dicted from the assemblages and struc
tures exposed at the surface. Another 
characteristic is that the convergence, 
which typically occurs along irregular 
boundaries in crust that is very aniso
tropic, causes complex motions of small 
crustal fragments within the convergent 
system. These local motions may be di
vergent, transform or convergent. 

The most spectacular example of a 
convergent plate-boundary system ac
tive today is in Asia, where Peter Mol
nar of the Massachusetts Institute of 
Technology and Paul Tapponnier of the 
French National Scientific Research 
Council (C.N.R.S.) were the first to rec
ognize that deformation extends across 
a region 3,000 kilometers wide. The col
lision some 50 million years ago be
tween the Indian plate and the Asian 
plate represented a collision between the 
continental lithosphere of India and that 
of Asia. Since then a continued conver
gence that may total more than 2,000 
kilometers has been absorbed principal
ly by strain in the Asian plate. Broadly 
speaking, the Asian plate has absorbed 
the massive intracontinental deforma
tion by compressional, transform and 
extensional faulting along young belts 
of deformation that generally follow 
older belts resulting from the activity of 
more ancient plate-boundary systems. 
To put it more simply, Asia has short
ened longitudinally and extended latitu
dinally to accommodate the northward 
movement of India. 

Meanwhile the northern edge of the 
Indian plate has broken into several 
gently dipping slabs whose pileup has 
thickened the crust and formed the Hi
malayas. The faulting in Asia extends 
nearly 3,000 kilometers from the colli
sion boundary. Igneous activity in parts 
of the collision zone suggests that the 
deeper parts of the crust remain very hot 
today, creating an environment where 
rocks are recrystallizing and undergoing 
ductile deformation. Hence the rock as
semblages and structures formed at ear
lier times are now being "overprinted." 

Prom studies of the youngest de
formed belts, such as the Alpine

Himalayan belt, it is plain that plate 
boundaries evolve rapidly. Island arcs 
can be created, travel thousands of kil
ometers and collide with continents in 
only a few tens of millions of years. 
Small continental fragments can be rift
ed and collide with continents over simi
larly short spans of time. Thus the de
formed belts that make up the underpin
ning of the continents represent a long, 
complex history of superposed plate
boundary systems. 

The end of such a history probably 
comes when a region gets to be so re
mote from plate-boundary activity that 
it is no longer under its influence. In 
many instances this happens when an 

BRITTLE DEFORMATION is characteristic of the rocks at shallow levels in a belt deformed 
by plate convergence. Hence sheets of rock tend to be thrust one over the other for tens or hun
dreds of kilometers. This photograph was made in the Spring Mountains of southern Nevada. 
The dark rocks are Cambrian limestones that are 550 to 500 million years old. They have been 
thrust from right to left over Jurassic sandstones lighter in color, which are 200 to 175 mil
lion years old. A well-defined thrust fault some 30 kilometers long marks their interface. 

ocean basin is finally closed by a con
tinent-continent collision. Parts of the 
Ural Mountains of the central U.S.S. R. 
are an example. First, about a billion 
years ago, two continental masses were 
rifted apart and a large ocean basin was 
created between them. The subsequent 
closing of that ocean generated island 
arcs, which collided with the continents 
at various times until the sequence was 
ended by the collision of two conti
nents 2 50 million years ago. Much of 
the deformed belt resulting from that 
collision (namely the chain of the Urals) 
lies far enough from any younger plate
boundary activity for it to have suffered 
no further deformation. 

This is not to say the entire belt is 
imm une. Rifting in the south has created 
oceans younger than 2 50 million years, 
some of which have closed and created 
new mountain belts; hence the southern 
extension of the Urals has been over
printed by the Alpine-Himalayan belt. 
Moreover, the northern extension of the 
Urals reaches the Arctic Ocean, where 
future plate-boundary activity may be 
in store. Similar histories can be read in 
the geology of essentially all the con
tinents in the crosscutting of older de
formed belts by younger ones. 

Of course, some histories are easier 
to read than others. In the youngest 
deformed belts the timing of tectonic 

events can be distinguished with an ac
curacy of better than one million years. 
In the older belts the timing becomes 
poorer with increasing age. The rela
tive timing of many events can be de
termined, but the contemporaneity of 
events over large areas is difficult to es
tablish. Thus it becomes a challenge to 
make accurate reconstructions of an
cient plate-boundary systems. In addi
tion the older belts are likelier to be ones 
where the once continuous locus of de
formation has been disrupted. For ex
ample, the continuations of the ancient 
deformed belts in Australia are now 
found in India, Africa, Antarctica and 
South America. 

The erosion of old deformed belts in 
regions where convergence has thick
ened the crust offers a valuable oppor
tunity to study rocks that were once at 
deep crustal levels. It is remarkable just 
how deep erosion can reach. Erosion 
cuts into the terrain (a process taking 
tens of millions of years, even several 
tens of millions), progressively uncover
ing deeper levels, and since the crust 
is "buoyant," the removal of material 
from the top of it causes the remaining 
crust to rise. In effect it is timber pushed 
toward a saw. In this way rocks from 
depths as great as 30 or 40 kilometers 
come to be exposed at the surface. 

By the time the rocks are exposed the 
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plate-boundary forces that shaped them 
have been long inactive. Still, the exam
ination of the rocks enables geologists 
to infer the processes, the temperatures 
and the pressures that existed as the 
rocks deformed, and from such results 
a picture of the three-dimensional re
sponse of the continental crust to plate
boundary activity can be constructed. 
Only the deepest crustal levels escape 
exposure by erosion. Studies of inclu
sions in igneous rocks, chemical studies 
of igneous rocks and geophysical stud
ies suggest that much of the deepest 
crust has a composition not unlike the 
composition of the shallower crust, ex
cept that the deep rocks are recrystal
lized so that their mineral assemblages 
are ones that are stable at high tempera
tures and pressures. 

Some of the older deformed belts in 
the continents, including most of the 

Archean belts (the belts from 2.5 to 3.8 
billion years old), have been difficult 
to interpret as plate-boundary systems 
analogous to modern ones. To be sure, 
the types of rocks in the older belts 
are similar to the types found in mod
ern convergent systems. Their arrange
ments and structures, however, are 
somewhat different. Typically the older 
belts consist of bodies of volcanic and 
sedimentary rock, irregular or elongat
ed in shape, along with large expanses of 
intrusive granitic and deformed meta
morphic rocks that include mineral as
semblages formed at high temperatures 
and pressures. The volcanic and sedi
mentary bodies resemble those found in 
modern island-arc settings. The only no
table differences are that basaltic rocks 
are more abundant in the older belts and 
that some of the basalts are richer in 
magnesium and poorer in silicon than 
most modern basalts. On the other hand, 
many features of the younger belts ap
pear to be missing in older ones. Thick, 
widespread sequences of shallow-water 
sedimentary rocks of the type that de
velop on modern passive continental 
margins are one example. Widespread 
vertical stackings of sheets of crustal 
rock that have been thrust one over the 
other are a second example. 

Investigators of the Archean belts 

have taken two points of view: that the 
Archean belts are the result of plate mo
tions whose geometry and intensity dif
fered from those of modern plates, or 
that plate tectonics did not operate in 
the Archean, so that a mechanism of 
geologic evolution not observed today 
must be invoked instead. Although each 
view has its adherents, a modification of 
plate-tectonic theory can also be pro
posed. Perhaps the volcanic and sedi
mentary bodies in the Archean belts rep
resent island arcs and their associated 
fore-arc basins and marginal seas, all of 
which were swept against small collid
ing continental nuclei. Larger, continen
tal masses developed progressively, so 
that by about 2.5 billion years ago some 
orogenic belts began to take on a more 
modern appearance. 

The rate at which continental crust 
has been formed remains a major ques
tion. On the one hand, the examination 
of orogenic belts indicates that many of 
them include a large amount of material 
derived from older belts by reworking 
or remelting. In addition many beJts in
clude rocks derived directly from the 
mantle by volcanic activity. Further 
still, many belts incorporate oceanic 
lithosphere. On the other hand, evidence 
suggests that continental material may 
someti'mes be lost by being taken into 
the mantle. The studies show that oro
genic belts vary widely in the balance of 
these processes. For example, the oro
genic belts that were formed in north
central Canada between 2.5 and 1.8 bil
lion years ago are proving to include 
much crust older than 2.5 billion years. 
In contrast, an orogenic belt of the same 
age in the southwestern U.S. contains 
little if any older crust. The studies do 
seem to indicate that the volume of con
tinental crust has increased with time. 

EUROPEAN PLATFORM 

ADRIATIC 
SEA 

One of the very oldest Archean belts, 
about 3.8 billion years old, is in 

the continental crust of Greenland. Its 
rocks are sedimentary and igneous, and 
material in the sedimentary rocks has 
been derived in part from some older 
continental rocks. No direct evidence 
from that earlier era has been discov
ered, however, and so there remains a 
gap of 800 million years beginning 4.6 
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(MILLIONS OF 
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COLLISION OF CONTINENTS raised the mountain chains of east
ern Europe and the Balkans. Fundamentally the African plate and 
the European plate converged, and the convergence shortened and 
thickened Europe by faulting its rocks into sheets and stacking them 
one above the other. The map shows the varying ages of the faults. 
Small barbs on each fault line face the overriding sheet. In general 
the stacking has a bilateral symmetry: the overriding sheets were 
driven northward in the northeastern half of the map and southward 
in the southwestern half. In the Pannonian Basin the crust has ex
tended, thinned and foundered, so that the stacking is covered by 
sedimentary rock (gray). Broken lines indicate outcrops of deeper 
rock. The cross section suggests the complexity of the stacking; the 
colors employed in the section simply differentiate sheets of rock. 
The sheets are highly deformed; thus no individual sheet can be fol
lowed the width of the deformed belt resulting from the convergence. 
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billion years ago, when the solar sys
tem is thought to have formed. In the 
later part of this gap the moon was in
tensely cratered; surely the earth was 
subjected to a similar bombardment. 
No signs of it remain. They were prob
ably erased by the dynamic processes 
that have continuously created and re
worked the continental crust. 

ARAFURA SEA 

GULF OF 
CARPENTARIA 

Clearly the earth is an evolving body 
whose distribution of heat controls the 
motions, thickness and ductility of the 
lithosphere and the generation of igne
ous and metamorphic rocks. The gen
eration of heat by radioactivity in the 
earth was probably about three times 
greater in the Archean than it is today. 
Temperature gradients in the earth were 

BISMARCK SEA 

probably greater too, and that may help 
to explain at least some of the differen
ces between Archean belts and younger 
ones. Until the variables that affect the 
formation of orogenic belts are better 
understood, the Archean belts will re
main a major challenge to the under
standing of how the continents came 
into existence. 

CORAL SEA 

KILOMETERS 

o 400 

COLLISION OF ISLAND ARCS with the northern part of the Aus
tralian continental crust over the past 40 million years has sutured 
some arcs (green) and also some remnants of oceanic crust (gray) onto 
the northern part of Papua New Guinea. The arcs were probably 
formed by the subduction of the Australian plate under the Pacific 

plate; then the convergence of the plates carried Australia into the 
zone of the subduction. The continued convergence has now folded 
and faulted sedimentary rocks along the margin of Australia (purple) 
and also the ancient crust of Australia itself (orange). Darker shades 
signify rock that escaped deformation. The cross section is schematic. 
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STRUCTURE OF THE UNITED STATES ECONOMY 

WHAT MAKES THE U.S. ECONOMY TICK? 
The editors of SCIENTIFIC AMERICAN have prepared a wall chart displaying for the 1980's the Input/Output Structure of the U.S. 

Economy based on the latest interindustry study from the U.S. Department of Commerce. 

The SCIENTIFIC AMERICAN Input/Output wall chart does for economics what the table of elements does for chemistry. It answers at 

a glance questions about the linkage between the microeconomics of the firm and the macroeconomics of the system; about the 

web of technological interdependencies that tie industry to industry; about the industry-by-industry direct and indirect conse
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think of. You are rewarded by surprise as well as by confirmation of your
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hunches. For teaching and practical and theoretical 

studies, here is a powerful, graphic tool. 

In the familiar format of the SCIENTIFIC AMERICAN Input/Output 

wall charts for the 1960's and 1970's, the wall chart for the 

1980's measures 65' X 52' and is printed in eight colors. Each 

of the nearly 10,000 cells in the 97-sector interindustry matrix 

shows (1) the interindustry commodity flow; (2) the direct input! 

output coefficient and (3) the "inverse" coefficient. Where the 
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This device, combined with triangulation of the matrix, brings the 

structure of interindustry transactions into graphic visibility. 

A supplementary table displays, industry by industry, the capital 

stock employed; the employment of managerial, technical-pro

fessional, white-collar and blue-collar personnel; the energy con

sumption by major categories of fuel, and environmental stress 

measured by tons of pollutants. 

The editors of SCIENTIFIC AMERICAN are happy to acknowledge the col
laboration, in the preparation of this wall chart, of Wassily Leontief, origi
nator of input/output analysis-for which contribution to the intellectual 
apparatus of economics he received the 1973 Nobel prize--and director 
of the Institute for Economic Analysis at New York University. 

Packaged with the chart is an index showing the BEA and SIC code indus· 
tries aggregated in each of the 97 sectors. 
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The Ocean 
The chemistry of the ocean, whose constituents interact with those 

of the air and the land to support lik and to influence the climate, 

is now known to have undergone changes since the last glacial epoch 

Water and air interact with the 
lithosphere to provide chemi
cal support for the communi- . 

ty of living things. The ocean and the 
atmosphere constitute a single system 
that functions as an integrated chemi
cal plant In attempting to reconstruct 
the history of the earth, geologists have 
tended to think of the chemical compo
sition of the ocean and the atmosphere 
as being essentially static through time. 
The reason is that geochemists have 
been slow to come up with reliable pa
leochemical indicators. 

In the past 10 years there have been 
important breakthroughs in the study of 
ocean chemistry. There is now reason
ably firm evidence, at ,least in the case of 
those constituents of the seas' salts that 
are heavily incorporated into organisms 
and processed by them, for significant 
changes in concentration over time. 
Some of these fluctuations (the best
documented ones) seem to have been in 
tune with major cycles of glaciation that 
have dominated the earth's environment 
for the past million years or so. Others 
were surely related to changes in the ar
chitecture of continents and ocean ba
sins caused by movement of the great 
lithospheric plates. Still others may be 
effects of such geologic catastrophes as 
the great asteroid or comet impact that, 
it now appears, marked the end of Cre
taceous time. 

Fluctuations in the ocean's chemistry 
are worth studying for what they tell 
about variations in the planet's environ
ment in the past Ocean chemistry has 
affected the environment primarily by 
driving changes in the atmospheric con
tent of one constituent in particular: car
bon dioxide (C02), Much of the solar 
energy impinging on the earth is rera
diated from the surface in the form of 
infrared radiation, which is strongly 
absorbed by carbon dioxide and so is 
trapped in the lower atmosphere as heat 
The partial pressure of carbon dioxide 
in the atmosphere therefore influences 
temperature and hence also rainfall, 
winds and the extent of ice cover. It is 
well known that man's activities, nota-
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bly the clearing of forests and the burn
ing of fossil fuels, are increasing the at
mosphere's carbon dioxide content, but 
only recently has it become clear that 
there were carbon dioxide changes in 
the past as well. 

The major immediate source for the 
carbon dioxide in the air is the ocean, 
which at present holds, dissolved in one 
form or another, 60 times as much car
bon as there is in the atmosphere's car
bon dioxide. The transactions control
ling the partitioning of carbon between 
the s(!a and the air depend on the de
tailed chemistry of those constituents of 
sea salt that are heavily utilized by ma
rine organisms. To know the ocean's 
role in the carbon cycle it is necessary 
to study mechanisms controlling the 
concentrations of such constituents in 
the ocean: the interconnected feedback 
loops whereby those concentrations are 
driven toward dynamic equilibrium. 
Somehow the ocean must cope with the 
heavy demand of marine organisms for 
these critical ingredients, maintaining a 
balance between input from either ero
sion or volcanic activity and ultimate 
loss by burial in sediments. 

The control mechanisms can best be 
understood if· one thinks of the 

ocean as a giant two-reservoir aquari
um. The upper reservoir interacts with 
the air and the land. Water evaporates 
from the sea surface, condenses and 
falls onto the land as rain. The percola
tion of rainwater through the land dis
solves and carries into the ocean some 
of the seawater constituents I shall be 

discussing. Others are supplied by vol
canic activity, both on the land and on 
the sea floor. The upper reservoir is 
lighted by the sun, whose energy is con
verted by plants (mainly microscopic 
phytoplankton) into organic matter; the 
plant matter supports a food chain of 
animals and bacteria. Debris from these 
organisms falls from the upper reservoir 
into the dark lower reservoir, where it 
nourishes other animals and bacteria. 
Some residues fall to the ocean floor, 
where they are decomposed by worms 
and bacteria. A small fraction of the res
idues remain unconsumed and are bur
ied, and so the material dissolved from 
the land or injected into the atmosphere 
or the ocean as volcanic gas is ultimately 
deposited as sediment 

To keep things simple I shall deal here 
only with dissolved oxygen, calcium 
ion, phosphate and three carbon com
pounds: carbon dioxide, carbonate ion 
and bicarbonate ion. The choice of these 
constituents reflects the chemical re
quirements of marine organisms. Ma
rine animals need dissolved oxygen for 
respiration. For their biochemical func
tions all organisms need carbon and 
phosphorus (along with hydrogen and 
oxygen, which are of course superabun
dant in water). Some organisms house 
themselves in chambers made of calcite 
(calcium carbonate). 

Calcium enters the aquarium in the 
form of the doubly positively charged 
calcium ion (Ca + + ) dissolved in river 
water and is lost to sediments as calci
um carbonate (CaC03). Carbon enters 
through the erosion of carbonate miner-

CHLOROPHYLL CONCENTRATION in waters off the U.S. and Canadian coast is mapped 
in the false-color image on the opposite page. The nearly lifeless warm water of the Gulf 
Stream (and of a circular eddy pinched off from it) is bright blue, and successively increasing 
chlorophyll concentrations are represented in light blue, green, yellow, reddish brown and 
dark brown. Chlorophyll is manufactured by phytoplankton, the microscopic marine plants 
at the base of the oceanic food chain. As is described in this article, these microorganisms have 
a major role in the control mechanisms that regulate the chemistry of the ocean-atmosphere 
system. Data for the image were collected by the coastal-zone color scanner carried aboard 
the satellite Nimbus 7. It records energy radiated from surface waters in spectral bands that 
are more or less strongly absorbed by chlorophyll. The experimental team for the color scanner 
is headed by Warren A. Hovis, Jr., of the National Oceanic and Atmospheric Administration. 
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als (as the doubly negatively charged 
carbonate ion, C03--) and from vol
canic sources (as carbon dioxide gas); it 
is lost both as calcium carbonate and as 
organic matter in soft-tissue residues. 
Phosphorus is supplied as phosphate 
(P04) by the erosion of phosphate min
erals and is lost to sediment in soft-tissue 
residues. Dissolved oxygen (02) is gen
erated by plants and consumed by ani
mals. In this simplified aquarium world 
four control loops are needed to keep 
the loss of ingredients in balance with 
their supply. A fifth control loop is need
ed to maintain electrical neutrality by 
balancing positive and negative ions. 

I shall not deal with nitrogen, even 
though it is a key limiting ingredient 

for organisms. Two justifications for this 
simplifying omission are the super
abundance of dissolved nitrogen gas 
and the observation that the ratio of 

ATMOSPHERE 

LA� 2 FROM RIVERS 

UPPER RESERVOIR 

LOWER RESERVOIR 

2 BURIED IN SEDIMENT 

nitrate (N03) to phosphate in seawater 
is everywhere about the same. Appar
ently organisms that are able to con
vert nitrogen gas into nitrate (the form 
most readily utilized by most plants) 
manage to maintain in the sea a nitrate
to-phosphate ratio that meets the bio
chemical demand. Since there is no such 
means by which living things can en
hance their supply of phosphorus, it is 
phosphorus that becomes the ultimate 
limiting ingredient. 
- One must also consider the "residence 
time" of each of the ingredients in the 
ocean, which is to say the ratio of its 
total inventory in the ocean to its rate 
of supply (or of loss). In today's ocean 
the residence time, thus calculated, for 
phosphorus atoms is about 100,000 
years, for carbon atoms about 165,000 
years and for calcium atoms about a 
million yean!. The sizable difference be
tween the residence time of phosphorus 

200 WITH 
UPWELLING 
WATER 

NONE WITH 
NEWLY SUNKEN 

DEEP WATER 

TWO-RESERVOIR OCEAN consists of a warm surface compartment and a much larger 
body of denser, colder water. The movement through the ocean of chemicals that are critical to 
marine life is represented here by an idealized phosphorus cycle. Phosphorus eroded from the 
land is delivered to the sea by rivers; eventually it is removed by being buried in sediment as 
part of undecomposed organic residues. Loss matches input (shown here in tens of billions of 
moles per year). Almost all the phosphorus reaching the warm surface ocean is taken up by ma
rine plants and carried to the deep sea with falling residues, most of which decompose, releasing 
phosphorus into solution; the regenerated phosphorus returns to surface with upweiling water. 
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and carbon on the one hand and of calci
um on the other allows for further sim
plification when one considers chemical 
changes associated with glaciation. Indi
vid ual glacial episodes average some 
50,000 years in duration. On such a 
short time scale the calcium content of 
sea salt cannot change significantly. 
Oxygen does not lend itself readily to a 
residence-time calculation, but there is 
so much of it in the atmosphere that its 
abundance is not likely to change signifi
cantly even in a million years. In consid
ering chemical changes since the last 
glaciation, therefore, one needs to deal 
only with carbon and pbosphorus (and 
charge balance). 

Finally, the mechanisms of water 
transport between the two reservoirs of 
the ocean must be taken into account. 
The two reservoirs are separated by the 
main thermocline: the boundary region 
separating the cold waters (maintained 
by the sinking of dense water from the 
surface in polar regions) from the warm 
surface waters (maintained by sun
shine). The strong difference in density 
between the two realms limits the rate at 
which they mix, so that the mean time 
spent by a water molecule in the cold
water compartment between trips to 
the warm surface ocean is about 1,000 
years. A typical phosphorus atom there
fore makes about 100 trips back and 
forth across the thermocline in the 
course of its 100,000 years in the ocean. 
A carbon atom makes 165 such trips in 
the course of its residence time, a calci
um atom 1,000. 

Although carbon and phosphorus 
I\. move with upwelling water from the 
deep ocean to the surface layers, in their 
return trip to the deep sea these elements 
have a different option: they can fall, 
chemically bound within a fragment of 
organic matter. Almost all the phospho
rus that moves up across the thermo
cline in upwelling water falls back to the 
cold-water compartment in organic par
ticles, whereas only about an eighth of 
the upwelled carbon takes the particu
late short cut; the remainder returns dis
solved in sinking water. The reason for 
the discrepancy is that the ratio of car
bon to phosphorus in sea salt is some 
eight times higher than the ratio in or
ganic debris, so that in exhausting the 
available phosphorus the community of 
living organisms in the upper ocean uses 
up only 12.5 percent of the dissolved 
carbon. In removing carbon to form 
their tissues marine plants reduce the 
partial pressure of carbon dioxide in the 
surrounding water and thus also in the 
atmosphere. The effect is so large that if 
life in the ocean were suddenly suspend
ed, the carbon dioxide pressure would 
rise significantly in surface water, and 
it would about triple in the atmosphere. 

The history in the ocean of an average 
phosphorus atom can be traced from 
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when it issues from the river mouth 
and' enters the surface sea. Soon it is 
taken up by a plant. After being trad
ed several times among the plant, ani
mal and bacterial populations of the 
surface water, it is trapped in a residue 
(such as a fecal pellet) that falls into 
the deep sea. Of 100 phosphorus atoms 
bound in falling residues 99 are released 
back into solution; one is removed from 
the sea to permanent storage in the sed-' 
iment. The redissolved 'atoms eventu
ally find their way back to the surface 
and repeat the cycle. The average phos
phorus atom is therefore dissolved in 
the deep sea in 100 separate 1,000-year 
terms, which are separated by brief in
terludes of only a few months during 
which it serves the biochemical needs of 
organisms in the warm surface ocean. 

A match between the removal of 
phosphorus (with undestroyed residues) 
and phosphorus input to the sea (in river 
water) is maintained by adjustments in 
the' ocean's phosphorus content. The 
higher the phosphorus content is, the 
more atoms reach the surface with up
welling water, the more residues fall 
from surface water and the more resi
dues are sequestered in accumulating 
sediment. If some perturbation were to 
cause the loss of phosphorus to exceed 
input, the phosphorus inventory of the 
ocean would begin. to decrease; there 
would be corresponding decreases in the 
rates of production and burial of resi
dues. The mismatch between output and 
input would gradually- be reduced un" 
til it eventually disappeared. The time 
scale for the adjustment would be of 
the same magnitude as the oceanic res
idence ,time of phosphorus atoms, or 
about 100,000 years. 

How might the system be perturbed? 
Suppose a climatic change were to 

double the rate of exchange of water be
tween the surface and the deep ocean, . 
The delivery rate of phosphorus to the 
surface would double, as would the pro
duction and burial rates of residues. If 
the situation persisted, the ocean's phos
phate content would decrease, until it 
reached half of the initial value and 
the balance between input and output 
would have been restored, If, on, the 
other hand; the ri:ver-input value were 
halved, the ocean's phosphorus invento
ry would eventually be halved, And if 
there were a 1 percent reduction (from, 
99 percent to 98) in the efficiency. with 
which residues falling into the deep sea 
are destroyed, releasing .phosphorus to 
dissolution, the phosphorus inventory 
would also be halved. 

In my idealized ocean phosphorus is 
the limiting .ingredient for life, and 
once its concentration is fixed so too is 
the rate at which residues are generated 
to rain down from the surface sea. This 
must be roughly correct, but ecological 
factors could alter the ratio of carbon to 

MARINE- RESIDENCE 
INPUT SEA ORGANISM LOSS TO T IME 

TO OCEAN SALT DEB RIS SEDIMENT ( THOUSANDS 
OF YEARS) 

PHOSPHORUS (EROSION) 1 1 1 (ORGANIC 100 MATTER) 1 
(CARBON (ORGANIC 
DIOX I DE, 100 MATTER ) 
VOLCANISM) 100 

CARBON 1,000 125 165 
(CARBONATE (CALCIUM 
ION, 500 CAR BONATE) 
EROSION) 500 

(CALCIUM 
CALCIUM (EROSION) 500 5,000 25 CAR BONATE) 1,000 

500 

RATIOS of carbon and calcium'atoms to ,phosphorus atoms'are given for inputs to the sea" 
average sea salt, marine organisms and inarine sediments, along with the average length of 
time atoms of each element reside in the ocean before being buried in sediment. A distinction is 
made, between carbon added by volcanism and added by erosion of calcium carbonate (CaC03) 
and between carbon, buried in sediments as organic matter and buried as calcium carbonate. 

phosphate in soft-tissue residues or the' 
ratio of falling calcite to falling soft-tis
sue resid ues. Putting such factors aside, 
one can 'assume that once the rate at 
which phosphorus rains down from the 
surface is set, so too is the total rate at 
which carbon rains down (in both soft 
tissues and calcium carbonate). At pres
ent, however, only about a sixth of the 
carbon delivered to the ocean by erosion 
and volcanism is lost with soft-tissue 
residues. The remaining five-sixths must 
leave the sea as calcium carbonate. How. 
is the 

'
flow of this carbon regulated? 

Whereas for phosphorus a balance 
between loss and gain is achieved by 
regulation of the rate of production of 

phosphorus-bearing resid ues, the bal
ance for carbon is controlled by the dis
solution of calcium carbonate residues. 
To understand this scheme of control by 
dissolution it is necessary to understand 
how the distribution of carbonate ion 
and its saturation level vary with depth. 
The carbonate content decreases with 
depth because carbon dioxide is re
moved from surface water as a result of 
photosynthesis (increasing the carbon
ate-ion concentration) and is returned to 
solution in deep water (decreasing the 
carbonate concentration). The satura
tion level for carbonate, on the other 
hand, increases with depth because cal
cite's solubility increases with pressure. 

WARM SURFACE WATER AVERAGE DEEP WATER 

PHOSPHATE 0 2.2 

TOTAL DISSOLVED 2,000 2,275 CARBON 

BICARBONATE ION 1,764 2,140 

CARBONATE ION' 223 90 

CARBON DIOXIDE GAS 13 45 

CALCIUM ION 10,000 10,055 

CADMIUM 0 ,7 

CARBON 13 (COMPARED TO 1,0024 1.0002 
CARBON 12 STANDARD RATIO) 

COMPOSITION of warm surface water is compared with that of average deep water. The con- . 
centration of the first six constituents is given in millionths of a mole per liter and that of cad-, 
mium in billionths. The ratios of carbon 13 to carbon 12 are compared with the standard ratio, 
in a National Bureau of Standards reference calcium carbonate. The differences between sur
face- and d'eep-water,values observed for both chemical and carbon-isotope composition arise 
because organisms take up constituents in surface water; their soft-tissue residues and' calcite 
(CaC03) shells fall into the deep sea, where decomposition and dissolution return the constitu
ents t1) solution. A balance of electric charge is maintained:' the sum of the charges contribut
ed by positive calcium ions, and ·by negative bicarbonate and carbonate ions remains constant. 
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INCREASING CARBONATE-ION� 
CONCENTRATION 

TODAY'S LYSOCLINE 

CARBONATE CONTENT of ocean water 
decreases with depth (colored ell n'es), where
as the saturation content increases with depth 
(g.ray cun'e). the level where the two curves 
intersect is the lysocline. Water is supersatu
rated with the mineral calcite above the lyso
cline; undersaturated below it. There is evi
dence that after the last glacial era the lyso
cline was deeper than it had been before and 
than it is now. The carbonate content of deep 
water must have been greater (broken line). 

Above the lysocline, the depth at which 
the two curves cross each other, the wa
ter is supersaturated with calcite; below 
it the water is undersaturated. As a re
sult most of the calcite raining onto 
sea-floor ridges and plateaus above the 
lysocline is preserved; its carbonate is 
buried and removed from circulation. 
Below the lysocline most of the calcite 
is dissolved and its carbonate is returned 
to circulation, 

Because surface water is supersatu
rated with calcium carbonate, organ
isms can manufacture as much calcite as 
they require, In today's ocean, organ
isms annually take up several times as 

SEAWATER 
SUPERSATURATED 

SEDIMENTS RICH IN CALCITE 
(FORAM OOZES) 

LYSOCLINE 
SEAWATER 
UNDERSATURATED 

SEDIMENTS POOR IN CALCITE _--""" ___ 
(RED CLAYS) 

LYSOCLINE separates the ocean's sediments into two broad categories. Sediments below the 
lysocline, where the water is undersaturated with respect to calcite, have lost their calcite to dis
solution, and so they are dominated by clay minerals eroded from the continents: the red clays. 
Sediments 'above the lysocline, laid down in water that is supersaturated with respect to calcite, 
are dominated by the undissolved calcite chambers that were formed by plankton. These sedi
ments are often speckled with the shells of foraminifera, and so they are called foram 1I0zes. 
The lysocline moves in response til changes in the chemical composition of sea salt, always 
seeking a level that allows the loss of carbon from ocean water to match the rate of input of car
bon to the ocean. In today's ocean marine organisms are producing calcite at a rate that takes 
up carbon faster than it is supplied by erosion and volcanism. The ocean's chemistry has adjust
ed itself so that this overproduction of calcite is compensated for by the dissolution of calcite. 

much carbon to form calcite as is sup
plied by erosion and volcanism. The 
overproduction of calcite is compensat
ed for by changes in the ocean's chemis
try that keep the burial of calcium car-

, bonate in balance with the supply of car
bon. The lysocline moves up and down 
in response to the changing concentra
tion of carbonate ion, seeking the level 
at which the amount of calcite that dis
solves just matches the overproduction 
of calcite by organisms. If, for example, 
the burial rate of calcite were temporar
ily to become higher than the rate of 
supply of carbon destined to be incorpo
rated in calcite, the ocean's carbonate 

INTERGLACIAL ICE: 
ABOUT 280 PARTS 
PER MILLION 

content would begin to decrease. This 
would lead to a rise in the lysocline and 
a consequent enlargement of the area of 
the sea floor over which calcite is dis
solved instead of being buried. The im
balance between loss and gain would 
gradually be restored. 

The control systems I have been de
scribing·make'it possible to calculate 

the concentrations in the ocean of phos
phate and carbonate for any given set of 
environmental conditions, To quantify 
the bicarbonate (HC03-) content one 
turns to charge balance. Discounting 
a host of minor ions, one can say that 

1975 FRESH SNOW 

LITHIFICATION BEGINS 
1950-j·-.... ·� 

ICE GLACIAL ICE: ABOUT 200 
_---:JI,.--..:PARTS PER MILLION 

I ' 
ICE CORE 

ROCK 

��C _BUBBLES BEGIN 1925." TO CLOSE 

1900 BUBBLES CLOSED 

1875 

ICE CORES supply evidence for about a 40 percent increase ill at
mospheric carbon dillxide at·the end of the Jast glacial episode. One 
deep borehole into the Greenland ice sheet penetrated ice that had ac
cumulated for 80,000 years (left). The core contains bubbles of air 
that w.ere trapped as snow was lithified to become solid ice; such bub
bles have been shown to close, and thus seal their air sample, some 
50 to 75 years after the snow falls (right). In the laboratory of Hans 

Oeschger IIf the Uni�ersity of Bern one-centimeter cubes are cut 
from cores and crushed in a vacuum. The total pressure of the re
leased air is measured and the carbon dioxide content is determined 
with a laser device. Air trapped in ice some 18,000 years ago, during 
glacial time, was found to have about 200 parts per million of carbon 
dioxide; air trapped in the recent past had about 280 parts per million. 
(Carbon dioxide level has now risen to about 340 parts per million.) 
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the total concentration of five positively 
charged ions (sodium, potassium, mag
nesium, calcium and hydrogen) must 
equal that of five negatively charged 
ions (chloride, sulfate, bicarbonate, car
bonate. and hydroxyl). The hydrogen
ion and hydroxyl-ion concentrations are 
small enough in seawater to be neglect
ed. On the time scale of glacial episodes 
on the earth the concentrations of all 
the other species except carbonate and 
bicarbonate remain constant. The .car
bonate ion's concentration has ·been es
tablished. Only the bicarbonate ion re
mains. Its concentration adjusts to a 
value corresponding to electric·al neu
trality, that is, it is equal to the sum of 
the concentrations of the positive and 
the negative ions listed above. 
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PHOSPHATE CONCENTRATION----7 

At the .depth of the lysocline the car
bonate-ion content is at the saturation 
level, and so there the bicarbonate-ion 
content is fixed by the charge-balance 
requirement. Having fixed the Iysocline
depth composition, one can calculate 
that of surface water by removing phos
phate and the associated carbon dioxide 
(for soft tissue) and carbonate (for cal
cite) from the lysocline composition. 
Now, having fixed the carbonate and bi
carbonate content of surface .seawater, 
one has also fixed its carbon dioxide 
content: since bi.carbonate is formed 
from (and dissociates into) carbon di
oxide, carbonate and water, the surface
water concentration of carbon dioxide 
is equal to the ratio of the square of the 
bicarbonate-ion concentration to the 
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PHOSPHATE CONCENTRATION--7 

PHOSPHATE CONTENT ·of the ocean is reflected by two markers in the shells of fossil fo
raminifera: the content of cadmium and the ratio Of the two stable isotopes of carbon. Cadmium 
is a marker because its concentration varies directly with that of phosphate in seawater (left); 
the ratio of the rarer carbon 13 to the much more abundant carbon 12 in the ocean's total 
dissolved carbon is a marker because it varies inversely with the concentration of phosphate 
in seawater (right). Analysis of foraminifera from different periods indicates that there was 
a decrease in the ocean's overall phosphate content at the close of the last glacial period. 
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ATLANTIC 
OCEAN 

PHOSPHATE CONCENTRATION-----3l> 

DISTRIBUTION OF PHOSPHATE in the ocean varies with depth. Essentially all the phos
phate in surface water is taken up by marine plants and falls into the deep sea in soft-tissue resi
dues. Much of it is released into solution as the residues are decomposed. by animals and bacte
ria, a process that takes place primarily at.intermediate depths. Superimposed on this vertical 
variation there is an Atlantic-to-Pacific increase in the deep-water phosphate content. It re
sults from the flow of newly sunken deep water, much of which now originates in the northern 
Atlantic and tends to purge the Atlantic of the products of decomposition. The horizontal gra
dient complicates attempts to reconstruct the chemical composition of the glacial ocean: cli
matic ·events may have altered the deep-current pattern as well as the ocean's bulk chemistry. 
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carbonate-ion concentration (multiplied 
by a constant that varies with ·tempera
ture and salinity). 

I have not yet mentioned the control 
system for dissolved oxygen (02), The 
surface water's dissolved-oxygen con
tent is dictated by the solubility. of the 
gas: The deep-water content is set by the 
phosphate concentration of the deep 
sea. When deep water reaches the sur
face, its phosphorus atoms are all con
verted into (and ultimately lost as) or
ganic residues. The residues are large
ly consumed by organisms living in the 
deep sea, creating a demand on the dis
solved oxygen there .. Overall about half 
of the oxygen reaching the deep ocean 
with newly sunken bottom water is con
sumed by animals and bacteria. The 
supply· depends on the ratio of the 
amount of oxygen in the air (and hence 
the amount dissolved in cold surface 
water) to the amount of phosphorus dis
solved in the ocean. S

'
ince on the time 

scale of glacial·episodes the oxygen con
tent of the atmosphere cannot change 

. significantly, the dissolved-oxygen con
tent of deep water varies inversely with 
the amount of dissolved phosphorus. 

The dependence of oxygen content on 
phosphate content reinforces the feed
back mechanism tending to balance 
phosphate loss and gain. In discussing 
that control mechanism I made the as
sumption that the fraction of the resi
dues falling into the deep sea and surviv
ing dissolution remains constant even as 
the water's phosphate content varies. 
Actually the probability of dissolution 
is influenced by the degree of oxygen
ation of the deep water. Since animal 
life demands oxygen, the efficiency of 
the scavenging community drops as the 
oxygen content of the water decreases. 
Where there is no oxygen there is no 
animal activity, and the residues are 
consumed only by the less efficient com
munHy of anaerobic bacteria. (In isolat
ed basins where there is no dissolved 
oxygen at all the fraction of organic resi
dues that are preserved in sediments is 
observed to increase substantially.) In 
situations where phosphorus is leaving 
the ocean faster than it is being sup
plied by erosion the phosphorus content 
drops and the deep-water dissolved-oxy
gen content rises. The decrease in phos
phorus reduces the rate of formation of 
organic residues; the increase in oxygen 
reduces the fraction of those residues 
that escape oxidation and are buried. 
The two feedback. mechanisms work in 
harmony to red uce the rate of loss of 
phosphorus to sediments, thereby forc
ing the system back toward balance. 

Knowing something about the mecha
nisms controlling ocean chemistry, 

one is in a position to evaluate evidence 
for changes in the past and perhaps to 
predict changes in the future. What hard 
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evidence is there that ocean chemistry 
has indeed varied over time? The most 
spectacular and convincing source of in
formation comes from ice cores re
moved by deep boring into the Green
land and Antarctic ice sheets. The cores 
reach down to ice that was formed 
80,000 years ago. By crushing samples 
of the ice in a vacuum it is possible to 
release what is in effect fossil air, 
trapped in tiny bubbles as new-fallen 
snow consolidated to become solid ice. 

The carbon dioxide content of the re
leased air has been measured, in samples 
going back 40,000 years, by investiga
tors at the University of Bern and at the 
University of Grenoble. Both groups 
got the same striking result: air from ice 
formed during the peak of the most re
cent glacial episode, some 18,000 years 
ago, has only about 70 percent as much 
carbon dioxide as air from ice formed 
during the present interglacial period. 

An increase of this magnitude in at
mospheric carbon dioxide could have 
been caused by a rise of about 12 de
grees Celsius in the temperature of sur
face ocean water. From rather good in
dependent evidence it is known, how
ever, that the postglacial rise in water 
temperature was only about two de
grees, and the small increase in atmo
spheric carbon dioxide generated by 
that amount of warming would have 
been largely countered by the effect of 

18,000 YEARS AGO 

GLACIERS 
AND SEA ICE 

DOCEAN 
AND LAKES 
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the oceanwide decrease in salinity re
sulting from the melting of glaciers. The 
temperature explanation can apparently 
be ruled out. The remarkable increase in 
atmospheric carbon dioxide at the end 
of glaciation will have to be explained 
by changes in ocean chemistry. 

Another indication of a chemical 
change on a glacial time scale is a curi
ous large and rather brief deepening of 
the ocean's lysocline early in the post
glacial period. The evidence is in data 
showing the depth at which the shells of 
certain marine animals, which would 
have dissolved had they been below the 
lysocline, were instead preserved in sed
iments. The implication is that the con
centration of carbonate in the deep sea 
increased by about 10 or 20 percent at 
the close of glacial time some 1 1,000 
years ago, reaching a maximum early in 
postglacial time and then dropping back 
to about its glacial value perhaps 5,000 
years ago. If that is the case, the ocean's 
calcium carbonate budget must have 
been seriously perturbed by events asso
ciated with deglaciation. 

Finally, there are two other items of 
evidence, which can be interpreted 

to indicate a substantial decrease in the 
ocean's phosphate content at the close 
of the last glacial period. Both come 
from analysis of the shells of the unicel
lular marine animals called foraminif-

era. One finding is a decrease in the 
content of the element cadmium in the 
shells of bottom-dwelling foraminifera. 
The other has to do with the ratio of 
the two stable isotopes of carbon, car
bon 13 and car bon 12, in the shells of 
foraminifera. 

Both cadmium and the carbon-iso
tope ratio serve as markers for the 
ocean's phosphate content. The con
centrations of dissolved cadmium and 
phosphate in the sea are closely correlat
ed: both go to zero in the warm surface 
water, indicating that plants take them 
up efficiently, and they must have the 
same pattern of release from organ
isms deeper in the ocean. Similarly, the 
ratio of dissolved carbon 13 to carbon 
12 is correlated (but inversely) with the 
phosphate concentration: the higher the 
phosphate content, the lower

' 
the ratio. 

The reason is clear. In photosynthesis 
plants take up the abundant lighter iso
tope, carbon 12, in slight preference 
to the much less abundant carbon 13. 
The dissolved carbon of surface waters 
(where there is almost no phosphate) is 
therefore slightly enriched in the heavy 
isotope: its 13-to- 12 ratio is higher than 
the ocean wide average. The organic res
idues that fall into the deep sea, on the 
other hand, are eventually oxidized, giv
ing up their excess carbon 12 to the am
bient water and thereby lowering the 13-
to- 12 ratio of the dissolved carbon in 

WITHDRAWAL OF GLACIERS some 11,000 years ago was accompanied by a rise in the 
sea level, which flooded what had been exposed continental margins, and also by a prolifera
tion of forests. The maps, developed by George J. Kukla of the Lamont-Doherty Geological 
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deep water-where the phosphate con
tent is high. 

Edward A. Boyle of the Massachu
setts Institute of Technology demon
strated that the cadmium content of fo
raminifera in recent sediments varies lin
early with the cadmium content of the 
water in which they grew; the content of 
the element in bottom-dwelling forami
nifera shells from deep-sea cores should 
therefore reflect changes in its concen
tration in bottom water over time. In 
cores from various depths in the North 
Atlantic, Boyle has found a dramatic 
twofold decrease in foraminiferan cad
mium content at the close of glacial 
time. The implication is that the phos
phate content dropped significantly 
then. How much of the drop resulted 
from changes in the chemistry of the 
entire ocean and how much from chang
es in the pattern of deep-water circula
tion is not yet known; measurements in 
cores from other regions should make 
that clear. At this early stage, how
ever, Boyle's finding provides at least 
a qualitative indication that there was 
more phosphorus in the deep sea dur
ing glacial time than there was after the 
end of glaciation. 

Examination of sediment cores by 
Nicholas J. Shackleton of the Uni

versity of Cambridge has shown that 
there was an abrupt increase in the ratio 

of carbon 13 to carbon 12 in the shells 
of bottom-dwelling foraminifera at the 
close of glacial time. No such change is 
observed in the shells of surface-dwell
ing foraminifera. Because the volume of 
the deep-water reservoir is much larger 
than that of the surface reservoir, the 
mean 13-to- 12 ratio of the carbon in the 
ocean as a whole (and in the atmo
sphere) must have increased at the close 
of glacial time. The only reasonable ex
planation seems to be a net loss of car
bon dioxide from the ocean-atmosphere 
system to organic matter, which would 
have taken up carbon 12 preferentially; 
the carbon left in the atmosphere and 
left dissolved in the ocean would have 
been slightly enriched in carbon 13. The 
manufacture of organic carbon could 
have taken place in the forests that pro
liferated with the withdrawal of the gla
ciers. I shall have more to say about this 
possibility below. 

The alternative is that organic carbon 
manufactured by marine plants in coast
al waters was sequestered by burial and 
storage in shallow sediments, removing 
carbon-and preferentially carbon 12-
from the ocean. Such sediments would 
have formed on. the continental shelves 
as the glacial ice sheets melted, caus
ing the sea level to rise and transgress 
the land. The shelf-storage hypothe
sis, which assumes that the oceanwide 
change in the carbon-isotope ratio re-

, 

) 

suited from the storage of organic resi
dues in continental-shelf sediments, can 
account for all the other chemical 
changes I have mentioned, provided 
that cadmium, phosphorus and carbon 
were present in roughly the same ratios 
in the trapped residues as they are in 
residues now falling from the surface 
into the deep sea. 

Even the fact that no postglacial 
change is observed in the carbon-isotope 
ratio of surface-dwelling foraminifera 
can be explained by shelf storage. Be
cause the ratio of phosphorus to carbon 
in organic residues is about 10 times as 
high as the ratio in seawater, the seques
tering of organic residues removes rela
tively more phosphorus than carbon 
from seawater, and so the ratio of phos
phorus to carbon would have been re
duced by the shelf-storage event. Since 
phosphorus is the limiting agent for life, 
the reduction in the ratio would have 
reduced the extent to which upwelling 
oceanic carbon was incorporated into 
organic matter. This in turn would have 
caused the increase in the carbon diox
ide content of surface water, and hence 
of the atmosphere, that is recorded in ice 
cores. Another result would have been 
a decrease in the ratio of carbon 13 to 
carbon 12 in surface water, which would 
have canceled the ocean wide increase 
recorded in bottom-dwelling foraminif
era. Still another result would have been 

.. 

Observatory of Columbia University, contrast conditions at the peak 
of the glacial era (left) with conditions now (right). (The current map 
shows "potential" forestation in the absence of human interference.) 

One hypothesis to explain chemical changes at the end of the glacial 
era depends on the burial of organic matter on newly submerged con
tinental shelves. Another depends on the proliferation of forests. 
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RIVER-BORNE DEBRIS MOVES 
OVER CONTINENTAL SHELF 
TO DEEP OCEAN 

PRESENT SEA LEVEL 

PRESENT SEA LEVEL 

�� __ � __________________ �PRESENT SEA LEVEL 

the reduction of the cadmium content of 
ocean water. 

The temporary deepening of the lyso
cline in early postglacial time could 

also have resulted from shelf storage. 
The uptake of carbon by organic mat
ter that was subsequently buried would 
have left less carbon in the ocean to 
form the negative ions carbonate and 
bicarbonate. The charge demand of the 
ocean's excess positive ions would have 
forced a larger proportion of the carbon 
ions to be in the doubly charged state: 
carbonate rather than bicarbonate. The 
increase in carbonate would have deep
ened the isocline. A deeper isocline, 
however, means more deposition of un
dissolved calcium carbonate formed by 
marine organisms, and so the excess car
bonate content would grad ually have 
been reduced. In several thousand years 
the isocline would have returned to 
about its previous level, just as the fossil 
record indicates. 

I have mentioned the possibility that 
the expansion of forests at the close of 
glacial time could have accounted for 
the reduction of the carbon-isotope ra
tio. The trouble is that the forests would 
have taken up from the ocean-atmo
sphere system only carbon dioxide and 
not phosphorus. If the growth of new 
forests had been the only perturbation, 
the carbon dioxide content of the air 
would have decreased, whereas the ice 
cores say it increased. 

There is, however, a scenario accord
ing to which a combination of forest ex
pansion and ecological shifts in the 
ocean could generate all the observed 
postglacial changes. In order for the sce
nario to work the ratio of phosphorus to 
carbon in residues falling into the deep 
sea would have to have been about 30 
percent lower during glacial time than it 
is today. If marine organisms incorpo
rated more carbon in relation to phos
phorus in their soft tissue during glacial 
time and relatively less carbon after gla
ciation, the ocean's content of carbon 
dioxide (and therefore the atmosphere's 

SHELF-DEPOSITION HYPOTHESIS cites 
this sequence of events to account for changes 
in ocean and' atmospheric chemistry, During 
full glacial time (1) the sea level was about 
150 meters below its present level. What had 
been (and is now) the continental shelf was 
exposed and underwent erosion. During the 
transition to interglacial time (2) the sea rose, 
flooding the sculptured shelf and river estu
aries. Organic matter from the coastal ocean 
was trapped as river-borne debris rebuilt the 
eroded margin, and the burial of organic mat
ter reduced the carbon and phosphorus con
tent of sea salt. After the sea level stabilized 
some 6,000 years ago (3) the continental mar
gins reached a steady-state shape, allowing 
river debris to be carried over the shelf into 
deeper water; the rapid drain of carbon and 
phosphorus from the ocean came to an end. 
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carbon dioxide content) would indeed 
have increased. There' is now no way 
of saying whether or not such a large 
change in the phosphorus-to-carbon ra
tio in organisms could have taken place. 

Both the shelf-storage hypothesis and 
the one based on forest growth and the 
phosphorus-to-carbon ratio can explain 
most of the observed postglacial chang
es, and so one cannot yet choose be
tween them. Fortunately the two mech
anisms would have had very different 
effects on the ocean's phosphorus con
tent, and therefore also on its cadmium. 
The shelf -deposition hypothesis pre
dicts a change in the ocean's cadmium 
content, whereas the residue-ratio hy
pothesis predicts no such change. The 
measurement of cadmium in bottom
dwelling foraminifera from the Indian 
Ocean and the Pacific, which is now in 
progress in Boyle's laboratory, should 
point to one hypothesis or/the other. 

W.hat is currently being learned 
about the chemical changes in the 

ocean at the end of the most recent glaci
ation may make it possible to generalize 
somewhat about chemical changes asso
ciated with other glacial cycles. It is im
possible, however, to draw up a scenario 
going back beyond the series of major 
glacial cycles that have dominated the 
past million years of the earth's history. 
For one thing the carbon dioxide record 
in ice now goes back only 40,000 years; 
even if data could be extracted from 
older. samples, the oldest ice on the earth 
(deep in the middle 'of the Antarctic ice 
sheet) is probably no more than half a 
million years old. Moreover, the num
ber of variables would keep increasing; 
for example, neither the concentration 
of calcium ions in the sea nor the at
mosphere's oxygen content could be 
assumed to remain constant. On even 
longer time scales, say tens of millions 
of years, such factors as rates of erosion 
and rates 0'£ deep-sea oxygenation must 
have been different from what they are 
now because the basic geometry of the 
ocean basins and continents was differ
ent. New and powerful indicators of pa
leochemistry will have to be discovered . 
before changes in ocean chemistry can 
be read reliably over these very long 
time scales. 

This is not to say that isolated, dra
matic changes in ocean chemistry may 
not be detectable if they attended cata' 
strophic events that left clear evidence 
in ancient fossil records. Luis W.· Alva
rez, Walter S.· Alvarez and their col
leagues at the University of California 
at Berkeley have shown that the pro
found extinctions marking the close of 
Cretaceous time 60 million years ago 
were quite likely triggered by the impact 
of a large extraterrestrial object, either 
an asteroid or a comet. The sedimen
tary record reveals that the event took 
a particularly large toll on marine life: 

more than half of the Cretaceous spe-. 
cies suddenly disappeared. 

If the shock to the web of life was 
strong enough to have significantly re
duced the efficiency with which upwell

.ing phosphorus was. incorporated by 
surviving marine plants, the chemistry 
of the surface ocean would have_ 
changed dramatically, ·becoming. more 
like that of the deep sea. By analogy 
with today's ocean one can imagine such 
a change would have caused a sharp 
rise in atmospheric carbon dioxide. If 
the reduction in plant life continued 
long enough, it would be recorded as a 
change in the ratio of carbon 13 to car-
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bon 12 in the calcite formed by surviv
ing planktonic .organisms. The current 
worldwide search for evidence bearing 
on the event that ended the Cretaceous 
period may turn up such a carbon-iso
tope anomaly. Even if it does not, it 
should still yield valuable information 
about the_sequence.of events immedi
ately .following..the .impac;t disaster, and 
perhaps some clues to chemical changes 
associated with other such disasters. 

In this article I have treated variations 
in ocean and atmospheric chemistry as 
the result of chance perturbations in 
factors controlling the flow of material 
through the sea to its sediments. 1. E. 
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GEOLOGIC RECORD gives observed values (left) for the atmospheric content of carbon di
oxide (top), ·the depth of the lysocline (middle) and the carbon-isotope ratio (bottom). The 
range of observed values brackets the values (right) calculated when a two-reservoir ocean is 
assumed to have been perturbed (by the removal of about 3 percent of the carbon that was 
present in. glacial time and about 30 percent of the· phosphorus) as a result of shelf deposition. 
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Technology 
' Is In a stale. 

160 

Tennessee is closer to the 
moon than it looks: much of 
the technology launched into 
space was researched in Ten
nessee. But space is just one 
side of Tennessee's technol
ogy story. Electronics and 
computer science are major 

. i ndustries . The University of 
Tennessee is becoming a na
tionally recognized energy 
research center, and we're 
making important break
throughs in medical ll�hnol
ogy. When it comes to high 
technology, Tennessee is get
ting down to brass tacks and 
giving you the moon, and 
more. For more information, 
write or call Mike DuBOis, 
Tennessee Department of Eco
nomic and Community Devel
opment, Andrew Jackson 
Bldg . ,  Box 726,  Nashville,  TN 
372 1 9. 1 -800-25 1 -8594. 

We get down to Brass Tacks. 

SHELF-DEPOSITION FOREST AND 
RESIDUE- RATIO OBSERVED H YPOTHESIS H YPOTHESIS 

PHOSPHATE DOWN 30 PER CENT NO CHANGE NO EVIDENCE 

CADM IUM DOWN 30 PERCENT NO CHANGE DOWN 50 PERCENT 
(IN DEEP ATLANTIC) 

(MEAN UP .07 PERCENT UP .07 PERCENT UP ABOUT 
OCEAN) .06 PERCENT 

CARBON 13 
CARBON 12 

(SURFACE NO CHANGE NO CHANGE NO CHANGE OCEAN) 

LYSOCLINE DOWN DOWN DOWN 
DEPTH 1 KILOMETER 1 KILOMETER 1-2 KILOMETERS 

TOTAL DISSOLVED DOWN 3 PERCENT DOWN 3 PERCENT NO EVIDENCE CARBON 

ATMOSPHER I C  
CARBON DIOXIDE UP 40 PERCENT UP 40 PERCENT UP 40 PERCENT 

CONTENT 

TWO HYPOTHESES, one based on shelf deposition and the other on a combination of forest 
growth with an altered composition of organic residnes falling into the deep sea, explain the ob
served changes in carbon-isotope ratio, depth of the lysocline and atmospheric carbon dioxide 
content. They predict different changes in phosphate (and so in cadminm) content, however. 

Lovelock, in his book Gaia: A New Look 
at Life on Earth. raises the possibility 
that the community of living things has 
not only interacted with the inorgan
ic world but has somehow orchestrat
ed the chemistry of the atmosphere to its 
own advantage. Perhaps, Certainly 
chemical change has played a major 
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ATMOSPHERIC 
CARBON DIOXIDE 

role in the development of life on the 
planet. The ocean-atmosphere system 
has had to adjust its chemistry over rath
er a wide range to ' maintain a balance 
between the loss and gain of many of the 
constituents of sea salt, and organisms 
have effected some of the changes as 
well as being affected by them. 

PLANT PRODUCTIVIT Y 

� I------'" 
z ISOTOPE RATIO IN SURFACE-WATER CARBON 

TIME � 

CATASTROPHIC IMPACTS snch as the one thought to have 'ended the Cretaceolls period 
might have generated changes In ocean chemistry that are recorded in the fossil record. If the 
effects of an impact temporarily devastated marine plant life, there wonld have been an abrupt 
increase in .surface-water carbon dioxide and in atmospheric carbon dioxide. Eventually plant 
productivity would have been restored, reducing the carbon dioxide level. Changes in plant 
productivity should be recorded as changes in the carbon-isotope ratio in foraminiferan shells. 
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NEWTON'S ILLUSION, 
CELESTKON'S® C90-AND YOU. 

I n  t h e  b e g i n n i n g , a l l  te l e s co p e s  
w e r e  r e fr a c t o r s :  t h e  l a r g e r  t h e i r  
o bj e ctive l e n s ,  t h e  l o n ge r  t h e i r  
tube a n d  the greater their expense. 
The newtonian refl ector sent light 
down the tube to a parabolic main 
m irror, which refl ected it back to 
the eye p i e c e .  The tube r e d u c e d  
we i g h t  a n d  c o s t  a n d  gave a b r i l 
l i a n t  i m age. N ewton's m irror revo
l u tionized optical design. 
To d ay, c o m p u t e r s ,  l a s e r  te c h n o l 
o g y  a n d  b e t t e r  o p t i c s  a l l ow t h e  
revo lution t o  conti nue.  Witness the 
C e l e s t r o n  C- 9 0 :  u s i n g  p r e c i s i o n  
m i rr o r s  to " fo l d "  t h e  i m a g e ,  i t  
a l l ows forty inches of focal leng!.!:! 
in a tube about eight inches long!  
I ts a d va n c e d  M A K S U T OV-CA S S E '  
GRAIN optical design gathers 159 

MAKSUTOV-CASSEGRAIN 

r--l r-1 

� w , CORAEc rOFI 
Z primary mirror « 
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� ' 0 "-
SPOT 

L--I L-l 

times more l i ght than the human 

�y:e .  A n d ,  i t  we i g h s  l e s s  t h a n  9 
p o u n d s .  A r e fr a c t o r  of t h e  s a m e  
size would weigh 20 times a s  much, 
a newtonian, 10 ti mes as much. 

Because of its precision optics and 
porta b i l i ty, the Celestron C-90 has 
become one of the most ' popular 
instruments i n  a l ine of world class 
telescopes. M any purchase a C-90 
to test their interest before moving 

up to one of our larger telescopes, 
such as the C-8, the world's most 
popular modern telescope. 

The C-90 can be equipped for use 
as a telescope, spotti n g  scope or 
telephoto. All ful ly capable of vis
u a l  a n d  p h o t o g r a p h i c  u s e .  E a c h  
c o m e s  co m p l e t e  w i t h  C e l e s t r o n  
Certified O ptics and a 25 year l i m 
ited warranty. 

T h e  p e r fect, p e r s o n a l ,  p o r t a b l e , 
telescope is at your nearest Celes
tron Deal er. Call  for more informa
t i o n  r e g a r d i n g  t h e  C - 9 0 ,  a n d  
C e l e stro n ' s  o t h e r  t e l e s co p e s , -b i 
n o c u l a r s ,  s p o t ti n g  s c o p e s  a n d , 
telephotos. 

CELE§TRON® 
PRECISION OPTICS ' 

for Dealer  locations,  Catalogs, I n formation.  
Tec h n ic a l  Data Sheet 

CALL FREE 

1-800-421:-1526 
( Mo n - Fri ; 8-4 :00 Pacific Tt m e ;  Continental  U SA o n l y )  

CELESTRON INTERNATlONl\L. P. O. 50x 3576SA9. ' 

28.35 Columbia St., lbrrance, CA 9050.3 (213) 328-9560 

Noi parliamo i I  linguaggio della 
gente che fa · i I . futuro. 
LE S C I E N Z E  i s  the  I ta l i an ed i 
t i o n  o f  SC I E NT I F I C  A M E R I 
C A N . I t ' s  r e a d  b y  9 3 , 9 0 0 *  
I ta l i an p rofess i o n a l s  work i n g  
i n  b u s i n e s s , i n d u s t r y  a n d  
g overn m e n t .  

The peop l e  res pon s i b l e  for 
I ta l y ' s  ac h i eveme nts o n  t h e  
tec h no logy f ront  a r e  read i n g 
LE S C I E N Z E .  The h i g h l y e d 
u cated and we l l - p a i d  p rofes
s i o n a l s t h at read the I ta l i an 
ed i t i o n  of S C I E N T I F I C A M E R 
I CA N  can afford a comfo rt-

• ADS audi ted ' 

a b l e  a n d  g ood way of l i fe . 
They represent  t h e  b ra i n s  t h at 
wi l l  m ake I ta l y ' s  fu tu re h ap
pen and t h e  powe r to m ake 
d e c i s i o n s  for  t h at fu tu re .  

We s p eak t h e  l an g u a g e  of 
m o re than 3 , 000 , 000 
wo r l d  s h akers in 1 40 cou n
t r ies each month . We 
reac h t h e  peop l e  who 
make t h e  fu tu re h a p p e n  
i n  I ta l ia n ,  Fre n c h , S pa-
n i s h , G e rm an , J apanes e ,  
C h i nese a n d  E ng l i s h  . 

For m o re i ntormati on on 
S C f E N T I FrC A M E R I CA N  cal l :  
M i l a n :  ( 0 1 1 -39)  2-805-9874 
Lon d o n : ( 0 1 1 -44 1 ) 839-2.873 
N ew Yo r k :  (2 1 2 ) 754-0262 

1 6 1  
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The Atmosphere 
Its dynamic activity serves to distribute the energy of solar 
radiation received by the earth. Models of this activity help 
to explain climates of the past and predict those of the future 

The atmosphere is the working fluid 
of the earth's heat engine. Most of 
the radiant energy arriving from 

the sun is converted into atmospheric 
heat energy before it is reradiated into 
space. The winds redistribute this ener
gy, dissipating more of it in the proc
ess than is dissipated by ocean currents, 
tides, continental drift and mantle con
vection combined. Both the short-term 
fluctuations of the atmospheric system 
(the weather) and the longer-term fluc
tuations of the average weather (the cli
mate) are an important part of earth 
history. 

The composition of the atmosphere 
bears little relation to that of the cloud 
of gas and dust out of which the earth 
formed. Rather, the composition of the 
air reflects a complex history of the re
actions of volatile elements with the 
dust in the primordial solar nebula, with 
magma rising from the earth's mantle, 
with the rocks of the earth's crust, with 
the ocean and with the biosphere. 

The three major constituents of dry 
air are nitrogen (N 2)' oxygen (02) and 
argon (Ar), which account respectively 
for 79 percent, 20 percent and 1 percent 
of the molecules. Nitrogen is for all 
practical purposes geochemically inert 
and has therefore accumulated in the 
atmosphere. Oxygen, on the other hand, 
cycles through the atmosphere and also 
through the ocean, the biosphere and 
sedimentary rocks. The amount of oxy
gen in the atmosphere is set by the rate 
of reactions that link the atmospheric 
reservoir of free oxygen to the reservoir 
of reduced carbon in sedimentary rocks. 
The small fraction of organic matter 
buried in sediments before it can decay 
corresponds to a net addition of oxygen 
to the atmosphere; the rate at which 
oxygen is produced by this means is bal
anced by the rate at which it is con
sumed by the weathering of sedimenta
ry rocks. Most of the argon in the atmo
sphere is the isotope argon 40, produced 
by the radioactive decay of potassi
um 40 in the mantle and the crust and 
released into the atmosphere by volca
noes. Argon, 'one of the noble gases, is 
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. by Andrew P. Ingersoll 

geochemically inert; once it is released 
into the atmosphere it stays there. 

The composition of dry air is remark
ably constant over the globe but the 
amount of water vapor in the atmo
sphere varies widely, ranging from 4 
percent by volume to a small fraction 
of 1 percent. The atmosphere is not the 
dominant reservoir of water because 
water condenses at average earth tem
peratures. The ocean holds some 300 at
mospheres of water (that is, enough wa
ter to equal 300 times the mass of all 
the constituents of the atmosphere), and 
clays and other hydrous minerals hold 
a somewhat smaller amount. The wa
ter-vapor content of a given air mass is 
therefore determined by the history of 
its contact with the surface reservoirs of 
water and by the saturation vapor pres
sure of air at different temperatures. 

The remaining constituents of air are 
present in such small amounts that 

their concentrations are generally given 
in parts per million rather than in parts 
per 100 (percent). The most abundant of 
them is carbon dioxide (C02), which at 
present accounts for about 340 parts per 
million of dry air. The atmospheric res
ervoir of carbon dioxide is dominated 
by the much larger oceanic reservoir 
of bicarbonate (HC03-) and carbon
ate (C03--) ions and by the reservoir 
of carbon in limestone rocks, consist-

ing largely of the calcium carbonate 
(CaC03) shells of marine organisms. 
The limestone rocks alone contain some 
20 -atmospheres of carbon dioxide. The 
amount of carbon dioxide in the air, like 
that of water vapor, is therefore set by 
the rates of the equilibrium reactions 

- linking the atmospheric reservoir to sur
face reservoirs. 

The most abundant gases after carbon 
dioxide are neon (18 parts per million) 
and helium (five parts per million). Most 
of the helium is produced by the de
cay of radioactive elements in the solid 
earth. The neon, however, is primordial. 
The amounts of neon and of the other 
rare gases (krypton, xenon and the non
radiogenic isotopes of argon) in the at
mosphere are probably equal to the 
amounts of these gases incorporated in 
the earth at its formation. Once they 
were released they remained in the at
mosphere because they are geochemi
cally inert and do not condense at earth 
temperatures. 

The only other gas with an abundance 
greater than two parts per million is 
ozone (03), Its abundance varies with 
altitude, reaching a maximum of 12 
parts per million at 30 kilometers. The 
amount of ozone in the atmosphere is 
set by the balance between the reac
tions by which it is created and those by 
which it is destroyed. The oxygen atoms 
formed by the photodissociation of mo-

DUST CLOUD INJECTED INTO THE STRATOSPHERE by tbe eruption of tbe volcano 
El Cbicbon in Mexico on April 4, 1982, -was mapped by Solar Mesosphere Explorer, a polar
orbiting satellite operated by tbe University of Colorado at Boulder for tbe National Aeronau
tics and Space Administration. Tbe sequence of computer-generated images on tbe opposite 
page sbows tbe extent of tbe cloud at intervals of rougbly a montb beginning on April 2, im
mediately before tbe explosion. Tbe color in tbe images corresponds to tbe amount of infrared 
emission from tbe cloud, cbanging from blue to green to red to yellow witb increasing radiance. 
Tbe cloud reacbed its greatest density in June (third image). Tbereafter it spread slowly soutb
ward and began to disperse. Apparently tbe pattern of stratospberic circulation kept tbe dust 
from moving nortb of 30 degrees nortb latitude. Tbe dust particles are bigbly reflective and de
crease tbe amount of solar radiation reacbing tbe surface of tbe eartb. Tbe net effect of tbe 
cloud will tberefore be to decrease tbe mean global temperature (by as mucb as one degree Cel
sius). Tbe temperature reductions associated witb volcanic eruptions seem to be closely corre
lated witb tbe sulfur content of volcanic debris. Data from tbe satellite Nimbus 7 indicate tbat 
El Cbicbon injected unusually large amounts of sulfur dioxide into tbe stratospbere. Tbe erup
tion is tberefore expected to cause a relatively large drop in temperature for one of its size. 
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GLOBAL ENERGY BALANCE of the earth and the atmosphere determines the mean global 
surface temperature and the effective radiating temperature of the earth: the temperature it 
would appear to have to an observer in space. On the average the earth's surface transfers to 
the atmosphere an amount of energy equal to the amount of energy it absorbs; the value of the 
mean global surface temperature, which is about 13 degrees c., is that needed to keep the earth 
and the atmosphere in thermal equilibrium. On the average the eartb as a whole emits into 
space an amount of radiant energy equal to the amount of radiant energy absorbed by the 
atmospbere and tbe eartb's surface; the value of the earth's effective temperature, wbicb is 
about -18 degrees c., is tbat needed to keep tbe eartb in tbermal equilibrium with space. Tbe 
surface temperature is bigber than tbe effective temperature largely because incident radia
tion is absorbed at altitudes lower tban tbose from wbicb radiation is emitted into space: the at
mosphere is relatively transparent to radiation at visible wavelengths, where tbe solar emission 
spectrum peaks, and relatively opaque to radiation at infrared wavelengtbs, wbere the radi
ant emission from the earth is concentrated. (It should be noted tbat tbe earth emits about 
114 units of infrared radiation; the net infrared emission is tbe difference between tbis value 
and the 93 units absorbed by tbe atmospbere and emitted back to the surface of tbe earth.) 

lecular oxygen (02) by ultraviolet radia
tion react with molecular oxygen to 
form ozone. Ozone is destroyed by a 
number of reactions. Reactions in which 
"odd oxygen" (either 0 or 03) is con
sumed and molecular oxygen is created 
lead to a net decrease in the concentra
tion of ozone. Ozone is the only atmo
spheric gas that absorbs in the near ul
traviolet (at wavelengths of from .2 to 
.3 micrometer) and therefore it plays a 
crucial role in shielding the surface of 
the earth from harsh radiation. 
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The composition of the atmosphere, 
together with the earth's distance from 
the sun, determines the atmosphere's en
ergy budget, which in turn determines 
everything from the temperature of the 
earth's surface to the pattern of atmo
spheric circulation that redistributes so
lar energy over the surface. 

The solar flux (the amount of ener
gy carried by sunlight passing perpen
dicularly through a unit area) at the 
outer edge of the earth's atmosphere 
when the earth is at an average distance 

from the sun in its orbit is 1,367 watts 
per square meter. It has long been sus
pected that this "solar constant" is in 
fact a variable, but only in the past five 
years has it been possible to measure 
variations in the constant. Sensitive in
struments aboard the Nimbus 7 and So
lar Maximum Mission spacecraft have 
shown that a large sunspot group causes 
a .1 percent drop in the received radia
tion. Larger variations may well be re
vealed by long-term measurements. It is 
estimated that a 1 percent change in the 
solar constant sustained for at least 10 
years would raise the earth's mean sur
face temperature by about one or two 
degrees Celsius. 

Not all the radiation reaching the 
earth is absorbed. About 30 percent of it 
is reflected back into space by the atmo
sphere and the earth's surface. The prin
cipal reflectors are clouds, atmospheric 
dust, the molecules of the atmospheric 
gases, snow and unvegetated land. The 
percentage of the incident radiation re
flected back to space (the planet's albe
do) could change substantially if the 
climate changed, if more dust were in
jected into the atmosphere by volcanic 
eruptions or if more land were cleared 
of forest. A decrease or increase in the 
albedo would lead to a net heating or 
cooling of the earth because the sunlight 
that is not reflected is absorbed. 

The earth disposes of the solar energy 
it absorbs by emitting thermal radia

tion. Given the solar constant and the 
earth's present albedo the energy flux 
averaged over the globe must be about 
240 watts per square meter if the earth is 
to remain in thermal equilibrium. The 
temperature of the average radiating 
level can be roughly estimated from the 
Stefan-Boltzmann law, which states that 
the flux of radiation given off by a black 
body (an ideal emitter) is proportional 
to the fourth power of its temperature in 
degrees Kelvin. That number (240 watts 
per square meter) is the power per unit 
area emitted by a black body at 255 de
grees K. (-18 degrees C.). This is the 
average temperature of the atmosphere 
at an altitude of five kilometers. 

A black body at 255 degrees K. emits 
radiation at a broad range of wave
lengths with a flat maximum at about 12 
micrometers (in the infrared region of 
the spectrum). The earth's surface and 
atmosphere behave approximately like 
black bodies and emit radiation in this 
range. Most of the radiation emitted by 
the surface is absorbed, mainly by water 
vapor, clouds, carbon dioxide, dust and 
ozone. The constituents of the atmo
sphere that absorb infrared radiation 
reemit it in all directions. Some of the 
emitted radiation is absorbed at the sur
face, adding to the heat energy there, 
some of it is reabsorbed by the atmo
sphere and some escapes into space. 

If the amount of an infrared absorber 
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such as carbon dioxide increases, more 
radiation is absorbed by the earth's sur
face and its temperature rises. In addi
tion less of the radiation emitted by 
the surface escapes into space and the 
earth's stored thermal energy increases; 
thus infrared absorbers help to warm 
the earth. The role the atmosphere plays 
in heating the earth is traditionally 
called the greenhouse effect, but the 
term is somewhat misleading. Although 
the glass of a greenhouse does pass sun
light and block the escape of infrared 
radiation, most of the heating is due to 
the fact that the glass roof prevents heat 
from being dissipated by convection. 

The mean global surface temperature 
(which is currently about 13 degrees C.) 
is the temperature needed to keep the 
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earth's surface and the atmosphere in 
thermal equilibrium. The surface, heat
ed by solar radiation and the infrared 
emitted downward by the atmosphere, 
transfers on the average an equivalent 
amount of energy to the atmosphere by 
evaporation, by'conduction, by convec
tion and by the emission of infrared. 
Local imbalances in the amount of en
ergy absorbed and released by the sur
face, however, help to create vertical 
and horizontal temperature gradients 
in the atmosphere. 

The earth absorbs more sunlight at 
low latitudes than it does at high lati
tudes. More than half of the sunlight is 
absorbed by the earth's surface; the rest 
is absorbed by the atmosphere. The at
mosphere at low latitudes and altitudes 

therefore receives more energy from the 
earth's surface and from the sun than 
the atmosphere at high latitudes and al
titudes. Moreover, the atmosphere loses 
more energy to space at high altitudes 
than it does at low altitudes. As a result 
of these imbalances temperatures in the 
atmosphere generally decrease from the 
Equator to the poles and from low alti
tudes to high altitudes. The temperature 
gradients drive the circulation of the at
mosphere. The winds generally carry 
heat down the gradients, from relatively 
warm areas to relatively cool ones. 

The temperature gradients and there
fore the large-scale pattern of at

mospheric circulation vary with latitude. 
Within 35 degrees latitude of the Equa-

TEMPERATURE GRADIENTS between the Equator and the 
poles and between the continents and the ocean drive the large-scale 
motions of the atmosphere. These maps of the mean surface tempera
ture in January (top) and May (bottom) of 1979 illustrate the gradi
ents, together with the change in them with season. For example, the 
formation of hot regions in northern India in May is a precursor of 
the southwesterly winds that blow from the cooler Arabian Sea across 
much of the Indian peninsula in the monsoon season from June to 
October. The increase in sea-surface temperatures from winter to 
summer is much less than the increase of land-surface temperatures 
largely because wave motion distributes heat to greater depths in the 
sea. These images were generated from data collected by the infrared 

and microwave sounding units carried by National Oceanic and At
mospheric Administration weather satellites. The surface tempera
ture was derived from the microwave data by means of an analytic 
method that compares the data from the microwave sounder with 
those from the infrared sounder in order to distinguish among the 
contributions to the measured radiances made by the clouds, the at
mosphere and the surface. The method was originally developed by 
Moustafa T. Chahine of the Jet Propulsion Laboratory of the Cali
fornia Institute of Technology for the purpose of analyzing atmo
spheric data acquired by space missions to other planets. It has since 
been applied to satellite data on the earth's atmosphere by Milton 
Halem and Joel Susskind of NASA's Goddard Space Flight Center. 
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Pacts as enthralling 
as fiction 

The Fractal 
Geometry 
of Nature 
BENOITB.MANDELBROT 
IBM Fellow, Thomas J Watson 
Research Center 

Clouds are not spheres, moun
tains are not cones, and lightning 
does not travel in a straight 
path, but never before has 
geometry been able to represent 
the complexity of nature's 
shapes. In conceiving the new 
computer-generated geometry 
of fractal shapes, Benoit 
Mandelbrot succeeded in 
integrating nature, art, 
science, and geometry itself. 

"[AJ spectacular book loaded 
with beautiful illustrations from 
many fields of knowledge and 
graced by fascinating details 
about the lives of those who 
contributed to the subject .... 
T his book is a 'must' for all 
who delight in surveying the 
frontiers of knowledge." 
-John A rchibald Wheeler, 
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the subject. Even if no single 
one of Marr's detailed hypoth
eses ultimately survives, which 
is unlikely, the questions he 
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tor the large-scale winds are meridional 
(north to south). Two huge circular cells 
connect the hot moist air rising over the 
Equator to the warm dry air sinking at 
higher latitudes. The hot air rising in 
what is known as the Intertropical Con
vergence Zone (ITCZ), within 10 degrees 
north and south of the Equator, cools as 
it rises, which results in intense precipi
tation. The ITCZ coincides with the tropi
cal rain forests and regions of heavy pre
cipitation over the oceans. The dry air 
spreads poleward at high altitudes and 
sinks throughout the subtropics, the 
regions between 10 and 35 degrees 
latitude in both hemispheres. When it 
reaches the surface again, it is still dry; 
the great deserts of the world are in 
these zones. 
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Poleward of 35 degrees latitude the 
circulation is predominantly zonal rath
er than meridional. The flow of air is 
dominated by the meandering high-al
titude jet stream that blows generally 
eastward in both hemispheres at speeds 
of up to 45 meters per second (l00 miles 
per hour). Long waves or undulations 
that begin as small fluctuations and 
deepen with time are superimposed 
on the general west-to-east flow. The 
troughs of the waves are where the jet 
stream is closest to the Eq uator; the 
ridges are where it is closest to the poles. 
As the waves develop, masses of cool air 
move toward the Equator behind (to the 
west of) the troughs and masses of warm 
air move toward the poles ahead of (to 
the east of) the troughs. The develop-

ment of the waves thus contributes to 
the transport of warm air toward the 
poles and of cold air toward the Equa
tor. The masses of air trapped in the 
troughs and ridges are carried eastward 
by the movement of the high-altitude 
waves. The waves thereby help to deter
mine the movement of the surface high
and low-pressure regions that dominate 
the weather over North America and 
other mid-latitude regions. 

Beginning about 50 years ago the 
dynamics of large-scale atmospheric 
motions (as they are now understood) 
began to be formalized in mathemati
cal equations. Among the pioneers in 
this work were Carl-Gustav Rossby, the 
Swedish meteorologist for whom long 
waves in the jet stream are named, and 

MAP OF MEAN CLOUD COVER in January, 1979 (top), generat
ed by the image-processing group at the Jet Propulsion Laboratory 
from data collected by weather satellites provides an index to char
acteristic atmospheric circulation patterns and the climate zones they 
create. For example, the belt of clouds near the Equator is created by 
the convergence of the updrafts of two huge north-south circulation 
cells called Hadley cells. The hot air rising in this zone, called the 
Intertropical Convergence Zone (ITcz), cools as it rises. As the map 
of the mean temperature at the top of the clouds in January, 1979 
(bottom), shows, the cloud tops over the ITCZ are high and therefore 
cold. The tropical rain forests and comparable regions of heavy pre
cipitation over the oceans are in this zone. The annual precipitation 

can reach two meters and exceeds the annual evaporation by more 
than 50 centimeters. The relatively cloud-free strips above and be
low the ITCZ extending up to about 35 degrees latitude are the regions 
over which the still-warm but by now dry air in the Hadley cells 
sinks. The great deserts of the world are in these zones, which are 
called the subtropical arid zones. The large-scale circulation pattern 
at higher latitudes is governed by the development of waves in the 
meandering high-altitude jet streams and is therefore more variable 
than the pattern at low latitudes. The pattern of waves in the zonal 
flow at middle latitudes is suggested by such features of the maps 
as the deflection of the cloud belts (storm tracks) southward along 
the west coast of North America and northward along the east coast. 
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Jule G. Charney, who was for many 
years at the Massachusetts Institute of 
Technology. Rossby and Charney led 
the way to the development of workable 
computer models of the large-scale cir
culation by developing equations that 
filtered out the effect of small-scale mo
tions. Earlier atmospheric models had 
been subject to the explosive growth of 
errors in part because no such discrimi
nation was made. Today global atmo
spheric models running on high-speed 
computers provide the basis for regional 
and local daily weather forecasts. The 
limit on useful forecasts is now about a 
few days to a week and is proving diffi
cult to extend. 

The first step in developing a forecast 
is to summarize the values of differ
ent atmospheric variables, such as wind 
speed and pressure measured at a large 
number of scattered locations, as the av
erage values that apply at the intersec
tions of an imaginary three-dimension-

al grid wrapped around the globe. The 
mathematical model, which is based on 
simple physical principles such as New
ton's second law of motion and the gas 
law, is then used to determine how con
ditions at each point on the grid will 
change in a short interval of time, such 
as 10 minutes, during which the rate of 
change can be assumed to be constant. 
The new values are then used in place of 
the original ones and the process is re
peated through the forecast period. 

One of the major problems weather 
forecasters face, the problem pre

sented by small-scale atmospheric phe
nomena, may suggest why it is difficult 
to extend the period of useful forecasts. 
Small-scale phenomena such as turbu
lent eddies and convective storms are 
relatively energetic, as Herbert Riehl of 
the National Center for Atmospheric 
Research and Joanne Starr Malkus of 
the Woods Hole Oceanographic Institu-

GLOBAL ATMOSPHERIC MODEL developed by the European Centre for Medium Range 
Weather Forecasts, an organization supported by 17 European nations, produced the data 
from which this image of predicted global cloud cover was generated. Measurements of atmos
pheric variables such as temperature, pressure, wind speed and moisture content, made at 
many locations scattered around the world, are summarized as the average values that would 
hold at the intersections of a three-dimensional grid wrapped around the globe. The model cal
culates future conditions from the initial conditions by means of equations ultimately based on 
simple physical principles such as Newton's laws of motion, the thermodynamic equations 
and the gas law. The resolution of the image suggests the limit to the resolution of global fore
casting models imposed by the enormous number of calculations needed to keep track of the 
evolution of the data points. For example, the European Centre's Cray-l computer must do 
500 billion arithmetic operations to predict the behavior of the atmosphere 10 days later. 
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tion pointed out in the 1950's. For in
stance, most of the vertical motion in the 
Tropics occurs in isolated storms cov
ering .1 percent of the area. The latent 
heat of evaporation released when water 
condenses in the storm clouds is a major 
source of atmospheric energy. In addi
tion the clouds reflect sunlight and ab
sorb infrared radiation, thus further al
tering the distribution of energy that 
eventually determines the weather. Col
lectively these small-scale phenome
na have a significant effect on global 
weather patterns, although individual
ly they are below the level of resolution 
of the weather-forecasting models. 

The small-scale phenomena are not 
ignored in the models; they are sim
ply inadequately treated. The equations 
that are applied to tracking large-scale 
motions in the atmosphere are deter
ministic; the values of the parameters in 
the grid at any one time determine those 
in the grid after the next cycle of calcu
lations. Small-scale processes, however, 
are handled by statistical subroutines of 
the models that specify the most proba
ble net effect of all small-scale processes 
inside a cube on the basis of the values at 
the cube's corners. Sometimes the most 
probable events do not occur, and statis
tical errors therefore contribute signifi
cantly to the rate at which the evolution 
of the model diverges from that of the 
atmosphere. 

It is unlikely that this problem will be 
solved simply by increasing the level of 
resolution of the atmospheric models. 
The resolution of a model, which is de
termined essentially by the size of a cube 
in the grid, is ultimately limited by the 
number of arithmetic operations need
ed to keep track of the evolution of 
the variables in the grid. For exam
ple, keeping track of seven atmospheric 
variables (temperature, pressure, water 
vapor, cloud cover and the wind speed 
along three axes) in a grid consisting of 
cubes 200 kilometers sq uare and 10 lay
ers deep actually means keeping track 
of a million variables. Interactions with 
nearby variables largely determine how 
each variable changes with time. Some 
500 arithmetic operations are required 
to compute the interactions to which 
one variable is subject, so that a total of 
about .5 billion operations must be done 
for each 10-minute time step of the 
model. A tenfold increase in the spatial 
resolution of the three-dimensional grid 
would increase the number of variables 
by three factors of 10, and the number 
of time steps per hour would have to 
increase by a comparable factor. The 
number of arithmetic operations would 
therefore increase 10,000-fold, and yet 
such a model would still not resolve 
atmospheric phenomena smaller than 
20 kilometers. 

The problem of small-scale atmo
spheric phenomena and other problems 
that limit the period of useful forecasts 
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are being addressed by a number of ma
jor research programs. The experiments 
being conducted as part of the Global 
Atmospheric Research Program (GARP), 
organized by the World Meteorologi
cal Organization and the International 
Council of Scientific Unions in the ear
ly 1960's, are basically designed to pro
vide data about atmospheric phenome
na that will allow better forecasting 
models to be developed. The GARP Glob
al Weather Experiment conducted in 
1979, for example, consisted of two 
two-week intensive observation periods. 
During these periods atmospheric vari
ables were measured by balloons, satel
lites, aircraft, ships and buoys. Parame
ters of the sea, land, ice, soil and vegeta
tion that might have an impact on the 
weather were measured as well. 

One goal of the experiment was to see 
how sensitive the forecasts for one part 
of the globe, say North America, are to 
initial conditions over other parts of 
the globe, say the normally ill-defined 
conditions over the South Pacific. An
other was to determine whether meas
urements of variables, such as soil 
moisture, that are not now exploited 
in weather forecasting would improve 
forecasting accuracy. A third goal was 
to provide more detailed data on the 
troublesome small-scale atmospheric 
phenomena. 

Among the research programs in the 
I\. U.S. directed at improving global 
forecasting models are those at the Na
tional Center for Atmospheric Research 
in Boulder, Colo., the Goddard Space 
Flight Center of the National Aeronau
tics and Space Administration and the 
Geophysical Fluid Dynamics Laborato
ry of Princeton University. One of the 
problems workers at these institutions 
are addresssing is that of determining 
which of a multitude of possible sources 
of error is actually responsible for erro
neous forecasts. 

Is it the inaccuracy of the initial obser
vations, the limitations of the models or 
the unpredictability of the atmosphere 
itself that is currently setting the upper 
limit on the period of useful forecasts? 
There is no simple answer to the ques
tion, but a test applied by Edward N. 
Lorenz of the Massachusetts Institute of 
Technology, who was one of the first to 
make estimates of this kind, may suggest 
what can be done to pin down the sour
ces of inaccuracy. If computations are 
run on two sets of initial weather condi
tions that differ by an amount within the 
estimated uncertainty of the observa
tions, the rate at which the calculated 
conditions then diverge yields a measure 
of the forecasting inaccuracy due pri
marily to observational error. Current 
atmospheric models double small dif
ferences in initial conditions every two 
to three days. Assuming that the obser
vational errors are distributed uniform-

HIGH-RESOLUTION ONE-DAY FORECAST of cloud cover produced by a limited-area 
version of the European Centre for Medium Range Weather Forecasts' atmospheric model 
(top) compares well with an image of cloud cover made by the satellite Metosat one day later 
(bottom). The grid used for limited-area forecasts consists of cubes 50 kilometers square (less 
than .5 degree in latitude or longitude) and is 15 layers deep. The cloud system approaching Eu
rope from the Atlantic is a cold front: advancing cold air is underriding retreating warm air. 
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Iy over the globe and that the evolu
tion of models exactly duplicates the 
evolution of the weather, this doubling 
rate suggests one-to-two-week forecasts 
(several doubling times) are theoretical
ly possible. 

How can forecasting models be im
proved? Given the complexity of the 
system the models seek to simulate, the 
best approach may be not more exhaus
tive calculations but rather calculations 
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discriminating more accurately between 
phenomena that have a significant im
pact on the development of the weather 
and phenomena that have an insignifi
cant impact, in effect improved recogni
tion of patterns. Patterns that persist for 
more than a few days, called blocking 
phenomena, might include waves in the 
jet stream, the paths that storms habitu
ally take or areas of persistent drought. 

Conditions in the upper levels of the 
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MILANKOVITCH THEORY of the climate cycles during the recent ice age holds that the 
forcing mechanism is the change in the amount of Northern Hemisphere summertime insola
tion (incident solar radiation) caused by the variation of three parameters of the earth's orbit 
around the sun. The two parameters that determine the period of fluctuations in Northern 
Hemisphere insolation are the tilt angle of the axis, or the angle between the axis and the plane 
of the ecliptic (which determines to what extent the North Pole is pointed toward the sun in the 
Northern Hemisphere summer), and the direction in which the earth's axis points (which de
termines whether perihelion, the time of the year when the earth is closest to the sun, comes in 
the Northern Hemisphere summer or the Southern Hemisphere summer). The orbital input (a) 
fluctuates with these parameters, which have periods of 40,000 and 20,000 years. The ratio of 
the heavy isotope oxygen 18 to the lighter isotope oxygen 16 in ocean sediments provides a 
measure of the global ice volume. As saturated air moves poleward the water molecules incor
porating the heavier isotope are preferentially removed by precipitation, so that snow falling 
at high latitudes is enriched in oxygen 16. The oceans are therefore enriched in oxygen 18 in 
cold periods when snow accumulates on the land. The isotope ratio in two representative deep
sea cores, one from the southern Indian Ocean (c) and the other from the Pacific (d), measured 
by John Imbrie and his son John Z. Imbrie of Brown University, does fluctuate with periods of 
40,000 and 20,000 years but would be better characterized as a sawtooth curve with a peri
od of about 100,000 years. A climate model developed by the Imbries (b), which assumes a 
long lag time before ice accumulates in response to the decrease in insolation and a much 
shorter lag time before the ice melts in response to an increase in insolation, suggests how the 
changes in incident solar radiation might be translated i!lto the changes in global ice volume. 
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ocean may also provide a basis for long
range weather forecasting. Anomalies 
in sea-surface temperatures and in the 
slope of the sea caused by the prevailing 
winds can persist for months or years. 
Anomalies in the surface temperature 
could be exploited to gauge the amount 
of energy that will be supplied to the 
atmosphere as the latent heat of evapo
ration. More generally, such anomalies 
can trigger chains of events that unfold 
in a predictable way, such as the sudden 
change in ocean currents and weath
er patterns near the coastline of Peru 
called an EI Nino event. The major EI 
Nino event of 1983 is providing an op
portunity to study the causes and possi
ble consequences for global weather 
patterns of such changes in ocean tem
perature and circulation patterns. 

Although the weather is highly vari
n able, l-arge deviations in tempera
ture and precipitation are usually fol
lowed by a return to average or normal 
values. In other words, the long-term 
weather or climate seems relatively sta
ble. The geologic evidence, however, 
indicates that the earth's climate does 
change radically on the scale of thou
sands and millions of years. 

Perhaps the most dramatic example 
of such a change is the recent ice ages. 
For most of its history the earth seems 
to have been largely ice-free. Beginning 
several million years ago, however, it 
started to undergo cyclrc glaciations. 
Over periods ranging from 20,000 to 
100,000 years ice sheets build up on 
the land masses of the Northern Hemi
sphere. (Southern Hemisphere glaciers 
grow at the same time, but they account 
for much less of the global ice volume 
because there are no large land masses 
from 40 to 70 degrees south latitude on 
which glaciers can grow.) In the North
ern Hemisphere the ice builds up to a 
thickness of three kilometers, and the 
weight of the ice depresses the crust un
der it by as much as 500 meters. When 
the ice becomes thick enough, the pres
sure of its weight causes it to flow out
ward and southward until it covers large 
areas of North America and Eurasia. 
The sequestering of water in the ice low
ers the level of the oceans by 100 meters 
or more. At the height of a glacial period 
the average temperature of the earth is 
two or three degrees C. lower than nor
mal. The ice then retreats abruptly. The 
length of the retreat phase is uncertain, 
but the geologic evidence suggests it is 
several thousand years or less. 

What causes the climate to go on such 
a rampage? The answer seems to lie in 
the response of the atmosphere to exter
nal forcing mechanisms such as changes 
in the amount or distribution of so
lar radiation. The external changes by 
themselves are too small to account for 
the large changes in climate; what ap
pears to matter more are how these 
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changes are amplified or damped by 
the atmosphere, the ocean and the ice. 
Among the first to attempt to assess the 
effects that might increase or decrease 
the sensitivity of climate to external 
forcing were Mikhail I. Budyko of·the 
Main Geophysical Observatory in Len
ingrad and William D. Sellers of the 
University of Arizona. In the 1960's 
they independently published climate 
models incorporating feedback effects 
that governed the climate changes trig
gered by changes in the solar constant. 
For example, lower polar temperatures 
would cause snow and ice to accumulate 
at high and middle latitudes. The albedo 
of snow is higher than that of land or 
water, and so less sunlight would be ab
sorbed at these latitudes, causing the 
temperatures to drop further. 

Formulating models of climate vari
ability remains an uncertain busi-. 

ness. For one thing the relative impor
tance of positive and negative feedback 
effects is difficult to assess. For exam
ple, ice-albedo feedback and other fac
tors accentuating the decrease in tem
perature at high latitudes might be 
offset by atmospheric and oceanic circu
lation driven by the gradient of temper
ature between the Equator and the 
poles. Climate models are also subject 
to many of the problems encountered in 
weather models, problems exacerbated 
by the relative lack of data on conditions 
in glacial epochs. In addition climate 
models must take account of the in
teraction of the atmosphere with the 
ocean and the ice sheets, interactions 
that can be ignored with relative im
punity in short-term weather models. 
Little is known, however, about the 
dynamics of the deep ocean and the 
continental ice sheets. 

In spite of these uncertainties, compar
ing climate models with the geologic 
record of climate change is instructive. 
The most successful models of the re
cent ice ages are based on the astronomi
cal theory of climate forcing._ This the-'
ory concerns changes in the amount 
of solar energy received by the earth 
that are associated with three cyclically 
changing parameters of the earth's orbit 
around the sun. The first parameter is 
the tilt of the earth's axis (the angle be
tween the axis and the plane of the or
bit), which has a period of about 40,000 
years.' The second is the direction in 
which the earth's axis points, which has 
a period of about 20,000 years. The 
third is the eccentricity of the earth's or
bit (the degree to which it departs from a 
circle), which has a period of 100,000 
years. The orbital forcing caB. .be calcu
lated for millions of years into both the 
past and the future. 

The astronomical theory is also 
known as the Milankovitch theory, after 
Milutin Milankovitch, the Yugoslav. sci
entist who made such calculations in the 

1920's and 1930's. According to Milan
kovitch, the key factor for the earth's 
climate is not the total amount of sun
light received by the globe in the course 
of the year, which in any case changes 
only slightly with changes in the orbital 
parameters, but rather the amount of 
sunlight received at high latitudes in the 
Northern Hemisphere during the sum
mer. The tilt angle, which determines to 
what extent the North Pole is point
ed toward the sun during the Northern 
Hemisphere summer, has the greatest 
impact on the amount of sunlight re
ceived in the summertime. The direc
tion in which the axis points determines 
whether perihelion, the time of year 
when the earth is closest to the sun, 
comes during the Northern Hemisphere 
summer or the Southern Hemisphere 
summer. The eccentricity of the orbit 
affects the amount of sunlight received 
at perihelion and thus determines the 
amplitude of the 20,000-year forcing cy
cle. The eccentricity of the orbit by itself 
has very little effect on summertime in
solation and so there is little climate 
forcing at the period of 100,000 years. 

The clearest corroborating evidence 
for the orbital forcing of the glacial 

cycles comes from the ratio in ocean 
sediments of two isotopes of oxygen: 
oxygen 18 and oxygen 16. As an a� 
mass moves away from the Equator wa
ter molecules incorporating oxygen 18 
are preferentially removed by precipita
tion. The snow that falls at high lati
tudes holds more of the lighter isotope. 
Therefore when snow accumulates on 
the land, the oceans are slightly enriched 
in oxygen 18. Changes in the oxygen
isotope ratios in deep-sea sediments 
thus reflect changes in global ice volume. 
One of the first to recognize the impor
tance of the sedimentary isotope ratios 
as an index to past changes in the cli
mate was Cesare Emiliani of the Uni
versity of Miami. The results of system
atic oxygen-isotope analyses were pub
lished iri'1976' by J:D.'Hays of Colum
bia University, John Imbrie of Brown 
University and Nicholas J. Shackleton 
of the University of Cambridge. 

The isotope record of the past 500,000 
years shows prominent oscillations in 
the global ice volume at periods _ of 
40,000 and,20,000'Years. The dominant 
feature, however, is a steady increase in 
the ice volume for 100,000 years or so 
followed by a sudden decrease. Climate 
models in which the ice simply responds 
passively to the orbital forcing do not 
duplicate the isotope record; the ice vol-. 
ume predicted by the models oscillates 
with periods bf 40,000 and 20,000 years 
in direct response to the forcing. Some 
other factor or factors must be intro
duced to account for both the 100,000-
year cycle and the abrupt recovery from 
glaciation. 

Models recently published by David 
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Pollard of Oregon State University il
lustrate the problem and a possible solu
tion. He finds that the earth's climate at 
present is such that the "normal" state 
of the earth is icebound. There should 
be extensive permanent ice sheets . ]n 
his "passive" model the global ice vol
ume fluctuates slightly with periods of 
40,000 and 20,000 years, but it does not 
undergo the dramatic losses . at periods 
of 100,000 years recorded in the isotope 
record. In order to get a more realistic 
response Pollard in trod uced a mecha
nism of rapid ice loss into the model: the 
calving of icebergs into the ocean causes 
the ice sheet to become unstable when it 
reaches a critical size . 

The earth's crust does not respond im
mediately to glacial loading. During ex
tended periods of glaciation, however, 
the weight of the ice depresses the crust 
until it is below sea level, although the 
top of the ice is still much above sea 
level. At this point the ice is particularly 
vulnerable to small changes in incident 
sunlight, such as those that might be 
caused by orbital forcing. If the ice sheet 
thins in response to such changes, the 
crust does not rebound immediately. 
Along the outer edge of the ice 90 per
cent of its thickness may be below sea 
level. Since ice is lighter than water, if 
the sea intrudes into the crustal depres
sion, the ice will float. Floating ice is 
assumed to suffer rapid loss along its 
outer edge as icebergs calve off the ice 
sheet into the shallow sea. The ice sheet 
thins further as the thicker ice at the cen-
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ter of the sheet flows outward to estab
lish a new eq uilibrium. Rapid loss and 
the consequent retreat of the ice contin
ue until the edge of the ice sheet reaches 
high ground. 

There is evidence that the crust in 
areas such as Scandinavia and Cana
da from which the last glacier retreated 
some 10,000 years ago is still rebound
ing. This puts the crustal response time 
into the same range as the one assumed 
in the model. Still, whether the instabili
ty of the ice sheet brought on by the 
depression of the crust is what causes 
the retreat of the ice during intergla
cial epochs remains the subject of spec
ulation. 

What is known about the climate of 
the far distant past, before the ice ages? 
The climate models devised by Budyko 
and Sellers predict that the earth would 
turn into a bright, ice-covered planet if 
the solar output were a few percent low
er. The feedback effects the models in
corporate not only increase the earth's 
sensitivity to the decrease in solar out
put but also, once the earth cools off, 
decrease its sensitivity to subsequent 
increases in solar output. In short, if 
the solar constant were lower, the earth 
would be locked in a deep freeze. Has 
anything of the kind ever happened? 

Astronomers know something about 
the sun's past because they can observe 
stars that are much younger than the sun 
but have the same mass and composi
tion. They conclude that the solar out
put was 40 percent lower shortly after 

20 

r: 
-i"-' 

- -� � I 
/ V I-

a: z w 
0 0.. �CIl 0 

J" \\ , Y/-I /./ � • 

1 5  

a: I-
I- a: z it W z u _  z o 0 a: u « 
co O  ";"z z�  ttJCIl 
>- � 
X o  O a: LL z 

0 � 
:; W 
e. 

2 

3 

4 
o 

. 

.. 
I 

I 
"-V 

/ 
1 0  

...... 
�. --f"' ( I ,, /  

i J v 

CIl 
::J 

1 0  iii ..J W 
U 

i CIl W 

1\/ 
I I 

I 
W 
a: 
CJ 

W 
5 

0 
--N I BENTHIC FORAM INIFERA 

o 

20 30 40 50 60 70 

M I LLION YEARS BEFORE P RESENT 
CLIMATE OF THE DISTANT PAST was characterized by higher mean global tempera
tures than those recorded today. One paleothermometer is the ratio of oxygen 18 to oxygen 16 
in the sediments formed by the shells of the microscopic marine animals called foraminifera. 
Measurements of isotope ratios made by Samuel M. Savin of Case Western Reserve Universi
ty show the cooling trend at high latitudes during late Cretaceous and Cenozoic times. At the 
end of the Cretaceous the temperature of the bottom of the ocean, which is now about zero de
grees c., was about 12 degrees. Temperatures during much earlier periods were even higher. 
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the earth formed some 4 .6  billion years 
ago than it is today and that it hlJ-s been 
increasing ever since . Theoretical mod
els of the sun's internal structure and 
evolution support this conclusion. 

Geologists have compiled only a frag
mentary record of the climate s in 

the distant past, but the general trend of 
the evidence is clearly opposite to the 
one predicted by the trend of the solar 
constant and models of the earth's re
sponse to the forcing mechanism. Samu
el Epstein and his colleagues at the Cali
fornia Institute of Technology have in
ferred temperatures from the oxygen
isotope ratios and comparable ratios 
of hydrogen 2 (deuterium) to hydrogen 
1 (ordinary hydrogen) in cherts (crystal
line siliceous sedimentary rocks). From 
the isotope ratios in a chert 3 .5 billion 
years old they inferred that the tem
perature of the ocean in which the rock 
formed was higher than 50 degrees 
C. Different isotope ratios in more re
cent cherts suggest that temperatures 
became progressively lower. From the 
oxygen-isotope ratios in the sediments 
formed by the calcium carbonate shells 
of benthic foraminifera (minute animals 
of the deep ocean) it was inferred that 
the temperature at the bottom of the 
ocean was about 15 degrees C. in the 
period from 150 to 50 million years 
ago. Today temperatures at the bottom 
of the ocean are close to zero degrees. 

Fossils from the past 600 million 
years also suggest that the earth has usu
ally been warmer than it is today. Coal 
beds in Greenland and Antarctica indi
cate that tropical plants once grew there . 
The significance of such evidence is 
complicated by the drifting of the conti
nents, which may have placed a given 
land mass in a latitude warmer than the 
one it is in today. Less ambiguous testi
mony is provided, however, by the fact 
that in some geologic periods, s uch as 
the Carboniferous of between 3 45 and 
280 million years ago, coal beds were 
laid down all over the world. 

There is no universally accepted ex· 
planation for the warmer temperatures 
of the past. The most likely causes, how
ever, are continental drift and changes 
in atmospheric composition. Changes 
in the distribution of the continents 
could have a substantial effect on the 
climate because they would change the 
patterns of atmospheric and oceanic 
circulation. For example, 100 million 
years ago the Arctic Ocean was part of 
the Pacific. Winds and the ocean cur
rents they drove might thus have kept 
the Arctic free of ice. As the Bering 
Strait closed, the freezing of the Arctic 
Ocean might have launched the earth 
into its present phase of cool climates .  

Another possibility is that the atmo
sphere may have held far more carbon 
dioxide than it holds at present. Carbon 
dioxide is the most likely gas for this 
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role because large quantities of it are 
stored in surface re'servoirs from which 
it might conceivably have been released 
into the atmosphere, If the atmosphere 
held 100 to 1,000 times more carbon 
dioxide than it holds at present, the 
increased reradiation due to the car
bon dioxide, together with that due to 
the larger amount of water vapor in a 
warmer atmosphere, would have main
tained the surface at temperatures 20 to 
30 degrees C. higher than they are to
day, Since the carbon dioxide in the 
atmosphere is currently in equilibrium 
with the carbon compounds dissolved in 
the ocean and stored in ocean sediments, 
however, this hypothesis implies that 
there were major differences between 
the ocean's composition 100 million 
years ago and its composition today, 
Not enough is known about the compo
sition of either the ocean or the atmo
sphere of the distant past to prove or 
disprove this hypothesis. 

The forcing mechanisms described so 
far are slowly varying and stimulate 

relatively slow responses, It is becom
ing clear, however, that not all changes 
in the climate are gradual. When a 
large meteoritic body strikes the earth 
or a large volcano erupts, significant 
amounts of dust and condensable gases 
may be injected into the atmosphere. 
The heavy particles fall out rapidly but 
the lighter ones injected into the upper 
atmosphere can linger for years, affect
ing the absorption of sunlight and the 
emission of infrared radiation, The con
sequences for the atmosphere, the ocean 
and the biosphere can be significant. For 
example, the dust injected into the at
mosphere by the impact of a large mete
oritic body may have caused the mass 
extinctions of organisms at the end of 
the Cretaceous period 65 million years 
ago. By the same token, global warming 
or cooling trends in the more recent past 
may be correlated with periods of low or 
high volcanic activity. 

One test case for the effect of volcanic 
aerosols on climate is a global warming 
of about .4 degree C. that occurred be
tween 1900 and 1940, It should be not
ed, however, that this global warming is 
barely significant compared with sta
tistical fluctuations in global tempera
tures and the bias introduced into the 
measurements by urban development 
around many weather-observing sta
tions. Owen B. Toon and James B. Pol
lack of NASA's Ames Research Cen
ter have pointed out that the warming 
might have been due in part to the clear
ing of the atmosphere after a period 
of high volcanic activity from 1880 to 
1910. Variations in the global load of 
atmospheric dust with time can be esti
mated from a catalogue of eruptions 
and estimates of the size of each erup
tion, assuming a stratospheric residence 
time for particulates of about two years 
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CONCENTRATION OF CARBON DIOXIDE in the atmosphere at a site near the summit 
of Mauna Loa on the Island of Hawaii has been measured continuously since 1958 by Charles 
D. Keeling of the Scripps Institution of Oceanography and the National Oceanic and Atmos
pheric Administration. The site was chosen because there was little local contamination of the 
air and because the air over this part of the globe is probably well mixed. Superimposed on the 
steady increase in carbon dioxide (black) are seasonal fluctuations (color) due to the uptake 
of carbon dioxide by Northern Hemisphere plants in the summer and the oxidation of plant tis
sues in the winter. The fluctuations are dominated by Northern Hemisphere plants because 
there is less land in the Southern Hemisphere and less seasonal change in plant life at the Equa
tor. Measurements taken near the South Pole show a comparable increase in carbon dioxide. 

(derived from the dates of reports of in
tensely red sunsets following the explo
sion of Krakatau in 1883 and from the 
fallout rates of radioactive debris from 
aboveground nuclear tests) , 

Given an estimate of the total vol
ume of material in the stratosphere and 
assumptions about average particulate 
size and composition based on measure
ments of aerosols currently in the strato
sphere, the increase in the amount of 
sunlight reflected into space and the de
crease in the amount of infrared ra
diation emitted into space can be esti
mated, The measurements indicate that 
the effect of the particles on incom
ing sunlight is greater than their ef
fect on outgoing infrared radiation, The 
stratospheric aerosols therefore cool 
the earth. James E. Hansen and his col
leagues at NASA's Goddard Institute 
for Space Studies have used these esti
mates and those of the contemporane
ous increase in atmospheric carbon di
oxide to test their climate model. They 
found that these two factors could in
deed have given rise to the observed 
global warming between 1900 and 1940, 

More recent volcanic eruptions have 
been studied in greater detail, so 

that more precise estimates of their ef
fect on the climate can be made. It has 
become clear that the total volume of 
material ejected by a volcano is not en
tirely reliable as a guide to its effect on 
climate; the force of the eruption and 
the size and composition of the particu
lates also need to be considered. For ex-

ample, the eruption of Mount St. Helens 
in Washington in May, 1980, was larger 
than that of El Chich6n in Mexico in 
April, 1982,  but lofted less stratospher
ic aerosol. Most of the particles ejected 
by Mount St. Helens were large and fell 
out of the atmosphere in a matter of 
weeks_ Although less material was eject
ed from El Chich6n, more of it reached 
the stratosphere and remained there, 

EI Chich6n apparently emitted a larg
er quantity of sulfur than Mount St. 
Helens. The sulfur forms sulfur dioxide, 
which reacts with water vapor in the 
stratosphere to produce a smog of sul
furic acid droplets, Such droplets are 
chemically stable and settle very slowly 
out of the stratosphere. Predictions of 
the ultimate effect of the EI Chich6n 
dust cloud on the climate over the next 
few years are still preliminary, but the 
cloud is generally expected to cause a 
mean global cooling at the earth's sur
face of between ,3 and one degree C. 

Such atmospheric dramas are ones at 
which the human species is only a spec
tator, but it will soon be a participant. 
The first measurable effect of human ac
tivity on the global climate will proba
bly be a global warming due to increas
es in atmospheric carbon dioxide. The 
amount of carbon dioxide in the atmo
sphere and the ocean has been increas
ing since the Industrial Revolution as a 
result of the combustion of coal and 
oil and the clearing of forests (both of 
which lead to the oxidation of carbon 
and the release of carbon dioxide). The 
preindustrial value for the amount is not 
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known exactly, but it has been estimated 
at between 250 and 3 00 parts per mil
lion. The amount in the air over Mauna 
Loa on the island of Hawaii has been 
measured continuously since 1958 by 
Charles D. Keeling of the Scripps In
stitution of Oceanography. In the peri
od between 1958 and 1980 atmospheric 
carbon dioxide showed a trend of in
crease from 3 15 parts per million to 336 
parts per million. 

The increase in atmospheric carbon 
dioxide is about half the amount of car
bon dioxide estimated to have been re
leased; the ocean acts to absorb much 
of the surpl us. The uptake of carbon 
dioxide by the ocean, however, is almost 
impossible to measure. Carbon dioxide 
is not uniformly distributed in the ocean 
as it is in the atmosphere, so that accu
rate measurements at one point, such as 
Keeling's, would not have much mean
ing. Moreover, the amount of carbon 
dioxide in all its forms (dissolved gas, 
bicarbonate ion, carbonate ion and or-
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ganic carbon) in the oceanic reservoir is 
much larger than the amount in the at
mospheric reservoir, so that the changes 
are likely to be smaller and harder to 
detect. Finally, the ocean reacts with 
carbonate sediments such as limestone, 
which, at least on a long time scale, 
may act as an even larger sink of car
bon dioxide. 

Wallace S. Broecker of the Lamont
Doherty Geological Observatory of 
Columbia University and others have 
worked with models of ocean chemistry 
and circulation to estimate the oceanic 
carbon dioxide increase from the known 
atmospheric increase [see "The Ocean," 
by Wallace S. Broecker, page 146] . The 
rate of ocean uptake is strongly infl u
enced by the rate of ocean mixing, both 
the rate of mixing in the surface layer 
and that of mixing between the surface 
layer and the deeper ocean. Broecker's 
model incorporated estimates of the 
rate of ocean mixing inferred from 
the dispersal of the radioactive isotopes 
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CARBON DIOXIDE AND VOLCANIC-AEROSOL LEVELS may be largely responsible 
for the slight warming trend in global temperature since 1880 (color). This period was used as 
a test case for a climate model (black) developed by James E. Hansen and his colleagues at 
NASA's Goddard Institute for Space Studies. Some versions of the model (a, c) considered 
only the warming due to increasing atmospheric carbon dioxide (assuming that a doubling of 
carbon dioxide results in a rise in temperature of 2.8 degrees C.). Other versions of the model 
(b, d) also took account of the warming due to the clearing of the stratosphere. The rise in tem
perature from 19 10 to 1940 appears to be due largely to the clearing of the stratosphere during 
a period of low volcanic activity. The oceans moderate the temperature fluctuations because 
of their capacity to store large amounts of heat. In some versions of the model (a, b) only the 
heat capacity of the well-mixed surface layer of the oceans was considered. In others (c, d) 
the upper ocean was assumed to mix across the thermocline between it and the deeper ocean. 
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tntlUm (hydrogen 3) and carbon 14 
manufactured by nUclear-weapons tests. 
These calculations show that since the 
Industrial Revolution an amount of car
bon dioxide approximately equal to the 
amount that has remained �in the atmo
sphere has gone into the ocean. The com
puted total carbon dioxide increase is 
slightly less than, but nonetheless with
in the uncertainties of, the estimates of 
the total amount of carbon dioxide that 
can be accounted for by the burning of 
fossil fuels and the clearing of forests. 
Hence the estimates are at least inter
nally consistent. 

Armed with these estimates of the par
.£\. titioning of carbon dioxide between 
the oceans and the atmosphere and esti
mates of future fuel combustion, one 
can project the increase in the atmo
spheric carbon dioxide into the next 
century and beyond. According to most 
projections of future energy consump
tion, the amount of atmospheric carbon 
dioxide will double by the middle of the 
next century and will probably double 
again before the peak of fossil-fuel con
sumption is reached. 

Mathematical models can then be uti
lized to predict the consequences of the 
projected increase for the earth's cli
mate. For example, Syukuro Manabe 
and Richard T. Wetherald of the Geo
physical Fluid Dynamics Laboratory 
estimate that a doubling of atmospher
ic carbon dioxide (from 300 parts per 
million to 600 parts) would increase 
the mean global temperature by 2.5 de
grees C. At high latitudes the tempera
ture increase is likely to be closer to 
five degrees C. 

Fluctuations in local temperature 
larger than 2.5 degrees occur daily, but 
such a change in the mean global tem
perature is significant: the change would 
be as great as that between the height of 
the last glaciation 18,000 years ago and 
today. The secondary consequences of 
the warming of the earth due to the in
crease in the carbon dioxide level might 
include a further melting of the earth's 
polar ice, a rise in sea level by tens of 
meters and more precipitation at high 
latitudes (perhaps offset by a widen
ing of the subtropical arid zones, which 
would greatly alter the distribution of 
the world's water resources). 

As is often the case, the greatest un
certainties in these estimates are asso
ciated with the projections of what the
human species will do. This does not 
mean, however, that environmental sci
entists will sit back and await the un
known. Rather, as the environmental 
consequences of the human drama un
fold they will keep the world informed 
and if necessary sound the alarm. Per
haps, on the other hand, by the next 
century the human species will have 
learned to control or influence the cli
mate for its own benefit. 
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The Biosphere 
The totality of microbial� animal and plant lik on the earth 
not only is sustained by the lithosphere� the hydrosphere and 
the atmosphere but also has powerfully shaped their evolution 

Of all the dynamic systems that 
make up our planet the bio
sphere is the last to have taken 

form, the most distinctive and the most 
interactive. Other planets and satellites 
in the solar system have a core, a mantle 
and even a crust and an atmosphere. Ti
tan, the largest satellite of Saturn, may 
have seas of liquid methane, and from 
Mars outward through the solar system 
there are many icy hydrospheres. Only 
on the earth, however, are there struc
tures that can replicate themselves, 
change into different forms by mutation 
and genetic recom bination and trans
mit such changes to their descendants. 
Structures that can do these things are 
said to be living, and it is their integra
tion everywhere on and near the earth's 
surface with the lithosphere, the hydro
sphere and the atmosphere that consti
tutes the biosphere. 

The diversity and interactiveness of 
the biosphere are rich beyond current 
understanding, and the potential variety 
within its collective gene pool is stagger
ing. Biologists have so far catalogued 
some 1 .5 million species of animals and 
.5 million species of what are generally 
called plants (algae, fungi and bacteria 
included). New species are being found 
and named at the rate of some 10,000 
yearly. Most of the new species are in
sects, but the number includes such oth
er living forms as giant deep-sea clams 
and numerous fossils from the still un
described legions of plants and ani
mals that flourished in earlier epochs. 
Indeed, presented with the least excuse, 
life teems. Responding to the variety of 
the earth's potential ecological niches, 
organisms have in geologic terms often 
diversified rapidly. Here we see evo
lution at work. Climatic and geograph
ic isolation and such grand-scale var
iables as motions of the earth's litho
spheric plates and the intensity of the 
sun's radiation provide the selective 
pressures that give direction to a proc
ess that otherwise seems random. 

Consider the Hawaiian Islands, gen
erated by the drifting of a lithospheric 
plate over a "hot spot," a rising convec-
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tion current in the mantle. Kauai to the 
northwest, formed as the drift began, is 
5.6 million years old, Oahu is 3.3 mil
lion and Maui is 1.8 million. At the 
southeast end of the chain the big is
land, Hawaii, which is still growing, 
emerged only 700,000 years ago. In that 
brief 5.6 million years of earth history 
the descendants of some random fruit
fly migrants to the new islands have 
so diversified that 25 percent of the 
world's total of some 2,000 species of 
Drosophila are found there and there 
alone. Over the same span in the island 
chain more than 1,000 separate species 
of land snails evolved in the isolated 
valleys that descend the volcanic slopes. 
And an entire new family of birds-the 
honey creepers, numbering some two 
dozen species-has arisen from un
known finchlike ancestors, borne to the 
islands on some chance wind. 

In the long history of the biosphere, 
however, the most important event 

by far was the origin and early diver
sification of life: the beginnings of bio
spheric interaction with the earth's sur
face. Indeed, I shall not be much con
cerned here with the fascinating diversi
ty and complexity of the planet's living 
structures or with their detailed evol u
tion. The focus instead will be on the 
far-reaching ways in which life has mod
ified the history and the surface features 
of our world and has in turn been mod
ified over the four billion years that 
have elapsed since the earth's surface 
first became habitable. 

Today few places on the earth's sur
face, or below it for some tens of meters, 
or above it to a height of nearly 10 kilo
meters, are now so hot or so cold or so 

dry or so polluted or so exposed to ioniz
ing radiation that they are truly devoid 
of life. This was not always the case. 
Nor was the major work of the bio
sphere done by its currently most con
spicuous constituents: the familiar mul
ticell ular plants and animals of field, 
stream and sea. In the course of the bio
sphere's history its geochemically most 
influential members have always been 
those of the microbial realm, the hum
ble and morphologically simple but bio
chemically diverse and adaptable mas
ses of the minute. 

The interaction of the biosphere, the 
hydrosphere and the atmosphere with 
one another and with the earth's outer 
crust is not only universal but also con
tinuous, a matter of cycles within cycles 
within cycles. Animals such as worms, 
ants, moles and gophers till the soil until 
their own remains are recycled by decay 
bacteria and other scavengers. Mean
while other biospheric agents, including 
such odd animal-plant sym bionts as ter
mites and their hind-gut bacterial help
ers, recycle much of the plant kingdom, 
simultaneously adding large inputs to 
the methane and carbon dioxide compo
nents of the atmosphere. Every year liv
ing plants transfer to the atmosphere 
some 400,000 tons of organic volatiles, 
some of them incorporating metals. 

A good third of all chemical elements 
are recycled biologically, and some liv
ing organisms are capable of concen
trating comparatively rare elements far 
above their background abundance. All 
organisms utilize and recycle not only 
hydrogen, oxygen, carbon and nitrogen 
but also phosphorus, sulfur, calcium, 
potassium, magnesium, sodium, iron, 
manganese, cobalt, copper and zinc. 

GREA T BARRIER REEF, in the vicinity of Cape Melville (upper left) in northeastern Aus
tralia, is seen in the Landsat image on the opposite page. The reef is a vivid example of how 
processes of the biosphere interact on a large scale with those of the lithosphere, the hydro
sphere and the atmosphere. The activities of diverse life forms, notably corals and algae, have 
built this 2,000-kilometer natural breakwater extending from the Tropic of Capricorn north
ward to Torres Strait off New Guinea. The reef parallels the Queensland coast at distances 
ranging from 15 to 150 kilometers, and the waters between the outer reef and the shore hold 
many other reef structures. North is toward the top. The area shown is 60 kilometers wide. 
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OLDEST SEDIMENTARY ROCK, from the Isua area in southwestern Greenland, was de
posited some 3.8 billion years ago. The specimen is from what is called a banded iron forma
tion (although it lacks the reddish color found in the alternating dark stripes of other such rocks). 
The stripes are thinly stratified layers, now folded and stretched. Formations of this kind were 
among the oxygen "sinks" that kept free oxygen nonexistent or scarce in the early atmosphere 
of the earth. The rhythmic banding of the specimen, together with a ratio of carbon isotopes 
reminiscent of life processes, suggests that microbial organisms may already have been at work. 

RED SHALE, estimated to be about two billion years old, overlies Cambrian granites near Lac 
Cambrien in Quebec that are roughly 2.S billion years old. Among the oldest "red beds" known, 
it underlies the youngest banded iron formations. Red beds mark a transition from essentially 
anoxic conditions to the inauguration of an atmosphere where some oxygen was always present. 
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Most organisms utilize chlorine in some 
way, and about a dozen other elements 
are exploited for particular biological 
functions. Biological processes are re
sponsible for massive concentrations in 
the earth's crust of silicon, iron, manga
nese, sulfur and carbon. Microbes can 
thrive on or in the presence of such cor
rosive substances as sulfuric acid, car
bolic acid and hydrogen sulfide. 

Rock weathering, soil formation and 
many sedimentary rocks are important 
partial products of microbial and oth
er biological processes. The oxygen in 
the atmosphere is overwhelmingly from 
photosynthesis by green plants, which 
also segregate carbon in soils and sedi
ments. The domestic animals that pro
vide amino acids essential to human nu
trition would not be able to function 
without their digestive bacteria, nor 
would we. And many of the plants on 
which animals feed depend on the nitro
gen-fixing activities of bacteria and their 
first cousins the blue-green algae or pro
algae-carryovers from the earth's ear
liest history. The biosphere profoundly 
and pervasively affects the rest of the 
earth's surface and is in turn acutely 
responsive to feedbacks from other 
spheres of activity. 

The appearance of life was thus a 
dramatic innovation on the barren 

pre biotic planet, introducing an unprec
edented and far-reaching geologic proc
ess. Although one cannot say with confi
dence just how and when life first arose 
on the earth, conjecture is now limited 
by evidence on likely abiotic sources for 
the initial organic but nonliving macro
molecules and the autocatalytic proc
esses that might have organized them 
into components of the earliest cells. 
What can be said with some confidence 
is that the planet's initial life forms 
were biochemically simple, unicellular 
(or noncellular), probably spheroidal in 
shape and dependent on extracellular 
sources of nutrients. If such objects were 
eventually to be found as fossils, they 
probably could not be distinguished 
on morphological grounds from simi
lar objects of non biological origin. 

It is also possible to estimate within 
limits when and under what conditions 
the proto biosphere first began and even 
to reconstruct some elements of its sub
sequent history and interactions with 
the non biological world. The evidence 
on biospheric processes in earth history 
belongs to the broad field of biogeology. 
Its data include the remains of the mi
croorganisms found, sedimentary struc
tures produced by their activities, the 
geochemistry and isotopic composition 
of biologically significant elements and 
the biogeochemistry of organic sub
stances and products. The oldest two 
major signposts are both in Western 
Australia. One of them, near a place so 
isolated that it is called North Pole, is 
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END OF CAMBRIAN: 
500 MILLION YEARS AGO ---

/ 
FIRST SHELLY CAMBRIAN FAUNA APPEARS:. 
550 MILLION YEARS AGO 

PRESENT 

EUKARYOTIC CELLS: 
1.4 BILLION YEARS AGO' 

/ 
OLDEST STROMATOLITES: 

3.5 BILLION YEARS AGO 

3 

4 

ASCENDING SPIRAL schematically represents the_ earliest phases 
of the earth's biogeologic history, beginning soon after the solar sys
tem formed some 4.6 billion years· ago, when the planet was inhos
pitable to life and a direct geologic record is nonexistent. By 3.8 bil
lion years ago the developing _atmospbere probably consisted mainly 
of carbon dioxide, water vapor, nitrogen, carbon monoxide, hydro
gen sulfide and hydrogen. Free oxygen was -absent 'Or trivial and tran
sient. The temperatm:e of the· ea�th's solid surface had by then fallen 
from -about the melting point of iron to a mean temperature between 
th:e boiling and freezing points of water. Even thongh the young sun 
shone with _only 60 to 70 percent of its present intensity, a life-sup
porting range of temperatures was made possible by the "greenhonse 
effect" of an atmosphere rich in carbon dioxide. Some 300 million -
years· later sedimentary structures called stromatolites appear; they 
resemble deposits formed today by the photosynthetic and sediment
binding activities of blue-green algae. After about another 700 mil
lion years sedimentary rocks being deposited in what is now Western 
Australia included tiny filamentous-structures that-are convincingly 
microbial and may ·be proalgae. By two billion years ago, a date on 
the third loop of the spiral, accumulat-ing silica gels of a Lake Superi
or iron formation were trapping flraments, cells .and more complex 

SOFT-BODIED EDIACARIAN FAUNA APPEARS: 
670 MILLION YEARS AGO 

GUNFLINT BLUE-GREEN ALGAE: 
2 BILLION YEARS AGO 

PROALGAE: y 2.8 BILLION YEARS AGO 

4.6 BILLION 
YEARS AGO 

ANOXIC ATMOSPHERE 

�� 

structures that are unquestionably_ microbial. Some show two or three 
cell types similar. to the living blue-green alga Nostoc, a typical pro
karyote. (Prokaryotic cells lack the nucleus characteristic of eukary
otic cells, the building blocks of all higher forms of life.) By then the 
oxygen content of the hydrosphere and the atmosphere is estimated 
to ha-ve reached about 1 percent of its present level, allowing a tenn
ous ozone' screen to- develop and shield the earth's surface from ul
traviolet wavelengths- inimical to living organisms. The oldest per
suasively eukaryotic cells entered the fossil record about 1.4 -billion 
years ago. Their -appearance was announced by a widespread increase 

-.. in the average diameter of the cells. By about 670 million years ago 

a remarkable and diverse group of soft-bodied aquatic animals, the 

first known metazoans, entered the fossil Fecord jn the sedimentary 

deposits of the Ediacara Hills in South Australia; Their lack of a 
shelly covering suggests that tbe oxygen level was by then near 7 per- -
cent of the present level. Their appearance marks the end of earlier 
divisions of geologic time and the start of the present eon, th-e Phan
erozoic. This is the period of manifest rather than cryptic, animal 

.life that appears in color on the fifth and- final loop of the spiral .. 

Soft-bodied and shelly: metazoans, are preserved as fossils in, Cam

brian sediments, deposited between 550 and, 500 million years- ago. 
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EVENT BILLIONS OF 
YEARS AGO MANIFESTATION OXYGEN 

(PERCENT) 
COLLATERAL EVENTS 
AND CONSEQUENCE.S 

B. 
FULLY OXIC 

CONDITIONS 
.4 100 

BIOSPHERIC EVOLUTION' 
TOWARD PRESENT 
WORLD STATE 

LARGE FISHES, FIRST LAND PLANTS 

7. 
SHELLY METAZOANS 

APPEAR 
.55 -10 BURROWING HABIT BEGINS; 

SUBSEQUENT EVOLUTION 

CAMBRIAN FAUNA 

6. 
METAZOANS 

APPEAR 
.67 -7 

PHANEROZOIC EON BEGINS; 
METAZOAN FOSSILS 
AND TRACKS 

EDIACARIAN FAUNA 

5. 
FIRST EUKARYOTIC 

CELLS FOUND 
1.4 >1 

RED BEDS· PROLIFERATE, 
MUTICELLULAR ORGANISMS; 
MITOSIS, MEIOSIS, 
GENETIC RECOMBINATION 

CELLS LARGER IN DIAMETER 

4. 
OXYGEN-TOLERATING 

BLUE-GREEN ALGAE 
-2.0 

�.""'� 

" " "@ (b .
.. .. .... ... .. ... .

. 
� . .

. 
" · •. ·· .··.fi<.: .. " " : " : . , . . ; . . . - -' ' ;�. ''-

" " .,' . ' . " . ' 
-1 

OXIDATIVE METABOLISM, 
OZONE SCREEN; OLDEST RED 
BEDS OVERLAP WITH 
YOUNGEST BANDED IRON 
FORMATIONS 

ENLARGED, THICK-WALLED CELLS AT 
INTERVALS ON ALGAL FILAMENTS 

3. 

PHOTOAUTOTROPHY, 
PROBABLY RELEASING 
MOLECULAR OXYGEN 

>2.B <1 

CHLOROPHYLL a AND 
CYTOCHROME b SYNTHESIZED; 
BANDED IRON FORMATIONS AND 
OTHER OXYGEN SINKS; GREEN
HOUSE EFFECT DIMINISHED 

STROMATOLITES, 
PRECURSORS OF BLUE-GREEN ALGAE 

2 .  
AUTOTROPHY 

(METHANOGENESIS?) 
(SULFUR OXIDATION?) 

>3.5 (ANOXIC) BIOSPHERIC 
CONTINUITY 

STROMATOLITES, SULFATE, LIGHT CARBON 

1. 
ORIGIN 
OF LIFE 

(-3.B?) (ANOXIC) EVOLUTION OF 
BIOSPHERE BEGINS 

LIGHT CARBON 

EIGHT MAJOR STEPS in the early evolution of the biosphere are 

listed in this table, beginning at the bottom with the origin of life on 

the earth about 3.8 billion years ago (1). This date is suggested by the 

diminution of the isotope carbon 13 with respect to the lighter iso

tope carbon 12 ("light carbon" in the table), a'ratio characteristic of 

life processes. A few hundred million years later (2), although oxygen 

was not yet permanently present in either the atmosphere or the hy

drosphere, the appearance of stromatolites implies that some micro

bial form of self-feeding organism had evolved. Perhaps 800 million 

years after that (3) additional stromatolites and the fossilized remains 

of what appear to be blue-green algae or their precursors lead to the 

conclusion that oxygen-releasing photosynthesis might have begun, 

. presenting the problem of ·how life was to be shielded from this corro

sive element. The appearance 'of banded iron formations, whose sedi

ments served as large oxygen sinks, may have postponed the problem. 

About two billion years ago (4) blue-green algae whose chains of 

tiny cells included thick-walled ones such as those shielding nitrogen

'ase enzymes from free oxygen today indicate that oxygen was accu
mulating in' the hydrosphere and suggesHhe appearance of oxidative 
metabolism as a superior' energetic pathway. The first continental 
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red beds appear at about this time, implying development of an at
mosphere that contained oxygen permanently. Between then and 1.4 

. billion years ago (5) eukaryotes; generally larger cells whose DNA is 
shielded within a membrane-bounded nucleus, signal the ·evolution 
of three characteristic' traits: .mitosis (in which rod like c.hromosomes 
line' up and divide in a spindle), meiosis .(in which the chromosomes 
are divided in half for reproductive purposes) -and the advanced evo
lutionary process of genetic recombination. Between 670 and 550 
million years ago fossils found at sites on five continents (6) present 
the outcome of the .continuing proliferation of eukaryotes: the Edia
carian fauna, multicellular aquatic anima·ls that mark the start of the 
Phanerozoic eon, in which all life on the earth still lives. By 550 mil
lion years ago (7) the Cambrian fauna, a worldwide succession of an
cient organisms, jncluding the first (or almost the first) shelled inver
tebrates, enters the fossil record. It is estimated that by then the sup
plY'of oxygen had reached about 10 percent of the current level. Some 
150 million years later (8) the probability that the present level of oxy
gen was being 'approached is implied by·the presence {If large and ac
tive fishes in· the sea and·plants.and invertebrate animals on the land. 
Their descendants went on to fill all the planet's ecological niches. 
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found in rocks about 3. 5 billion years 
old (the Warrawoona Group) in the 
form of inferentially biogenic sedimen
tary structures called stromatolites (and 
microfilaments that may not, however, 
be contemporaneous with the enclosing 
sediments). The second signpost, from 
2.8-billion-year-old strata of the Fortes
cue Group, also in Western Australia, 
contains the oldest fossil paleomicrobi
ota that I find to be convincing both as to 
their biogenic nature and as to their con
temporaneity with the rocks in which 
they are found. 

A third signpost is firmly planted 
in two-billion-year-old siliceous rocks 
called chert on the north shore of Lake 
Superior. They are a part of the Gunflint 
Iron Formation, which contains a vari
ety and abundance of demonstrably bio
genic and unequivocally contempora
neous microbial fossils that compare 
favorably with the richest modern mi
crofloras. Indeed, the Gunflint micro
biota contains the oldest fossils known 
to display a clear differentiation into 
two or more types of cell. A common 
filamentous microfossil closely resem
bles living freshwater blue-green algae 
of the genus Nostoc. Others resemble 
budding·bacteria. Their presence in this 
formation, together with their resem
blance to living organisms, implies a 
continuity of biological functions from 
two billion years ago to today. 

Earlier records of microbial life are 
less conclusive. The record of the 

2.8-billion-year-old Fortescue Group 
consists of filamentous chains of cell
like entities that show no cellular differ
entiation but otherwise resemble certain 
living blue-green algae. The 3. 4-to-3. 5-
billion-year-old Warrawoona rocks at 
the locality from which the best materi
al was collected show three separate sets 
of postdepositional fracturing, have un
dergone changes in their initial chemi
cal state and are heavily infiltrated by 
secondary iron. The best"preserved and 
most abundant microbial forms in these 
rocks resemble the flat, twisted stalks of. 
the modern iron bacterium Gallionella 
jerruginea. Evidence that they are the 
same age as the sediments in which they 
are found is not convincing. In rocks 
that are considered to be the same age as 
those containing this microflora, how
ever, there are laminated and undulat
ing pseudocolumnar and domal stro
matolite structures like those being built 
in shallow waters today by colonies of 
blue-green. algae. These very old 'stro
matolites are presumptive evidence (not 
proof) of a microbial presence in Warra
woona time, perhaps the progenitors of 
later blue-green algae. or their bacteri
al cousins. 

Even more indirect evidence for a 
still earlier signpost is found in carbo
naceous sediments of the Isua area in 
southwestern Greenland. The carbon-
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BILLIONS OF YEARS BEFORE THE PRESENT 

ENRICHMENT IN OXYGEN ·of the earth's originally anoxic atmosphere is traced on this 
double logarithmic graph. The abscissa measures billions of years before the present; the·ordi
nate shows the estimated .increase of molecular oxygen from about 1 percent of its present level 
to what it is today. Leaders indicate th.e timing of key events in the evolution of the biosphere 
as they relate to the evolution of the· atmosphere. In the case of events where there is uncer
tainty about the time of origin a range bar (color) indicates the possible limits. For example, 
microbial land plants of the simplest kind might have appeared at or before the beginning of 
the Phanerozoic eon, but spores that have been interpreted as being those of true vascular 
plants did not appear until the late Ordovician, some 440 to 430 million years ago .. In tnrn, the 
oldest organisms generally accepted as being land plants in .the modern sense are of late Siln- . 
rian age, perhaps 420 to 415 million years old. Scorpionlike arachnids of about the same age are 
known. Primitive insects do not appear until the Middle Devonian, some 380 million years ago .. 

isotope ratios of these 3.8-billion-year-· 
old rocks show a depletion of the iso
tope.carbon 1 3  with respect to the light
er isotope carbon 1 2, a common mani
festation of biospheric activity. It would 
be consistent with such evidence to pos
tulate the presence of life even that ear
ly. The fractionation observed, however, 
is not conclusive as to its source. It 
could be the work of aerobic or anaer
obic photosynthesizing organisms, of 
methane-assimilating bacteria (meth
anogens) or conceivably of some non
biological process. 

What was the terrestrial environment 
like in those early times? So far no rocks 
have been found on the earth older than 
those at Isua, although much older rocks 
are known on the moon and in the form. 
of stony meteorites. Considering the evi
dence for a.high rate of meteoritic and 
cometary bombardment throughout the 
early history of the .solar system, how
ever, it.can safely be inferred that up to 
about four billion years ago the earth 

was inhospitable to life as we know 
it. Initial surface temperatures near or 
above the melting point of iron, the ab
sence of both an atmosphere and a 
hydrosphere and intense, unshielded 
solar radiation would all have contrib
uted to the harshness of the primordial 
environment. Like life, however, the 
earth evolves, and these harsh 'condi
tions changed. 

Afree interpretation of. the geologic 
record in the light of basic biologi

cal princi.ples suggests the following sur
face milieu some 3.8 billion years ago. 
The developing atmosphere at that time 
was anoxic: it lacked any permanent 
free oxygen. Its main g�ses were most 
likely carbon dioxide, nitrogen, water 
vapor, carbon monoxide and perhaps 
hydrogen sulfide. Traces of hydrogen, 
hydrochloric acid, ammonia and meth
ane would probably also have been 
present. There were no primary sources 
of oxygen, neither ordinary molecular 
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oxygen (02), singlet or atomic oxygen 
(0) nor ozone (03), Whatever transient 
free oxygen may have formed as a result 
of the photolytic breakdown of water 
vapor and carbon dioxide was rapid
ly consumed by chemical recombina
tion, by red uced gases expelled from 
the earth's interior and by a variety of 
other oxygen sinks. The developing hy
drosphere was probably salty, although 
probably less salty than modern seas as 
a result of dilution by water of cometary 
origin. The ancient sedimentary rocks of 
Isua ensure that the mean surface tem
perature of the planet as far back as we 
have any record was above the freez
ing point of water and below the boil
ing point. The freezing suggested by 
the astronomers' "faint early sun" was 
presumably counteracted by the "green
house" effects of atmospheric carbon di
oxide, water vapor and ammonia. 

How could life have arisen in such a 
setting? That calls for a source or sour
ces of energy, a templating structure or 
mechanism to explain the chirality, or 
asymmetric "handedness," of amino ac
ids and sugars, a local concentration of 
organic macromolecules and catalytic 
effects to hasten and direct the process. 
Experiment, observation and reflection 
support the view that energy for prebiot
ic and early biochemical reactions was 
available from solar ultraviolet radia
tion and possibly other sources (for ex
ample lightning or chemical reactions). 
The templating and concentration of 
abiogenic organic molecules may have 
been favored by the properties of asym
metric minerals such as clays, or per-

haps by polarized light. And autocata
lytic effects were surely possible in the 
form of the frequent day-night freeze
thaw cycles of the rapidly rotating ear
ly earth, of iron and magnesium com
pounds, of dehydration condensations 
(the linking of molecules by the loss 
of combined water) and of chemical 
selection. Whatever the details may 
have been, the origin of life was an epic 
event. Given the record of biospher
ic interactions, nothing at or near the 
earth's surface could ever have been 
the same again. 

From such an unpromising, oxygen
depleted start how might the initial 

biosphere have become the biosphere 
of today? The central and most general 
driving force was natural selection: a 
response to changing ecological chal
lenges and opportunities. Among these I 
shall stress the role of oxygen. 

Oxygen, primarily in its molecular 
form, was to the early biosphere what, 
by analogy, nuclear power is to the bio
sphere of today: pregnant with poten
tialities and cursed with contradictions. 
The biosphere is a huge metabolic de
vice for the capture, storage and transfer 
of energy. It carries out these metabolic 
functions in two modes: fermentation 
and respiration, both involving the enzy
matic conversion of glucose into energy 
through intermediate steps. One group 
of organisms, all bacterial, operates by 
fermentation only. The metabolism of 
most other organisms, mainly the ones 
we call higher but also some microbes, is 
respirational. To the initial fermentative 

step called glycolysis, respirational me
tabolism adds the set of reactions known 
as the citric acid cycle, which through 
the process of oxidative phosphoryla
tion increases the amount of energy gen
erated 1 6-fold. In the citric acid cycle 
glucose is converted into biological en
ergy in the form of adenosine triphos
phate (ATP). 

From this it is inferred that fermenta
tion is the primitive form of metabolism 
and respiration the derived form. Only 
thus can one account for their near-cor
respondence, with the separation of life 
into two primary categories, succession
al in time and built from dramatically 
different cell types: ( 1 )  the prokaryotes, 
which lack a cell nucleus and are main
ly fermentative, and (2) the eukaryotes, 
which have a nucleus and are mostly 
obligatory aerobes. So also can we best 
account for the superimposing of the 
citric acid cycle on fermentational be
ginnings. The blue-green algae are func
tionally intermediate prokaryotes, some 
of which can switch off oxidative phos
phorylation and function on fermenta
tion alone. The first green-plant photo
synthesizers, they have not completely 
cut their ties with their anaerobic bacte
rial ancestors. 

The principal driving forces behind 
the interaction of the biosphere with the 
lithosphere, the hydrosphere and the at
mosphere are therefore the production 
of glucose, utilizing external sources of 
energy, and the metabolic conversion 
of glucose into ATP, particularly as en
hanced by oxidative phosphorylation 
in the citric acid cycle. When the early 

GUADALUPE MOUNTAINS of Texas, near the New Mexico bor
der, are capped by a great bluff, here covered by clouds, that was 
built mainly by sponges and algae. It is part of a reef, 640 kilometers 

long, that gradually arose in late Permian times, 240 to 230 million 
years ago. Most of this Paleozoic reef is now buried under younger 
sediments. The cloud-capped peak, EI Capitan, reaches 4,000 feet. 
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blue-green algae or proalgae first left 
unmistakable traces in the form of the 
Gunflint microbiota almost two billion 
years after life may have originated on 
the earth, the atmosphere probably had 
only about 1 percent of its present level 
of molecular oxygen. This meant, how
ever, that the initial oxygen sinks were 
becoming neutralized and that oxygen 
was now accumulating in the hydro
sphere and beginning to escape into the 
atmosphere. Oxidative phosphorylation 
was surely by then a fact of life. 

It is now appropriate to consider more 
fully how the evolution of the bio

sphere may have been linked with the 
other great spheres of activity that make 
up the dynamic earth. Although the evi
dence is still dauntingly incomplete, it is 
sufficient to formulate a consistent pre
liminary account of probable early link
ages among these spheres. In addition 
to the increase of oxygen in the hy
drosphere and the atmosphere I shall 
briefly consider the evolution of the eu
karyotic cell, foreshadowing the devel
opment some 700 million years later of 
the Metazoa: multicellular animal life. 
Thereafter plate tectonics had a pro
found influence on the evolution of the 
Metazoa and land plants, Here, how
ever, I shall emphasize microbial proc
esses, later assisted by the higher algae 
and land plants. 

What really needs explaining about 
atmospheric oxygen is not its scarcity in 
the beginning but its abundance in the 
end; from anoxic in the beginning, to 
perhaps 7 percent of the present atmo
spheric level when metazoans first ap
pear, to near the present level. by mid
Paleozoic times. This much, at least, is 
clear: omitting minor amounts of photo
lytic oxygen, the increase in hydrospher
ic and atmospheric oxygen following 
the filling of the major oxygen sinks de
pended on the sedimentary segregation 
of an eq uivalent amount of carbon, To 
show why, I shall simplify the photo
synthetic equation to read CO2 + H20 
'==; (CH20)" + O2, In order to create 
and maintain the earth's oxygen-rich 
atmosphere the C in the CH20 (or glu
cose made from it) must be buried in 
the sedimentary column faster than the 
O2 is consumed by recombination or 
by the oxidation of previously buried 
carbon and new reduced volcanic gases, 
a cycle that today takes only three mil
lion years, In other words, atmospher
ic oxygen is preponderantly the result 
of a lag in the geochemical cycling of 
the products of photosynthesis. 

Since human beings, like most other 
eukaryotes, depend for their biological 
energy on respiratory metabolism in
volving the oxidation of pyruvate de
rived from glucose, they are likely to 
think of molecular oxygen as being es
sential to life, On the contrary, oxygen is 
poisonous to all forms of life in the ab-
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sence of the enzymes needed to reduce 
destructive by-products of oxidative 
metabolism such as hydrogen peroxide 
and superoxide. Nature has also had to 
be clever in shielding from oxygen nu
clei and other critical sites in the living 
cell and in designing oxidative pathways 
that work by the removal of hydrogen 
rather than by·the addition of oxygen. 

In fact, what oxygen is essential to is 
not the life process itself but a high lev
el of metabolic energy. The need of 
eukaryotic organisms for oxygen is en
tirely for the production of the basic 
energy-transferring molecule ATP. If 
nonoxidative processes yielded as much 
A TP as oxidative processes did, there 
would be no demand for metabolic oxy
gen. It is equally certain that prebiotic 
chemical evolution leading to an initial 
stock of organic macromolecules could 
not have taken place in the presence of 
free oxygen in any form. The reactions 
would not go and their products would 
not survive. Nor could early life have 
survived in the presence of free oxy
gen before enzymic defenses against it 
evolved, except under vanishingly low 
and transient oxygen concentrations. 

These indirect but well-founded bio
chemical conclusions are reinforced by 
geochemical and paleomicrobiological 
evidence for an initially oxygen-free 
earth. The record shows that the few be
lievable fossils known before about two 
billion years ago were spheroidal forms 
and filamentous chains of cells so small 
and of such simplicity that they imply a 
prokaryotic nature and therefore a lim
ited tolerance to oxygen. With the pres
ence of such ample oxygen sinks as sul
fide gases, sulfide minerals, ferrous iron 
and reduced gases from the extensive 
Archean volcanic belts of 2. 5 billion 
years ago and more, these tiny organ
isms were under no selective pressure to 
acq uire defenses against oxygen. In
deed, no such pressure was to arise until 
after the evolution of photosynthesis by 
blue-green algae, with its release of mo
lecular oxygen, and after the final satu
ration of the major oxygen sinks. 

The oldest paleontological evidence 
that biological oxygen was begin

ning to accumulate in a previously an
oxic hydrosphere and thus also to es
cape into the atmosphere comes from 
the Gunflint Iron Formation of rough
ly two billion years ago. The filamen
tous microbial species Gunflintia mi
nuta shows occasional enlarged cells 
that strikingly resemble the thick-walled 
cells found at intervals along the fila
ments of such living blue-green algae as 
Nostoc. Among such species the thick
walled cells, called heterocysts, shield 
the enzymes required for nitrogen fixa
tion from the oxygen that would other
wise destroy them. Such cells lack pho
tosynthetic pigments and neither pro
duce nor tolerate oxygen. The similarity 

BIOSPHERIC HISTORY over a span of nearly two billion years is preserved in these strata, 
which rise 1,340 meters from the desert floor. At the bottom are sandstone red beds that were 
formed in Upper Proterozoic times, 1.1 billion years ago. Just below the peak are other red 
beds, formed in Upper Paleozoic times, from 300 to 270 million years ago. At the crest of the 
peak is a formation of marine sediments that accumulated when the area was covered by sea 
at the end of the Paleozoic. The peak, Comanche Point, is a landmark of the Grand Canyon. 
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is too close to be fortuitous. The Gun
flint heterocysts imply that two billion 
years ago oxygen in the atmosphere had 
reached levels in excess of the level 
that now inactivates the nitrogenase en
zymes. They further imply that at that 
time, if not earlier, there existed some
thing very much like living nostocacean 
algae. Such organisms were presumably 
capable of splitting the water molecule 
as a source of the oxidative energy need
ed to add the citric acid cycle to an en
tirely fermentative metabolism. 

How might the first blue-green algae, 
or their predecessors, have acquired 
such a characteristic? How might they 
have limited the free oxygen generated 
as a by-product of this activity to levels 
that could be managed by primitive ox
ygen-mediating enzyme systems? An
swers to these q uestions are suggest
ed by representatives of the half-dozen 
genera of modern blue-green algae that 
can switch from aerobic metabolism to 
anaerobic. These species prosper only in 
the presence of hydrogen sulfide, a re
ducing gas that keeps the pressure of 
ambient oxygen low. They have a weak 
tolerance for oxygen and are able to 
switch from water to hydrogen sulfide 
as a source of energetic electrons for 
biochemical reactions. The product of 
such anaerobic photosynthesis is two 
sulfur atoms rather than one molecule 
of oxygen; the sulfur atoms then be
come available for conversion into sul
fate ion by sulfur bacteria. 

Some mutant photosynthetic sulfur 
bacterium may have been the first to ac
q uire reaction-energizing electrons by 
splitting water molecules instead of hy
drogen sulfide, while at the same time 
retaining its ability to use hydrogen sul
fide as an alternative energy source. The 
success of such a mutant would have 
been assured when its ability both to 
generate and to tolerate the by-product, 
oxygen, left it adaptively superior to mi
crobial competitors that were exclusive
ly anaerobic. One can imagine further 
mutations leading to enzymatic protec
tion against higher oxygen concentra
tions while retaining (but eventually 
losing) access to hydrogen sulfide as an 
emergency energy source. 

Organisms of this kind could have 
been responsible for unusual rock for
mations that were widely laid down in 
Archean and early Proterozoic times 
up to about two billion years ago. These 
were the finely laminated siliceous 
banded iron formations. Under nearly 
oxygen-free conditions soluble ferrous 
iron could have been episodically dis
persed over large areas, functioning as 
an oxygen buffer and stimulating the 
growth of oxygen-producing photosyn
thetic microbes of limited oxygen toler
ance, as hydrogen sulfide does today. 
Such proto-blue-green algae, in turn, 
could have supplied the oxygen neces
sary for the episodic precipitation of fer-

ric and ferro-ferric oxides (hematite and 
magnetite) to make the microlaminated 
siliceous banded iron formations. The 
episodicity observed may reflect season
al microbial blooms or episodic upwell
ing of ferrous iron from anaerobic ba
sins or both. (This is not, however, to 
argue that all iron formations are so 
prod uced.) As this kind of chemical bal
ance drew to an end the level of oxy
gen in the hydrosphere would have in
creased and so would the leakage of 
oxygen into the atmosphere. 

The progression from a mainly anox
ic hydrosphere and atmosphere to 

weakly oxic ones about two billion years 
ago is supported by two other lines of 
geochemical evidence. The first is the 
widespread presence in Africa and the 
Americas of the easily oxidized mineral 
uraninite in river sands older than about 
2.3 billion years. Such extensive accu
m ulations of so readily oxidized a min
eral in stream deposits would have been 
improbable beneath a substantially oxic 
atmosphere. The other line of evidence 
is the near-limitation of the banded iron 
formations to rocks older than about 
two billion years. Among rocks young
er than two billion years are the oldest 
conspicuous "red beds": sands mostly 
of continental origin colored by ferric 
oxide. Thus the banded iron forma
tions imply a generally anoxic hydro
sphere with episodes of oxidation; the 
red beds imply an oxidative atmosphere 
(and hydrosphere). 

What might the level of atmospheric 
oxygen have been two billion years ago? 
Several considerations suggest that it 
was about 1 percent of the present lev
el. Above that level enough ozone can 
form to block the harsher ultraviolet ra
diation of the sun. Below that level op
tional anaerobes can switch from aero
bic metabolism to anaerobic. The ap
parent presence of eukaryotes by about 
1 . 4 billion years ago implies that a level 
of oxygen 1 percent of the present lev
el had been attained earlier. .Uraninite 
in riverine sandstones up to 2.3 billion 
years ago indicates that at the time 
such a level had not yet been reached. 
Accordingly a continuing atmospheric 
level of oxygen above 1 percent is ap
proximately bracketed between those 
numbers. The general transition from 
banded iron formations to red beds 
about two billion years ago suggests 
the passing of some· threshold level of 

. 
oxygen about then. Was that the first at
tainment on a sustained basis of 1 per
cent of the present atmospheric level of 
oxygen? Q uite likely. 

If the most important event in the evo
lution of the biosphere was the first ap- . 
pearance of life, it is run a close second 
and third by the appearance of chloro
phyll a as the mediator of oxygen-pro
ducing photosynthesis sometime before 
two billion years ago and the appear-

ance of the eukaryotic cell, with its char
acteristic mitotic cell division, between 
two and 1 . 4 billion years ago. Whereas 
in the prokaryotic cell the DNA forms 
a single long chromosome that is fold
ed irregularly throughout the cell, in 
the eukaryotic cell the chromosomes are 
numerous, rodlike and shielded within 
a well-defined, membrane-bounded nu
cleus. In the process of mitosis the chro
mosomes cluster into a central spindle 
and split into pairs before each cell divi
sion. Mitosis depends on the contractile 
properties of the protein actomyosin, 
which cannot form in the absence of 
oxygen. The more advanced steps in the 
synthesis of sterols, fatty acids and the 
fibrous protein collagen, leading to mus
cles and metazoans, are also dependent 
on a sufficient level of oxygen. 

Still, it remains unsettled exactly how 
either eukaryotic cells or the metazoans 
arose. Part of the story of the origin of 
the eukaryotic cell surely involves endo
symbiosis: the engulfing of one organ
ism by another, giving rise to cell organ
elles such as the mitochondrion and the 
chloroplast. Yet unknown processes are 
just as surely involved in the origin of 
the distinctive eukaryotic nucleus, mito
sis and meiosis: the reductive division 
of chromosomes for the purpose of re
production. The gulf between the pro
karyote and the eukaryote is comfort
ably bridged, however, by the identity 
in all organisms of the genetic code, 
the universality of ATP as the energy
transferring molecule and the consis
tency of the amino acid composition of 
proteins in all forms of life. Such uni
versals make sense only if they reflect a 
common ancestry. 

What is the fossil evidence for the 
appearance of eukaryotes between two 
and 1 . 4 billion years ago? For one thing 
eukaryotic cells are generally larger 
than prokar.yotic cells. As V. V. Timo
feev and other R ussian paleomicrobiol
ogists have long noted, the average cell 
diameter 01 fossil microorganisms in
creases substantially in rocks of younger 
Proterozoic age. James W. Schopf of the 
University of California at Los Angeles 
has compiled data implying that the in
fl ux of larger cells took place about 1 . 4 
billion years ago and involved a shift 
from sizes of generally less than 1 0  mi
crometers to commonly more than 20 
micrometers. G. R. Licari and I have 
observed cell diameters up to 60 mi
crometers among microfossils of east
ern California that may be 1 .3 billion 
years old. Such dimensions imply a 
change then or earlier from an entirely 

prokaryotic microflora to a partly eu

karyotic one. The geologic record for 

the interval between two and 1 . 4  billion 

years ago, however, is still sufficiently 

incomplete to leave open the possibil

ity that older eukaryotes may yet come 

to light. It seems that oxygen levels 

would have favored their appearance at 

187 
© 1983 SCIENTIFIC AMERICAN, INC



any time from about two billion years 
ago onward. 

All in all there is little reasonable doubt 
Il.. that at some time between two 
and 1 . 4 billion years ago eukaryotic mi
croorganisms, probably including green 
and red algae, became established. This 
opened the way to the biological precip-

itation of silica, which only eukaryotes 
can carry out (and which is probably 
why the silica in the banded iron forma
tions seems to have been precipitated 
not biologically but chemically). It also 
satisfied one of the two essential precon
ditions for the evolution of the metazo
ans: the existence of the eukaryotic cell. 
The other precondition to be met, as 

Kenneth M. Towe of the Smithsonian 
Institution has pointed out, was .a level 
of free oxygen high enough for the man
ufacture of such products as collagen. 

After about 1 .4 billion years ago the 
previously skimpy record of preserved 
cellular remains gets much better. It is as 
if evolution were speeding up. Yet it is 
another 700 million years before there is 

a 

PRECAMBRIAN ANIMALS, once best known from the Ediacara 
Hills of South Australia, have now been found on five continents. 
The most abundant animals resemble jellyfish (a) or other modern 
coelenterates such as the coral-like ones known as sea pens (b). Others, 

a 

CAMBRIAN ANIMALS, far more abundant than the preceding 
Ediacarian ones and commonly protected by an exoskeleton, also in
cluded soft-bodied species that are best preserved in a Middle Cam
brian formation at Mount Robson in Canada. By this time represen
tatives of three new and now extinct phyla had appeared: the im-
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e 
d 

such as Spriggilla (c) resemble naked arthropods and annelid worms. 
Still others, such as Parl'allcorilla (d) and Tribrachidium (e), resem
ble no other known animal. All probably took their supply of oxygen 
from the surrounding water by absorption through their epithelia. 

d 

mobile Dillomischus (a), a stilt-legged scavenger, Hal/ucigenia (b), 
and the predaceous Opabillia (c). A fourth newcomer, Aysheaia (d), 
resembles the living onychophoran Peripalus. Probably the most ad
vanced of the group, Pikaia (e), is interpreted as the sOle ·representa
tive of the chordates, the phylum that gave rise to all ve{tebrate life. 
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evidence of the oldest fossil organisms 
that all agree to be at once metazoan, 
indigenous to the sedimentary deposits 
in which they are found and deposit
ed concurrently with those sediments. 
These organisms are the soft-bodied 
marine invertebrates of the Ediacarian 
System, which can be placed in the earli
est part of the Paleozoic era and the 
Phanerozoic eon. 

The Ediacarian fauna was originally 
known only from the Ediacara Hills of 
South Australia, but representatives of 
an even larger assemblage of fossils 
of this age have now been found in some ' 
two dozen different areas on five conti
nents, entombed in sedimentary rocks 
deposited between 670 and 5 5 0  million 
years ago. Their appearance followed a 
nearly global succession of glacial de
posits in later Proterozoic time. From 
such beginnings and from contempora
neous algal life there eventually arose 
the familiar biosphere of today. 

The dominant organisms of the Edia
carian System, accounting for nearly 70 
percent of the total, are coelenterates 
(more precisely Cnidaria), and of the 
coelenterates three-fourths are either 
jellyfishlike floaters or colonial · forms 
reminiscent of the modern siphono
phore Velella, drifters of the open sea 
and stranders on many a beach. The re
maining coelenterates are colonial types 
that were attached to the sea floor like 
the modern sea pens. The noncoelen
terates of the Ediacarian fauna include 
marine worms resembling modern pol
ychaetes, some unusual arthropod like 
animals that lack a carapace and a cu
rious three-rayed discoidal animal that 
suggests a tiny naked· starfish. 

Some of these early drifters and in
habitants of the shallow sea floor left 
surface tracks and body imprints as rec
ords of the past, but none seems to have 
burrowed vertically into the bottom. 
Some were also quite large: jellyfish up 
to a meter ' in diameter and sea pens 
more than a meter long. A sheetlike ma
rine worm called Dickinsonia grew to a 
length of nearly a meter but was less 
than three millimeters thick. 

Although the Ediacarian animals are 
primitive, they are scarcely the kind of 
near-microscopic fauna that many pa
leontologists have expected to find at 
the base of the metazoan lineage. Still, 
in retrospect these strange animals are 
not unlike what one might expect if the 
reaching of some critical level of dis
solved oxygen had triggered their evolu
tion. As Rudolf A. Raff and Elizabeth C. 
Raff of Indiana University have demon
strated, jellyfish and similar coelenter
ates can get their oxygen through sur
face absorption at concentrations equiv
alent to only about 7 percent of the pres
ent atmospheric oxygen level. Under 
such conditions a thin, metabolically ac
tive surface combined with a large oxy
gen-collecting area would be advanta-

geous. Thus it should not be surprising 
that jellyfish, thin-bodied worms and na
ked arthropods should predominate in 
the oldest known animal life. There is 
evidence that Dickinsonia had a gut and 
a weakly muscular body, implying that 
it also had an internal oxygen-collecting 
system. The Australian paleontologist 
Bruce Runnegar has calculated that 
even this form could have acquired 
enough oxygen at dissolved-oxygen 
pressures as low as from 6 to 1 0  percent 
of those near the sea surface today. 

The fact that eukaryotic cells had ap
parently been around for 700 million 
years or more .before the oldest known 
metazoans came along suggests that the 
triggering event for metazoan evolution 
was the cumulative buildup of oxygen in · 
the hydrosphere and the atmosphere to 
somewhere near 7 percent of its present 
level. Quite possibly such a triggering 
was abetted by the ecological stress and 
geographic isolation arising from the 
drift of lithospheric plates, which at the 
time was rapid, and the related climat
ic changes. The first animals with phos
phatic and calcareous external skeletons 
are found among the oldest Cambrian 
fossils and in rare instances among the 
youngest Ediacarian ones. Such imper
vious coverings would exclude the sur-' 
face absorption of oxygen. By then gills' 
and circulatory systems of some kind 
had presumably begun to function, sug
gesting .an oxygen level perhaps closer 
to 1 0  percent of the present one. The 
race toward the more efficient utiliza
tion of biological energy was on. 

Feedback effects related to the photo
synthetic buildup of oxygen were 

far-reaching. In addition to its stimula
tion of eukaryotic and metazoan evolu
tion, oxygen increased at the expense of 
carbon dioxide in both the hydrosphere 
and the atmosphere. The higher early 
carbon dioxide pressures probably ac
count for the prevalence of dolomite 
over limestone among marine sediments 
during much of pre-Phanerozoic time. 
Nitrogen, which is the dominant atmo
spheric gas today, probably became so 
only gradually. Nevertheless, it was pre
sumably always important. In the dis
tant past it was a vital biospheric nutri
ent. It remains one today and is perhaps 
equally important as a nearly inert dilu
tant for corrosive oxygen. 

The rest of biospheric history reflects 
the response of eukaryotic evolution to 
plate tectonics, climate and ecological 
challenge on the evolving Phanerozoic 
earth. It is a matter of detail, much of it 
beautiful and rich in significance. The 
Phanerozoic biosphere, descended from 
an almost entirely microbial one, has 
had a long history of ever more elabo
rate diversification that is still in prog
ress. Where will it end? End it must, if 
only when the sun becomes a red-giant 
star four or five billion years from now. 

There's a lot worth 
saving in this country. 

Today more Americans 
who value the best of yester
day are saving and using old 
buildings, waterfront areas 
and even neighborhoods. 

Preservation saves energy, 
materials and the artistry of 
these quality structures. 

Help preserve what's 
worth saving in your com
munity. Contact the National 
Trust, P.O. Box 2800, 
Washington, D.C.  20013. 
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THE AMATEUR 
SCIENTIST 

Caustics: mathematical curves generated 
by light shined through rippled plastic 

by J earl Walker 

Caustics are patterns of bright 
points and lines that form when 
light reaches a surface by refrac

tion or reflection. You can see them on 
a tablecloth in the light refracted by a 
glass of white wine. They can also form 
on the bottom of a swimming pool when 
sunlight is refracted by the waves at the 
surface. My favorite example appears 
when a laser beam is directed through a 
piece of irregularly rippled plastic and 
illuminates a screen with a beautiful ar
ray of bright lines. Even a slight motion 
of the plastic across the beam sends the 
patterns of light dancing into variegat
ed new designs. 

The caustic patterns can be simple or 
complex. Different materials lead to dif
ferent designs. Is the number of possible 
patterns endless, or is there some way to 
classify them in groups of basic designs? 
Until recently I supposed the number of 
patterns was infinite. New developments 
in optics, however, have revealed a tidy 
way of analyzing the patterns. It turns 
out that there are only a few basic de
signs, which are called the elementary 
catastrophes. 

This classification is based on catas
trophe theory, a mathematical analysis 
originated in the 1970's by Rene Thom 
of the Institut des Hautes Etudes Scien
tifiques at Bures-sur-Yvette in France. 
The application of the theory to optical 
caustics was the work of Michael V. 
Berry of the University of Bristol. I have 
based my study on this work. 

To examine caustic patterns I direct
ed the beam from a helium-neon laser 
through a layer of transparent plastic 
with a rippled surface. The plastic, 
which came from the cover over a fix
ture of fluorescent light bulbs, had what 
appeared to be a random arrangement 
of smooth hills and valleys rather than a 
regular pattern. At some distance from 
the plastic was a screen on which the 
caustics appeared. 

By moving the plastic through the 
beam I could rapidly sample many caus
tic patterns. Some were simple curved 
lines. Others were quite complex with 
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overlapping bright lines. Interference 
patterns also appeared with the caus
tics, indicating that the light waves in
terfered des�ructively and constructive
ly at the screen. I concentrated only on 
the ca ustics. 

The caustic patter'ns can be separated 
into several basic units. The commonest 
type is a smoothly curved line that re
sults from what is called a fold catastro
phe. In addition the pattern might have a 
bright point, a cusp, a swallowtail, a tri
angle, a butterfly or a corner. These ba
sic units follow from the several ele
mentary catastrophes arising when the 
beam from the laser refracts through 
the rippled plastic. 

I also obtained caustic patterns from a 
glass slide coated with an uneven layer 
of plastic glue. Laser light is advanta
geous in these experiments because its 
rays normally spread only slightly. Sun
light, spreading much more, tends to ob
scure some of the basic caustic designs. 
Another source of light might serve if it 
is far enough from the refracting materi
al to appear to be a point source of light. 
Only then is the spread in the rays from 
the source sufficiently small so that the 
refracting material can yield clear caus
tic designs. 

An intriguing caustic pattern can be 
seen readily in sunlight. Put a drop of 
water on a glass slide and hold it just 
above a flat surface. On the surface a 
pattern appears that almost always has 
cusp caustics around the perimeter. 

To explore catastrophe theory in op
tics I shall consider the caustics that can 
be produced by a plane wave of light 
passing through a transparent material 
such as a layer of plastic. Before the 
light reaches the plastic it is traveling in 
the positive direction of the z axis in the 
top illustration on page 196. The notion 
of a wave surface aids in tracking the 
progress of the light wave. This surface 
is an imaginary one on which all parts of 
the wave are in phase. For example, if 
light is considered to be a wave of crests 
and troughs, at some instant only crests 
pass through the imaginary surface. A 

short time afterward only troughs pass 
through. 

The shape of the wave surface is giv
en mathematically by a function fthat 
is the distance between any point on 
the wave surface and an underlying x-y 
plane that serves as a reference plane. 
When the light is a plane wave, f is 
simple because the wave surface is flat 
and parallel to the x-y plane. Thus all 
points on the wave surface are at the 
same distance from the x-y plane, and 
f is merely a constant. 

The notion of a light ray also helps in 
visualizing the progress of a wave. A ray 
is a vector pointing in the direction of 
travel of the light. When a ray is added 
to a section of the wave surface, it is 
drawn perpendicular to that section. If 
the light wave is planar, the light rays 
are easy to draw because they are all 
parallel. 

When the light wave passes through 
a layer of rippled plastic, the wave sur
face and the rays are no longer as easy 
to draw. I shall describe several possi
ble results since generally the shape of 
the plastic surface is not known. For 
simplicity I assume two limitations on 
the shape. First, the surface must be 
smoothly rippled, with no sharp ridges 
or intentional patterns. A sharp edge 
complicates the analysis, and an inten
tional pattern might dominate the pat
tern of light cast on the screen. Second, 
the ripples on the surface should be larg
er than the wavelength of visible light so 
that the light pattern is not due merely to 
wave interference. 

When the light wave passes through 
the plastic layer, it is refracted in many 
directions. Hence its wave surface is 
no longer fiat and the light rays are no 
longer parallel to the z axis. The value 
for the function describing the height 
of a point on the wave surface is no 
longer a constant. A point on a hill on 
the wave surface is far from the x-y 
plane and a point in a valley is closer. 

When rays are added to the picture, 
they must again be perpendicular to the 
wave surface wherever they are drawn. 
Since that surface is no longer fiat, the 
rays point in many directions. The part 
of the light wave passing through a giv
en section of the wave surface travels in 
the direction of the ray assigned to that 
section. The travel of the entire light 
wave is therefore harder to follow once 
the light passes through the plastic. 

Much farther along the z axis lies the 
screen. That is where you see the results 
of the distortion of the light wave by the 
plastic. If the plastic were fiat, the screen 
would be evenly illuminated. With rip
pled plastic much of the screen may be 
partially illuminated, but in some places 
the bright caustics will appear. Each 
point on a caustic-is formed because the 
plastic layer bunches many rays onto 
that region of the screen. 
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My objective was to classify the kinds 
of pattern that can appear on the screen 
without specifying any details about the 
surface structure of the plastic layer. 
The task is to figure out what kinds of 
pattern are possible on the screen by 
studying what kinds of shape a wave 

surface can have. Catastrophe theory 
predicts that the wave surface can have 
only a limited number of distinguish
able shapes. Thus only a limited number 
of basic caustic patterns can appear on 
the screen. Since any complicated pat
tern of caustics can be broken down into 

All array of laser-beam caustics 

these basic patterns, one can immediate
ly describe the shape of the wave surface 
even though the details about the sur
face of the plastic are not known. 

To determine the possible shapes of 
the caustics one must examine the cur
vature of the wave surface. The bottom 
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CAN A COMPUTER MAKE YOU CRY? 
• Right now, no one knows. This is 
partly because many would consider 
the very idea frivolous. But it's also 
because whoever successfully ans
wers this question must first have 
answered several others. 
• W hy do we cry? Why do we 
laugh, or love, or smile? W hat are the 
touchstones of our emotions? 

Until now, the people who asked 
such questions tended not to be 
the same people who ran software 
companies. Instead, they were 
writers, filmmakers, painters, musi
cians. They were, in the traditional 
sense, artists. 
• We're about to change that 
tradition. The name of our company 
is Electronic Arts. 

SOFTWARE WORTHY 
OF THE MINDS THAT 
USE IT We are a new association 
of electronic artists united by a com
mon goal- to fulfill the enormous 
potential of the personal computer. 

In the short term, this means 
transcending its present use as a facili
tator of unimaginative tasks and 
a medium for blasting aliens. In the 
long term, however, we can expect 
a great deal more. 

These are wondrous machines 
we have created, and in them can be 
seen a bit of their makers. It is as if 
we had invested them with the image 
of our minds. And through them, we 
are learning more and more about 
ourselves. 

We learn, for instance, that we 
are more entertained by the involve
ment of our imaginations than 
by passive viewing and listening. We 
learn that we are better taught by 
experience than by memorization. 
And we learn that the traditional 

distinctions - the ones that are made 
between art and entertainment and 
education - don't always apply. 

TOWARD A LANGUAGE 
OF DREAMS. In short, we 
are finding that the computer can be 
more than just a processor of data. 

It is a communications medium: 
an interactive tool that can bring 
people's thoughts and feelings closer 
together, perhaps closer than ever 
before. And while fifty years from 
now, its creation may seem no more 
important than the advent of motion 
pictures or television, there is a 
chance it will mean something more. 

Something along the lines of 
a universal language of ideas and 
emotions. Something like a smile. 
.The first publications of Electronic 
Arts are now available. We suspect 
you'll be hearing a lot about them. 
Some of them are games like you've 
never seen before, that get more 
out of your computer than other 
games ever have. Others are harder 
to categorize - and we like that. 

WATCH US. We're providing 
a special environment for talented, 
independent software artists. It's 
a supportive environment, in which 
big ideas are given room to grow. 
And some of America's most re
spected software artists are beginning 
to take notice. 

We think our current work reflects 
this very special commitment. 
And though we are few in number 
today and apart from the main
stream of the mass software market
place, we are confident that both 
time and vision ���§�E:. 
are on our side. 

Join us. 
We see farther. ELECTRONIC ARTS '" 
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To LEARN MORE aboutourgrowing number of tides-and to reai...e a fore /XJSIb of the "nUts piaured here-,"", /ry JOIlT /atKJ'J'ire computer store or soirware """"" 1/ JOU ..",j help finding the Electronic A 11S deaJer nearest )OW, write 
us at 2755 Campus Dri ... San Mala>. Calif"",ia 944QJ '" call (415) 571-7171. 

SOFIWARE ARTIST S? ''I'm not SO 
sure there are any software artists yet:' 
says Bill Budge. "We've got to earn that 
tide:' Pictured here are a few people 
who have rome as close to earning it as 
anyone we know. 

T hat's Mr. Budge himself, creator 
of PINBALL CONSTRUCTION 
SET, at the upper right. To his left are 
Anne Westfall and Jon Freeman who, 
along with their rolleagues at Free Fall 
Associates, created ARCHON and 
MURDER ON THE ZINDERNEUF. 

Left of them is Dan Bunten of 
Ozark So£tscape, the firm that wrote 
M. ULE. To Dan's left are Mike Abbot 
{top} and Matt Alexander {bottom}, 
authors of HARD HAT MACK. In the 
center is John Field, creator of AXIS 
ASSASSIN and THE LAST GLAD
IATOR. David Maynard, lower right, 
is the man responsible for WORMS? 

When you see what they've accom
plished, we think you 11 agree with us 
that they can call themselves whatever 
they want. 
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illustration on the next page shows a 
cross-sectional slice of a hill on the sur
face:· The x axis of the underlying x-y 
plane is included. I am interested in 
how the slice curves with respect to 
the x axis. Two regions of the slice are 
curved and one section (the inflection 
on the side of the hill) is not. Rays from 
the curved sections are spread over the 
screen with no bunching. Rays from the 
straight section are bunched onto one 
spot on the screen and so contribute to 
a caustic. 

The figure is for only' one cross-sec
tional slice of the wave surface. Next to. 
that slice another one can be depicted. 
Again part of the underlying x-y plane is 
to be drawn below the slic(L For conve
nience I call this direction x too even 
though it probably differs from the di
rection in the first slice. · 

Part of the hillside of the second slice 
lacks curvature. Perhaps this region is a 
bit higher or lower on the hillside than it 
was before, but such a detail is not im
portant just yet. The point is that one . 
can always take a sli:ce of any. part of the 
wave .surface· and examine it for cur
vature. -If part of the slice lacks curva
ture, it can contribute to· a caustic to 
the screen. 

Suppose all the uncurved places on 
the wave surface are discovered. On the 
underlying x-y plane imagine a line L 
that is just below those places. The 
shape of. L determi:nes the shape of the 
caustics on the screen. Usually the line 
creates a smoothly curved line of light 
on the screen, but it can create several 
other caustic patterns: the other elemen
tary catastrophes. 

A graphic· analysis greatly aids one's 
use of catastrophe theory. Reconsider· 
the illustration of a cross-sectional slice 
through a hill on the wave surface. Rays 
from the hillside end up at various. 
places on the screen. The axis a shows 
where. they shine. (The illustration is 
misleading because the screen is neces.
sarily ·shown close to the wave surface.) 

Rays from the bottom of the hill point 
directly toward the screen. As one as
cends the hill the rays began to point 
more to the left: The extreme is reached 
in the interesting region that has no cur
vature. Further ascent of the hill takes 
one through rays pointing less to the left. 
Finally, on the hilltop the rays are again 
pointing directlY,toward the screen. 

Since the screen is distant. from the 
wave surface, the rays-both from the flat 
bottom of the hill and from the hill-' 
top end .up along the same region of 
the screen. The rays that are deflected 
to the left side .of the screen are those 
from the side of the hill. Points along 
the wave surface (from the bottom of 
the hill to the top) are connected by the 
rays to points along the screen. 

The connection is best expressed in 
terms of the values of x (on the axis 

below the wave surface) and a (on the 
axis across the screen). The upper illus
tration at· the right on page 197 shows 
the relation of the values. For large val
ues of a. two regions on the wave sur
face contribute a ray. For example, the 
top and .bottom sections of the hill both 
send rays to approximately the same 
place. With classical optics one can cal
culate the intensity of the light at that 
point on the a axis. Since the rays are 
not bunched, the intensity is less than it 
is at a .caustic. 

Near the' fold in the curve the value of 
a reaches a limit set by the rays from the 
side of the hill. The curve folds over for 
the limiting value, which means many 
rays arrive at that point on a from a 
range of places on x. Classical optics 
predicts the intensity to be infinitely 
large at the foldover point on a. This is 
a caustic point. 

This arrangement is a fold catastro
phe. The term implies that the graphic 
relation between points x (associated 
with the wave surface) and points c. 
(along the screen) has' a fold. The word 
catastrophe is appropriate. too. Points 
on a away from the caustic have a sim
ple contr,ibution of rays, one ray from 
a '-large 'value of x and 'another from a' 
small one.'"As one considers points of a 
nearer ·the· fold, however, · the rays- ab
ruptly bunch to produce a bright spot at 
the fold point on a. 

The algebraic relations between val
ues of x and· a for the elementary catas- , 
trophes are usually given by means of 
generating functions. The functions are 
listed in the bottom illustration on page 
197. For the fold catastrophe two vari-

abIes are required. The a is called a con
trol variable, the x a state variable. To 
gain the relation between x and a for the. 
fold .catastrophe its generating function 
is differentiated with respect to the state 
variable x and set to zero. The resulting 
equation is the one plotted in the upper 
illustration at the right on page 197. 

I have now demonstrated that a sec
tion on the wave surface can create a 
bright point on the screen. Suppose that 
next to this section on the wave surface 
other sections also contribute a bright 
point apiece. The string of bright points 
on the screen forms a smoothly curved 
caustic line, the commonest kind of pat
tern yielded by a rippled layer of plas
tic inserted in a laser beam. Each point 
on the. caustic line is the result of a 
fold catastrophe from a section on the 
wave surface that lacks curvature with 
respect to a direction on the underly
ing x-y plane. The line L running below 
these sections on. the wave surface. is 
transformed by means of the rays into 
the caustic line on the screen. 

A cusp catastrophe is somewhat more 
complex. It involves the same state vari
able x for the wave surface but includes 
a new control variable b on the·screen in , 
addition to the a already employed. In 
other words, in a .cusp catastrophe the 
points x for the wave surface determine. 
the rays in the region of a and b on the 
screen. The algebraic relation between 
x, a and b is obtained by differentiating 
the appropriate generating function by 
the state variable x and then setting the 
result to zero. 

Again a graph aids one's understand
ing of the algebraic relation. This time 
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the graph is three-dimensionaL As is 
shown in the top ill ustration on page 199 
two dimensions of the graph are devoted 
to the control variables a and b; the ver-

- tical dimension is the state variable x. 
The bottom plane ·of the graph is the 

control space and actually represents 
the screen. Above it is a folded sheet 
whose shape is set by the equation ob
tained from differentiating the generat
ing function. (One should not be misled 
into believing this sheet is visible or tan
gible. It .is only a mathematical rela-

. tion between the points labeled x on the 
wave surface and points a and b on 
the screen.) 

What one sees on the screen is the pro
jection of the folded sheet onto the a-b 
surface of the graph. The projection is a 
bright cusp. Hence if a layer of rippled 
plastic produces the right kind of wave 
surface, one finds a caustic cusp on the 
screen instead of the smoothly curved 
caustic line formed from a series of sim
ple fold catastrophes. 

What kind of wave surface produces 
a cusp? A fold catastrophe results from 
a region on the wave surface that has 
no curvature along some direction in 
the x-y plane. I call that direction x 
for any slice through the wave surface. 
The line L runs through the points on 
the x-y plane that are below all these 
places on the wave surface without cur
vature. At each point along L I can 
construct x and y axes so that x is in the 
direction of no curvature for the part of 
the wave surface just above the point 

In general the x axis at each point is 
in a direction different from that of the 
line L through the point If the surface 
of the plastic is appropriately shaped, 
however, the wave -surface can have a 
region in which the x axis coincides with 
the direction of L there. 'The rays from 
this region end up forming a bright cusp 
on the screen. 

The bottom illustration on page 199 
indicates a candidate for such a region 
on the wave surface. The regions with
out curvature form a path that runs 
along the side of a hill, climbs the hill 
and.then again runs along the side. Con
sider the shape of L just below the path. 
Also consider the direction of no curva
ture for points along L For any point on 
L away from the climbing region the 
direction of no curvature is not coinci
dent with L Those points therefore con
tribute only simple fold catastrophes. 
Seen as a composite they are smoothly 
curved caustic lines on the screen. In the 
climbing regions the direction of L coin
cides with the direction of no curvature. 
Hence rays from that region prod uce 
the sharp point on the cusp caustic on 
the screen. 

The graph of the cusp catastrophe il
lustrates the connection between points 
of a and b on the screen and points x for 
a path over a wave surface. As before 
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the connection is by means of the rays 
leaving the hillside for the screen. To 
show the connection I have numbered 
five sections on a path over the hillside 
in order to show where rays leaving 
those sections end up on the screen. Bear 
in mind again that the screen is actual
ly much farther from the wave surface 
than the illustration suggests. Remem
ber too that the cusp is likely to be much 
larger than the wave surface. 

Rays from sections 1,3 and 5 end up 
in the middle of the cusp. As one climbs 
the hill through section 2 the rays are 
deflected to the left side of the screen. 
Along section 2 the rays begin to bunch 
to form the left side of the cusp caustic. 
Higher on the hill the rays begin to fall 
inside the cusp again. Section 2 is there
fore responsible for the extreme left side 
of the caustic pattern. 

As one begins to descend the hill 
through section 4 the rays are sent off to 

Cau�tic i"lne 

Path af painte, 
wi th no. curvature: 

Ray.:; 
producing 
CCJ.U.st-IC painb 

the right side of the screen. The bunch
ing of rays from near section 4 is respon
sible for the caustic line on the right. 
Rays from below section 4 on the hill 
fall inside the cusp. 

A similar analysis can be made on 
.the three-dimensional graph of the cusp 
caustic. In the illustration I have rotated 
the cusp so that the fold in the graph can 
be visualized. Again I have added labels 
to indicate where the rays originated 
from the hill on the wave surface. The 
edge of the cusp labeled 4 lies below the 
fold on the upper sheet of the graph. 
The other edge lies below the fold on 
the lower sheet. Thus the upper fold 
represents the connection between the 
right side of the hill and one edge of the 
cusp, whereas the lower fold is for the 
left side of the hill and the other edge. 

Outside the cusp region the screen 
is not illuminated. The sections of the 
folded sheet above these dark regions 
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are extraneous and could be eliminated 
from the graph. Points at the center of 
the cusp lie below three sheets. The top 
sheet. represents the connection for the 
rays leaving the hill on the right side, 
below section 4. The middle sheet is for 
the rays from the top of the hill. The 
bottom sheet is for the rays from the 
section numbered 1. 

Next consider a part of the folded 
sheet closer to the point where the fold 
smoothes out. That point is called a sin
gularity. There the graph represents rays 
that originate in the climbing region 
and fall on the cusp point on the screen. 
Farther back on the graph the sheet is 
not folded. Below this section there is 
no caustic. 

Part of catastrophe theory deals with 
classifying sections of a catastrophe as 
either generic or nongeneric. The defini
tions of these terms can be demonstrat
ed by two lines on the screen that slice 
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through the cusp pattern. Make the first 
line pass through both edges of the cusp 
but well away from the cusp point. The 
line cuts through two fold catastrophes, 
one catastrophe for each edge of the 
cusp pattern. Such a slice through the 
caustic pattern is said to be generic in 
the sense that a slight change in the line 
prod uces no major change in the type or 
number of catastrophes the path sam
ples. Suppose I move the line slightly 
toward or away from the cusp point. It 
still passes over two edges and so still 
samples two fold catastrophes. 

N ext consider a line that passes direct
ly through the cusp point. The line sam
ples only one fold catastrophe, the one 
responsible for the point on the cusp it
self. This slice through the catastrophe 
pattern is said to be nongeneric in the 
sense that a slight change in the line 
can have a dramatic effect on what the 
path samples. If I move the line slightly 
toward the rear of the graph, it no long
er samples any of the catastrophe pat
tern. If I move the line slightly toward 
the front of the graph, it samples two 
fold catastrophes instead of one. Mov
ing from a nongeneric section of a ca
tastrophe pattern to a generic section is 
said to be unfolding the catastrophe. 

The nature of the elementary catas
trophes depends on the number of con
trol and state variables involved in the 
production of a caustic pattern on the 
screen. To prod uce a fold catastrophe 
only one state variable (x) and one con
trol variable (a) are required, but an ad
ditional control variable (b) is needed 
to produce a cusp catastrophe. If light 
passes through a refracting layer, many 
more control variables besides the two 
associated with a position on the screen 
are possible. For example, if the refract
ing material is a drop of water, a third 
control variable might be the pressure 
inside the drop, because the pressure can 
alter the shape of the drop. 

If a caustic pattern has one state vari
able (still the line x) and three control 
variables, the catastrophe is said to be a 
swallowtail one. The algebraic relation 
between the variables is obtained by 
differentiating the generating function 
with respect to the state variable and 
setting the result to zero. This relation 
cannot be graphed because it is four
dimensional. 

The projection of the folded sheet 
onto a three-dimensional space of the 
control variables can be depicted. The 
procedure resembles what was done 
with the cusp catastrophe: the folded 
sheet was projected onto the bottom of 
the graph (the plane of the control vari
ables) so that the cusp could be ana
lyzed. The projection of the swallowtail 
folded sheet onto the control space is 
shown in the bottom illustration on the 
next page. 

What is seen on the screen with such a 

From top of hi I I 

From I c:..ft :::.ide of 'ni I I  

}---/ ---/ --
/ -- -/ -- -/ --/ ---// --..... () 

/ / 
/ 

/ 

/ 
2 Cau:::.tic 1rolT' 

Id't side of hili 
/ Cau:::.tic from 

a right side. of hili 

Distant screen<..... 

A graph of a cusp catastrophe 

""' .... --------------------.... -..... \ 
./"" 

.... /4-( \�5 / 
........ /' .... 

i------------------� 

Path of point:;, � 
with no curvature 

Path over hill for 
numbered :x:ction<:> 

L 

%----� x coincident 
__ � WithL X"'- f "-f X 

:l 

X-!:I plane· 
Creating a cusp catastrophe 

catastrophe? It is certainly not the full 
projection (which is three-dimensional). 
Rather one sees only a cross-sectional 
slice through the projection. I have la
beled the axes through the projection in 
order to facilitate making such slices. 
Two of the dimensions are the control 
variables a and b associated with places 
on the screen. The third variable (c) is 
some other variable one could change in 
the refraction demonstration. 

To visualize the patterns that can ap
pear on the screen imagine a slice 
through the projection at one value for 
the third control variable. For example, 
a slice made near the left side of the 
illustration resembles a bird, which is 
the source of the name given to the ca
tastrophe. If the third control variable 
has the proper value, this pattern can 
be seen on the screen. 

Next imagine cutting slices through 
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Slices through a cusp pattern 

the projection for other values of the 
third control variable. The slices are 
made progressively toward the rear of 
the pattern. Eventually a slice has only I 
a simple curve. Slices farther back are 
similar. Hence a slice from the front of 
the pattern yields a swallowtail on the 
screen and a slice from the rear produc
es a simple curve. 

The slice dividing these two possibili
ties is a non generic section. The other 
slices through the projection are generic. 
If the third control variable can be con
trolled, one can vary the caustic pat-

tern from the swallowtail through the 
smooth curve. Variations of this kind 
are described as folding or unfolding the 
catastrophe. For example, changing the 
slice from the nongeneric section to ei
ther the front or the back of the pattern 
is said to be unfolding the catastrophe. 

When there are four control factors 
and one state factor, the catastrophe is 
of the butterfly type. The algebraic rela
tion is obtained with the usual differenti
ating of the generating function. The 
result is impossible to graph because 
it represents a five-dimensional folded 
sheet. Even its projection onto the four
dimensional control space is impossible 
to draw. At best one can draw three-di
mensional sections of the projection. I 
have not attempted the task but am con
tent to provide the possible patterns that 
appear on the screen, which is only a 
two-dimensional slice out of those more 
complicated configurations. A few of 
the patterns of this type are shown in 
the top illustration on the opposite 
page. The catastrophe derives its name 
from the butterfly like shape of some of 
the patterns. 

I have been considering the higher di
mensions for the control variables while 
holding the control variable to x. A re
fracting material has another state var
iable, y. When there are three control 
variables and two state variables, the ca-

Appco.ronce... on :screen 

The swallowtail catastrophe 
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tastrophe is called a hyperbolic umbilic. 
The algebraic relation between these 
variables is obtained by differentiating 
the generating function with respect to x 
and then to y, with each result set to zero 
to prod uce two eq uations. Although the 
folded sheet representing these equa
tions cannot be graphed, the projection 
of it onto the three-dimensional control 
space can be drawn as in the middle il
lustration at the right. 

What appears on the screen is a slice 
through this pattern. The position of the 
slice is set by ,the val ue of the third 
control variable. The nongeneric slice is 
through the middle of the pattern. On 
the screen the caustic pattern is a bright 
corner with a finite angle (in contrast to 
the angle of zero degrees of a cusp cor
ner). If one could actually control the 
third variable, this catastrophe could be 
unfolded by moving the slice. The pat
tern appearing on the screen would then 
change accordingly. 

If the slice is moved toward the front 
or the back of the hyperbolic umbilic, 
the corner unfolds into a smooth curve 
lying around a cusp. Suppose such a pat
tern falls on the screen when a plastic 
layer is inserted into a laser beam. The 
pattern is said to be an unfolded hyper
bolic umbilic. 

A combination of three control vari
ables and two state variables can also 
yield an elliptic umbilic. A different gen
erating function is assigned and different 
algebraic equations are derived for the 
relation between the variables. The non
generic slice provides a point caustic for 
the screen. Generic slices have triangles 
with curved sides. If the elliptic-umbil
ic catastrophe is unfolded, the caustic 
point turns into triangles. 

A further increase in the number of 
control variables for either one state 
variable or two is certainly possible, but 
the resulting higher-order catastrophes 
become difficult to understand. They are 
also unlikely. The chances are that only 
two or three control variables are im
portant in any experiment with a re
fracting surface in a beam of light. Thus 
one should expect to find only the pat
terns from the first six elementary catas
trophes on the screen. 

You can do experiments with rippled 
plastic and other transparent materials 
for these catastrophe patterns. If you 
come on a pattern from a nongeneric 
slice through a catastrophe, you might 
try unfolding the catastrophe. I have 
had some success by carefully turning a 
plastic layer in a laser beam. Although I 
hold the same section of the plastic sur
face in the beam, the rotation of the 
plastic on an axis perpendicular to the 
beam forces the light to pass through 
the plastic at a new angle. The control 
variable I am changing is that angle. 
The result is that the higher-order ca
tastrophe folds and unfolds. 

Some of the patterns 
Butterfly catastrophes 
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"Microsoft® MultiplanMalloYls me to explore 
more alternatives in less time. I think it 

leads to better management decisions!' 
Edward R. Schwinn, Jr. 
President Schwinn Bicvcle Company 

"Multiplan software helps me make better business decisions. 
It's as simple as that. With Multiplan on my microcomputer, 
I can explore a number of alternatives faster. That's really 
important to me in planning and tracking my totally hand
crafted Schwinn Paramount Bicycle. As with anything 
handmade, cost control and product planning are major 
considerations. For instance, Multiplan lets me study the 

I 

effect of the learning 
curve on overall pro

ductivity. And 
although we have 
a mainframe 

computer, I find 
that Multiplan is 
a tool that allows 

me to personally 
examine my busi
ness options
without spinning 

my wheels:' 

A tool for decision makers. 
Microsoft Multiplan is a micro
computer software program 
that can help you too. In many 
ways. You can analyze cash 
flow. Plan budgets. Forecast 
income. Manage production. 
Multiplan allows you to set 
up an electronic worksheet 
for whatever your need may 
be. And, it lets you explore 
alternatives faster because 
when you make one change 
you immediately see the results 
of that change throughout the 
worksheet and on any related worksheets. 
Just change one number and every 
number that depends on it is adjusted automatically. 
In plain English. You won't have to learn a cryptic 
language to use Multiplan. It takes commands in plain 
English. And, it will prompt you as you go along by 
telling you what to do next. There's even a HELP key 
in case you need help at any point. Press it and it 
gives you information to get you going again. 
See it in action. If you'd like to see Multiplan 
in action, and receive our latest brochure , 
call us toll-free: 

DEPARTMENT NO.02 
1-800-547-3000 

In Oregon. call collect 503·244·5500 

We'll gladly locate the Microsoft dealers nearest 
you. They'll demonstrate Microsoft Multiplan 

and explain its compatibility with most 
r personal computers. Including 

�""IJIJ""'\J!} and the IBM® Pc. It's com
patible, in fact with any computers 

that use the CP/M®-80 or MSTM-DOS 
operating systems. Microsoft Multiplan 

is a good management tool for building 
bicycles. It's also a good management tool for 

building businesses. Like yours. 

BETTER TOOLS FOR MICROCOMPUTERS 

MICROSOFTM 
Microsoft IS a regIstered trademark. and M ultJplan, MS, 

and the Microsoft logo are trademarks of Microsoft Corporation. 
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What if you chose 
as a technical 

II�II 

What should you expect 
from a computer partner? 

Quality-from researching cus
tomer needs to product develop
ment, manufacturing, marketing, 
after-sales service, and support! 

Quality, by HP's definition, encom
passes more than the product. 

T his high quality recently was 

•• 

recognized by the Union of Japa
nese Scientists & Engineers, who 
awarded a coveted Deming Prize to 
Yokogawa-Hewlett-Packard, HP's 
joint venture company in Japan. 

YHP offers the entire spectrum of 
HP products and in 1981 accounted 
for Japanese sales of more than $200 
million. Nearly 60 percent of the 
products YHP sells are imported 
from HP manufacturing operations 

"At Union Carbide, 
an UP computer network 
automates production 
management and has 
paid for itself in less than 
two years." 

Union Carbide's Linde Division 
in Tonawanda, N. Y., manufactures 
custom production equipment. 
Factory systems manager Doyce 
Coffman says, "When production 
demand fluctuates, it complicates 
our scheduling, product costing, 
and long range planning. 
"To solve these problems we auto
mated production and materials 
management with a network of HP 
1000 and 3000 computers and 43 
data capture terminals. 
"Because these systems continu
ously monitor operations and re
spond in real time, we can identify 
and eliminate production bottle
necks on line. T he payback? Im
proved efficiency factory-wide and 
a dollar savings that covered the 
cost of our entire HP network in 
less than two years." 

The Deming Prize: for outstanding 
merit in the control of quality. 
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Hewlett-Packard 
�otnputer partner? 

11+1 

in the US and abroad. Conversely, 
YHP manufactures and exports 
various products to HP customers 
throughout the world. 

The total quality control approach 
for which YHP was awarded the 
Deming Prize is a point of pride 
throughout HP. Customers in every 
part of the world should expect 
quality as a fundamental element in 
a computer partnership with HP. 

"At Amdahl, an UP 
computer network helps 
control testing. And it's 
paid for itself in two 
years." 
Amdahl manufactures large-scale 
general purpose computers. In 
Sunnyvale, Calif., Bob Henderson, 
Manager of Test Systems Software, 
says: "We use a network of HP 1000 
computers to control various tests 
on our Model 580 computers. With 
the HP systems, we can achieve the 
advanced testing and stringent 
quality control our high-speed, 
high-density products demand. 

"Replacing batch systems with an 
HP computer network saved us 
nearly $100,000 in equipment costs. 
And by using HP 1000' s we're 
obtaining test data ten times faster 
than before. 

"Our test network helps streamline 
manufacturing processes and has 
paid for itself in just 2 years. In 
addition, the network saves us up 
to $34,000 a year by reducing pa
perwork and test cycle time." 
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You should consider a 
working partnership with 
UP. Now. 
For a free copy of our brochure ex
plaining HP's practical, proven ap-

When performance must 
be measured by results 

proach to meeting your long-term 
computer and information needs, 
write to A.P. Oliverio, Senior Vice 
President, Marketing, Dept. 207, 
Hewlett-Packard Company, P.O. 
Box 10301, Palo Alto, CA 94303. 

Flio-HEWLETT 
a:aPACKARD 

0002342 
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