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"Last week I sowed my wild oats. 
The real fun starts in two weeks, 
when I try to kill them a111' 
"Wild oats always make 
people think of second, 
rate Victorian novels," 
says Gulf agricultural 
chemist Jim Ahle. 

"Actually they're big 
trouble in North and 
South Dakota. They 
crowd out the wheat, 
and cost the farmers 
there over two hundred 
million dollars a year. 

Single-minded 

"A lot of things will 
kill wild oats. W hat we 
wanted was a single, 
minded herbicide that 
won't harm any other 
plants, or the people or 
animals who eat the 
gram. 

"To solve that 

"A good wild oat 
is a dead wild oat. " 

Gulf Oil Corporation 

problem, we developed a 
product called Carbyne� 
It proved to be one of the 
most successful wild oat 
controls ever developed. 

"That was several 
years ago, but we're still 
running experiments 
with Carbyne, either 
new formulations or in 

. combination with other 
herbicides, so you can 
control a variety of weeds 
with one application. 

"For each new formu, 
lation, we sow thousands 
of wheat plants and wild 
oats in seed beds, and in 
a few weeks spray them 

with the experimental 
herbicide. Then we 
check to make sure the 
weeds are dead and the 
grain uncontaminated. 

Onein�OOO 

"For every herbicide 
that comes onto the 
market, at least seven 
thousand have been 
tested and rejected for 
one reason or another. 
Carbyne is a winner, but 
it's just one of many 
herbicides and pesticides 
we're working on here at 
Gulf. 

"The American 
farmer is the most 
productive on earth. The 
challenge, as I see it, is 
to keep him that way." 

Sl · Gul -

7 r 

Gulf p eople: 
meeting the challe nge. 
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ffDefy tradition. Make your next 
martini \Vith white Puerto Rican rum. 

I recommend it emphatically." 
FRANr;:OIS BONNAR DEL, PRESIDENT, NOlllY PRAT & elE. 

As the long-standing partner of gin 
and vodka, Noilly Prat is uniquely qualified 
to make a value judgement about martinis. 

The fact that they recommend a mar­
tini made with white rum will come as a 
surprise only if you've never tasted one. 

White rum makes a smoother martini. 
Smoother than a gin 
martini. Smoother 
than a vodka martini. 
The Government of 
Puerto Rico has seen 
to that by requiring all 
white rum to age in 
white oak casks for at 
least a year. 

Noilly Prat heartily 

. approves. They know 
what a difference aging makes to the taste 
of a drink, including vermouth. After all, 
dry vermouth was invented by a Frenchman 
named Noilly. 

Noilly Prat also knows that in a 
large-scale taste test against gin and vodka, 
white rum emerged the clear favorite in 
taste and smoothness. 

To the Noilly Prat people, who care 
passionately about the taste of the martini, 
the handwriting is on the wall- just as it 
was when vodka surpassed gin not too 
long ago. 

Tonight defy tradition. Combine five 
parts white rum from Puerto Rico with one 
part Noilly Prat vermouth. 

We think you'll find it hard 
to go back. PUfRTO RICAn Rums 

For free "White Rum Classics" recipes. write: 
Puerto Rican Rums, Depl. SC-3, 
1290 Ave. of the Americas, N. Y., N. Y. 10019 
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. If how long a car . 
lasts is any indication 
of how well it's built, 
you'll be interested to 
know that Volvos have 
been lasting longer. . 

Latest figures from 
the Swedish Motor Vehi 
;Inspection Company show 

In 1966, the average lite eXRectanc)!. o.[a 
Volvo in Sweden was 12 )!.ears. Latest 

ligures show its 
YR to 16 )!.ears.� 

that tn the last ten years, the average 
life expectancy of a Volvo in Sweden 
has increased by 37%. 

. . We can't guarantee a Volvo will last 
the same length of time in this country. 

it's nice to know the potential for 
. 

'val is there. 
Of course, reducing the speed with which 

Volvo' travels to the junkyard isn't the only 
1'nT'.T'A'lT""' .... n ""'� ... -t we've made in ten years. We've also found a lot «r. 

4 

ways to make that trip safer and more enjoyable. 
We've introduced rack and pinion steering because it's 
... , ................ jnore pre.cise .. • 

< pur entire suspension system. So you get a 
.. �ven over unimproved roads .. 

V"4,,,,·�.u:".I..v·u.·our engines to make them faster and 
more efficient.' , In high-speed passing, the 

.. 
�.� 

vo 264-with its overhead cam -

Volvo 240-with its fuel ' . 
uV\Jv.l.erate§ ,a Cutl a$S with. a V­

'-" .... u."' .. ...... 

· 
cOfufoIta'b� pIa ' 
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. We've added a 12-outlet heating and ventilation system that keeps the air 
continuously· fresh. 

In 1964, we introduced orthopedically-designed bucket seats. Which 
w�'ve been improving ever since . 

. Volvo seats now adjust in eight different directions. They have lumbar 
supports that you can firm or soften against the small of your back. And on 

-------_______. the Volvo 264, the driver's seat is he�ted. 
,'=- When it comes to safety,"' .... 52'!,! ! b 2118Z 'fllb::b». 

--- no one demands more of Volvo than Volvo. 
Even the U.S. government is impressed 
by what we've accomplished. 

They recently bought 24 Volvos 
for a testing program that will help 

establish safety standards for 
cars of the future. 

What all of this proves 
is simple. 
A Volvo may last a 
long time. 

But you'll get a lot 
more out of it than 

5 
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© 1977 Allied Chemical Corporation 

You don't have 
to be a nuclear 
physicist to 
understand an 
electric bill. 

The numbers next to the $ sign are a 
lot higher today than a couple of years ago. 
And we can expect even bigger bills as prices 
increase for oil, coal, natural gas-the main 
sources for the energy we use. 

That's why the world is turning to 
nuclear power as a practical alternative. 
Nuclear power can cut our future electricity 
costs and reduce dependence on those few 
countries that control oil production and 
prices. Thousands of American communities 
now enjoy power, light and heat from nuclear 
energy. By 1985, there will be at least 300 
nuclear power plants in the U.S. and overseas. 

Nuclear power is produced by reac­
tors that run on uranium. After 3 or 4 years the 
fuel rods in a reactor are spent and taken out. 
They can be stored away. But they contain 
plutonium, as well as unburned uranium, and 
discarding them means losing forever a 
potential source of energy. However, there is a 
way to reprocess this material, to generate 
at least 50% additional electricity instead of 
simply throwing away this valuable resource. 

Right now, there's only one facility in 
the entire U.S.-at Barnwell, South Carolina, 
built by our company in partnership with 
General Atomic-that is able to evaluate the 
benefits of reprocessing. At full operation, 
Barnwell will reprocess spent nuclear fuel from 
50-60 reactors every year. This reusable fuel 
can provide the energy equivalent of almost 70 
million tons of coal or nearly 300 million barrels 
of crude oil a year. That's a lot of energy 
that would be wasted without reprocessing. 

6 

Reprocessing provides another plus. 
By significantly reducing the amount of highly 
radioactive nuclear waste, the need for storage 
locations is lessened-an environmental as 
well as economic benefit. 

But Barnwell is idle. It can't get 
started until the government clarifies its 
position on nuclear fuel recycling. 

Barnwell can establish that effective 
safeguards can be maintained over the 
plutonium contained in spent fuel. In doing so, 
it will go a long way toward providing an 
answer to the problem of international nuclear 
arms proliferation. 

Recent surveys show that a majority 
of Americans favor more nuclear power plants. 
Barnwell is the key to proving that reprocessing 
can help make nuclear power the choice of 
the future-an economical, safe and environ­
mentally acceptable answer to America's need 
for electricity. 

It doesn't take a degree in nuclear 
physics to make that choice. Barnwell and the 
American people are waiting. 

For copies of this ad and information about how nuclear fuel 
reprocessing can help solve our energy problems, write to: 
Energy, Dept. SA- Allied Chemical Corporation, P.O. Box 2245R, 
Morristown, N. J. 07960 
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THE COVER 

The painting on the cover depicts an experiment demonstrating a soprano's 
tendency to open her mouth wider as she sings higher tones. The reason, it ap­
pears, is to bring the frequency of the first "formant," a particular resonance of 
the vocal tract, up to match the fundamental frequency of the tone she is sing­
ing (see "The Acoustics of the Singing Voice," by lohan Sundberg, page 82). 
The singer holds a vibrator (left) tightly against her neck; a small microphone 
(right) is near her lips. She begins to sing a designated vowel sound at a speci­
fied pitch and then stops singing but maintains the position of her lips, tongue 
and other articulatory organs that determine the vowel sound. The vibrator 
supplies to the singer's vocal tract a low-pitched sound that is influenced by 
the articulators just as the singer's own voice would be, but whose formant fre­
quencies are more readily analyzed than those of a high voice tone could be. 

THE ILLUSTRATIONS 

Cover illustration by Laszlo Kubinyi 

Page Source Page Source 

27-31 George V. Kelvin 90 lohan Sundberg (top), 
Gabor Kiss (bottom) 

32 Georges A. Vendryes 
91 Laszlo Kubinyi and 

33-35 Lorelle M. Raboni Gabor Kiss 

37-43 Ilil Arbel 93 Stephen Moorbath 

45 Carol Donner 94-\03 Andrew Tomko 

46-50 Allen Beechel \07 Tom Prentiss 

51 Carol Donner \08 David C. Powell (top), 

52-56 Allen Beechel Ken Lucas (middle and 
bottom) 

68 Bunji Tagawa 
109 James G. Morin 

69 Martin B. Garment and 
Winston J. Brill 1\0 David C. Powell 

70-71 Bunji Tagawa III Michael D. Lagios 

72 Winston 1. Brill (top), 112 Tom Prentiss 
Frank B. Dazzo (bottom) 

116-128 Alan D. Iselin 
73 Frank B. Dazzo (top), 

Bunji Tagawa (bottom) 130 CorozeI Project 

74-81 Bunji Tagawa 134-139 IIil Arbel 

83 Laszlo Kubinyi 142 Berggasse 19: Sigmund 

84 Gabor Kiss Freud's Home and Offices, 
Vienna 1938, the 

86 Laszlo Kubinyi Photographs of Edmund 
Engelman. © 1976, 

88 Laszlo Kubinyi and Basic Books, Inc. 
Gabor Kiss 

148 The Pantheon. © 1976, 
89 Gabor Kiss Harvard University Press 

�a .t---...... 
nEW FREE _KLET 
CAn HELP AVERAGE 
InVESTORS PROFIT 
mAnv WAYS �i�;:�i�e ever. 

here's a booklet describing the many unique 
markets. investment mediums and services 
available at The American Board of Trade. 
the nation's new exchange and marketplace 
serving average investors at the grassroots 
level. The ABT. since 1969. has offered highly 
competitive prices in all its markets and has 
served thousands of customers throughout 
the country efficiently and even flawlessly. 

Don·t delay. Mail coupon below today. 
The free booklet. "ABT Markets and Invest-
ment Mediums." describes' the many ways 
ABT can help you profit in your investing and 
trading activity. 

"ABT MARKETS AND 
INVESTMENT MEDIUMS" Dept. SA 

I 
Please rush my free copy. with no obligation 

I Name ____________________ __ 
Address __________________ _ I City State __ lip -- I 
The American Board of Trade, Inc. 

" 286 Fifth Avenue. New York. N.Y. 10001 • 
�-- - - - , 

Authors ... 

LOOKING 
FORA 
PUBLISHER? 
Learn how to have 
your book published. 
You are invited to send for a free illus­

trated guidebook which explains how 
your book can be published, promoted 

a n d  mar keted. 
Whether your 
subject is fic­

tion, non-fiction 
or poetry, sci­
entific, scholar­
ly, specialized, 
(even contro­
ver sial) t his 
hand some 52-
page brochure 
will show you 
how to arrange 
for prompt pub-
lication. 

Unpublished author s ,  especial ly, will 
find this booklet valuable and inform­
a t i ve. For your free copy, write to: 
VANTAGE PRESS. Inc. Dept_ F-53 

516 W. 34 St., New York, N.Y. 10001 
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The Old 
Schoolhouse 
Clock 
$98.00 

ANNODNCING 
THE FIRST CATALOG 

OFG ENUINE 
ANTJQIJE CLOCKS 

Not replicas, but genuine circa 1900 
antiques. Catalog offers many styles 
of increasingly rare antique clocks at 
incredibly low prices"at prices far low· 
er than you would pay at antique shop 
or auction. Fully restored and in run· 
ing order. Hurry--these clocks are 
antiques and when they're gone, they're 
gone forever. 

Catalog: $1.00 :Jt-(re�b�SYSTEM 
Dept. P35 
2986 Navajo Street 

• Yorktown, N.Y. 10598 

year of service to the World's finest 
craftsmen and technicians. 

Na';.na' � .Ie.e ... ,. v., ... Ave. Depf.)AA 
Camer. " ��:�:-;�:�;7��'��:�···O"O 
.- - - --------... 

I Send a FREE copy of the He Flasher I 
I �n�am=e�----------------------I 
l =u�----------------I 
I address I 
I city I 
I state zip 

Na';.na' � J ....... ,,,.; •••••. O.pf.JAA 
...... I 1 •• 1_ ••• ", e.I.,.".; .0". Camera """ � ..... (303)7.'·'." 
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LETTERS 
Sirs: 

In his article "The Quantum Mechan· 
ics of Black Holes" [SCIENTIFIC AMERI­
CAN, January] S. W. Hawking twice 
makes reference to Einstein's famous 
dictum about God's not playing dice 
with the world. It might be of interest to 
note just how Einstein put it. 

Ronald W. Clark, in Einstein: The Life 
and Times. quotes two letters from Ein­
stein that mention the subject. The first 
was addressed to Max Born in 1926, and 
it says: 

"Quantum mechanics is certainly im­
posing. But an inner voice tells me that it 
is not yet the real thing. The theory says 
a lot, but does not bring us any closer to 
the secret of the Old One. I. at any rate, 
am convinced that He does not throw 
dice." 

The second letter, much later, was 
written to James Franck: 

"I can, if the worst comes to the worst, 
still realize that the Good Lord may 
have created a world in which there are 
no natural laws. In short, a chaos. But 
that there should be statistical laws with 
definite solutions, i.e., laws which com­
pel the Good Lord to throw dice in each 
individual case, I find highly disagree­
able." 

ARTHUR J. MORGAN 

New York 

Sirs: 
Jean Mayer's article on the dimen­

sions of human hunger [SCIENTIFIC 
AMERICAN, September, 1976] is worth­
while and illuminating, but it contains 
errors of fact and interpretation with re­
gard to fisheries as a source of protein. 
In 1970-71 the world catch was steady 
at about 70 million tons, but it dropped 
in 1972 to some 66 million tons, not to 
"less than 55 million tons." 

This decrease was caused not by gen­
eral "over fishing and pollution" but by 
specific oceanographic conditions along 
the northwest coast of South America 
(EI Nino), combined with overfishing of 
a single species, the Peruvian anchovy. 
In 1970 the catch of Peruvian anchovy 
was more than 13 million tons, nearly 20 
percent of the total world catch and 
more than 20 percent of the marine 
catch. By 1972 it had dropped to less 
than five million tons, about 7 percent of 
the 1972 world catch. The catch of Pe­
ruvian anchovy bottomed out at two 
million tons in 1973 and has been im­
proving since, under strict management 
measures. 

World catches, including those from 
fresh water, have been increasing at a 
rate of a shade over 5 percent per year 
since 1955. In 1974, the latest year for 

which complete statistics are available, 
they were about 70 million tons, com­
parable to the 1970-71 level. Marine 
catches have been increasing at a shade 
under 5 percent per year since 1955, and 
in 1974 they were about 61 million tons. 

The United Nations World Food 
Conference in late 1974 pointed out that 
"the annual potential yield of conven­
tional marine species of fish, crusta­
ceans and mollusks [has been estimated 
as] of the order of 1 18 million tons, and 
subsequent assessments have confirmed 
this estimate of over 100 million tons." 
A projection of the 1955-74 trend for 
marine fisheries shows that a 1 18-mil­
lion-ton level would be reached by 
1985, but there are at least four factors 
that make the picture look brighter: 

1. The projection is for conventional 
species, that is, those now acceptable. 
Projections for nonconventional spe­
cies, notably the Antarctic krill, start at 
about 100 million tons additional and 
range upward. 

2. Production of food from the sea 
could be increased without increasing 
catches. One way would be to divert 
those species now used for fish meal. 
and converted in a relatively inefficient 
way to chicken and other animal sources 
of protein, to direct use as human food. 

3. Although serious technological and 
economic problems make it difficult to 
predict the future for aquaculture, the 
possibility of significant increases in 
production in 10 or 20 years cannot be 
discounted. 

Scientific American, March, 1977; Vol. 236, No. 3. 
Published monthly by Scientific American, Inc., 415 
Madison Avenue, New York, N.Y. 10017; Gerard Piel, 
president; Dennis Flanagan, vice-president; Donald H. 
Miller, Jr., vice-president and secretary; George S. 
Conn, treasurer; Arlene Wright, assistant treasurer. 

Editorial correspondence should be addressed to The 
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue, 
New York, N.Y. 10017. Manuscripts are submitted at 
the author's risk and will not be returned unless accom­
panied by postage. 

Advertising correspondence should be addressed to C. 
John Kirby, Advertising Director, SCIENTIFIC AMERI­
CAN, 415 Madison Avenue, New York, N.Y. 10017. 

Offprint correspondence and orders should be ad­
dressed to W. H. Freeman and Company, 660 Market 
Street, San Francisco, Calif. 94104. For each offprint 
ordered please enclose 35 cents. 

Subscription correspondence should be addressed to 
Subscription Manager, SCIENTIFIC AMERICAN, 415 
Madison Avenue, New York, N.Y. 10017. For change 
of address, notify us at least four weeks in advance. 
Send both old and new addresses and enclose an ad­
dress imprint from a recent issue. (Date of last issue on 
your subscription is shown at upper right-hand corner of 
each month's mailing label.) 

Name 

New Address 

Old Address 
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Name �y comp any. 
We'll send you a cost comparison 

with Phoenix Mutual. 

If you ever plan to buy life insurance again 
-be sure you have a skilled agent to help 
you plan. 

Be sure the company itself is solid. 
And don't pay a lot more for it than you 

have to. 
The big buyers of life insurance, such as 

major corporations and wealthy individu­
als, nearly always demand competitive 
quotations. They're comparison shoppers. 

They and their financial a dvisors know 
that costs vary widely for  ide ntical 
coverage. 

The best advice: keep the insurance 
you already own, but compare costs when 
considering more. 

Because at the ages most life insurance 
is purchased ... and based on the most 
widely used method of comparing long­
range costs of various policies bought 
today. .. time and time again Phoenix 
Mutual is shown to have lower costs than 
those of competing companies. 

And we have the independent, third 
p arty  figures to support that statement. 

Of course, no company ranks 
first for low cost in every situation. 

Minor variations shouldn't sway 
you. It's those whopping variations 
we think you should know about. 

So send us the name of any life insur­
ance company. 

We'll send you a cost comp arison with 
Phoenix Mutual. Mail the coupon now. 
r-------------, 

Phoenix Mutual Life Insurance Company 
American Row, Hartford, Conn. 06115 

Yes, I'm a comparison shopper, too. Show 
me how Phoenix Mutual stacks up against 

_________ according to the 
guidelines described below. 

Please circle number nearest your age: 

30 35 40 45 50 55 

Male 0 Female 0 Phoenix Mutual Policyholder? 
DYES DNO 

NAME 

ADDRESS 

CITY STATE ZIP 

Note: All figures used will be drawn from the 1977 edition 
of "Interest-Adjusted Index, Life Insurance Payment and 
Cost Comparisons" published by The National Under­
writer_ Some 300 prominent companies are included and 

we must restrict this offer to these companies_ The most 
competitive policy (including preferred risk), for your 

age, sex and state of residence, will be used. Com­
parisons will be based on 20-year surrender cost for 
a policy with $100,000 face amount. 

Mutual Since 1851 
We're saving a lot of people a lot of money. 
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AUG 
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A useful guide for the 
• • • 

commIssIon-conscIous 
investor. 

This free, pocket-sized book enables you to quickly figure and 
compare practically any broker's stock and option commissions. 
Its 90 pages of tables display the old fixed commission� and 

commissions at a wide range of dis-
counts from it, in cents-per-share and 
dollars-per-contract rates for almost any 
whole-priced trade. 
Get this book simply by mailing this ad 
or asking for one at 800-221-5338 toll­
free or in N.Y. State at 212-269-9127 
collect. 
From the people who started commis­
sion discounts rolling for the individual 
investor. 
• Base Commissions. Pre·May I, 1975 NYSE and CBOE· 

fixed commissions. 

Name ______________________________________________________ _ 

Address, __________________________________________________ __ 

City State Zip'----____ __ 

.... 
� � Source Securities Corporation 
.... 

70 Pine Street, New York, N. Y. WOO5 

Research Positions 
Transnational Environmental Policy 

SCA3/77 

THE EAST-WEST CENTER, a national educational institution founded by 
the U.S. Congress in 1960 to promote beller relations and understanding among 
nations through cooperative programs of study, research, and training, is seek­
ing staff for a new Environmental Policy Institute, to be inaugurated in October 
1977. Positions are full-time and permanent (subject to successful probationary 
period). All Center programs are multinational and multidisciplinary. Staff. 
visiting scholars, professionals, and graduate degree students form teams which 
work on problems with significant mutual consequences for nations of East and 
West. In its staff, the Center seeks excellence in team research, commitment to 
the development of educational products and practical applications of such re­
search, and ability to work cooperatively with those from other cultures and 
disciplines. For its Environmental Policy Institute, the Center is seeking physi­
cal, natural, and social scientists from universities, research and development 
organizations, and government or other agencies and institutions who have 
been working on environmental problems and who are qualified to bring their 
scientific knowledge to bear on related transnational policy issues. 

Candidates must have a Ph. D. or its academic equivalent in a scientific 
discipline relevant to the program and evidence of ability and accomplishment 
in three primary areas: (I) Discovery of knowledge about environmental prob­
lems and policies, especially at the transnational level, as evidenced by 
published and unpublished research; (2) Development of applications (e.g .. 
curricula, educational materials, physical models or prototype equipment de­
sign, policy aids) of this knowledge; and (3) Cooperative (team, preferably 
multinational) design and implementation of related research, education, and 
training projects and activities. Cover letter must provide two examples of 
achievements demonstrating ability in each of these three areas. This statement 
will be evaluated along with vitae to determine degree of accomplishment and 
related salary placement. Subsequent promotion is based on continued con­
tribution and growth of accomplishment in each area. 

Salary range begins at $17,056 and ends at $37,347, plus current cost-of­
living allowance of 17.5% (subject to change) for those eligible. Cover letter and 
complete vitae with name and address of three professional references must be 
postmarked no later than March 31, 1977. Starting date preferably no later 
than October 1977. 

Send to Personnel Division, Office of Administration, Dept. 191, East­
West Center, 1777 East-West Road, Honolulu, Hawaii 96822. 
An Equal Opportunity Employer M, F 

4. The present wave of acceptance of 
extended-fisheries jurisdictional limits 
means that stocks that were overfished 
largely because they belonged to every­
one and hence to no one may be re­
turned to their former productivity 
within the next 10 to 20 years. 

ROBERT W. SCHONING 

Director 
National Marine Fisheries Service 
Washington 

Sirs: 
In "Urban Trees," by Thomas S. Elias 

and Howard S. Irwin [SCIENTIFIC AMER­
ICAN, November, 19761, the authors re­
mark that the American chestnut tree 
"is now remembered almost solely be­
cause of Longfellow's line: 'Under the 
spreading chestnut tree .. .. ' "  Even this 
scanty memory is the result of a misun­
derstanding, I learned long ago in En­
glish class that "chestnut" here refers to 
the horse chestnut (Aesculus hippocasta­
num). In confirmation I quote from The 
Tree Book by Julia Ellen Rogers (Dou­
bleday, Page, 1916), page 385: "Long­
fellow's 'spreading chestnut tree' was a 
horse chestnut. He called the tree by the 
name popular in England, where the 
word 'horse' is ordinarily left off. " 

RALPH P. BOAS 

Northwestern University 
Evanston, Ill. 

Sirs: 
The identity of Longfellow's spread­

ing chestnut tree might make an interest­
ing case for a latter-day Ellery Queen. 
According to several independent 
sources. Longfellow's tree was the 
American chestnut, Castanea dentata. It 
is cited as such in Alice Lounsberry's A 
Guide to the Trees. Furthermore, Long­
fellow's poem was pttblished in the early 
1840's, only four years after the intro­
duction of Aesculus hippocastanum 'Bau­
manni,' a cultivar of the European horse 
chestnut, and approximately 16 years 
before the development of the hybrid 
Aesculus X camea (the red horse chest­
nut). Although this is not conclusive 
proof. it does lend support to the notion 
that the village blacksmith in Cam­
bridge, Mass., labored in the shade of a 
spreading (American) chestnut tree. 

Cary Arboretum 
New York 

President 

THOMAS S. ELIAS 

HOWARDS. IRWIN 

New York Botanical Garden 
New York 
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Which would you rather be: 
ayes-man 

ora know-man? 
1 

The easiest thing in around the globe, pour 
the world is to go along nito Journal headquar· 
with what everybody else ters. Journal editors then 
thinks is right. select and present to 

But if you're in busi� Journal readers what is 
ness, it may not be the most significant, most 
smartest thing. important to people like 

Because finally, some you. 
day, a man or woman in You can get  The 
business has to know. Journal delivered to your 
Because finally, his or her home or office every busi� 
opinion-if it is to be the ness day for just 86¢* a 
right opinion -has to u"-..,e:c..._._ week for any period from 
based on facts. And his or '-........... ------=:::===----------- 20 weeks to a year. Just 
her decision -if it is to be listened to and fill out and mail in the attached reply card. 
respected and acted on-has to be made on Or, if the card has already been taken, write to 
honest, unbiased, in�depth information. The Wall Street Journal, 200 Burnett Road, 

How do you get that information? How Chicopee, Mass. 01021. We'll bill you later. 
do you know what's really happening in busi� Should you read The Journal? There's no 
ness today, what's important, what's reliable, answer but "Yes." The 
what's factual? 

May we submit that the way to know is to 
read The Wall Street Journal? 111 II St t The Wall Street Journal has the largest wa fee staff of business�news experts in the world. 
Every day, reports from that staff, stationed Journal 

*Price good in United States and possessions. 
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�MEASUREMENT8COMPUTATI0N advances from Hewlett-Packard ------

New microprocessor-based XIV plotter: high plot quality, speed, and resolution, 

plus a large repertoire of useful tricks. 

In complex plots, multiple traces are often difficult 
to distinguish and interpret. The HP 9872's four 
pens of different colors, seven distinct dashed 
and/or dotted line fonts, five built-in character 
fonts, plus user-defined character and symbol 
mode plotting capability, combine to produce 
easy-to-read, high-quality plots suitable for re­
ports and presentations as well as your more 
mundane graphic data needs. 

Hewlett-Packard's new 9872 plotter makes available 
a new order of X!Y graphics capability. Through mi­
croprocessor control, and interconnection via HP 
Interface Bus, it can provide precisely tailored solu­
tions to the graphic display of data processed on the 
HP 9825 and new HP 9831 desk-top computers. 
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Built into the 9872's microprocessor are 38 different 
instructions, making possible such graphic accom­
plishments as: 

• Automatic selection of any of four pens, either by 
program control or by the push of a button on the 
front panel. 

• Stepper motor drive with addressable moves as 
small as 25 microns (0.025mm). The "stair-step" 
movements that produce curved or oblique lines can 
be reduced to the point that the motors will step six 
times to move the pen the width of a human hair. The 
result is exceptional line quality and precision. By 
the same token, the plotter can retrace a line without 
visibly widening it: the shorter radiating lines in this 
example have been retraced. 

The plot thickens only a little: 0.04mm maximum 
when retraced by the same pen, 0.20mm maximum 
when another pen is used. 

• Off-scale and window plotting. In older instru­
ments, data that exceeded the plot area either gener­
ated error messages or were ignored. When off-scale 
data are encountered by the 9872, the plotter will 
calculate the mechanical limit intersection of the 
off-scale data and plot to that point, then resume 

plotting when the data come back on scale. Although 
this limit is normally set at the mechanical limits of 
the plotter, a data "window" of any rectangular con­
figuration can be programmed, and positioned any­
where on the platen. 

• Symbol mode plotting. The 9872 can label points 
continuously with characters in the symbol mode. 
For instance, points in a molecular diagram can be 
automatically labeled with element symbols-as in 
this representation of an isobutane molecule. 

Furthermore, the plotter has five resident character 
set: ANSI ASCII; 9825 ASCII; and three European 
sets-Spanish, Scandinavian: and French/German, 

with programmable 

Adaptable characters, a fast-moving plot, and a color­
ful performance, all for a base price of$4,200*. We're 
only sorry we can't show you one of its four-color 
plots in this black and white advertisement. 
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New high-performance alphanumeric display increases reliability 
through reduced parts, circuitry, and connections. 

To get the kind of performance and reliability we 
demand in HP products that use LED (Iight­
emitting diode) displays, we develop and man­
ufacture the displays ourselves-along with 
other performance-critical semiconductor com­
ponents. This new four-character LED alpha­
numeric display is a case in point. Usually the 
larger the range of characters and symbols a 
display generates, the greater the number of 
parts, circuits, and connections needed to oper­
ate it. The new HDSP-2000 display actually re­
verses this process, redUCing system parts by a 
factor of 36 to 1 and the number of connections by 
an order of magnitude or better. It is available to 
help you simplify your display systems. 

Because a significant portion of the operating elec­
tronics are incorporated in the display unit itself, the 
HDSP-2000 is considerably easier and less expensive 
to integrate into a system than other current alpha­
numeric units. And because it requires only 12 pin 
connections, the display is easier to design into an 
instrument, easier to troubleshoot, quicker to assem­
ble, and can often contribute to a reduction in the size 
of the instrument in which it is used. By comparison, 
existing alphanumeric displays require as many as 
35 additional circuit components, and a total of 1 76 
connections to do the same job. 

Each 5- by 7-dot character matrix is capable of 
generating upper and lower case letters, numerals, 
punctuation marks, and mathematical symbols. The 
3.Bmm character height permits accurate viewing at 
up to 3 meters. 

HEWLETT '" PACKARD 

1502 Page Mill Road. Palo Al1o. California 94304 

For assistance call: Washington (301) 948·6370. Chicago (312) 255·9800. 

Atlanta (404) 955·1500. Los Angeles (213) 877·1282, 

The new display is directly compatible with most 
common integrated circuit logic families, such as 
TTL, and can stack end to end to any desired line 
length. It is physically and environmentally rugged­
well suited to portable and mobile applications­
and requires only 5 volts for operation. 

All together, this represents ,a new performance for 
alphanumeric displays. 

HDSP-2000 displays cost $47 * per four-character 
unit in quantities of 125, and are available from any 
HP franchised distributor. 

Before: a row of eight 4-character displays and the Circuitry 

needed to drive the m-state of the art previous to the HDSP-2000, 

After: a similar row of eight HDSP-2000 displays. Because their 

shift registers and LED drivers are self-contained, the associated 

circuitry for the equivalent function is greatly simplified, 

Mail to: Hewlett-Packard, 1502 Page Mill Road. Palo Alto. CA 94304. 

Please send me further information on 

) HP 9872 microprocessor-based plotter 
) HDSP-2000 LED alphanumeric display 

Name ______________ _ 

Company _____________ _ 

Address ______________ _ 

City _______ State __ Zip ___ _ 

·Domestic U.S. prices only. 00742 
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Alaska Fly/Cruise. Your golden opportunity. 
Enjoy beautiful CP Air 

service from Montreal, Toronto, 
Winnipeg , Los Angeles or 
San Francisco to Vancouver, 
British Columbia. 

T hen spend 7V2 glorious 
days cruising the Inside Passage 
aboard Canadian Pacific's 
Princess Patricia. 

Departures are every 8 days 
from May 31 to Sept . 4 through 
2000 miles of spectacular 
scenery. And 7 sensational ports 
of call. 

Call your travel agent or 
CP Air for a colourful brochure. 
Or mail this coupon. 

Opportunity's knocking 

Name ________________________________________________ ___ 

Address ________________________________________________ _ 

C i ty ___________________________________ Phone ------S:-cA-:c3=n Mail to: CP Air. 343 Powell St., San Francisco CA 94108. 

E!!!!!! E4 
Orange is Beautiful Jets Serving 5 Continents. 

L ______________________________ � ______________ _ 
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Introducing the Bose 901 ® Series 01: 
the most innovative new speaker since 
the original Bose 901 was introduced 
in 1968. The 901 Series III reproduces 
music with spaciousness and realism 
unequalled, we believe, by any other 
speaker. Yet it uses less than V3 as 
much power as the original 901 , due 
to a new, high-efficiency driver. Out­
standing bass perfonnance is made 
possible by the unique Acoustic 

Matrix™ enclosure (shown in this 
photo of the 901 01 without its grille 
and walnut veneer cabinet). To fully 
appreciate its perfonnance, ask a 
Bose dealer to play the 901 III in 
comparison to any other speaker, 
regardless of size or price. For a free 
brochure, write Bose, Box SA3,The 
Mountain, Framingham, MA 01701. 

-BOS E®  
Patents issued and pending, COPYTight© 1977 Bose Corp. 

50 AND 100 
YEARS AGO 

II SCIDENTllcAMEiICAN f] 
MARCH, 1927: "So far as naval af­

fairs are concerned the people of this 
country and, with a few exceptions, 
their congressmen are entirely at the 
mercy of the naval propagandists. Only 
the man who has made a close study of 
the naval problem is able to determine 
for himself what is the relative strength 
and efficiency of his own compared with 
other navies. The journalist is guided on 
his course by what the naval specialist 
may happen to tell him. If the truth is 
put before him, well and good; if not, he 
may prove to be the first sheep that 
jumps the fence and leads the entire 
flock into error. Take the case of the so­
called armament race in the building of 
light cruisers, which has been so persis­
tently dinned in the ears of the public 
that probably 99 out of 100 good Amer­
ican citizens believe that since the war 
such a race has been going on. As a mat­
ter of fact there never has been any such 
competition, there is not any such com­
petition today and there are no indica­
tions that there ever will be. " 

"Anti-knock fuels will form an item 
of great importance to motorists during 
the approaching summer season. It is 
well known that the knock encountered 
in an automobile engine working under 
load or badly carbonized reduces its effi­
ciency. Because of this the use of anti­
knock fuels in an ordinary motor in­
creases its efficiency as measured in the 
number of miles per gallon obtained 
from the fuel. The two types of anti­
knock fuels that now enjoy the widest 
use are those based upon 'cracked' gaso­
line and those containing tetra-ethyl 
lead as a knock preventive. In the crack­
ing of heavy petroleum oil to yield more 
gasoline there is formed in the product a 
considerable amount of what are called 
unsaturated compounds. These appear 
to operate to reduce the tendency of the 
fuel to cause knock in use. The general 
use of anti-knock fuels will be of un­
questionable value in helping to solve 
the problem of a future fuel supply. If 
the efficiency of our automobiles can be 
increased by an average of even 1 per 
cent, the result will be equivalent to the 
production of nearly 100 millions of 
gallons of gasoline per year." 

"When the early settlers occupied the 
virgin land of the United States, the soil 
was rich in such substances as are neces­
sary to the production of crops. Wheat 
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THE UNBEUEVABLE ASPEN. 
MEET THE BELI EVERS. 

"I test drove an Aspen, and 
that was it. I like the rid�, the handling, 
and the looks. I'm in it all day, and the 
comfort is good. All in all, there's 

In almost no time, Aspen has 
become one of the most popular cars 
around. And for good reason. It's one 
of the best cars around. So, with so 
many happy and pleased Aspen owners 
across the country, Aspen has become 
less "unbelievable�' And more 
believable. Just ask any believer who 
owns a Dodge Aspen. 

"I love the overall car. The size, 
handling, and visibility are excellent. 

And the price was very good. My nothing I don't like about my Aspen�' 
family and friends just love it�' Buy or lease. Dodge Dealers 

"I like everything about Aspen. everywhere are making Aspen easy to 
It's what I wanted. A smart-looking car. drive ... one or a fleet ... through buying 
And I got a good deal�' or leasing arrangements. Visit your 

"I like the way Aspen handles Dodge Dealer and test drive an Aspen. 
on the road. It's very comfortable for a And be a believer, too. 
small car. And you get a lot of car .. r h ' " -lOr t e pnce. Dodge Aspen. Dodge 

See it, price it, drive it ... and believe. � 
CHRUlUICORPOAATION 
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The Anordable Programmable 
Never Before A Programmable Calculator 

Available To ,,,,.,,, ... r,,,. Community At Such A Low Cost! 

�ail Order 
Only 

85995 

SUMMARY OF 
SPECIFICATIONS: 

• 12 DIGIT RED l.E.D. DISPLAY 
entries or results in 3 modes, 
scientific. fixed point or engineering 
• PROGRAMMABLE -72 KeyslrDke 

program storage 
• TRIG FUNCTIONS -Calculates in 

radians or degrees or grads 

• HYPERBOLIC FUNCTIONS 

• ln, log. eX, 10x 
• POWERS Y': RDDtS' vV 
• FUNCTIONS OFX -111, " X 
• LINEAR REGRESSION: TREND 

ANALYSIS: SLOPE ANO 
INTERCEPT 

• STATISTICAL: � +, � -, averages, 
standard deviation, variance, 
permutations. combinations 
• PERCENTAGE CALCULATION­

add on/ d i SCDU nVyie I d 6p e rcenta g e 
• "AND CHANGE SIGN KEY , 

• 10 MEMORIES-7 functiDn,- M+, 
M-, MR, Mx, Me-, STORE, 9M 

• OEGREES/DEGREE, MINUTE, 
SECONDS CONVERSION 

• RADIAN/DEGREE CONVERSION 

• POLAR/RECTANGULAR 
CONVERSION 

• 8 METRIC CONVERSIONS 

• SPHERICAL/CARTESIAN 
CONVERSIONS 

The Commodore PR (Personal Resource) 100-
. Allows You To Personally Program According 
To Your Own Problem-Solving Needs! 

WHY A PROGRAMMABLE? NO LANGUAGE TO LEARN 
The Commodore PR-100 Programmable Calculator Truly this programmable calculator is a powerful per­
introduces a new, innovative dimension in highly sophis- sonal scientific and mathematical computing resource. 
ticated mathematical and scientific problem-solving. It And you don't need to know programming to make it 
decentralizes and personalizes the decision-making work for you. There is no special language to learn. The 
power of the computer, bringing to you what was entry system is so easy and flexible to use that you can 
never before available in a programmable calculator apply it quickly to your own personal problem-solving 
with such features, yet at an amazingly affordable price. techniques and style. 
Method of Entry: The Commodore PR-100 is designed Special Functions of the PR-100: To allow you greater 
for "Think and Touch" operation utilizing an algebraic flexibility in programming, there are 3 special functions: 
mode of entry. You can enter equations which have up 1. HALT -The program will halt and allow the user to 
to 4 levels 01 parenthesis. Add to these features the 10 read or enter data. 2. GOTO-Allows branching from 
memory registers, and you can work the most com- one section of a program to another. 3. SKIP-Allows 
plicated mathematical, scientific, engineering, business, conditional flow of a program on an intermediate result; 
statistical and combinational functions. Furthermore, that is-the program goes one way if an answer is 
you can also perform unit conversions: metric to English negative and another way is positive. 
and English to metric. loading, Editing and Modifying Programs: You can 
Keyboard: The keyboard consists of 40 keys and 2 single step through a program to check it out, backstep 
switches. 35 keys are for number and function entry. through a program, easily read entered steps and 
10 of these keys are dual function (shifted keys). modify a single step of a program. 
SPECIALIZED FUNCTIONS: Now personal programming is here. A step-function 
Most of the important functions found on large scale increase in capability over sophisticated slide-rule cal­
computer systems are finally now available to you on culators. Capability you won't fully discover until you 
the ultimate hand-held programmable calculator: own a PR-100 yourself. Fill out the coupon below or 
iterative and recursive problem solving techniques; loop- call our toll free number for your two week trial. 
ing; conditional and unconditional branching. The Commodore PR-100 is powered by rechargeable 
ADVANTAGES OF THIS NiCad batteries and is furnished with an AC adapter/ 
PROGRAMMABLE: . charger, leatherette carrying �ase and full instruction 
Consider for a momentthe advantages of the Commodore booklet One Yfar ma��!act�r�r s warranty 
PR-100. In terms of increased productivity you can now DimenSions. 3 V, x 6 V, x 1 V. Weight. 4 oz. 
achieve the capability of: optimizing mathematical and I Compute With It For Two Weeks- No Obligation 
scientific models; making trend and risk analyses; pro-I Please send _. __ Commodore PR-100 Calculalor (s ) al lhe 

jecting and forecasting more accurately; performing I rnlroduclory prrce of only $59.95 .(plus $3.95 shipping and rnsur­

?tatistical reductio��; automating time-consuming I 
�n

e
��

s 
;���

p
l�
o
':r'i�

l
c
r
��� IJ leIY ,atlSfred, I can relurn II wllhln Iwo 

number-crunching. 10 Instead, I/we woul d like 10 lake ad vanlage of your quanlity The PR-100 IS also a pre-programmed calculator price of fering of $54.95 (plus $3.95 shipping and insurance) 
that can achieve a multitude of functions: Basic + - x 7 I each. OF FER GOOD ONLY ON QUAN TITY ORDERS OF 6 U NITS 
and = functions; clear entry or the entire calculation; OR M ORE! You can save $30.00 ! 
Hyperbolic functions include: sinh, cosh. arc cosh and 0 Chec k or M.D. Enclosed (III. residenls ad d 5% sales lax) 
arc tan; Trigonometric functions include: sin x, cos x, 0 Please charge my c redil car d checked below: 
tan x, arc sin x. arc cos x, and arc tan x. Calculates in 0 Amerrcan Express 0 BankAmerrcar d 0 Carte B lanche 

radians, degrees or gradians. Enter x 00 to 3600 (0 to o Diner s  C lub 0 MaslerCharge 

27T) or multiples of 3600 (2 7T) Natural Log (Ln x), C redilCard # -------------

Common Log (log x), Exponential (e'). Antilog (10'); Mas lerCharge Bank #____ Exp.Oale ____ _ 
Algebraic Functions Include: x, x', 1/x. Powers: (Y'); 

Name 
_______________ _ 

7T (pi). Change Sign (+/-); x .... y exchange function; 
Parenthesis ( ) enter equations that contain up to 4 levels Ad d res s ---------------

of parenthesis without using temporary or intermediate City ______ Slale ____ Zip __ _ 
storage. Sig nalure 
Memory Functions: The PR-100 has 10 separate mem- ------------'-C.,-.3=-/=11 
ory registers. For each memory there are 7 operations ConteSmendpcoo,p, oon T,oU mo,ketlnrl"ll, Inc. that can be performed: memory storage and clear, " ... 
recall, addition, subtraction, multiplication, division and 790 Maple Lane, Bensenville, III. 60106 

the desired functions on each Call Toll Free: 800-621-8318 III. call: 312-595-0461 
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crops of 50 or 60 bushels or more to the 
acre were frequent, and the pioneer 
farmer gave little thought to fertilizer. 
As the years passed the yield began to 
decrease, until the sons of the first com­
ers found that they were able to raise but 
3 0  or 3 5  bushels to the acre. The process 
of decline went on until it reached a 
point where the farmer was able to gar­
ner from these once rich soils a harvest 
that ran only 10 to 15 bushels to the 
acre. Although it has been stated that 
the lack of nitrogen more than the lack 
of any other element is responsible for 
low crop yields in the United States, two 
other elements-phosphorus and pot­
ash-are also removed from the soil by 
crops and must be restored. The phos­
phorus for fertilizers is obtained in the 
United States from the beds of phos­
phate rock in Florida. Tennessee and 
Idaho. Treated with its own weight of 
sulphuric acid, it appears on the market 
as acid-phosphate fertilizer. and by 
weight it is the largest single fertilizing 
material used in this country. Potash is 
received mainly from French and Ger­
man mines, and our annual consump­
tion is about 250,000 tons. The principal 
source of nitrogen has been from the 
natural crude nitrate deposits of Chile. 
A comparatively recent development 
has been the extraction of nitrogen from 
the air, an industry that is growing very 
rapidly." 

MARCH, 1877: "We have already 
laid before our readers accounts of the 
wonderful performances of Professor 
Bell's telephone, an instrument remark­
able not merely for its phenomenal ca­
pabilities but also because of its having 
been brought to its present state of de­
velopment within the period that has 
elapsed since June last. During that 
month Professor Bell exhibited the ap­
paratus at the Centennial. working it 
over short distances only and causing it 
to transmit sound that reached the op­
posite terminus very much diminished 
in intensity. The telephone has recently 
carried the human voice over a distance 
of 143 miles (from Boston to North 
Conway, N.H.), so that ordinary con­
versational tones uttered at one end 
were distinctly audible at the other. Fur­

. ther even than this, the inventor and his 
assistant have talked through a wire ar­
ranged to give an artificial resistance 
equal to 40,000 ohms, which is more 
resistance than the entire length of the 
Atlantic cable would offer. There are, 
however, obstacles other than the resis­
tance that checks the transmission of 
the voice over such immense distances. 
These the inventor is now endeavoring 
to overcome, and at the first favorable 
opportunity a practical test of the pow-
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You Don't Need Expensive Industrial Equipment! 

low - DO Precision lork E,eryTime wnh 
Garrell ladellCA SWISS Planers and Saws 

INCA 10" Cabinetmaker's Saw. 
Features include: Exclusive 
precision mitre guide with drop 
stop for accurate repeat cuts. 
Rip fence guide rail s  dove-

tailed into top. 
Permanent power 
takeoff for pro-
fe s sional 3-jaw, 
1/2" c a p a c i ty 
chuck; precision, 
full function mor­
tise table; long 
ho l e  bo r i n g ;  
dowel drilling; 
sanding attach­
ments. 

Do the best work you're capable of-get "The tools," P.M. adds, "are small enough 
professional results every time, with the INCA to flt nicely In most home shops, yet power-
67/8" Mode1maker's Table Saw; 10" Cablnet- ful enough to withstand vigorous use. The 
maker's Tahle Saw; 10" Handsaw; 8 5/8" quality of the machined parts Is exceUent and 
Jointer; and 10" Jointer and Automatic Feed the attention to detallis do wnright surprising." 
Thlcknesser/Planer Comhlnation-"S Swiss Industrial quality, manufactured to close 
Imports with clock·lIke precision" (Popular tolerances; designed and priced for the home 
Mec"anics,June,1976). craftsman. Two year w arranty! 

Get your INCA descriptive catalog, today! At your dealer's or write direct. 
Garrett Wade Company, Inc., Dept.SA, 302 Fifth Avenue, New York 10001 
o Please send me the INCA SWISS precision stationary power tool catalog and price 

list. I enclose $1 for first class postage and handling. 
o Please send me the 64·page full-color Yankee Wood Craftsman manual/catalog of I 

Garrett Wade quality hand tools and workbenches. I encl� $1for first class ptg. & hdlg. ; 
o Please send me BOTH catalogs. I enclose $1.S0-saving me SOt-for first class I postage and handling for BOTH. 
Name Address I 

• City St. ZIP � 
, _____________ E:::I::!!:.� �:.!'!!:!�.:.. ____________ .._#. 
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ers of the instrument over one of the 
trans-Atlantic cables will be attempted." 

"The coal tar has been investigated 
chemically, and its constituents have 
been taken apart. All together at least 50 
different things have been extracted 
from that black material. From some of 
these the now well-known coal-tar dyes 
are made. The foremost for this purpose 
are benzol. phenylic alcohol. anthra­
cene and alizarine. The most important 
of these is perhaps anthracene. Al­
though it was the last to be discovered, 
in the past three years it has effected a 
complete revolution in the English dye­
ing trade. It is obtained in the distillation 
of coal tar as a solid substance, which is 
filtered out by means of cocoa-nut mat­
ting or some such material. It yields a 
dye that is identical with that yielded by 
the madder root, so that now England 
can manufacture from her own re­
sources a sufficiency of this dye materi­
al. whereas before she was dependent on 
imported madder from Turkey, Hol­
land and France." 

"Langendorff states that stimulation 
of certain regions of the cerebral hemi­
spheres in the frog is invariably fol­
lowed by muscular movements. These 
movements are bilateral when both 
hemispheres are excited simultaneous­
ly. When only one hemisphere is excit­
ed, the movements are limited to the op­
posite sides of the body. The 'irritable 
zone' is situated in the parietal region of 
each cerebral hemisphere." 

"An interesting trial was lately had at 
Portsmouth, Eng., of the new British 
double-turreted war steamer, Dread­
nought. This vessel represents the latest 
advances in marine construction for war 
purposes. Her load displacement is 
10,950 tons; length, 3 20 feet; beam, 63 
feet 10 inches; depth of hold, 19 feet 2 
inches; thickness of side armor, 8 to 14 
inches; external diameter of turrets, 3 2  
feet 3 inches; armor, 1 4  inches; arma­
ment, four 3 8-ton guns." 

"Dr. T. Sterry Hunt lately gave a very 
interesting address before the Chestnut 
Street Club, Boston, in the parlors of 
Mrs. J. T. Sargent. In introducing his 
lecture Dr. Hunt spoke of the growing 
belief in the unity and harmony of the 
forces throughout the universe. The 
chemical. physical and vital forces of 
our earth, he said, seem at first to have 
no influence outside of it, but the spec­
troscope and telescope tell us of like 
forces in far-away worlds. Great masses 
of vapor and nebulous matter in space 
condense to form suns and planets. The 
latest speculation of chemistry leads us 
to conclude, he said, that the chemical 
elements of the earth are themselves the 
product of growth or evolution from 
simpler elements." 
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HOW 
to keep up with what's new in 

computer techniques and management 
easily-and inexpensively 

The Library of 
Computer and Information 

Sciences 
and start 
a whale of a value 

Take any 3 
books for 
only$1 each 
(values to $60.00) 
if you will join now for a trial period and 
accept only � more books-at member 
discount prices-within the next 12 months. 

(Publishers' Prices shown) 
62745. MINICOMPUTER SYSTEMS-Organiza· 
tion and Programming (PDP. II). Richard H. Eck­
house, Jr. Spells out general computer organization and 
assembly language programming. and offers a complete 
guide to all imponant minicomputer applications. $15.95 
41640. DATA COMMUNICATIONS DICTIO· 
NARY. Charles J. Sippi. Complete. up to date, cross­
reference guide of over 14,500 data processing and 
communications terms. $19.95 
66010. OPERATING SYSTEMS. A Systematic View. 
William S. Davis. Straightforward, useful presentation of 
how operating systems are designed, implemented, the 
kind of problems they are created to solve, the software 
they use to achieve these solutions. $15.95 
82180. SYSTEMS PROGRAMMING: Concepts of 
Operating and Data Base Systems. David K. HSiaO. A 
broad introduction covering assembly systems, input 
output operations, batch processing operating systems, 
data base managers, more. $16.95 
56255. INTRODUCTION TO COMPUTABILITY. 
Frederick Hennie. What are the limits to the computer's 
problem-solving ability? A fundamental study of the 
limits of digital computation and, indirectly, the expres­
sive powers of programming languages. $20.95 
82560. TECHNIOUES OF PROGRAM STRUC. 
TURE AND DES1GN. Edward Yourdon. Over 300 
illustrative ,Problems. 90 valuable references, and four 
demonstration projects. $16.95 
44900 . ENCYLOPEDIA OF COMPUTER SCI. 
ENCE. Edited by A nthony Ralston and Chester L. Meek. 
470anicles, I 550 pages of the latest accurate information 
on hardware, software, systems, theory, economic, so­
cial, and professional issues, by 208 leading expens. 
Counts as:3 of your 3 books. $60.00 
52215. HANDBOOK OF DATA PROCESSING 
ADMINISTRATION, OPERATIONS, AND PRO. 
CEDURES. S. R. Mixon. Offers a future- and user­
oriented system for designing, documenting, and control­!ing computer center projects. Plus a we�lth of pr�ctical 
mformatIon on systems and programmmg techOlques, 
and staff training. Counts as 2 of your 3 books. $24.95 

60405. MANAGING A PROGRAMMING PROJ· 
ECT.Philip W. Metzger. Sound advice on how to man­
age a project from the definition and design stage through 
testing to installation and operation. $15.00 
81880. SYSTEM ANALYSIS TECHNIQUES. Edited 
by J. Daniel Couger and Robert W Knapp. How to 
properly evaluate an existing system. determine mantfte­
rial information requirements, and assess the tsn

l
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70190. PRINCIPLES OF OPERATIONS RE· 
SEARCH. Second Edition. Harvey M. Wagner. A 
complete overview of all the fundamental concepts in­
volved in operations research. 1039 pages. $19.95 
70250. PRINCIPLES OF SYSTEMS PROGRAM· 
MING.Robert M. Graham. Examines basic problems in 
the design, implementation. and maintenance of major 
software components-assemblers, loaders. macros, 
time sharing systems, and more. $16.95 

MEMBERSIDP BENEFITS. In addition to get­
ting three books for $1 each when you join, you keep 
saving substantially on the books you buy . •  If you 
continue your membership past the trial period, you 
will be eligible for our Bonus Book Plan-an impor­
tant way to save even more1 at least 70% off pub­
lishers' prices . •  Your Book Club News, describing 
the coming Main Selection and Alternate Selec­
tions, will be sent to you 15 times a year at three to 
four week intervals . •  If you wish to purchase the 
Main Selection, do nothing and it will be sent to you 
automatically . •  If you prefer one of the Alternates 
ar no book at all. Simply indicate your decision on 
the reply form always enclosed with the News and 
mail it so we receive it by the date specified . •  The 
News is mailed in time to allow you at least to days 
to decide if you want the coming Main Selection. If 
because of late mail delivery of the News, you 
should ever receive a Main Selection without having 
had the to day consideration period. that Selection 
may be returned at Club expense. 

55331. INFORMATION SYSTEMS. John G. Burch. 
Jr. and Felix R. Strater. Jr. All the background needed to 
successfully develop information systems for just about 
any organization. $12.95 
59940. MANAGEMENT INFORMATION SYS· 
TEMS. Paul Siegel. Planning, forecasting, modeling, 
decision-making, establishing MIS roles. and implemen­
tation of MIS-are all thoroughly covered. $16.95 
86540. THE WAY THINGS WORK BOOK OF THE 
COMPUTER. Encyclopedia of information science. 
cybernetics, and data processing. $8.95 
76920. SCIENTIFIC ANALYSIS ON THE POCKET 
CALCULATOR. Jon M. Smith. Shows how any inex­
pensive pocket calculator can easily be used to handle 
complex computations. $12.95 
53795. HOW TO MANAGE STRUCTURED PRO· 
GRAMMING. Edward Yourdon. Down-to-eanh pre­
sentation of the strengths of programmer productIvity 
techniques (PPT). Covers top-down design. structured 
walkthroughs. and management considerations for these 
new methods. $19.95 
39855. COMPUTER·AIDED DESIGN OF DIGITAL 
SYSTEMS. Douglas Lewin. Shows how computer­
aided design (CAD) can help improve the engineering 
process by providing interactive access to computer in­
formation bases. Counts as 2 o/your 3 books. $22.50 
81850. A SYSTEMATIC APPROACH TO DIGITAL 
LOGIC DESIGN. Frederic J. Mowle. Detailed presen­
tation of the principles on which hardware functions are 
based. Number systems. sequential circuit design. regis­
ter design techniques, flip-flop circuits. are among the 
topics expenly covered. $17.95 

rTh; U����;��;-----' 
and Information Sciences 7-7AH 
Riverside, New Jersey 08075 
Please accept my application for membership and 
send me the three volumes indicated, billing me 
only $1 each. I agree to purchase at least three 
additional books during the first 12 months I am a 
member, under the club plan describe� in this ad. 
Savings range up to 30% and occaSIOnally even 
more. My membership is cancelable any time after I 
buy these three books. A shipping and handling 
charge is added to all shipments. 

3 books for $1.00 each 
Indicate by number the 3 books you want. 

A few expensive books (noted in book descriptions) 
count as 2 choices. 

Name ______________________________ _ 

Address ____________________________ _ 

City Stat <-----Zip, ______ _ 
(Offer good in Continental U.S. and Canada only. 
Prices slightly higher in Canada.) Books purchased 
for professional purposes may be a tax-deductible 

L ?�� _____________ � 
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MERGER OR 
FINANCING? 
Are you thinking of equity financ­
ing or merger of your company, 
now or in th e future? Beckman 
Instruments maintains a long-term 
search for top quality, technical 
growth opportunities serving sci­
ence, medicine, and industry. Per­
haps you or an associate would 
like a cop y of our Diversification 
Interests statement - for your pres­
ent revi ew or future ref erenc e. 
Availabl e on requ e s t  a n d  i n  
confid enc e. 

ROBERT B BROWN 
Director of Corporate Planning 

eECKMAN® 
Beckman Instruments, Inc. 

2500 Harbor Blvd .. Fullerton, CA 92634 

Sail a taU ship 
toasmaU 
island. 

Saba Carriacou. Nevis. GTen adines. 
Bligh's b readfruit isle. 
Stevenson's T reasure Island. 
They are all here in the Caribbean 
waiting to be discovered again. 
Along with unforgettable beaches, 
forg()tten forts, hushed volcanoes and \;-'_ picturesque little villages. 

. . Come with us on a 
'barefoot' adventure, 

6 or 14 days, from 8290. 
To remote islands. 

Aboard schooners 
once belonging 

toOnassis, 
Vanderbilt, 

- ...... theDuke 
of West­

minsteI: 

&ndmy &refull·=I()f' G�lt Adwnlmre' Boo�et 
Cap'n Mike, Windjammer' Barefoot' Cruises 
p.o. Box 120, Dept 187, Miami Beach, Florida 33139 

Name ________________________ __ 

Ad dress ______________________ _ 

Clty/State/Zip ____________________ _ 

e U11nd1cuMM1 1kvcfooftlUllct 
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THE AUTHORS 
GEORGES A. VENDRYES ("Su­

perphenix: A Full-Scale Breeder Reac­
tor") has been involved in various as­
pects of the French effort to develop a 
liquid-metal-cooled fast-breeder reac­
tor since the beginning of that program 
in 1957. At present he serves as director 
of industrial nuclear applications for the 
Commissariat a I'Energie Atomique. A 
graduate of the Ecole Poly technique in 
Paris, he worked for a time after World 
War II as a civil engineer on the recon­
struction of bridges and roads in south­
ern France before he switched to scien­
tific research. He did experimental work 
in nuclear physics in the Laboratoire de 
Synthese Atomique under Frederic Jo­
liot-Curie, and in 1951 he received his 
doctorate in physical sciences from the 
University of Paris. Since joining the 
staff of the Commissariat a I'Energie 
Atomique in 1952 he has, in addition to 
his work on fast-neutron reactors, been 
active in launching the French program 
on' controlled nuclear fusion and has 
been involved in studies of the natural 
uranium reactor discovered in Gabon in 
1972 (see"A Natural Fission Reactor," 

by George A. Cowan; SCIENTIFIC AMER­
ICAN. July. 1976). 

J. T. GOSLING and A. J. HUND­
HAUSEN ("Waves in the Solar Wind") 
are respectively solar physicists at the 
Los Alamos Scientific Laboratory and 
at the High Altitude Observatory in 
Boulder. Colo. Gosling received his 
bachelor's degree in physics at Ohio 
University in 1960 and his doctorate in 
physics from the University of Califor­
nia at Berkeley in 1965. Immediately 
thereafter he went to Los Alamos and 
spent two years doing postdoctoral re­
search on the solar wind. In 1967 he 
joined the scientific staff of the High Al­
titude Observatory. continuing his work 
on the solar wind and the physics of the 
solar corona. In 1975 he returned to Los 
Alamos. Hundhausen was a member 
of the staff of the theoretical division 
of the Los Alamos Scientific Laborato­
ry from 1964 to 1971. He received his 
undergraduate and graduate training at 
the University of Wisconsin. obtaining 
his B.S. in 1958 and his Ph.D. in phys­
ics in 1965. Since 1971 he has been a 
member of the senior scientific staff at 
the High Altitude Observatory and con­
currently a lecturer at the University of 
Colorado. His research has been gener­
ally concerned with the physical proc­
esses in tenuous plasmas. specifically 
with observations and theoretical mod­
els of the interplanetary plasma and 
its interaction with the geomagnetic 
field. 

SOLOMON H. SNYDER ("Opiate 
Receptors and Internal Opiates") is pro-

fessor of pharmacology and experimen­
tal therapeutics and professor of psychi­
atry at the Johns Hopkins University 
School of Medicine. He received his 
M.D. degree from the Georgetown Uni­
versity School of Medicine. After his in­
ternship at the Kaiser Foundation Hos­
pital in San Francisco he became a re­
search associate at th� National Institute 
of Mental. Health. In 1965 he became 
assistant resident in the department of 
psychiatry at Johns Hopkins Hospital, 
and a year later he joined the faculty of 
the School of Medicine. 

WINSTON J. BRILL ("Biological 
Nitrogen Fixation") is professor of bac­
teriology at the University of Wisconsin 
at Madison. Born in London. Brill im­
migrated to the U.S. in 1950 at the age 
of 11. After receiving his B.A. in biology 
at Rutgers University in 1961. he went 
on to obtain his Ph.D. in microbiology 
from the University of Illinois at Ur­
bana-Champaign. From 1965 through 
1967 he did postdoctoral work in the 
biology department of the Massachu­
setts Institute of Technology. investigat­
ing the genetics and regulation of the 
degradation of amino acids in bacteria. 
He joined the bacteriology department 
of the University of Wisconsin in 1967 
and was made a full professor in 1974. 
"Students and postdocs in my lab come 
from a variety of backgrounds." Brill 
states. "including soil science. genetics. 
molecular biology. chemistry. agrono­
my and bacteriology. It is the interaction 
among these people that makes the lab­
oratory environment particularly excit­
ing nowadays. We are always on the 
lookout for potential applications of 
concepts derived from basic research." 

JOHAN SUNDBERG ("The Acous­
tics of the Singing Voice") is project sci­
entist in the department of speech com­
munication at the Royal Institute of 
Technology in Stockholm. He received 
his entire university training at the Uni­
versity of Uppsala. obtaining his Ph.D. 
in musicology and acoustics in 1966. He 
has been at the Royal Institute of Tech­
nology since 1963; from 1965 through 
1975 he was also instructor of organ the­
ory at the Stockholm Conservatorium 
of Music. "My entry into the art of mu­
sic was going to an organ concert in 
1952." Sundberg writes. The next year. 
at the age of 17. he and a friend began to 
build an organ. "For economic reasons 
the pipes were replaced by empty bot­
tles. A vacuum cleaner supplied the air. 
the bellows was under the bed and there 
were only two wooden stops that I had 
built on my own and that sounded most 
ugly. The fifth version of that organ to­
day has its place in our sitting room 
standing in a corner like a big. quiet ele-
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HOW TO BE WELL READ 
EVEN IF YOU AREN'T WELL HEELEll 

If you don't judge � 
book by its cover, why 
pay for the cover? 
Join QPB. Get great 
books by great writers 
in full-size , softcover 
editions at far less 
than hardcover prices. 

QPB has a very simple 
philosophy. 

It's a book club for pea­
pie who love to read and 
collect important works 
of fiction and nonfiction, 

198. The Best Of Life. (Photos) 
Hardcove" $19.95 QPB: $8.95 
151. The Lord Of The Rings 
J.R.R. Tolkien. (3 Vols .. Boxed) 
Hardcove" $25. QPB: $8.95 
228. The Life And Work Of 
Sigmund Freud. Ernest Jones. The 
Letters Of Sigmund Freud. 
Editedlby Ernst L. Freud. (2 Vols.> 
Hardcove" $27.95 QPB: $11.90 
132. Cat's Cradle, 
Slaughterhouse· Five and 
Breakfast Of Champions. Kurt 
Vonnegut. (3 Vols.) Hardeove" $23.85 
QPB: $8.35 
222. The Americans. Daniel]. 
Boorstin. (3 Vols.> Hardcove" $45 
QPB: $14.85 
179. All The President's Men. Carl 
Bernstein & Bah Woodward. (Photo�) 
Hardwve" $10.95 QPB: $4.95 

381. The Photography Catalog 
Edited by Norman Snyder with Carole 
Kismaric and Don Myrus. (IHus.) 
OPB: $7,95 
115, Finnegan's Wake and Ulysses 
James Joyce. (2 Vols.) Hardcover 
$23.95 QPB: $8,90 
210, The World Of The Past 
Edited by Jacquetta Hawkes. (2 Vols.) 
Maps and Phoros. Hardcover: $20 
QPB: $11.90 
376. Cat and Never Eat Anvthing 
Bigger Than Your Head & Other 
Drawings. B. Kliban. (2 Vols.) 
QPB: $5.90 

106, The Right And The Power: The 
Prosecution of Watergate. Leon Jaworski. Hard­
cover Edition: $9.95. QPB Edition: $4.95. Same 
fine paper, same page size and same text. And orly 
$1 if it's part of your 3-book membership choice. 

Join now 
and pick 
any 3 books 
or sets for 
$1 each­
with'no 
obligation 
to buy 

375. The Mediterranean And The 
Mediterranean World In The Age 
Of Philip II. Volumes I and 11 
Fernand Braude!. Translated by Sian 
Reynolds. 011 us.) Hardcovc" $35 
QPB: $13,90 
378, Other Homes And Garbage 
Designs for Self·Sufficient Living. Jim 
Leckie, Gil Masters, Harry W hitehouse 
and Lily Young. QPB: $9.95 but are stunned by cur­

rent bookstore prices. 
The QPB alternative 

gives you the titles you 
want in full-size, soft­
cover editions . These are 
books printed on fine 
quality paper, books as 
permanent and durably 
bound as most hardcover 
editions. 

You'll get at least one 
bonus point for each book 
or set you buy and when 
you've accumulated six 
bonus points, you will be 
able to pick another book 
or set free. 

And with QPB's care­
fully selected list, num­
bering in the hundreds 
(many available in soft- I 
cover only through QPB), I 

. 
d ill 

I 
no senous rea er w I 
have a problem finding I 
books he or she has : wanted to own. 

another book. 

Let's try each other for 6 months ••• 
Quality Paperback Book Club, Inc., Middletown, Pa. 17057. 
Please enroll me in QPB and send the 3 choices I've listed below. Bill 
me $3 plus shipping charges. I understand that I am not required to 
buy another book, but if, after receiving QPB Review for 6 months, 
I have not bought and paid for at least 1 book in every six-month 
period, you may cancel my membership. 7·QBI70.} 

Indicate by number the 
L ____ �ll ____ _'11 3 books or sets you want . . . L. ____ -' 

�anne _______ � ___ �_� _________ _ 
( Please pz-inr plainly) 16 

Address ______________ Apt, ___ _ 

City _________ State _____ Zip ___ _ 

How membership works 
\. You receive QPB Review 15 

times each year (about every 3Yz 
weeks). Each issue reviews a new 
Main Selection, plus scores of 
Alternates. All Main Selections with 
established publisher's list prices are 
offered at at least 2070 discount off 
that list price. 
2. If you want the Main Selection 
do nothing. It will be shipped to you 
automatically. If you want one or 
more Alternate books-or no book 
at all-indicate your decision on the 
reply form always enclosed and 
return it by the date specified. 

3. Free books. For each book or 
set you take (except the first 3 you 
get for $1 each) you earn Bonus 
Points which entitle you to free books . 
You pay only shipping charges. 
4. Return privilege. If QPB 
Review is delayed and you recei ve 
the Main Selection without haVing 
had 10 days to notify us, you may 
return it at our expense. 
5. Cancellations, You may cancel 
membership at any time by notifying 
QPB. We may cancel your member­
ship if you elect not to buy and pay 
for at least one book in every six� 
month period. 

392. The Shattered Mind: The 
Person After Brain Damage. Howard 
Gardner. Hardcove" $10. QPB: $3.95 
III. The Foundation Trilogy 
Three Classics of Science Fiction. Isaac 
Asimov. Hardcover: $17.85 
QPB: $4.95 
12;. Fire From Heaven. Mary 
Renault. Hardcover: $7.95 
QPB Ed: $3.95 
134. lung And The Story Of Our 
Time. Laurens van def Post 
Hardcover: $10. QPB: $3,95 
379. Edith W harton: A Biography 
R. W B. Lewis. (Photos) Hardcover 
$15. QPB: $6,95 
137, The Supermarket Handbook 
Access to Whole Foods. Nikki and 
David Goldbeck. Revised and 
Expanded Edition. (IUus.) Hardcover 
$7.95 QPB: $4.95 
139. The W hite Goddess: A 
historical grammar of poetic myth 
Robert Graves. Amended and Enlarged 
Edition. Hardcover: $13.50 
QPB: $4,95 
141. Fruits Of The Shaker Tree Of 
Life: Memoirs of Fifty Year� of 
Collecting and Research. Edward 
Deming Andrews and Faith Andrews 
(Photos) Hardeove" $15.95 
QPB: $8.95 
142. The Filmgoer's Companion 
Leslie Halliwell. The New Completely 
Revised & Enlarged Fourth Edition 
01lu5.) Hardcove" $25. QPB: $6,95 
274. X-Raying The Pharaohs 
James E. Harris and Kent R. Weeks 
(Photos) Hardeove" $10. QPB: 54.95 
260. The New Catalogue Of 
Catalogues: The Complete Guide to 
World· W ide ShorPing by Mail. Maria 
De La Iglesia. (Photos) QPB: $7,95 
253. The Adventures Of Sherlock 
Holmes and The Memoirs Of 
Sherlock Holmes, A. Conan Doyle 
(2 Vols.) Illus. QPB: $7.90 

-

The 
first 
book 
club 

for smart 
people who 
aren't rich. 

L-...L __________ --L... _________________________ -4 __________ -'-.... 
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NOW ... A 14 mm-THIN LCD SCIENTIFIC!! 
CASIO's fx-1000 . . .. The world's first scientific/fraction calculator with more 

than 30 essential scientific functions: independent memory, standard deviation, 

scientific notation, trig & log functions, x!, 1/x, +/--, square roots, pi entry. 

RAD-DEG-GRAD mode selector; degrees, minutes, seconds---decimal conversion. 

And it weighs only 3.3 ounces.. 14H x 67W x 128L mm • •• 0S 
••• G8 
ilia S8 CASIO fx-1000 . . . . .  _ . .. . . . . . $34.95 

AIC adapter . • • . . . . • . • . •  , • 4.95 

TEXAS INSTRUMENTS NATIONAL SEMICONDUCTOR 
SR-52 . • • • . . . . . . . . • • . .  $189.95 
NOW. .. FREE with purchase of an SR-52 

TWO SOFTWARE LIBRARIES 

SUPER PROGRAMMABLES 
4515/4615 Mathmatician PR • . • .  $39.88 
6035 Statistician PR • . • • • • . • • •  39.88 
6025 Financier PR . . • • • • • • • • •  39.88 
4525 Scientist PR. . . • . • . . 44.88 
4640 Supe rsci entis! . . . • . . . . . . .  54.88 

(Math, Stat, EE or Finance ....... $24. 95) 
Navig., Aviation or Survey. $ 24.95 e a. 

Blank Cards (40) . . . . . . • . .  $14.95 
PC ·l 00A Printer . • . . . . • . . .  $169.50 
SR -56. • . . . . . . . . . . • . . . $84.50 

4660 ... (arithmetic 4640 . . . . . .  59.88 

4650 ... (SR-50 equivalent) . . . . 44.95 

4520 Scientist . . . . . • . . . •  29.95 
$10.00 Rebate Coupon Included 4510 Mathmatician . . . . . • .  • . .  17.95 

SR-51 II . . . . . . . . . . • . • .  $58.80 6030 StatistiCian . . . • . • .  , . , .  28.95 
6020 Financier . . . • • . . . . . . • •  28.95 

6010 Internat'l metric conv . . • . . 20.95 

Quiz Kid • . . . . . . . . . . • • . . . •  18.20 

Quiz Kid II .. Math Quiz . . . . • . . . •  14.95 
852 .. 5-dig. mantissa/scien. Aot . • . • •  22.80 

842 .. 4-function memory . • • . . • . •  14.95 

DC920 Adapter . . . . . . . • . • • . • .  4.00 
Exec CC .. padded carrying case . . • . •  2.50 

SR-40 . . . . . . . . . . . . . . . . .  36.20 
TI-30 .. SR-40 ex. charger & case . . 36.20 
Business Analyst . . . . . . • . • .  38.70 
Money Mgr .. BA ex. charger & case 24.80 
5050M ... hand-held printer. . . 99.75 
5040 ... desk LED printer . . . . •  119.75 
Little Professor . . . . . . . . . . •  18.20 

II� 
LECTRO-MEDIA LTD. 

P.O. BOX 1770 

PHILADELPHIA, PA. 19105 

(215) 925-4477 

Showrooms: Newmarket 
2nd & Pine 

LECTRO-MEOIA L TO. will match any 
advertised price' simply clip ad &attach 

F RE E Dig ita l Thermom et er w ith order 
SHIPPING: $2.50 for 1st unit/.50 each 
additional. SR·52 & PC-lOO: Add $1.00. 

Pa. Residents: Add 6% sales tax. 
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CREDIT CARD ORDERS Only: Call Toll-Free: 1-800 - 523-2906 

� 0'9-altair'" 
alt qf!1m5e�ne in low-cost computing. 
�'" Altair, from Mils, is the number one name in microcomputers for 

J"If) 
home, business, personal and industrial applications. 

� Because the Altair was first, it has set the standard in the industry. 

� More Altair 8800's are now operational than all other 
microcomputers combined. 

�..... 
Whether you buy a $395 complete computer kit* or a multi-disk 

� system for under $10,000; Mits will provide you with thorough and 

� lasting support. Satisfied Altair users include schools, corporations, """"" small businesses, students, engineers, and hobbyists. 
Altair hardware includes three microcomputers; the Altair 8800a, 

�...... 8800b, and 680b. Mits has a complete selection of Altair plug-.� compatible memory and interface options, including the new Altair � 16K Static board and Altair multi-port serial and parallel I/O boards. 
Also available Is a complete line of Altair peripherals including line 

�..... printers. CRT's, and multiple disk systems . 
• � Altair software is by far the most complete and best for any 

� microcomputer. Our Extended BASIC and Disk BASIC have 
received industry wide acclaim for programming power and 

...... efficiency. Application packages are available at many Altair 

q� 
Computer Centers�* 

it The Altair computer is a revolution In low cost computing. Shouldn·t 
�you write for more information including our free, color catalogue. 

� -The Alta!r 680b turnkey model. 

q" *·Retail Altair computer oultets now opened In many large cities. 

• L») DillDC50 
MITS, Inc. 2450 Alamo S.E./Albuquerque, New Mexico 87106 

phant." He became interested in singing 
while at Uppsala, where he joined the 
choir at the cathedral. After completing 
his doctoral dissertation in 1966, he be­
gan his studies of the singing voice. 

STEPHEN MOORBATH ("The Old­
est Rocks and the Growth of Conti­
nents") is a fellow of Linacre College 
and senior research officer at the Uni­
versity of Oxford. He is also the Princi­
pal Investigator of the Geological Age 
and Isotope Research Group in Ox­
ford's Department of Geology. He re­
ceived his entire geological education at 
Oxford, obtaining his B.A. in 1954, his 
Ph.D. in 1959 and hisn.Sc. in 1970. 

JOHN E. McCOSKER ("Flashlight 
Fishes") is superintendent of the Stein­
hart Aquarium of the California Acade­
my of Sciences and adjunct professor of 
marine biology at San Francisco State 
University. After receiving his B.A. 
from Occidental College in 1967, he ob­
tained his Ph.D. from the Scripps Insti­
tution of Oceanography in 1973. Before 
receiving his Ph.D. he was a research 
fellow at the Smithsonian Tropical Re­
search Institute in Panama, where he 
studied the marine fish fauna of the Car­
ibbean and the eastern Pacific and their 
relation to the biological barrier of the 
Panama Canal. In 1975 McCosker led 
the American/French Coelacanth Ex­
pedition to Grande Comore Island. His 
research activities have included field­
work in Australia, the Indian Ocean, the 
Caribbean, the Gahipagos Islands, Cen­
tral America and the California coast. 

NORMAN HAMMOND ("The Ear­
liest Maya") is director of the Corozal 
Project, a venture of the University of 
Cambridge and the British Museum set 
up to investigate the origins of Maya civ­
ilization. Currently he is the only Meso­
americanist working out of England, 
although this year he is visiting profes­
sor of anthropology at the University of 
California at Berkeley. He studied at 
Cambridge, receiving all three of his de­
grees there; his Ph.D. degree in 1972 
was the first English Ph.D. awarded in 
Maya archaeology. From 1967 to 1975 
he was a member of the faculty at Cam­
bridge, in the Centre of Latin American 
studies. From 1975 to this year he was 
senior lecturer (associate professor) in 
the School of Archaeological Sciences 
at Bradford University. In addition to 
his main work in the Maya area he has 
done fieldwork in North Africa tracing 
Roman roads, in Afghanistan seeking 
Neolithic settlements and in Ecuador 
constructing a carbon-14 chronology 
for the southern-highlands zone. Since 
1967 Hammond has been the archaeo­
logical correspondent of The Times. He 
is also the editor of Afghan Studies and 
coeditor of The Archaeology of Afghani­
stan, which is being published this year 
by Academic Press. 

© 1977 SCIENTIFIC AMERICAN, INC



Before Sound Guard; the onlywa, 
to prevent your records from wearing out 

was QOt to play them. 

With same magnification, record vinyl shows no wear. 

If you've played any 
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records to protect the and effecti ve for all discs, 
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Superphenix: 

Number 3 

A Full-Scale Breeder Reactor 
The decision has been made to begin the construction in France 

of a 1,200-megawatt breeder-reactor power station. The joint 

European project will be the prototype of future nuclear plants 

T
he need to resort to nuclear fission 
to help meet the anticipated world 
demand for energy over the next 

few decades is widely. if not universally. 
recognized. What is often not appreciat­
ed sufficiently. however. is the fact that 
if the construction of new nuclear power 
plants is limited to the same basic types 
of reactor generally in service today. the 
respite gained will be only a brief one. 
Most experts agree that at current prices 
the world's economically recoverable 
uranium reserves are inadequate to en­
sure a lifetime supply of fuel for light­
water nuclear reactors built after the 
year 2000. This means that unless urani­
um is used in a more efficient way than it 
is in such reactors. it will turn out to be 
an energy resource not very different in 
scale from oil. 

Only breeder reactors-nuclear pow­
er plants that produce more fuel than 
they consume-are capable in principle 
of extracting the maximum amount of 
fission energy contained in uranium ore. 
thus offering a practical long-term solu­
tion to the uranium-supply problem. 
Breeder reactors would make it possible 
to obtain some 50 times more energy 
from a given amount of natural urani­
um than can be obtained with present­
day light-water reactors. Hence the min­
imum uranium content of economical­
ly recoverable ore could be significant­
ly lowered. For these two reasons (of 
which the second is by far the more im­
portant) the useful supply of natural 
uranium could be greatly enlarged. Ura­
nium would then constitute a virtual­
ly inexhaustible fuel reserve for the 
world's future energy needs. 

Recognizing the importance of these 
considerations. a number of nations 
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have undertaken intensive research pro­
grams aimed at developing an economi­
cally competitive breeder reactor before 
the uranium-supply situation becomes 
critical. Last fall a consortium of ma­
jor European electric-utility companies. 
acting through a joint subsidiary. decid­
ed to start the construction of a 1.200-
megawatt breeder-reactor power plant 
at Creys-Malville in France. The new 
full-scale breeder reactor. named Super­
phenix. will be described here. First. 
however. it is necessary to explain just 
what is meant by the term breeding. 
which serves to characterize the opera­
tion of such plants. 

Two types of heavy isotope are pres­
ent in the active core of every nucle­

ar reactor. One type. called the fissile (or 
fissionable) isotope. undergoes most of 
the fission reactions and is the source 
both of the heat energy released by the 
reactor and of the neutrons that sustain 
the chain reaction in the core. The only 
fissile isotope that exists in nature is ura­
nium 235. which constitutes .7 percent 
of natural uranium; the nonfissionable 
isotope uranium 238 accounts for the 
remaining 99.3 percent. Two other fis­
sile isotopes. plutonium 239 and urani­
um 233. are expected to play an increas­
ingly important role in the future as sub­
stitutes for uranium 235. 

The second type of heavy isotope in 
the core of every reactor is said to be 
fertile; it undergoes practically no fis­
sion reactions. but by capturing a stray 
neutron a fertile nucleus can be trans­
muted into a fissile nucleus at the end of 
a series of radioactive disintegrations. A 
typical example of a fertile nucleus is 
uranium 238. which is transmuted by 

neutron capture into fissile plutonium 
239. Similarly. fertile thorium 232. the 
only form of thorium extracted from the 
ground. can be transmuted into fissile 
uranium 233. 

In every nuclear reactor. as the fissile 
nuclei are being consumed new fissile 
nuclei are being created by the transmu­
tation of fertile nuclei. Most reactors in 
operation today. however. use either or­
dinary (light) water or deuterated 
(heavy) water to moderate. or slow. the 
neutron flux in the active core. In such a 
slow-neutron reactor it is impossible to 
produce as many fissile nuclei by neu­
tron capture as are consumed. As a re­
sult the proportion of fissile nuclei in the 
fuel quickly falls below a certain mini­
mum level. and the depleted fuel must 
be removed from service with most of 
the fertile nuclei still not transformed. A 
set of special conditions must be sat­
isfied to raise the breeding ratio (the 
ratio of the amount of fissile material 
produced from fertile material to the 
amount of fissile material consumed 
during the same period) to a value great­
er than 1. The most favorable condi­
tions for breeding are obtained when fis­
sile plutonium 239 and fertile uranium 
238 are used together in a fast-neutron 
reactor. in which the neutrons from the 
fission reactions are not slowed down by 
a moderating substance such as water 
between the time they are emitted by 
one fission reaction and the time they 
cause the next reaction. Only under 
these conditions can the breeding ratio 
be raised to a value significantly higher 
than 1. 

In a fast-neutron reactor the initial 
fuel load of plutonium is needed to start 
the fission chain reactions and the pro-
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d uction of power. During this period 
plutonium is bred from natural uranium 
(or from uranium depleted in uranium 
235) in the reactor core and in the sur­
rounding "breeding blanket." When the 
fuel subassemblies that make up the 
core and the blanket have undergone 
prolonged neutron irradiation, they 
must be reprocessed chemically in order 

to separate and remove the fission prod­
ucts. In each reprocessing operation 
more plutonium is recovered than exist­
ed at the start of the irradiation. The 
excess plutonium is set aside and is re­
placed in the reactor by natural or de­
pleted uranium. Everything proceeds as 
though the reactor were consuming only 
natural or depleted uranium and simul-

_ ACTIVE CORE 
_ BREEDING BLANKET 

c::J PRIMARY SODIUM CIRCUIT 
SECONDARY SODIUM CIRCUIT 

_ WATER-STEAM CIRCUIT 

taneously furnishing new plutonium as 
a by-product of the plant's operation. 

The time required for a breeder reac­
tor to produce enough plutonium to fuel 
a second identical reactor is called the 
reactor's doubling time. This time factor 
is inversely proportional to the reactor's 
breeding ratio. In the future it is expect­
ed that breeding ratios on the order of 

HORIZONTAL SECTION of the proposed Superphlmix breeder­
reactor power station shows the overall layout of the plant, which will 
consist essentially of a large circular reactor building with four steam­
generator buildings laid out radially around it. The central reactor 
building, which is designed to house all the plant's nuclear compo­
nents, will be built of reinforced concrete one meter thick; the build­
ing will have an inside diameter of 64 meters and a height of about 80 
meters. Each stearn-generator building will serve one segment of the 

secondary sodium circuit. (The associated turbogenerator building is 
not shown in this view.) The site selected for Superphenix is at Creys­
Malville in France. Construction of the plant has received the back­
ing of a consortium of European utilities, representing France (51 
percent), Italy (33 percent), West Germany (11.04 percent), the Neth­
erlands (2.36 percent), Belgium (2.36 percent) and the United King­
dom (.24 percent). The color coding adopted for this drawing and 
the ones on the next three pages is given in tlie key at the bottom. 
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VERTICAL SECTION of the Superphimix reactor building and one 
of the four identical steam-generating buildings shows the main oper­
ating components of the plant in somewhat greater detail. Super­
phenix is classified as a pool-type breeder reactor, which means that 
the active core, the primary sodium pumps and the intermediate heat 
exchangers are all located within a single large vessel;,in this particu­
lar design the main steel containment vessel, which is hung from a 
steel-and-concrete upper Slab, is 21 meters across and is filled with 
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3,300 tons of molten sodium. A cylindrical structure welded to the 
main vessel supports the control-rod mechanism and the fuel sub­
assemblies, which constitnte the active core of the reactor. The four 
primary pumps convey the sodium upward through the core. The pri­
mary reactor vessel separates the "cold" sodium, which enters at the 
bottom of the subassemblies at a temperature of 395 degrees Celsius, 
from the "hot" sodium, which leaves at the top at 545 degrees C. The 
hot sodium then flows downward through the eight intermediate heat 
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exchangers, which form part of a secondary 
circnit of nonradioactive sodium, inserted for 
reasons of safety between the primary sodi­
um circuit and the water-steam circuit. Each 
of four secondary loops consists of two inter­
mediate heat exchangers, a secondary pump 
instaUed inside spherical expansion tank and 
a steam generator in the adjacent building. 

1.4 or so will be achieved. in part by 
exploiting the concept of the heteroge­
neous core [see illustration on next page]. 
The corresponding doubling times will 
then be between 10 and 20 years. Since it 
is unlikely that the consumption of elec­
tricity will double at shorter intervals 
toward the end of the century. a dou­
bling time in this range will enable fast­
neutron reactors to cope with the rising 
demand for energy unaided. by virtue of 
their self-fueling feature. 

The breeding ratios of the fast-neu­
tron reactors built today are not signifi­
cant. since for several years the plutoni­
um produced by light-water reactors 
will constitute the major. -if not the ex­
clusive. source of the initial fuel for fast­
neutron reactors. Thus a remarkable 
complementarity exists between these 
two types of nuclear reactor. Over a 
fairly long period a two-pronged strate­
gy of nuclear-power generation can be 
established. with the light-water plants 
leading the way for the gradual penetra­
tion of the market by the fast breeder 
plants. 

Although fast-neutron plants are ca­
pable of producing more plutonium 
than they consume. that potential can be 
exploited or not. At the discretion of the 
user plutonium production can be high­
er or lower than consumption. The 
amount of plutonium available can be 
matched exactly to the demand. wheth­
er the latter rises. remains stable or even 
declines; hence a stock of unused pluto­
nium need never be created. In the ab­
sence of fast-neutron reactors. on the 
other hand. it would be impossible to 
completely burn the plutonium and its 
transplutonium derivatives produced by 
the slow-neutron plants. These highly 
radioactive elements would constitute 
wastes that would have to be set aside 
and stored for thousands of years. 

The fact that fission reactions are 
caused by fast neutrons in a breeder 

reactor makes the dimensions of the 
core very compact; the core volume of a 
1,000-megawatt fast-neutron plant does 
not have to exceed 10 cubic meters. 
Fast-neutron reactors by their very na­
ture generate a great deal of heat per 
unit of volume. To remove this intense 
heat output from the fuel subassemblies 
that make up the reactor core it is neces­
sary to use a coolant endowed with out­
standing thermal properties. Water is 
unsuitable because hydrogen is a power­
ful neutron moderator. and any materi­
al of that kind must be avoided. 

Of all conceivable fluids molten sodi­
um is the one that combines the most 
attractive array of properties. A liquid 
at 98 degrees Celsius. it boils at 882 de­
grees C. at atmospheric pressure. Since 
the maximum sodium temperature in 
the reactor core never exceeds 550 de­
grees in normal operation. it is not nec­
essary to pressurize the vessels and the 
circuits that contain the sodium. More-

over. the excellent thermal properties of 
sodium mean that the steam produced 
in the steam generators has characteris­
tics equivalent to those required to drive 
the turbines of the most modern fossil­
fuel power plants. The overall efficiency 
of a fast-neutron reactor is equal to or 
greater than 40 percent. whereas the effi­
ciency of a typical light-water power 
plant does not exceed 33 percent; the 
comparatively high efficiency of fast­
neutron reactors is a positive feature 
with respect to thermal discharges into 
the environment. 

Every fast-neutron reactor that has 
been or is being built in the world today 
calls for molten sodium as the coolant. 
The fact that all the countries with ac­
tive breeder programs (including the 
U.S.. the U.S.S.R.. France. Britain. 
West Germany. the Benelux nations. It­
aly. Japan and India) have made the 
same basic technological choice is a 

very favorable factor. It avoids the 
spreading of effort mounted along di­
vergent lines and enhances overall effi­
ciency. The approach followed has been 
much the same in all the countries in­
volved. Reactors built and planned dur­
ing the still prevailing development 
phase belong to three categories that fol­
low in a logical succession: experimen­
tal reactors. demonstration plants and 
prototype power stations. 

In line with this logical sequence the 
forerunners of Superphenix were Rap­
sodie and Phenix. The experimental re­
actor Rapsodie (the name associates the 
words rapide and sodium) was commis­
sioned in 1967. Its power level is low (40 
megawatts of thermal output) and it 
does not produce any electricity. Never­
theless. its main features are representa­
tive of the breeder regime from a techni­
cal standpoint with respect to tempera­
ture and other factors. Rapsodie has 
operated in a satisfactory manner for 
almost 10 years. with an average avail­
ability of nearly 90 percent during the 
operating runs. It is in continuous use as 
a test facility for investigating the effects 
of prolonged irradiation on various fuel 
assemblies. 

One year after Rapsodie went into op­
eration the decision was made to build 
the Phenix demonstration plant. named 
for the mythological bird that was re­
born from its own ashes. The achieve­
ment of a high breeding ratio was not of 
particular concern in the design stage. 
The principal purpose of Phenix was to 
confirm the validity and reliability of 
the entire system by demonstrating the 
possibility of building a fast-neutron 
power plant within a reasonable period 
of time and of running it satisfactorily. 
Phenix was put into regular operation in 
July. 1974. The record of the first two 
years is particularly gratifying. These 
excellent results do not mean that the 
demonstration is over. The day-to-day 
operation of the reactor is being closely 
watched. and unforeseeable incidents 
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ENTRY PORTS 

NUCLEAR-FUEL SUBASSEMBLY of tbe Superpbenix reactor is 
sbown in tbe cutaway vertical diagram at left. In eacb active-core 
subassembly tbe fuel is subdivided into 271 long, tbin pins along 
wbicb tbe sodium of tbe primary circuit (yellow) flows; tbe fissile 
material (red) occupies tbe central portion of tbe pin, fertile material 
(orange) being placed at botb ends. (Tbe fertile subassemblies con­
tain fewer, larger pins.) Two alternative core designs under considera­
tion for tbe breeder reactors of tbe future are represented by tbe scbe-
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matic borizontal sections at tbe rigbt. Tbe two designs differ in tbe 
arrangement of tbe stainless-steel subassemblies: in tbe conventional 
core design (top) tbe central zone of fissile subassemblies is surround­
ed by an outer "breeding blanket" of fertile subassemblies; in tbe new 
beterogeneous core design (bottom) fertile material is inserted into 
core in tbe form of clusters of fertile subassemblies. Gray bexagons 
are control rods. Designs are idealized bere; in reality active core and 
breeding blanket will account for a total of about 600 subassemblies. 
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could still occur. Small sodium leaks de­
tected during the summer of 1976 in two 
intermediate heat exchangers have led 
to the temporary shutdown of the plant 
for repairs to the observed defects, 
which are minor and do not call the de­
sign into question. The initial results are 
considered encouraging enough to pro­
ceed with confidence. 

Superphenix, the next step in the de­
velopment sequence, will be the proto­
type for the commercial breeder power 
plants of the future. In design it is very 
similar to Phenix. It was thought essen­
tial for overall efficiency and success to 
maintain the continuity of technological 
choices as far as possible. In spite of this 
constraint continuous progress in ac­
quired know-how led in some cases to 
significant changes with respect to Phe­
nix, if only to meet increasingly strin­
gent safety criteria. Creys-Malville, 
where Superphenix will be built, is in the 
upper Rhone valley, not far from the 
electric-power grids of Italy and Germa­
ny. The site selected for the plant, on the 
banks of the Rhone 40 miles east of Ly­
ons, is in a sparsely populated farming 
region where no other major industrial 
projects are planned. 

From the geological standpoint the 
Creys-Malville site is in a low-seismicity 
zone of Degree VI on the international 
macro seismic scale (which has a range 
of 12 degrees, with an interval of one 
degree corresponding to a factor of two 
in ground acceleration). The Superphe­
nix plant is designed to continue operat­
ing after being subjected to a Degree VI 
earthquake, which corresponds to the 
maximum intensity already observed 
in the region. Furthermore, the design 
guarantees that all essential safety func­
tions of the plant, such as the neutron 
shutdown of the reactor, the removal of 
residual power from the core and the 
integrity of the containment, will be 
maintained in the event of an earth­
quake of Degree VII in intensity. 

The Superphenix power station will 
be designed to adapt its operation to 

variations in demand on the electric­
power grid. It will be operated as a base­
load plant. The gross power output of 
the plant has been set at 1.200 mega­
watts of electricity, which is similar to 
the power level of light-water nuclear 
plants scheduled for construction at the 
same time. In 1985, 1.200 megawatts 
will represent between 1.5 and 2 percent 
of the total installed power of the 
French grid. The choice of this figure for 
Superphenix results from a compro­
mise. On the one hand there is a trend 
toward large nuclear power plants on 
the ground,s of economics; on the other 
hand extrapolation from Phenix to Su­
perphenix must remain within reason­
able limits. 

A fast breeder plant does not differ 
greatly in its general layout and operat­
ing scheme from any other nuclear pow-

ACTIVE MATERIAL 
(17% PU02, 83% U02) 

BREEDING MATERIAL 
(U02) 

NUCLEAR REACTIONS that take place in the core of a breeder reactor are diagrammed. As 
in any nuclear reactor, the fissile active-core material (in this case plutonium 239) undergoes 
a self-perpetuating chain of fission reactions, yielding both the heat energy produced by the 
reactor and the neutrons that sustain the chain reaction. In the breeder fertile nuclei in the core 
and in the blanket material (in this case uranium 238) can also be transmuted into fissile nuclei 
by capturing a stray neutron each, thereby creating new fissile material. The absorption of neu­
trons by nuclei in the control rods can be adjusted to regulate the rate of the reactions (right). 
In a ''fast'' breeder the neutrons are not slowed down by a moderating substance such as water. 

er station. Heat produced in the reactor 
core is conveyed by a fluid (molten sodi­
um in this case) to water, producing 
steam, which feeds an electric-generat-� 
ing turbine unit. In order to avoid any 
accidental reaction between the radio­
active sodium and the water an interme­
diate, or secondary, loop of nonradio­
active sodium is inserted between the 
primary circuit conveying the sodium 
through the core and the water-steam 
circuit. Instead of one 1.200-megawatt 
turbogenerator of advanced design, two 
600-megawatt units will be used in par­
allel. incorporating only conventional 
equipment that has proved its reliability 
in many oil-fired plants. 

The design of the core and the fuel 
assemblies is a key factor in the realiza­
tion of Superphenix. The core, as the 
seat of heat generation, is the most high­
ly stressed of all the parts of a nuclear 
plant. This is all the more true in a fast­
neutron core, where the heat production 
per unit of volume is exceptionally high 
(up to 500 kilowatts per liter) and all the 
structures are subjected to an intense 
flux of fast neutrons (6 X 1015 neutrons 
per square centimeter per second). To 
ensure that the heat is evacuated with­
out giving rise to excessive temperatures 
the nuclear fuel is subdivided into long. 
thin pins (less than a centimeter in diam­
eter) along which the sodium flows at a 

speed of six meters per second. The fis­
sile material is located in the central 
portion of the pin, fertile material be­
ing placed at both ends. A cluster of 
271 pins are fastened together within 
the hexagonal stainless-steel structure 
known as a fuel subassembly. All to­
gether 364 subassemblies, packed in a 
regular array, constitute the reactor's 
active core, which is in turn surrounded 
by 232 similar subassemblies containing 
larger pins of fertile material. represent­
ing the breeding blanket. The sodium 
flows upward, entering at the bottom of 
the subassemblies at 395 degrees C. and 
leaving at the top at 545 degrees. At the 
center of the active core 450 watts of 
heat energy is generated per centimeter 
of fuel pin. 

A fuel mixture with a mean composi­
tion of 17 percent plutonium oxide 
(PU02) and 83 percent uranium oxide 
(U02) has been selected as the fissile ma­
terial; the fertile material consists of 
uranium oxide alone. Long and satisfac­
tory experience with these materials has 
been gained in the operation of Rapso­
die and Phenix. Of the 25,000 PU02-
U02 fuel pins that have been irradiated 
so far in Rapsodie, 3,000 survived a 
burnup of 80,000 megawatt-days per 
ton and some have reached 150,000 
megawatt-days per ton. Less than one 
pin per 1.000 irradiated failed. So far 
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PHENIX, a 2S0-megawatt demonstration breeder-reactor power station, is located on the 
Rhone River near Avignon. The plant began generating electricity at full power in July, 1974. 

15,000 fuel pins have been irradiated in 
the Phenix core. At present subassem­
blies are taken out of the reactor as soon 
as they reach a burnup of 50,000 to 
65,000 megawatt-days per ton. Not a 
single pin has failed while in service in 
Phenix. 

Development work is also being de­
voted to new carbide and nitride fuels, 
which are likely to exhibit breeding 
characteristics superior to those of the 
oxides of plutonium and uranium cur­
rently called for. It remains to be seen 
whether this potential advantage will be 
offset by increased difficulties in fabrica­
tion, irradiation behavior and chemical 
reprocessing. The use of carbide and ni­
tride fuels in Superphenix is not contem­
plated at this time. 

Another important technical problem 
concerns the choice of the material for 
the hexagonal structure of the subas­
semblies and for the pin tubes, which 
must meet very stringent requirements. 
They must maintain good mechanical 
strength at temperatures approaching 
650 degrees C. Furthermore, the inter­
nal pressure in the pin tubes may be as 
high as 30 kilograms per square centi­
meter, owing to the buildup of gaseous 
fission products. The pins are also sub­
jected to considerable thermal stresses. 
Last but not least, they are exposed to a 
peculiar phenomenon: under prolonged 
irradiation by fast neutrons, vacancies 
form in the crystal lattice of the metal 
and grow into tiny cavities, causing the 
metal to swell. Some idea of the intensi­
ty of neutron bombardment in a high­
power fast-neutron reactor can be 
gained from the fact that every atom of 
the material "cladding" the fuel pins is 
struck or at least caused to vibrate once 
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every 100 hours on the average by the 
passage of a neutron or another atom 
recoiling from a neutron collision. An­
other impressive figure is the cumulative 
number of fast neutrons crossing any 
given square centimeter of the cladding 
material after irradiation in the reactor 
core: this figure approaches one full 
gram of neutrons! The swelling of me­
tallic alloys under neutron irradiation 
must be kept low enough to avoid defor­
mation of the subassembly, which is lia­
ble to raise problems in the operation of 
the reactor, particularly in the fuel-han­
dling maneuvers. A great deal of re­
search-and-development work has al­
ready been accomplished but more is 
required in order to find a complete so­
lution to the problem. 

The different types of fast-neutron re­
actor are distinguished essentially 

by the organization of the primary sodi� 
urn circuit. In the pool design the reactor 
core, the intermediate heat exchangers 
and the primary sodium pumps are all 
within a single large vessel. In the loop 
design only the reactor core is housed 
within the vessel and the intermediate 
heat exchangers and pumps are connect­
ed to it by loops. It must be stressed that 
the two systems rely on the same tech­
nology, that most development work on 
components is common to both and that 
the differences between the two con­
cepts are much less than those between, 
say, pressurized-water and boiling-wa­
ter reactors. In most countries loop-type 
reactors were built first, since the sepa­
ration of components facilitated con­
struction, operation and maintenance, 
justifying such a choice at an early stage 
of development. The first pool-type 

breeder reactor in the world was built in 
the U.S. more than 10 years ago. Fol­
lowing the loop-type construction of 
Rapsodie, the pool concept was adopted 
for Phenix and, owing to the excellent 
record of that plant, it was maintained 
fundamentally unchanged for Super­
phenix. 

It is clear that both the pool system 
and the loop system can be built and 
run, and that both have advantages and 
drawbacks only long operating experi­
ence can distinguish. Among the main 
reasons for the selection of the pool sys­
tem for Phenix and Superphenix, fol­
lowing a meticulous comparison with 
the loop system, was a safety considera­
tion. For a large plant, say 1.000 mega­
watts or more, it was thought the integri­
ty of the primary sodium circuit could 
be maintained in all reasonably foreseec 
able circumstances more readily by en­
closing it within a single vessel of simple 
design than by dispersing it in a highly 
intricate system of pipes and vessels in­
volving many hundreds of meters of 
piping up to one meter in diameter. 
Although the main pool-type vessel is 
larger than the loop-type reactor ves­
sel (roughly 20 meters in diameter as 
against 10), the pool-type vessel is much 
more straightforward in design. As a re­
sult construction, inspection and main­
tenance are far easier. The main prob­
lem encountered in the pool design con­
cerned the cover of the main vessel. The 
solution implemented in Phenix could 
not be extrapolated to the dimensions of 
Superphenix. It was decided to hang the 
steel main vessel directly from the steel­
and-concrete upper slab, and to put un­
der the slab a layer of metallic thermal 
insulation that is in contact with the ar­
gon atmosphere above the sodium. The 
tests performed to date indicate that this 
arrangement is entirely satisfactory. 

Experience with nuclear power plants 
. of every type has shown that the steam 

generator is a crucial component. In 
fast-neutron reactors particular care 
must be taken in design and construc­
tion to prevent any violent chemical re­
action between the sodium and the wa­
ter, which would result from a leak in 
the exchanger tubes. The steam-genera­
tor model selected for Phenix, the only 
one with which extensive experience 
had been gained at the time, was subdi­
vided into 36 low-power modules (17 
megawatts each). The subdivision made 
it possible to subject three complete full­
scale modules to thorough tests in simu­
lated operational conditions. Although 
this approach was justifiable for an ini­
tial project, it could not be maintained 
for a large power plant because of its 
prohibitive cost. Research for Super­
phenix was therefore oriented toward 
units of different design, with a higher 
power per unit (several hundred mega­
watts). The problems presented by the 
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fabrication and the operation of these 
units did not appear to grow with size. 
but the large modules do have certain 
drawbacks. the main ones being the near 
impossibility of conducting full-scale 
tests prior to installation in the power 
plant and the increased electric-power 
loss in case of the unavailability of a 
unit. 

The tests performed under normal 
and accidental conditions on two "once 
through" mock-Ups. one with straight 
fcrritic steel tubes and the other with 
helical Incoloy tubes. provided com­
plete satisfaction and showed good 
agreement with the design forecasts. 
The helical-tube model was finally se­
lected for Superphenix. with each sec­
ondary loop including a steam genera­
tor with a thermal power of 750 meg­
awatts. A steam-reheat stage can be 
added with either sodium or steam. 
The sodium system was employed for 
Phenix. raising the net efficiency of the 
plant to 42 percent. The steam system 
was adopted for Super,phenix. simplify­
ing the steam generator and the associat­
ed circuits. because a cost study showed 
that the lowered investment cost offset 
the loss in efficiency. 

I
t is obviously important to prevent the 

development of even the smallest 
leak in the tubes separating the water 
from the sodium and to minimize the 
effects of any contact of the two fluids 
that may nevertheless occur. Ultrasensi­
tive hydrogen detectors (capable of de­
tecting a leak of as little as two mil­
ligrams of hydrogen per second) will 
be housed in several locations in each 
steam generator. Automatic systems de­
signed to limit the consequences of an 

. incipient reaction are also available. 
Two such systems consist of automatic 
valves that immediately shut off the so­
dium circuits and discharge systems de­
signed to remove the products of the re­
action and to limit the ensuing pressure 
surge. 

The maneuvers required to convey 
the fuel subassemblies to their core posi­
tions and to withdraw them from the 
reactor after irradiation will be conduct­
ed exclusively during plant shutdown. 
They will be carried out by a series of 
devices that manipulate the assemblies 
in sodium at all times. in order to allow 
the removal of the residual heat released 
by the fission products. Two eccentric 
rotating plugs housed in the upper slab 
of the reactor will make it possible to 
position the device that grips the subas­
sembly heads above any point of the 
core and blanket. This system. which al­
lows direct service above each subas­
sembly. also copes with potential defor­
mations of the subassemblies due to 
swelling under irradiation. One of the 
main drawbacks of sodium is its opaci­
ty, which makes it impossible to follow 
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OPERATING RECORD OF PHENIX during its first two years was considered encouraging 
enough to proceed with Superphenix, the next stage in the French breeder-development pro­
gram. The level parts of this cumulative electric-generating curve correspond to plant shut­
downs; the numbers refer to refueling shutdowns. An extended work period scheduled after 
one year of operation took place during seventh refueling shutdown. In its first two years of opera­
tion Phenix generated electricity at full power for the equivalent of 530 days, a better perfor­
mance than is typical of present-day light-water reactors in their first two years of operation. 

the progress of the handling operations 
visually. Ultrasonic transmitter-receiv­
er units, employing the principle of so­
nar, have been developed to surmount 
this obstacle. These devices, operating 
within the sodium itself, provide a guar­
antee that the subassemblies manipulat­
ed will occupy their correct positions at 
all times, without the risk of colliding 
with the handling devices. 

The principles underlying the control 

GROSS ELECTRICAL RATING (MEGAWATTS) 

THERMAL RATING (MEGAWATTS) 

GROSS EFFICIENCY (PERCENT) 

VOLUME OF CORE (LITERS) 

LENGTH OF FUEL ASSEMBLIES (METERS) 

NUMBER OF FUEL PINS PER ASSEMBLY 

of a fast-neutron reactor are identical 
with those of any other nuclear reactor. 
The existence of delayed neutrons gives 
the mechanisms acting on core reactivi­
ty the time to act smoothly, whether to 
raise or lower the power of the plant or 
to keep it stable. These operations are 
performed by means of control rods 
containing a suitable neutron-absorbing 
material, which move in channels paral­
lel to the fuel subassemblies. Superphe-

PHENIX 
, 

SUPERPHENIX 

264 1,240 

590 3,000 

44 .75 41.5 

1,227 10,820 

4 .3 5.5 

217 271 

OUTSIDE DIAMETER OF FUEL PINS (MILLIMETERS) 6.6 8.65 

MAXIMUM LINEAR POWER (WATTS PER CENTIMETER) 430 450 

RATE OF FUEL BURNUP (MEGAWATT-DAYS PER TON) 50,000 70,000 

MAXIMUM TOTAL NEUTRON FLUX (NEUTRONS 
7.2 x 1015 6.2 x 1015 

PER SQUARE CENTIMETER PER SECOND) 

BREEDING RATIO 1.12 1.24 

NOMINAL CLADDING TEMPERATURE (DEGREES CELSIUS) 650 620 

INTERVAL BETWEEN REFUELING OPERATIONS (MONTHS) 2 12 

PHENIX AND SUPERPHENIX are compared in this table. The continuity of technological 
choices was maintained as far as possible in going to the larger plant, although a number of sig­
nificant changes were incorporated in Superphenix design, partly to meet new safety criteria. 
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NUMBER OF PUMPS 4 

>-
f- TEMPERATURE AT CORE INLET 395 DEGREES CELSIUS cc-

<{� 
:;;;U TEMPERATURE AT CORE OUTLET 545 DEGREES CELSIUS -cc 
g:U 

SECOND OVERALL SODIUM FLOW RATE 16 .4 METRIC TONS PER 

WEIGHT OF SODIUM 3,300 METRIC TONS 

NUMBER OF PUMPS 4 

NUMBER OF INTERMEDIATE HEAT EXCHANGERS 8 

>- TEMPERATURE AT INLET 
345 DEGREES CELSIUS CCf- OF INTERMEDIATE HEAT EXCHANGER <{-

o� 
zU 

TEMPERATURE AT OUTLET of!; 525 DEGREES CELSIUS Uu OF INTERMEDIATE HEAT EXCHANGER w 
CfJ 

OVERALL SODIUM FLOW RATE 13.2 METRIC TONS PER SECOND 

TOTAL WEIGHT OF SODIUM 1,700 METRIC TONS 
IN THE FOUR LOOPS 

NUMBER OF STEAM GENERATORS 4 
>-f-CC- TEMPERATURE OF SUPERHEATED STEAM 490 DEGREES CELSIUS <{� 
-U f-CC CC_ PRESSURE OF SUPERHEATED STEAM 180 BARS wu 
f-

OVERALL STEAM FLOW RATE 1.36 METRIC TONS PER SECOND 

SPECIFICATIONS for the steam-generating system of Superphenix are summarized in this 
table. The use of sodium in the reactor's primary and secondary circuits is expected to give the 
new electric station a comparatively high overall thermal efficiency of at least 40 percent. 

nix will be provided with a highly redun­
dant system of control rods, divided into 
three independent groups. One of these 
is specially designed to penetrate the 
core even in the extreme and improba­
ble case of its undergoing a large defor­
mation. Uninterrupted monitoring of 
the Super phenix core is provided by a 
diversified set of detectors, whose out­
put is processed and correlated by com­
puter. The temperature of the sodium 
leaving each subassembly is measured 
by three thermocouples; two of them 
are of the chromel-alumel type and the 
third uses a sodium-steel couple and re­
sponds almost instantaneously. The 
boiling-sodium detectors, flowmeters 
and devices for the detection and local­
ization of any cladding failures are im­
proved versions of those employed in 
Phenix. The neutron detectors and elec­
tronic instruments for measuring varia­
tions in reactivity have proved their re­
liability through long experience with 
them. 

The many precautions implemented 
in the design of Superphenix were sub­
jected to detailed scrutiny by the licens­
ing authorities before their approval 
was secured. These safety measures re­
duce the probability of an accident to an 
extremely low level. The procedure fol­
lowed went to the extent of considering 
the case in which a total shutdown of 
forced sodium circulation through the 
core at full power is not accompanied by 
any action of the many control systems 
designed to shut down the fission chain 
reaction and energy production imme-
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diately. Even in this case the consider­
able thermal inertia represented by the 
large mass of sodium present in the pri­
mary vessel (3,300 tons) and the interval 
of several hundred degrees C. between 
the sodium temperature in normal oper­
ation and its boiling point furnish a sub­
stantial time interval for manual emer­
gency action. Nevertheless, it is neces­
sary to ensure that even in the highly 
improbable case of a serious accident 
involving a core meltdown the conse­
quences will be contained in such a way 
that no significant quantity of plutoni­
um or fission products can escape into 
the environment. 

The containment system for Super­
phenix therefore consists of a series of 
successive enclosures. which can with­
stand both internal reactor accidents 
and external aggression such as an air­
plane crashing into the power plant. Fi­
nally, special arrangements have been 
made to prevent potential sodium fires 
and to limit their spread should they oc­
cur. Sodium fires would not actually 
jeopardize the safety of the installation, 
but it is nonetheless necessary to take 
full precautions to maximize the reli­
ability and the availability of the power 
station. 

In all areas. not just in the priority 
area of safety, a considerable research­
and-development effort has preceded 
the design and construction of Super­
phenix. This program, which calls for 
full-scale tests in sodium of all com­
ponents where innovations have been 
made, will continue to back up con-

struction of the reactor in the coming 
years. 

Phenix was built in slightly more than 
four years. Preliminary site preparation 
began in the fall of 1968. and the filling 
of the primary and secondary circuits 
with 1,400 tons of sodium was started 
before the end of 1972. For Superphenix 
a building schedule spread over 68 
months has been adopted. Construction 
deadlines are comparable to those set 
for other types of nuclear power plant. 
The fact that breeder reactors are not 
pressurized and that their components, 
even the large ones, are made of com­
paratively thin stainless-steel sheet and 
pipe makes it possible to perform most 
of the final assembly on the site. The 
Phenix experience clearly showed the 
advantages of this approach and the 
flexibility that it engendered in adher­
ence to the construction schedule. 

The investment cost of the Superphe­
nix power plant will significantly ex­

ceed that of a light-water plant of com­
parable output. This cost differential is 
unavoidable since Superphenix is the 
first plant of its kind. whereas light-wa­
ter plants (of which more than 100 have 
been built to date in the world) have 
amply profited from the fruits of techni­
cal progress and above all of series pro­
duction. In spite of the fact that Super­
phenix is a prototype. it should be em­
phasized that the cost of a kilowatt-hour 
of electricity produced by Superphenix 
will be in the same range as that pro­
duced by an oil-fired power station. It is 
probable that the investment cost of 
fast breeder plants. which will progres­
sively decline as larger numbers are 
constructed, will remain for some time 
higher than that of light-water plants, if 
only because of the larger amounts of 
stainless steel employed and the pres­
ence of an intermediate sodium circuit 
added for safety reasons. Economic 
competitiveness with light-water plants 
will derive from a cheaper fuel cycle, 
made possible by fuel breeding, and this 
factor will become increasingly impor­
tant with the foreseeable increase in the 
price of natural uranium. 

The expansion program of the French 
national utility company Electricite de 
France (EDF) already calls for a series 
of breeder plants, employing plutonium 
provided by a large number of pressur­
ized-water reactors built simultaneous­
ly. It is reasonable to expect that two 
pairs of fast-neutron plants will be ini­
tiated in France between 1980 and 1985, 
representing. together with Superphe­
nix, about 8,000 megawatts of electric­
generating capacity in service in the ear­
ly 1990's. Commitments may grow to 
2.000 megawatts per year after 1985. so 
that by the year 2000 fast-neutron plants 
may account for about a fourth of the 
installed capacity and a third of the total 
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energy output of all the nuclear plants in 
France. Simultaneous with the succes­
sive launching of these plants will be the 
construction of plants for the fabrica­
tion and reprocessing of fast-breeder fu­
els, thus closing the fuel cycle. The latter 
will be high-capacity plants (with an 
output of about 200 tons of oxides per 
year) aimed at achieving a low overall 
fuel-cycle cost. 

I REACTOR 

r 
EXPERIMENTAL BREEDER REACTOR 1 

DOUNREAY FAST REACTOR 

I 
EXPERIMENTAL BREEDER REACTOR 2 

B.R.5 

ENRICO FERMI FAST BREEDER REACTOR 

RAPSODIE 

B.N.350 

I SOUTHWEST EXPERIMENTAL FAST OXIDE 
REACTOR 

B.O.R.60 

PROTOTYPE FAST REACTOR 

FAST-FLUX TEST FACILITY 

K.N.K.2 

I 
PHENIX 

P.E.C. 

S.N.R. 300 

JOYO 

B.N. 600 

j 
FAST BREEDER TEST REACTOR 

CLINCH RIVER BREEDER REACTOR 

COMMERCIAL FAST REACTOR 

SUPERPHENIX 

MONJU 

S.N.R.2 

B.N. 1500 

PROTOTYPE LARGE BREEDER REACTOR 

The importance of Superphenix must 
be gauged in relation to the coming gen­
eration of power plants derived from it. 
It is in a way the culmination of the tech­
nological development phase and the fi­
nal stage before the commercial series, 
the technical definition of which, will 
rely directly on the Superphenix experi­
ence. If everything proceeds as planned, 
by the mid-1980's, thanks to Superphe-

nix, one may expect to have at least a 
preliminary operating record with a 

large fast-neutron power plant. This ex­
perience, which will be shared by sever­
al large electric utilities, symbolizes the 
joining of efforts by the European coun­
tries involved in aiming at the earliest 
possible commercial launching of a type 
of reactor that is indispensable to their 
economies. 

LOCATION 
POWER FORM OF BASIC SCHEDULE 

(MEGAWATIS) OUTPUT DESIGN 
-

U.S. .2 ELECTRICAL LOOP I. 
U.K. 15 ELECTRICAL LOOP L 
U.S. 20 ELECTRICAL POOL 

U.S.S.R. 10 THERMAL LOOP 

U.S. 66 ELECTRICAL LOOP 

FRANCE 40 THERMAL LOOP I 10£ 
U.S.S.R. 150 ELECTRICAL LOOP 

j 
-

U.S. 20 ELECTRICAL I LOOP I ". -

U.S.S.R. 12 THERMAL LOOP 

! 
U.K. 250 ELECTRICAL POOL • 

U.S. 400 THERMAL LOOP ••• 

i 

GERMANY 20 ELECTRICAL LOOP -

FRANCE 250 ELECTRICAL POOL ,m .'. -
I L 

ITALY 116 THERMAL LOOP 

GERMANY I 300 ELECTRICAL LOOP I 
JAPAN 100 THERMAL LOOP i I -

U.S.S.R. 600 ELECTRICAL POOL I I 
INDIA 15 ELECTRICAL LOOP I 

i 
U.S. 380 ELECTRICAL LOOP 

UK 1,300 ELECTRICAL POOL 

FRANCE 1,200 ELECTRICAL POOL 

JAPAN 300 ELECTRICAL LOOP 

GERMANY 1,300 ELECTRICAl. j i q 

I 
r-------1 

U.S.S.R. 1,500 ELECTRICAL I 
f------l 

U.S. 1,200 ELECTRICAL R 
1945 1950 1955 1960 1965 1970 1975 19 

r- TYPE OF DESIGN CONSTRUCTION OPERATION reactors built or planned so far: experimental reactors, demonstration 
plants and prototype commercial power stations. Different intensities 
of color denote design, construction and operation phases. Projec­
tions are made only to 1980; bars that stop short of the present repre­
sent decommissioned facilities. S.N.R. 300, Superphenix and S.N.R. 
2 are multinational European projects. The German K.N.K. reactor 
has been in operation since 1968 with a slow-neutron core; beginning 
in 1977 it will be run with a fast-neutron core as K.N.K. 2. The Brit­
ish Prototype Fast Reactor at Dounreay in Scotland and the Russian 
B.N. 350 at Shevchenko, two demonstration plants comparable in size 
to the French Phenix, are both completed but have not yet been run 
at full power, owing to difficulties with their steam-generating equip­
ment. Preliminary site work is about to begin on the closest compa­
rable U.S. plant, the 380-megawatt Clinch River project near Oak 
Ridge, Tenn., which is expected to be completed in the early 1980's. 

! FACILITY PHASE PHASE PHASE [ 
EXPERIMENTAL c=J r:::::;;:J -REACTOR 

DEMONSTRATION c=J c=J -PLANT 

COMMERCIAL c:=:J c:=:J C=:J PROTOTYPE 

WORLD SURVEY of progress in the development of Iiquid-metal­
cooled fast breeder reactors includes all facilities with a thermal­
power output greater than one megawatt. The plants are listed in 
chronological order according to the beginning of their design stage. 
Different colors are used to distinguish the three main categories of 

35 

80 

© 1977 SCIENTIFIC AMERICAN, INC



Waves in the Solar Wind 

The solar wind is the sun's outer atmosphere expanding into space. 
Variations in its speed are interpreted as velocity waves that evolve 
with distance, much as ocean waves steepen as they approach a beach 

by]. T. Gosling and A.]. Hundhausen 

The corona, the tenuous outer at­
mosphere of the sun, has been fa­
miliar to observers for centuries 

as the faint silvery glow surrounding the 
black disk of the moon during a total 
eclipse of the sun. Although the corona 
was first analyzed spectroscopically in 
the 19th century, its most remarkable 
characteristic remained unrecognized 
until the 1940's. At that time previously 
unidentified emission lines in the coro­
nal spectrum were found to be radiation 
emitted by common elements, such as 
oxygen and iron, that were stripped of 
most of their outer electrons. The pres­
ence in the corona of such highly ionized 
atoms can be explained only if the tem­
perature of the corona is higher than a 
million degrees Kelvin, more than 100 
times hotter than the underlying visible 
surface of the sun. The thermal energy 
of the ionized coronal gas is in fact so 
great that even the enormous gravita­
tional field of the sun cannot retain the 
corona in a static bound atmosphere. 
Instead the coronal gas expands out­
ward from the sun at tremendous speed, 
filling interplanetary space with a so­
lar wind. 

Satellites and spacecraft probing in­
terplanetary space over the past IS years 
have directly sampled the solar wind 
and have monitored its flow in the vicin­
ity of the orbit of the earth. The observa­
tions reveal that the solar wind flows 
almost radially outward from the sun at 
an average speed of 450 kilometers per 
second, faster than a million miles per 
hour. The flow of the solar wind, howev­
er, is far from uniform; indeed, it is ex­
tremely gusty. Its speed commonly var­
ies by several hundred kilometers per 
second over a period of about a week. 
The largest of the variations can be 
thought of as velocity waves that evolve 
in form as they propagate outward from 
the sun to the outer reaches of the solar 
system. Other types of waves are also 
present in the solar wind, but they will 
not concern us here. 

Like the corona the solar wind is a 
highly rarefied plasma, or ionized gas, 
consisting primarily of free protons and 
electrons. Since it expands almost radi-
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ally away from the sun at nearly con­
stant velocity, its density decreases at a 
rate that is approximately proportional 
to the inverse square of its distance from 
the sun. At the orbit of the earth the 
density is some 10 particles per cubic 
centimeter; at the orbit of Jupiter it 
should be about .4 particle per cubic 
centimeter. As the solar wind expands it 
cools; near the orbit of the earth its tem­
perature has fallen from a million de­
grees to about 100,000 degrees. At that 
temperature the speed of sound through 
the gas is about 50 kilometers per sec­
ond. Since at the orbit of the earth the 
solar wind is traveling some 450 kilome­
ters per second, the average speed of the 
gas is nine times faster than the speed of 
sound, that is, the flow is highly super­
sonic. Spacecraft observations further 
reveal that embedded in the gas is a 
weak remnant of the sun's magnetic 
field; near the orbit of the earth the aver­
age value of the field is .00005 gauss. 
(The strength of the earth's magnetic 
field near the poles is .6 gauss.) 

In order to understand how waves in 
the solar wind form and evolve it is 

useful to think of the solar wind as being 
an ordinary compressible fluid. Such an 
approach does, however, ignore the de­
tails of the complex internal kinetic 
processes making such a tenuous gas be­
have as a fluid. Near the orbit of the 
earth the density of the gas is so low that 
any proton in the solar wind may collide 
with one of its neighbors on the average 
of only once in two or three days. There­
fore processes other than direct colli­
sions between particles must be respon­
sible for causing the dilute gas to act as a 
fluid. Those other processes are not yet 
completely understood, although it ap­
pears likely that inherent instabilities of 
a plasma in the presence of the weak 
magnetic field in interplanetary space 
are ultimately responsible. 

Observations from spacecraft near 
the orbit of the earth have revealed that 
the main variations of the solar wind's 
speed, density and pressure conform to 
a characteristic pattern. That pattern 
has come to be known as the solar-wind 

stream structure. At the leading edge of 
a solar-wind stream the speed of the 
wind's flow rises rapidly; at the trailing 
edge of the stream the speed declines 
much more slowly back to low values. 
At the leading edge where the speed ris­
es the density of the particles of the gas 
also rises, quickly attaining a maximum 
that is several times greater than the av­
erage density. At the trailing edge where 
the speed falls the particle density also 
falls, attaining abnormally low values. 
The pressure across the stream, which is 
proportional to the product of the densi­
ty and the temperature, also reaches a 
maximum as the speed rises, but it 
quickly falls again and remains nearly 
constant throughout much of the trail­
ing portion of the stream. That charac­
teristic pattern of variation near the or­
bit of the earth is readily explained if 
one thinks of the stream as a velocity 
wave that gets steeper as it travels away 
from the sun. 

How do velocity waves first develop 
in the solar wind? What makes them 
get steeper? The lack of homogeneity 
in the speed of the solar wind stems 
ultimately from the non uniformity of 
the temperature and density of the coro­
na. This coronal non uniformity arises 
primarily from the fact that the sun's 
magnetic field, which permeates the 
corona, is itself nonuniform from one 
place to another on the sun. Thus dif­
ferent portions of the corona escaping 
into space to become the solar wind ex­
pand outward from the sun at different 
rates. 

Consider now what happens at the 
earth as the sun rotates once every 27 
days. Alternately slow, then fast, then 
slow gas is directed toward the earth. 
The variation in speed from low values 
to high ones and back to low ones again . 
constitutes one complete stream or 
wave in the solar wind. The faster-mov­
ing gas in the wave will overtake the 
slower-moving gas ahead of it and will 
collide with it while simultaneously run­
ning away from the slower-moving gas 
behind it. Hence the wave will evolve 
toward a sawtooth form at greater dis­
tances from the sun. Since the gas is 
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compressible, the material within the 
wave is rearranged as the wave steepens. 
Individual parcels of gas near the lead­
ing edge of the wave are compressed and 
heated, and parcels on the trailing edge 
are rarefied and cooled. 

Some of the slower-moving gas ahead 

is swept up by the wave and accelerated. 
The resulting transfer of momentum 
and energy from the faster gas to the 
slower will slightly decrease the wave's 
amplitude: the maximum difference in 
the velocity of the gas from on\! point to 
another within the wave. An observer 

near the orbit of the earth would see the 
evolved velocity wave and its accompa­
nying regions of compression and rare­
faction sweep past his observation 
point. The temporal variations in the 
speed, density and pressure associated 
with streams in the solar wind can be 

SOLAR-WIND STREAM (broad band in color) expands outward 
from the sun (colored dot), pulled by the sun's rotation into a pattern 
resembling a spiral. Such a stream can be regarded as a wave in the 
solar wind created when the expanding gas of one region of the sun's 
corona, or outer atmospbere, travels faster than tbat of other regions. 
At any one fixed longitude in space the faster gas of the wave will 
gain on tbe slower gas in front of it while simultaneously running 
away from the slower gas behind it. Thus the gas at the leading edge 
of tbe wave will be compressed (narrow band in darkest color) and 
the gas at the trailing edge will be rarefied (lightest color). At a dis­
tance of about three astronomical units from the sun (one astronom­
ical unit is the mean distance from the sun to the earth) this particular 
solar-wind wave develops two shocks (lines in solid color) tbat diverge 

from the region of greatest compression. The wave itself widens as it 
travels farther from tbe sun, and its amplitude, the difference between 
tbe velocity of the fastest gas and tbat of the slowest gas, decreases. 
Here the development of the wave is traced out to a radius of 20 as­
tronomical units; the thin concentric black circles mark the orbits of 
tbe eartb (one astronomical unit from the sun), Mars (1.5 astronomi­
cal units), Jupiter (5.2 astronomical units), Saturn (9.5 astronomical 
units) and Uranus (19.2 astronomical units). On the scale of this illus­
tration it is not possible to depict the evolution of the wave inside the 
orbit of the earth. If the solar-wind wave were continued out beyond 
20 astronomical units for one more revolution, the shock at the trail­
ing edge of the next revolution (not shown) would intersect the shock 
at the leading edge of tbe wave's outermost revolution shown here. 
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IDEALIZED PROFILE OF A SOLAR-WIND STREAM has been determined from many 
observations of solar-wind waves sweeping by a satellite in orbit around the earth. The leading 
edge of the stream's profile is at the left side of each panel. Within any such wave the speed of 
the solar wind rises rapidly to a maximum and then declines more slowly back to a low value 
(top). As the faster gas encounters the slower gas in front of it the density of the gas at the lead­
ing edge sharply increases (middle), leaving behind an area of rarefaction. As density increases, 
the pressure in gas also builds up, decreasing once again in trailing portion of wave (bottom). 
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readily identified with such evolved ve­
locity waves. 

Solar-wind velocity waves steepen 
with increasing distance from the sun in 
a manner analogous to the way ocean 
waves steepen as they move toward a 
beach. There are, of course, differences 
between waves in water and waves in the 
solar wind. First, water is incompress­
ible, whereas the solar wind is easily 
compressed. Second, water waves con­
vey energy and momentum but not 
mass, whereas the solar wind transfers 
energy, momentum and mass from the 
sun to the outer reaches of the solar sys­
tem. In spite of these differences the 
analogy is close. 

In the case of ocean waves the speed 
of the wave in shallow water is propor­
tional to the square root of the water's 
depth. Hence the crests of ocean waves 
approaching a beach travel faster than 
the troughs, which are at a lesser depth, 
and the waves get steeper. Eventually 
large ocean waves running toward a 
beach steepen so much that the crests 
literally outrun the troughs. At that 
point the waves topple over and break. 
What happens in the solar wind when at 
large distances from the sun the crest of 
a velocity wave begins to outrun the 
trough? In other words, what is the in­
terplanetary analogy of a breaker? 

T et us consider in more detail the situa­
L tion of a single parcel of gas half­
way up the leading edge of a solar-wind 
velocity wave that has an amplitude of 
Vo [see illustration on page 40]. Gas in the 
trough ahead of the wave is moving 
slower than the parcel. and thus the par­
cel is gaining on it. Gas on the crest of 
the wave behind the parcel is moving 
quicker than the parcel. and thus is over­
taking it. An observer moving with the 
parcel would thus see gas streaming 
toward the parcel from both the direc­
tion of the sun (the faster-moving gas in 
the crest) and the direction opposite the 
sun (the slower-moving gas in the 
trough) at speeds ranging up to a maxi­
mum of 'I2VO. He would not see the gas 
streaming into the parcel. however, be­
cause the weak magnetic field embed­
ded in the solar wind keeps the parcels 
of gas from interpenetrating. Hence 
pressure builds up in the gas around the 
parcel and resists the inflow from both 
sides. To the observer moving with the 
parcel the gas coming from both sides is 
decelerated, compressed and heated as 
it encounters the region of high pres­
sure. To a stationary observer watching 
the solar-wind wave from a fixed point 
in space the deceleration of the gas com­
ing from both directions will appear 
only as a deceleration of the high-speed 
gas near the crest and an acceleration of 
the low-speed gas near the trough. As a 
result momentum and energy are trans­
ferred from the fast-moving gas at the 
crest to the slow-moving gas at the 
trough. 
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SOLAR-WIND VELOCITY WAVES STEEPEN as they travel away 
from the sun much as ocean waves steepen as they run toward a beach: 
the crest of the wave moves faster than the trough and so gradually 
catches up with it. In this superposition of three successive "snapshots" 

of an idealized solar-wind velocity wave made one day apart, it can be 
better seen how individual parcels, or small volumes, of gas (dots) on 
the leading edge of wave are compressed into region of high density 
as those on trailing edge are spread out into a region of low density. 

It is at this point that the supersonic 
nature of the solar wind becomes impor­
tant. The speed of sound, s, is the char­
acteristic speed with which all pressure 
signals of small amplitude propagate in 
a gas. Therefore as the solar-wind wave 
gets steeper the region of high pressure 
expands into the gas ahead of it and be­
hind it at the speed of sound. As the gas 
in the trough ahead senses the pressure 
signal it will be accelerated at the ex­
pense of the speed of the gas at thi: crest. 
In fact, as long as the peak speed of the 
wave is such that the speed of the con­
verging gas ('/. vo) is less than the speed 
of sound (s) the pressure signal will al­
ways be sensed by parcels of gas both in 
the trough of the wave and at the crest 
before the crest overruns the trough. 
That is, as long as the value of s - '/.vo is 
greater than zero, the solar-wind wave 
will gradually be damped out. 

What happens when a wave in the so­
lar wind has such a large amplitude that 
the speed of the gas converging on the 
parcel is greater than the speed of 
sound? In that case the high-pressure re­
gion, which attempts to expand outward 
in both directions at the speed of sound. 
cannot do so rapidly enough to warn the 
gas in the trough ahead (and at the crest 
behind) of the impending arrival of the 
wave. What happens instead is that the 
pressure within the wave at the site of 
the parcel grows very rapidly as the 
wave continues to steepen, so rapidly. in 
fact. that a pair of shock waves form. 
one on each side of the high-pressure 
region. One of the shocks propagates 
backward from the central high-pres­
sure region toward the crest of the wave; 
the other propagates forward toward 
the trough. Shocks are pressure waves of 

large amplitude in which pressure, den­
sity and flow speed change rapidly. They 
travel through a gas faster than the 
speed of sound. In fact. the speed at 
which both shocks travel through the so­
lar wind is precisely determined by the 
magnitude of the rise in pressure within 
the solar-wind wave, and that speed will 
be just what is necessary to keep the 
wave from toppling over and breaking. 

Although one of the two shocks prop­
agates backward from the region of 
maximum pressure, a stationary observ­
er would actually see both shocks being 
transported outward from the sun by the 
very high bulk flow speed of the solar 
wind, a flow that is still highly superson­
ic and is still greater than the speed at 
which a shock propagates backward 
through the gas. The speed of sound in 
the solar wind decreases with the wind's 
increasing distance from the sun and the 
accompanying drop in temperature, so 
that virtually all waves in the solar wind 
should eventually get steep enough to 
form the pair of shocks. 

Several quantitative models of how 
waves in the solar wind get steeper 

have been developed. One of us (Hund­
hausen) has devised a one-dimensional 
quantitative model that ignores some 
physical effects that are probably pres­
ent in the solar wind yet describes the 
evolution of the waves fairly well. Such 
models have proved to be valuable in 
interpreting observations of solar-wind 
streams near the earth; they have also 
provided appealing explanations of why 
variations in the speed, density and pres­
sure of the gas within such streams are 
coupled to one another. 

Solar-wind streams have been ob-

served almost entirely at one point in 
space, namely near the earth. Accord­
ingly it has not been possible until re­
cently to directly detect the steepening 
of the waves in the solar wind because 
that would call for measurements at two 
widely separated distances from the sun. 
With measurements obtained only near 
the earth, the steepening of velocity 
waves could be inferred only from the 
coupled variations in the solar wind. 
Moreover. almost all the solar-wind 
streams observed near the earth do not 
have a double-shock structure because 
the waves have not yet got steep enough 
for the shocks to form. The models do 
predict. however. that virtually all solar­
wind streams should have shocks in 
them at distances beyond two or three 
astronomical units from the sun. (One 
astronomical unit is the mean distance 
between the sun and the earth.) Further­
more. the models predict that the ampli­
tude of all the waves should decrease 
very slowly as they proceed toward the 
outer reaches of the solar system. 

With the launching of the spacecraft 
Pioneer 10 in 1972 and Pioneer II in 1973. 
both of which drifted past Jupiter some 
five astronomical units from the sun. it 
became possible for the first time to di­
rectly test the concept (and specific 
models) of the evolution of velocity 
waves in the solar wind. The first data 
available from the Ames Research Cen­
ter's plasma probe on Pioneer 10 as it 
traversed interplanetary space were the 
hourly values of the speed of the wind. It 
was apparent from the data that beyond 
the earth each significant stream in the 
solar wind exhibited a rapid rise in speed 
followed by a much slower decline. In 
addition. superposed on the rising por-
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STEEPENING OF SOLAR-WIND VELOCITY WAVES IS LIMITED by pressure building 
up on the leading edge of the wave. The panel at the top shows a steepened wave of amplitude 
Va. where Vo is equal to the difference between the velocity of the crest of the wave (v� and the 
velocity of the trough (VI)' A parcel of gas halfway up the wave moves at '12VO with respect to 
the trough. An observer moving with the parcel would see gas streaming toward the parcel 
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ranging up to a maximum of 1/2VO (middle). The converging gas causes the pressure to build up 
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toward trough. Shocks prevent wave from toppling over and "breaking" like an ocean wave. 
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tion of the wave were abrupt rises in 
speed on the time scale of an hour, such 
as would be expected if shocks were 
present. The characteristic pattern of a 
fast rise and a slow decline in the speed 
of the solar wind can be found over a 
large range of amplitudes and periods, 
and it is precisely the sawtooth signature 
expected for evolving velocity waves. In 
the absence of measurements of the so­
lar wind's density, pressure and magnet­
ic field it is not possible to conclusively 
demonstrate that the abrupt jumps in 
speed on the rising portion of the 
streams in the Pioneer 10 data were 
shocks. The solar-wind-speed data are 
consistent with such an interpretation, 
however, and reports of Pioneer 10's 
measurements of later variations in the 
interplanetary magnetic field provide 
supporting evidence. 

The trajectory of Pioneer 10 between 
the earth and Jupiter was such that 

in August and September of 1973 the 
spacecraft was nearly aligned with the 
sun and the earth. That two-month peri­
od presented an excellent opportunity to 
directly observe the steepening of veloc­
ity waves between two points widely 
spaced along a nearly common line ex­
tending radially from the sun. The bot­
tom illustration on the opposite page 
shows a sequence of measurements of 
the speed of the solar wind obtained by 
the Los Alamos Scientific Laboratory's 
plasma probe on the IMP 7 satellite 
(the seventh Interplanetary Monitoring 
Platform) in orbit around the earth and 
another sequence obtained by Pioneer 
10 17.5 days later at a distance of 4.7 
astronomical units from the sun. The 
two sets of data have been shifted with 
respect to each other in such a way that 
the leading edge of the wave measured 
by each spacecraft would coincide if 
the gas on the wave's leading edge had 
propagated from IMP 7 out to Pioneer 
10 at a constant speed. 

It can be seen that in fact the leading 
edges of the waves in the two samples do 
not coincide: Pioneer 10 detected the on­
set of the wave approximately three 
days early. The wave arrived early be­
cause the high-speed gas at the crest of 
the wave swept up the slower-moving 
gas in front of it, accelerating that gas as 
expected. Moreover, at 4.7 astronomi­
cal units from the sun the wave was 
clearly more sawtoothed than it was 
near the earth, and near the leading edge 
there were abrupt increases in speed that 
were not evident when the wave passed 
the earth. The measurements of the 
wave by Pioneer 10 show that the wave 
indeed had the profile that would be ex­
pected if it had steepened and had devel­
oped a pair of shocks bounding a region 
of compression at its leading edge. 

The favorable comparison between 
the model and the observations is even 
more striking when one independently 
utilizes measurements from IMP 7 of 
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SPEED OF THE SOLAR WIND NEAR JUPITER was monitored 
hourly (dots) by the Pioneer 10 spacecraft during a SO-day period in 
May and June, 1973. During that time the spacecraft moved from 
4,03 astronomical units to 4.23 astronomical units. At that distance 

from the sun virtuaUy all large-amplitude solar-wind waves have 
steepened into a sawtooth form. The abrupt jumps in speed on the 
rising portion of each velocity wave encountered are shocks; their lo­
cation has been emphasized in the illustration by the vertical lines. 
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EVOLUTION OF A SOLAR-WIND WAVE at a distance of 4.7 
astronomical units radially from the sun in the direction of the earth 
was predicted from the shape of the wave observed at the earth in 
August and September, 1973. The wave was observed near the earth 
(top) by instruments aboard IMP 7 (the seventh Interplanetary Mon­
itoring Platform) in orbit around the earth. The gap in the data was 
caused by the passage of the satellite into the magnetosphere of the 
earth, where the solar wind cannot be directly sampled. From the ob­
servations the form of the wave at 4.7 astronomical units was predict-
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ed by means of a theoretical model (bottom panel, colored line). Mea­
surements made of the wave there by Pioneer 10 show that the wave 
had steepened and had developed two shocks on its leading edge (bot· 
tom panel, black line); those features were predicted reasonably well. 
The overall amplitude of the wave at 4.7 astronomical units is consid­
erably less than it was at one astronomical unit. Moreover, the large­
amplitude short-period 8uctuations (arrows) in the speed of the so­
lar wind on the rising portion of the wave near the earth have been 
damped out, a fact that the model also predicted reasonably well. 
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STREAMLINES IN SOLAR WIND trace out the locus of all parcels of gas (arrows) having 
a common origin in one region of the sun. Black arrows indicate gas traveling at 350 kilometers 
per second; colored arrows indicate gas traveling at 500 kilometers per second. Gray circle in­
dicates position of the earth's orhit. The solar wind travels nearly radially outward from the 
sun. If, as in the example shown here, the sun did not rotate, the streamlines would be straight. 
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SOLAR-WIND STREAMLINES ARE CURVED in the solar system because the sun rotates, 
bending the streamlines into spirals. The amount of curvature of each streamline depends on 
the speed of the gas traveling away from the sun. Where the streamlines converge the gas is 
compressed and forms a solar-wind stream; where the streamlines diverge the gas is rarefied. 
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the solar wind's speed, density and pres­
sure near the earth to predict by means 
of the one-dimensional model the struc­
ture of the wave at Pioneer 10. The 
agreement between the predicted wave­
form and the observed waveform is 
quite good, particularly for the overall 
shape of the wave, the amplitude of the 
variation in the speed of the gas across 
the wave and the time when the wave 
reached Pioneer 10. The model did less 
well in predicting the amplitude of the 
abrupt increases in speed at the shock 
fronts. Without going into the details of 
the model, it can be said that its weak­
nesses apparently lie in the simplified 
assumptions that must be made to ren­
der it amenable to numerical computa­
tions on a computer. In particular the 
model neglects the effects of magnetic 
forces, the conduction of heat and the 
fact that the high-pressure region in the 
solar-wind wave eventually induces the 
flow of the gas to become nonradial. 

so far we have emphasized the evolu­
tion of waves in the solar wind at 

only one fixed heliocentric longitude: 
the line from the sun to the earth. The 
evolution of a wave along any one longi­
tude, however, is merely a small part of 
a much larger wave pattern that is 
evolving throughout the entire solar sys­
tem. The pattern can be best indicated 
by streamlines: imaginary lines that 
trace out the locus of all parcels of gas 
originating at a common position on the 
sun but at different times. If the sun did 
not rotate, the streamlines would be 
straight lines extending radially out­
ward from it. The sun's rotation causes 
the streamlines in its equatorial plane to 
be bent into spirals. The slower the par­
cels of gas expand, the more tightly the 
spiral streamlines are wound. Narrow 
bands of compression (high density) 
form in areas where the streamlines con­
verge and broad regions of rarefaction 
(low density) form where the stream­
lines diverge. When the emission of gas 
from the sun is constant with respect to 
time, the entire pattern of curved 
streamlines rotates with the sun. It is 
worth emphasizing that only the pattern 
rotates; each parcel of gas in the solar 
wind moves outward almost radially. 

From the data of the solar-wind 
stream observed in 1973 by IMP 7 and 
Pioneer 10 and the aid of a theoretical 
model one can deduce the overall pat­
tern of the solar wind in the plane of the 
earth's orbit as it might have appeared 
to a stationary observer situated far 
above the north pole of the sun. The 
stream was most compressed at a dis­
tance of about three astronomical units 
from the sun. At that point the com­
pressed region contained al) the stream­
lines that were originally at the leading 
edge of the wave. Beyond three astro­
nomical units the region of compression 
slowly expanded. The expansion was 
hastened as the pair of forward-reverse 
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shocks formed by the steepened wave 
propagated away from the center of 
compression. Near the orbit of Jupiter 
streamlines that were originally separat­
ed by more than 180 degrees in solar 
longitude were contained within the re­
gion of compression bounded by the 
shocks. A broad region of rarefaction 
constituted the remainder of the pattern. 

The concept of steepening velocity 
waves thus seems to explain the ob­

served changes in solar-wind structure 
between one astronomical unit and 
about five astronomical units. The struc­
ture can be theoretically extended into 
the still more distant reaches of the solar 
system as well [see illustration on page 
37]. The velocity wave is expected to 
continue to steepen in much the same 
way out to beyond 20 astronomical 
units, where the spiral pattern will begin 
to close back in on itself; at that point 
the shock at the trailing edge of the 

stream's next revolution will collide 
with the forward shock at the leading 
edge of the revolution just inside it. Out 
to this distance and for some unknown 
distance beyond it, the evolution of so­
lar-wind velocity waves will continue to 
drive the solar wind toward an increas­
ingly inhomogeneous state; for exam­
ple, at 20 astronomical units the relative 
difference between the density of the gas 
in the compressed region and that in the 
rarefied region will be greater than it is 
at the orbit of the earth. 

It has recently been shown that the 
shocks formed by steepened waves in 
the solar wind beyond the orbit of Mars 
give rise to a large number of cosmic­
ray protons of low energy (between one 
million and 50 million electron volts). In 
fact, it is possible that almost the entire 
flux of low-energy cosmic-ray protons 
detected at the earth is produced by such 
shocks and is modulated by the magnet­
ic fields associated with streams in the 

solar wind at large distances from the 
sun. Moreover, recent observations in­
dicate that Jupiter acts as an electron 
gun, accelerating electrons to the energy 
range of one million to 10 million elec­
tron volts. The electrons fill interplane­
tary space; their propagation through 
the solar wind, however, is strongly af­
fected by the pairs of forward-reverse 
shocks, which form a barrier the elec­
trons cannot penetrate. 

The study of the production and prop­
agation of energetic particles in inter­
planetary space is only one field of in­
vestigation for which knowledge of 
waves in the solar wind is important. 
Indeed, the highly evolved nature of so­
lar-wind streams at large distances from 
the sun promises to have an important 
bearing on the study of a host of diverse 
problems, ranging from the dynamics of 
the magnetosphere of the outer planets 
to the eventual interaction of the solar 
wind with the interstellar gas. 

SOLAR-WIND STREAM OBSERVED in the plane of the earth's 
orbit in August and September, 1973, by IMP 7 and Pioneer 10 can 
be reconstructed from theory and from the spacecraft observations 
of the solar wind, Black circles indicate distances from the sun rang­
ing from one astronomical unit to six astronomical units. Different 
shades of color represent contours of density of the solar wind, each 
one differing from the next by a factor of four. (Contours are adjust-

ed to take iuto account the fact that the actual deusity of the gas de­
creases with increasing distance from the sun.) Thin curved arrows 
in white represent streamlines. Thick curved lines in solid color repre­
sent shocks. Although pattern of the gas inside the orbit of the earth 
is not known, three compressions associated with the large-ampli­
tude, short-period ftuctuations in speed observed by IMP 7 on the 
leading edge of the main wave can be seen passing orbit of the earth. 
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Opiate Receptors 
and Internal Opiates 

Morphine and its derivatives seem to exert their effects by binding 

to specific receptor sites on cells in the brain and the spinal cord. 

Morphinelike substances within the body may also act at those sites 

In 1680 the English physician Thomas 
Sydenham wrote: "Among the rem­
edies which it has pleased Almighty 

God to give man to relieve his suffer­
ings. none is so universal and so effica­
cious as opium." Over the intervening 
centuries the admiration of the medical 
community for the pain-relieving effects 
of opium and its derivatives has been 
tempered by an awareness of their toxic­
ity and addictiveness. This awareness. 
together with the lack of any other 
known class of drugs that exert the pow­
erful analgesic action of opiates. stim­
ulated an intensive search for synthet­
ic opiates with the good properties of 
morphine and without the bad ones. 
More recently natural morphinelike sub­
stances have been found in the brain. 
These substances promise to open new 
avenues to an understanding of precise­
ly where in the body opiates act. how 
they do so and why they are addictive. 

Opium has been used as a drug at least 
since classical Greek times. not only. of 
course. because it deadens pain but also 
because it gives rise to euphoria. The 
word comes from the Greek opion, pop­
py juice; the drug is present in the milky 
exudate obtained by incising the unripe 
seedpod of the poppy Papaver somni­
lerum. In 1803 a young German phar­
macist. Friedrich Sertiirner. isolated 
an opium alkaloid that he named mor­
phine. after Morpheus. the Greek god of 
dreams. and by the middle of the 19th 
century the use of pure morphine rather 
than crude opium preparations had 
spread widely. The toxicity and addic­
tiveness of morphine were recognized 
only after the drug had become an es­
tablished feature of clinical medicine. 
The administration of opiates to wound­
ed Civil War soldiers made opiate ad­
diction a significant social problem in 
the U.S. and prompted the search for 
nonaddictive synthetic opiates. 

The goal of a nonaddictive opiate has 
remained frustratingly elusive. Time 
and time again the medical community 
has enthusiastically greeted the develop-
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ment of a supposedly nonaddictive opi­
ate. only to be disappointed when. after 
enough patients had taken the drug for a 
long enough time. it turned out to be 
addictive. in some cases even more so 
than morphine. In the 1890·s. for exam­
ple. the Bayer company introduced her­
oin. a morphine derivative with two 
added acetyl groups (COCH3). as a 
nonaddictive analgesic. Similarly. in the 
1940's meperidine (Demerol) became 
the most popular opiate analgesic in 
American medical practice because it 
was thought to be nonaddictive. The 
growing number of Demerol addicts 
soon convinced the Bureau of Narcotics 
that it was otherwise. Indeed. until quite 
recently it seemed that the analgesic ef­
fects of opiates and their addictiveness 
are inextricably linked. 

Drugs. hormones and neurotransmit­
ters (chemicals released by nerve 

endings that modulate the firing of other 
nerve cells. or neurons) all produce their 
highly selective effects at very low con­
centration. It is usually assumed that 
they act at specific receptor sites consist­
ing of large molecules and located on 
the external surface of cells in the target 
organs. For the opiates a variety of evi­
dence supports the receptor concept. 

First. all opiate agonists. or analgesi­
cally active substances. show basic simi­
larities in their molecular architecture. 
Morphine and most other opiates have a 
rigid T-shaped structure with two broad 
water-repelling surfaces at right angles 
to each other. a hydroxyl group (OH) 
capable of hydrogen bonding and a pos­
itively charged nitrogen atom that can 
form an ionic bond. all suggesting possi­
ble noncovalent interactions with a geo­
metrically and chemically complemen­
tary receptor site. Moreover. synthetic 
opiate agonists have been devised that. 
although they are similar in their basic 
structure. are considerably more potent 
than natural agonists. Etorphine. for ex­
ample. is 5.000 to 10.000 times more 
potent than morphine. It gives rise to 

euphoria and relieves pain in a dose as 
small as .0001 gram. making it even 
more powerful than LSD. which is often 
cited as the most potent mind-altering 
substance. Surely for a drug to act in 
such small doses it must seek out highly 
selective receptor sites. 

Second. most opiates exist in at least 
two optical isomers: mirror-image mol­
ecules that are identical in chemical 
composition but. like left and right 
hands. cannot be superposed in space. 
Optical isomers can be distinguished by 
the direction in which a solution of the 
isomer rotates the plane of polarization 
of light in a polarized beam. Usually 
only the levorotatory isomer. the one 
that rotates the plane of polarization to 
the left. can relieve pain. elicit euphoria 
or any of the other actions associated 
with opiates. This stereospecificity of 
opiate action supports the model of a 
highly specific receptor that can distin­
guish the "handedness" of the opiate 
molecule. 

Third. opiate agonists can be trans­
formed by very slight molecular modifi­
cations into antagonists. substances that 
specifically block the analgesic and eu­
phoric actions of agonists without elicit­
ing any such effects themselves. For ex­
ample. the substitution of an allyl group 
(CH2 - CH = CH2) for the methyl 
group (CH3) on the nitrogen of mor­
phine converts it into nalorphine. a po­
tent antagonist that blocks all the phar­
macological effects of morphine. An 
experimental animal or a person at the 
point of death from morphine poisoning 
can be revived almost instantaneously 
by much smaller amounts of nalor­
phine. An effect so rapid implies a com­
mon site of action. It seems as if the 
antagonists occupy opiate receptor sites. 
doing nothing themselves but blocking 
access to opiate agonists. 

For these reasons pharmacologists 
long assumed that specific opiate recep­
tors existed in the brain and possibly in 
other tissues. By synthesizing an entire 
series of morphine derivatives and test-
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ing their pharmacological effects in ani­
mals investigators began to build up a 
picture of what parts of the opiate mole­
cule are responsible for what physiolog­
ical effects. In the process they visual­
ized what the physical form of the pos­
tulated opiate receptor might be like. 
but unequivocal identification of the re­
ceptor itself remained elusive. 

The great stumbling block in charac­
terizing the receptor was the fact 

that. like most other compounds. opi­
ates will bind to almost any biological or 
nonbiological membrane. Thus nonspe­
cific binding. that is. binding not associ­
ated with the receptor. greatly exceeds 
receptor binding. which therefore could 
not even be detected. A vram Goldstein 
and his colleagues at the Stanford Uni­
versity School of Medicine attempted to 
differentiate between specific and non­
specific binding of opiates to fragments 
of membrane from homogenized brain 
cells by applying the criterion of stereo­
specificity: they compared the ability of 
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a pharmacologically active optical iso­
mer to inhibit the binding of a radioac­
tively labeled opiate with the ability of 
the inactive optical isomer to do so. Al­
though the technique was an important 
advance. Goldstein and his colleagues 
found that only 2 percent of the total 
binding of opiates to brain-cell mem­
brane in the test tube was stereospecific. 
This result was discouraging. since it im­
plied that isolating the small amount of 
specific binding to the postulated recep­
tor from the very large amount of non­
specific binding would be an almost im­
possible task. 

In my laboratory at the Johns Hop­
kins University School of Medicine. 
however. Candace B. Pert (then a gradu­
ate student) and I reasoned that simple 
technical maneuvers might amplify spe­
cific receptor binding enough for it to be 
measurable. To this end we made use of 
the methodology pioneered by Pedro 
Cuatrecasas of Johns Hopkins in char­
acterizing the receptor for the hormone 
insulin. Cuatrecasas had managed to de-

tect specific binding by making the la­
beled hormone highly radioactive. so 
that he could apply very low concentra­
tions to fragments of target-cell mem­
brane supported on filters. The hormone 
had a strong affinity for the receptor site. 
which meant that applying it in low con­
centrations would favor specific binding 
over nonspecific binding. Cuatrecasas 
also washed the membrane fragments 
thoroughly but very rapidly after hor­
mone binding to selectively remove 
molecules that were bound nonspecifi­
cally. With these techniques we were 
able to identify high-affinity binding 
sites for opiates in fragments of cell 
membrane from rat brain and guinea­
pig intestine with the aid of radioactive­
ly labeled naloxone. a potent opiate an­
tagonist. To investigate the specificity of 
the binding we compared the ability of 
the active and inactive optical isomers 
of the opiates to compete with radioac­
tively labeled molecules of naloxone for 
binding to the receptor. We found that 
the active isomers of both agonists and 
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OPIATE RECEPTORS IN THE BRAIN were identified by measur­
ing the specific binding of radioactively labeled opiate drugs to cell 
fragments from different brain areas. The largest amount of binding 
was found in cells from the limbic system (color), a series of evolu­
tionarily primitive regions at the core of the brain that are primarily 

involved with smelling in lower vertebrates and with the .arousal of 
emotions in man. The high concentration of receptors in the limbic 
system suggests it is here opiates exert their euphoria-producing ac­
tions, and also that one internal opiatelike substance or more may 
play some normal role in modifying emotional component of pain. 

45 

© 1977 SCIENTIFIC AMERICAN, INC



LEVO ISOMER (ACTIVE) DEXTRO ISOM ER (I NACTIVE) 

OPTICAL ISOMERS, or mirror-image molecular forms, of the opiate analgesic (pain-killing) 
drug morphine have very different pharmacological activities. Only the levorotatory (levo) iso­
mer, which in solution rotates plane-polarized light to the left, produces the characteristic anal­
gesic effects of the drug; the dextrorotatory isomer is totally inactive. This stereospecificity of 
opiate action supports concept of a receptor that can distinguish "handedness" of a drug mole­
cule. In illustration carbon is black, nitrogen is gray, oxygen is color. Hydrogen is not shown. 

AGON ISTS ANTAGON ISTS 

SLIGHT CHEMICAL MODIFICATIONS in the molecular structure of opiate analgesics 
(also known as agonists), such as the replacement of a methyl group (CH3) by an allyl group 
(CH2 - CH = CH 2), can convert them into antagonists that block the analgesic effects of agonists 
in very small doses. Antagonists appear to work by binding to an inactive form of the receptor. 
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antagonists could displace naloxone 
that was already bound to membrane, 
and that the pharmacologically inactive 
isomers had practically no effect on 
such binding. 

Stereospecific binding alone, however, 
is not sufficient to establish an asso­

ciation between an opiate and a recep­
tor. Symmetrically arranged constitu­
ents of brain tissue other than the recep­
tor might be expected to discriminate 
between the isomers of opiates, Horace 
H. Loh of the University of California 
School of Medicine in San Francisco 
has found that a major class of brain 
lipids (fatty substances) can discrimi­
nate between the optical isomers of opi­
ates. In my own laboratory Gavril W. 
Pasternak has found that opiates are 
bound stereospecifically even by some 
glass filters. 

To ensure that the binding we had ob­
served in fragments of homogenized 
brain represented opiate-receptor inter­
actions that operate in real life we tested 
many drugs to determine whether their 
affinity for the receptor closely paral­
leled their pharmacological activity. 
This turned out to be the case: potent 
opiates such as levorphanol and mor­
phine have a much greater affinity for 
the receptor than weak ones such as 
meperidine and propoxyphene (Dar­
von). Even apparent discrepancies serve 
as exceptions that prove the rule. For 
example, etorphine, an analgesic that is 
some 6,000 times more potent than 
morphine, has only about 20 times mor­
phine's affinity for receptor. Etorphine, 
however, is 300 times more soluble in 
lipid and is correspondingly more effi­
cient in penetrating the brain from the 
blood. The combination of a 20-fold 
greater affinity and a 300-fold greater 
penetration can account for etorphine's 
6.000-fold greater potency. 

Similarly, codeine. an opiate widely 
used for the relief of pain. cough and 
diarrhea, is about 20 percent as potent 
as morphine in man but is less than . 1  
percent a s  potent a s  morphine i n  binding 
to the opiate receptor. The discrepancy 
is readily explained by the fact that co­
deine is metabolized by enzymes in the 
liver to morphine. which then enters the 
brain and accounts for the pharmaco­
logical actions of codeine. E. Leong 
Way of the University of California 
School of Medicine in San Francisco 
has shown that although codeine can ef­
fecti:vely relieve pain in rats when it is 
injected· intravenously, it has no analge­
sic activity when it is injected directly 
into the brain. These are conditions un­
der which morphine is quite effective. 

Ideally one should compare potency 
and receptor binding in the same sys­
tem. This is possible with opiates be­
cause their ability to inhibit electrically 
induced contractions of guinea-pig in­
testine is known to closely parallel their 
analgesic activity. Moreover. the affini-
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ty of both agonists and antagonists for 
receptor binding sites is closely similar 
in guinea-pig intestine and in the brain. 
Working with a simple assay system in 

TRANSDUCER r---------� ADDED 

my laboratory. Ian Creese measured the DRUGS 
ability of different opiates to inhibit con-

HERE 

traction of guinea-pig intestine and 
compared it with their ability to inhibit 
naloxone binding to the same tissue. He 
found that receptor affinity and pharma­
cological potency correlated remark­
ably well for both agonists and antago-
nists in guinea-pig intestine. suggesting 
that the stereospecific binding site was 
indeed an authentic receptor. 

There was still one major source of 
mystification: in the binding experi­

ments antagonists and their correspond­
ing agonists appeared to have the same 
affinity for the receptor. but it was well 
known that in living organisms antago­
nists are much more potent than opiate 
agonists. This paradox was resolved 
when we slightly modified our technique 
for measuring the receptor. The condi­
tions under which we had conducted our 
first experiments were unnatural in that 
they lacked any of the ions that are 
found abundantly in the body. particu­
larly sodium. As soon as we incorporat­
ed sodium into our procedure dramatic 
differences in the behavior of agonists 
and antagonists appeared. Concentra­
tions of sodium that are found normally 
in the body enhanced the binding of opi­
ate antagonists and greatly diminished 
the binding of agonists. These effects 
were selective for sodium. They were 
mimicked somewhat by lithium. which 
has a similar atomic radius. but not by 
other positively charged ions such as po­
tassium. rubidium and cesium. 

In order to evaluate a wide range of 
opiates we measured the extent to which 
sodium would alter the ability of a given 
drug to inhibit the binding of naloxone 
to the opiate receptor. Our "sodium in­
dex" represents the ratio of the concen­
tration of the drug required to inhibit 
naloxone binding by 50 percent in the 
presence of sodium to the concentration 
of the drug req uired in the absence of 
sodium. The larger the number is. the 
more sodium lowers the ability of the 
drug to inhibit naloxone binding. In oth­
er words. a sodium index of 2 means 
that a drug's ability to bind to the opiate 
receptor (measured by its inhibition of 
naloxone binding) is red uced by half in 
the presence of sodium. 

The sodium index quite accurately 
predicts the extent to which a drug is an 
opiate agonist or antagonist. Pure opiate 
antagonists. such as naloxone and nal­
trexone. have a sodium index of 1 or 
less. meaning that sodium does not de­
crease their ability to bind to the opiate 
receptor and in fact sometimes increases 
it. Other opiate antagonists are slight­
ly "contaminated" by agonist activity. 
These drugs can relieve pain but. pre­
sumably because of their antagonist 
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BIOASSAY APPARATUS for determining the pharmacological potency of opiate drugs was 
set up in the laboratory of Jose M. Musacchio at the New York University Medical Center. A 
strip of guinea-pig ileum (part of the intestine), which is known to possess opiate receptors re­
sembling those in the brain, is connected by means of a transducer to a polygraph that records 
its contractions. The potency of opiate agonists is measured by their effectiveness in inhibit­
ing rhythmic contractions of the intestinal smooth muscle induced by an electric stimulator. 

properties, they do not seem to cause 
addiction as readily as "pure" opiate 
agonists. Early drugs with these mixed 
agonist-antagonist properties were not 
clinically useful. however. because they 
had a number of adverse side effects: 
they gave rise to anxiety. agitation and 
sometimes hallucinations. The best ex­
ample of such a drug is nalorphine. 
which has been used clinically for many 
years to treat an overdose of morphine 
or heroin. It has a sodium index of about 
2.5, meaning that its binding to the re­
ceptor becomes two to three times 
weaker in the presence of sodium. At the 
other end of the spectrum pure opiate 
agonists. which have no antagonist 
properties, become 12 to 60 times weak­
er in the presence of sodium. It is un­
clear just what accounts for the var­
iation among the sodium indexes of 
agonists. None of them have obvious 
antagonist effects. but perhaps these 
drugs vary in the purity of their agonist 
properties. A purer agonist might be 
a more effective pain reliever. but it 
might also be more addictive. 

The most interesting drugs are those 
with sodium indexes between 3 and 7. 
These are the combined agonist-antago­
nist drugs that offer the greatest promise 
as nonaddictive pain relievers. Most of 
these relatively nonaddictive analgesics 
belong to the novel class of compounds 
known as the benzomorphans. which 
were developed by Everette L. May of 
the National Institute of Arthritis. Me­
tabolism and Digestive Diseases and 
other workers. The prototype is pentaz-

ocine (Talwin). which is widely used in 
the U.S. and is the only powerful opiate 
analgesic that is not subject to stringent 
"dangerous drug" regulations. Because 
its antagonist properties presumably 
balance its agonist ones. pentazocine is 
not detected in the hot-plate test. a tradi­
tional pharmacological screening proce­
dure in which drug-treated mice are 
placed on an electric hot plate and the 
analgesic effect of the drug is measured 
by how soon they jump off. In spite of 
this. pentazocine is an effective analge­
sic in man and was ultimately shown to 
relieve pain in other animal tests. In 
many animals it is difficult to detect the 
development of tolerance to pentazo­
cine and physical dependence on it. In 
man the drug is much less likely to be 
addictive than other opiates are, al­
though there are reported cases of ad­
diction. 

Because of the peculiar pharmacolog­
ical properties of agonist-antagonist an­
algesic drugs it has been difficult for 
drug companies to make them. There is 
no obvious chemical design that will en­
sure their desirable properties. One can­
not even be confident that a given drug 
will possess the desired "negligible" ad­
dictiveness until it has been evaluated 
in man at vast expense. Measuring the 
binding of a drug to the opiate receptor 
in brain-cell fragments in the presence 
and absence of sodium greatly simplifies 
the entire procedure. Instead of synthe­
sizing the many grams of a compound 
needed for animal tests one can employ 
only milligram quantities. So far the 

47 

© 1977 SCIENTIFIC AMERICAN, INC



simple opiate-receptor assay has been 
able to predict the clinical potential of 
agonist-antagonist analgesics as effec­
tively as much more expensive screen­
ing procedures in monkeys and men. 

The selective effect of sodium on opi­
ate-receptor binding appears to be 

an integral feature of receptor function. 
The presence of the ion seems to in­
crease the number of antagonist recep­
tors and decrease the number of agonist 
receptors. Since opiate agonists and an­
tagonists are so similar chemically. it 
seems more reasonable to postulate that 
both drugs bind to the same receptor 
and that the opiate binding site can vary 
as the receptor shifts back and forth be­
tween two different molecular confor­
mations. Sodium. which is responsible 
for the transition between the two states. 
differs in structure from the opiates and 
so presumably acts at a different site on 
the receptor molecule. In our model the 
binding of sodium would fix the recep­
tor in the antagonist conformation. for 
which antagonists have a high affinity 
and agonists have a low one. By the 
same token agonists would have a sub­
stantial affinity for the agonist. or "no 
sodium." form of the receptor. whereas 
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antagonists would not. Agonist-antago­
nists would have intermediate affinities 
for the two forms_ 

Typical morphine effects. such as an­
algesia and euphoria. would be ob­
served only if drugs bind to the agonist 
state of the receptor. a condition that 
provides a simple molecular mechanism 
to explain opiate antagonist activity_ By 
binding to the receptor in the sodium­
binding state opiate antagonists reduce 
the number of receptors that are capable 
of mediating morphine effects. Because 
the fluid bathing the cellular membranes 
of the brain is rich in sodium one may 
expect that the opiate receptor normally 
exists in the sodium-binding antagonist 
state. This is consistent with the fact that 
in living organisms antagonists have a 
much greater potency than agonists. In 
an environment devoid of sodium one 
would predict that opiate agonists and 
antagonists would be equally potent. 

With a simple. sensitive and specific 
opiate-receptor assay we were able to 
ask numerous questions. Many brain 
functions and neurotransmitter systems 
are distributed throughout the brain. If 
the distribution of the opiate receptor 
mirrored the distribution of some spe­
cific brain property. such a property 
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CLOSE CORRELATION between the pharmacological potency of opiate agonists in the guin­
ea-pig intestine and their affinity for the opiate receptor in the same tissue shows that the re­
ceptor is genuine. Here the 1D50 of several opiates (the concentration required to inhibit by SO 
percent the electrically induced contraction of the intestine) is plotted against the KD of these 
drugs (the concentration required to inhibit by SO percent the stereospecific binding of radio­
active naloxone). The values for the drugs tested cluster around a theoretical correlation line. 
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might be implicated in opiate actions. 
Since opiates elicit analgesia. the brain 
structures involved in the perception of 
pain were natural suspects. 

Two major brain pathways have been 
implicated in the perception of pain. 
Sharp. localized pain is poorly relieved 
by opiates and appears to be conveyed 
by a pathway that evolved late. consist­
ing of a series of clusters of cells in each 
side of the thalamus. which is an impor­
tant center for integrating sensory infor­
mation. Duller. more chronic and less 
localized pain is quite effectively re­
lieved by opiates and appears to be con­
veyed by a pathway that evolved earlier. 
consisting of many interconnected nerve 
cells. most of which lack a fatty myelin 
insulation and therefore conduct impul­
ses rather slowly. Called the paleospi­
nothalamic system. this pathway as­
cends along the midline of the brain; its 
way stations include the central gray 
matter of the brain stem and the central 
part of the thalamus. 

Together with Michael J. Kuhar. Pert 
and I measured the distribution of the 
opiate receptor in many regions of the 
brain of monkeys and man. using both 
direct receptor-binding techniques and 
autoradiography of brain sections to 
which radioactively labeled agonist had 
been bound. The map of the distribution 
of the receptor in the brain strikingly 
parallels the paleospinothalamic pain 
pathway. There is also a high density of 
opiate-receptor binding in the amygda­
la. the corpus striatum and the hypothal­
amus. all of which are parts of the lim­
bic system. a group of brain regions that 
largely mediate emotional behavior. Al­
though these regions are not traditional­
ly associated with the perception of 
pain. when parts of the limbic system in 
animals are stimulated electrically. the 
animal appears frightened. as if it were 
suffering pain. These brain regions 
therefore seem to be concerned more 
with the emotional component of pain 
and hence with the euphoric effects of 
opiates than with the analgesic effects. 

Within the spinal cord opiate recep­
tors are localized in a dense band corre­
sponding to the substantia gelatinosa. an 
important way station for the upward 
conduction of sensory information re­
lating to pain. This observation bears 
on the long-standing controversy over 
whether opiate analgesia is mediated 
only in the brain or also in the spinal 
cord. It now seems likely that it is medi­
ated in both. Receptors are also local­
ized in the substantia gelatinosa of the 
caudal trigeminal nucleus of the spinal 
cord. This region receives unmyelinated 
fibers that carry painful stimuli from the 
face and hands. providing a pathway for 
the regulation of pain sensations from 
those parts of the body. Within the brain 
stem opiate receptors are highly local­
ized in what are called the solitary nu­
clei. which may account for how opiates 
depress the cough reflex and reduce gas-
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tric secretion. and in the area postrema. 
which contains the site where opiates 
apparently induce nausea and vomiting. 

To further explore the general biolog­
ical significance of the opiate receptor 
we measured receptor binding in a wide 
range of animal species. Binding was 
detected in the brain of all the verte­
brate animals we examined but was 
strikingly absent in invertebrates. Sur­
prisingly. there was no evolutionary 
trend. In the most primitive vertebrates 
we evaluated. such as the hagfish and 
the dogfish shark. there was as much 
opiate-receptor binding as there was in 
monkeys and man. Moreover. the opi­
ate receptor of these primitive fishes dis­
played virtually the same drug specifici­
ty as the opiate receptor of mammals. 
indicating that few if any changes in the 
chemical structure of the receptor had 
occurred in the course of vertebrate ev­
olution. This suggested that the opiate 
receptor -is normally concerned with 
receiving some molecule that has re­
mained the same throughout evolution. 

Clearly man was not made with mor­
phine inside him. The �xistence in 

all vertebrates of specific opiate recep­
tor sites strongly indicated the presence 
of a natural morphinelike substance in 
the brain. possibly a neurotransmitter. 
that acts at these sites. This speculation 
was supported by experiments that ex­
amined the localization of opiate recep­
tors within nervous tissue. 

Opiates. like most other drugs that af­
fect the mind. are thought to act primar­
ily at synapses in the brain. the special­
ized regions where the terminal of a 
nerve fiber makes a junction with the 
outer membrane of another nerve cell 
and chemically modulates its activity. It 
is possible to fractionate brain tissue 
into different subcellular components so 
as to localize the receptors at the submi­
croscopic level. When brain is homoge­
nized in a solution with certain concen­
trations of the sugar sucrose. the nerve 
endings pinch off and seal up to form 
intact sacs called synaptosomes. Within 
the synaptosomes are the synaptic vesi­
cles. which store the nerve ending's neu­
rotransmitter content. together with sev­
eral mitochondria. which provide ener­
gy for its activities. When synaptosomes 
are prepared by conventional proce­
dures. the membrane of the other cell 
participating in the synapse adheres to 
many of them. Thus one synaptosome 
may constitute an entire synapse. 

Synaptosomes can be ruptured by the 
osmotic shock of putting them in water. 
The synaptic vesicles and mitochondria 
within the nerve ending are released. 
and the membranes across the synapse 
break off together. By spinning these 
fragments in a centrifuge one can sepa­
rate the synaptic vesicles. the mito­
chondria and the synaptic membranes. 
When we applied all these subcellular 
fractionation procedures to brain tissue 

NORMORPHINE PURE AGONIST 

MORPHINE 

METHADONE 

LEVORPHANOL 

ETORPHINE 

MIXED AGONIST-

I 
PURE ANTAGONIST 

PENTAZOCINE 

NALORPHINE 

NALOXON E  

o 10 20 30 40 50 
SODIUM INDEX 

PRESENCE OF SODIUM IONS dramaticaUy decreases the affinity of the opiate receptor for 
agonists without changing its affinity for antagonists. Bars show the ratio of the concentration 
of a drug required to inhibit by SO percent the binding of radioactively labeled naloxone to the 
receptor in the presence of sodium to the concentration of the drug required in the absence of 
sodium. Lower values indicate a lesser reduction of potency in the presence of sodium: "pure" 
antagonists have a sodium index of 1 or less, whereas "pure" agonists have high values. The so­
dium index of a new opiate drug is thus a good indicator of its agonist or antagonist properties. 

and measured the opiate-receptor bind­
ing in the various fractions. we found 
that the receptor binding was largely 
confined to the synaptosome fractions. 
When the synaptosomes were ruptured, 
the receptor was recovered primarily 
from the synaptic membranes; little if 
any of it was associated with the synap­
tic vesicles. Hence it appears that the 
opiate receptor is associated with synap­
tic regions of the brain. 

Since neurotransmitters act at synap-

ses, the opiate receptor appeared to func­
tion very much like a receptor site for a 
natural neurotransmitter substance in 
the brain. Indeed, experiments conduct­
ed by John Hughes and Hans W. Koster­
litz of the University of Aberdeen pro­
vided direct evidence for the existence 
of such a morphinelike transmitter. For 
years Hughes and Kosterlitz had been 
studying the effects of morphine on in­
voluntary muscle such as that of the 
guinea-pig intestine or the mouse vas 
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MODEL OF OPIATE RECEPTOR proposed by the author explains the sodium effect by pos­
tulating that the receptor can exist in two different conformations: a sodium-binding form 
with a high affinity for antagonists and a no-sodium form with a high affinity for agonists. S0-
dium effect is selective; of the other positively charged ions, only lithium has a similar effect. 
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deferens. the contracting tube that car­
ries sperm from the testes to the urethra. 
As in the guinea-pig intestine. electrical­
ly induced contractions of the mouse 
vas deferens are suppressed by opiates. 
Hughes and Kosterlitz discovered that 
extracts of brain tissue could mimic the 
effect. The effect was both stereospecific 
and inhibited by low concentrations of 
the antagonist naloxone. so that the 
morphine like brain factor was clearly 
binding to opiate receptors. Lars Tereni­
us of the University of Uppsala and 
Pasternak and I independently identified 
the same substance in brain extracts by 
monitoring its ability to compete with 
radioactive opiates for binding to the 
opiate receptor. 

Hughes and Kosterlitz subsequently 
isolated the morphine like factor from 
the brain of pigs. They found that it con­
sisted of two closely related short pep­
tides. both made up of five amino acid 
units. They coined the name enkephalin 
for the two peptides. from the Greek for 
"in the head." One of the peptides. me­
thionine-enkephalin. has the sequence 
NH2-tyrosine-glycine-glycine-phenylal­
anine-methionine-COOH. The other. 
leucine-enkephalin. has the same first 
four amino acids and leucine in place 
of methionine. Hughes and Kosterlitz 
found that pig brain contains about 
four times more methionine-enkeph­
alin than leucine-enkephalin. In my lab­
oratory. however. Rabi Simantov and 
I independently purified the two en­
kephalins from the brain of cattle and 
found that the ratio of the two peptides 
is reversed. Since the genetic code for 
leucine and methionine differs by only 
one nucleotide out of three. the discrep­
ancy between species may be simply a 
result of random genetic drift. On the 
other hand. the ratio between the two 
enkephalins has been shown to vary 

PROTOTYPICAL OPIATE DRUGS sbown 
bere suggest possible relations between mo­
lecular structure and pbarmacological activity. 
Benzene ring A and tbe nitrogen (gray) are 
universal and seemingly crucial for all opiate 
actions, wbetber tbe receptor is in tbe agonist 
conformation or tbe antagonist one. In addi­
tion tbe agonist form appears to bave a specif­
ic binding site for tbe ring F of potent agonists 
sucb as pbenazocine, wbicb stabilizes tbe re­
ceptor in tbe agonist conformation. Morpbine 
is only moderately potent because it lacks ring 
F. Metbadone bas rings A and F but is a weak 
agonist because it cannot assume tbe critical 
orientation of tbe two rings required for strong 
binding to tbe agonist form of tbe receptor. 
Tbe side cbain of antagonists appears to bind 
to a special site on tbe antagonist form of tbe 
receptor. In mixed agonist-antagonists sucb 
as nalorpbine or pentazocine tbis cbain is 
flexible and rotates freely, so tbat at any given 
time some molecules are in tbe antagonist form 
and some are not. In tbe "pure" antagonists 
sucb as naloxone tbe presence of an adjacent 
bydroxyl group (OR) reduces tbe free rota­
tion of tbe side cbain, tbereby fixing it spa­
tially in tbe postulated antagonist position. 
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from one brain region to the next, sug­
gesting that the slight structural differ­
ence between these peptides may serve 
some regulatory function. 

Avariety of evidence now indicates 
that the enkephalins are neurotrans­

mitters of specific neuronal systems in 
the brain that mediate the integration of 
sensory information having to do with 
pain and emotional behavior, and that 
subserve unidentified functions as well. 
Regional variations in enkephalin levels 
tend to parallel the distribution of opi­
ate receptors. Moreover, enkephalins 
appear to be localized in nerve endings. 
In my laboratory Simantov purified the 
two enkephalins from cattle brain and 
made antibodies to both of them by in­
jecting them into guinea pigs. He and 
Kuhar, and also Tomas Hokfelt of the 
Royal Caroline Institute in Stockholm, 
then located enkephalins in nervous tis­
sue by affixing a fluorescent dye to the 
antibody molecules so that the anti­
body-enkephalin complexes would glow 
when they were irradiated with ultravio­
let. In such experiments Simantov and 
Kuhar observed that fluorescence was 
limited to the nerve endings of brain 
cells, which was consistent with the hy­
pothesis that enkephalin is a neurotrans­
mitter. The distribution of en kephalin 
nerve terminals as determined by the 
fluorescent-antibody technique is close­
ly similar to that of opiate receptors as 
revealed by autoradiographic mapping: 
the terminals are concentrated in the 
substantia gelatinosa of the spinal cord, 
the amygdala of the limbic system and 
the central part of the thalamus. 

Outside the brain enkephalin has been 
detected throughout the gastrointestinal 
tract in many species, but it has not been 
demonstrated in substantial amounts in 
any other tissues. Its striking localiza­
tion in the intestines and the brain re­
sembles the disposition of other pep­
tides that appear to serve hormone like 
roles in the intestines and to act as neu­
rotransmitters in the brain, such as so­
matostatin, gastrin, vasoactive intestinal 
peptide and substance P. The limited 
distribution of these peptides may well 
be related to the fact that the gastroin­
testinal tract and the nervous system 
arise from the same layer in the develop­
ing embryo. 

How might enkephalin act on brain 
cells? When opiates are applied to neu­
rons that possess specific opiate recep­
tors, the rate at which the cells fire is 
generally inhibited. Such inhibition may 
be due to any one of a number of mecha­
nisms. Neurotransmitters are conven­
tionally thought to bind to receptors on 
the membrane of the receiving neuron 
and then to trigger some alteration of 
the membrane's properties, such as a 
change in its permeability to ions. In its 
resting state the membrane is electrical­
ly polarized: its outside is positive with 
respect to its inside. Most well-known 
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PAIN P A TRW A YS carrying information from the periphery of the nervous system to the 
brain are separated into two types: the laterally located neospinothalamic pathway that trans­
mits sharp, localized pain and the medially located paleospinothalamic pathway (color) that 
transmits less localized burning pain. Burning pain is best relieved by opiates, and opiate recep­
tors have been found to be concentrated in the substantia gelatinosa and in the central thalamus. 
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excitatory transmitters. such as acetyl­
choline and glutamate. facilitate the fir­
ing of the receiving neuron by produc­
ing a depolarizing flow of positively 
charged sodium ions across the cell 

,membrane. Clearly identified inhibi­
tory transmitters. such as glycine and 
GABA. make the membrane more re­
sistant to depolarization by excitatory 
transmitters. They do so by increasing 
the permeability of the membrane to 
negatively charged chloride ions. there­
by hyperpolarizing it. 

Surprisingly. the inhibitory action of 
enkephalin seems to be quite different 
from that of either glycine or GABA. 

Walter Zieglgansberger and Albert Herz 
of the Max Planck Institute for Psychia­
try in Munich have shown by inserting 
electrodes into the receiving cell that it is 
not hyperpolarized by enkephalin or 
opiates; instead inhibition is caused by a 
reduction in the depolarizing flow of so­
dium across the membrane. Zieglgans­
berger and Herz concluded that opiates 
and enkephalin inhibit neuronal activity 
in some systems by blocking the sodium 
influx elicited by excitatory neurotrans­
mitters. apparently by acting directly at 
the channels in the membrane of the 
receiving cell through which sodium 
passes. 

GLYCINE 

TYROSINE 

PHENYLALANINE 

RING A 

New evidence suggests that enkepha­
lin may have an additional mechanism 
of inhibition. A recent experiment con­
ducted by Carol C. LaMotte. Pert and 
me showed that opiate receptors are not 
limited to receiving cells. We severed 
the dorsal root of the spinal cord of the 
monkey so that the incoming sensory 
nerves degenerated. Their target cells in 
the substantia gelatinosa of the spinal 
cord. however. remained unchanged. 
There was then a significant reduction in 
the number of measurable opiate recep­
tors. indicating that receptors must be 
localized on the nerve terminals as well 
as on the receiving cells. The discovery 
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SPACE-FILLING MOLECULAR MODELS of morphine (bot­
tom) and methionine-enkephalin (top), a morphinelike substance in 
the brain, have some structural features in common. The benzene ring 
A of morphine that bears a hydroxyl group is in precisely the same 
orientation as the benzene ring of the amino acid tyrosine at one end 

of the enkephalin peptide chain, suggesting that this group binds to 
the opiate receptor in both cases. The second ring on the enkephalin 
molecule is that of the amino acid phenylalanine, and it appears to 
interact with the agonist conformation of the opiate receptor in much 
the same way that the benzene ring F of potent opiate agonists does. 
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of such receptors suggested another 
model for en kephalin inhibition. 

It is well known that the release of 
neurotransmitter from a nerve terminal 
is triggered by the depolarization of the 
membrane of the terminal. which oc­
curs when the nerve impulse propa­
gates to the end of the nerve fiber. The 
amount of transmitter released appears 
to be proportional to the degree of de­
polarization; the more the membrane is 
depolarized. the more transmitter is se­
creted. It is possible that the neurons 
that release en kephalin form synapses 
on the terminals of excitatory neurons. 
Enkephalin released at such synapses 
would bind to the opiate receptors on the 
excitatory nerve terminal. increasing the 
conductance of sodium across the mem­
brane of the terminal and partially de­
polarizing it. Then when a nerve im­
pulse reached the terminal. the net de­
polarization generated by it would be 
reduced. and there would be a corre­
sponding decrease in the amount of ex­
citatory transmitter released. Although 
here the action of enkephalin would it­
self be excitatory. increasing the flow of 
sodium across the nerve-terminal mem­
brane. the ultimate effect on the cell re­
ceiving the excitatory nerve terminals 
would be inhibitory. since the amount of 
excitatory transmitter influencing its ac­
tivity would be reduced. 

This latter model fits reasonably well 
with what has been learned about the 
function of the opiate receptor from 
test-tube experiments. As I have men­
tioned. sodium dramatically alters the 
binding of opiates. increasing the affini­
ty of the opiate receptor for antagonists 
and decreasing its affinity for agonists. 
In living animals the system presumably 
works in reverse. with the binding of 
opiate or enkephalin to the receptor 
changing its affinity for sodium and 
hence altering the permeability of the 
membrane to the ion. In the nerve-ter­
minal-inhibition model increased sodi­
um conductance would depolarize the 
terminal of an excitatory neuron. reduc­
ing the secretion of excitatory neuro­
transmitter. In the systems studied by 
Zieglgansberger and Herz sodium con­
ductance would be decreased. Both ef­
fects on sodium conductance fit the bio­
chemical evidence relating sodium and 
the opiate receptor. 

It is a significant fact that when rats 
addicted to morphine are given mor­
phine. the activity of their brain cells is 
not inhibited. Brain-cell activity may 
even be excited. Since all these phenom­
ena occur at the level of the cell mem­
brane possessing the opiate receptor. it 
would seem that the mechanism of opi­
ate addiction is to be found at that level. 

The term addiction is not easily de­
fined. but in all cases it manifests 

itself in the phenomena of tolerance and 
physical dependence. Tolerance refers 
to the situation wherein after the repeat-
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ENKEPHALIN MIMICS MORPHINE, inhibiting the electrically induced contractions of 
the guinea-pig intestine, in these polygraph readings obtained with the apparatus shown on 
page 47. The inhibition of enkephalin, like that of morphine, is blocked by the antagonist nal­
oxone. Similarity in the effects of the two compounds suggests that they act at same receptor. 

ed administration of a drug higher doses 
are req uired to elicit effects that were 
previously elicited by much smaller dos­
es. It can arise with many drugs. nonad­
dicting as well as addicting. One mecha­
nism of tolerance is metabolic: the drug 
stimulates the synthesis of enzymes in 
the liver that destroy it. Then larger dos­
es are required to achieve the same 
blood and tissue levels that were once 
achieved with smaller doses. A more 
important form of tolerance. particular­
ly for addictive drugs. is termed cellular 
tolerance. After continued exposure to 
drugs such as alcohol. barbiturates and 
opiates. even high brain levels of the 
drug are no longer effective. so that 
progressively larger doses are required. 
Although cellular tolerance does not 
necessarily implY addiction. all known 
addictive drugs do elicit such tolerance. 

Physical dependence is even more in­
timately associated with addiction. It is 
said to exist if when the administration 
of a drug is terminated. the drug user 
develops severe withdrawal symptoms. 
For the extreme alcoholic the symptoms 
include the tremulousness. convulsions 
and visual hallucinations of "delirium 
tremens" ; for the opiate addict they in­
clude stomach cramps. diarrhea. sleep­
lessness and nervous excitation with 
widely dilated pupils and gooseflesh 
(hence the term "cold turkey"). 

There is also the phenomenon of 
cross-tolerance between drugs of a given 
class. Addicts tolerant to one opiate will 

be tolerant to another. so that physicians 
can treat withdrawal from heroin with 
other opiates. such as methadone. Alco­
hol. barbiturates and antianxiety drugs. 
such as chlordiazepoxide (Librium) or 
diazepam (Valium) seem to share brain 
mechanisms for tolerance and depen­
dence. Thus the delirium tremens of al­
coholic withdrawal can be relieved not 
only by alcohol but also by barbiturates 
and antianxiety drugs. There is no cross­
tolerance. however. between the class of 
opiates and the class of alcohol. barbitu­
rates and antianxiety drugs. Neverthe­
less. in a formal sense the processes of 
tolerance and physical dependence are 
the same for most classes of drugs. 
Hence if one could understand the bio­
chemical mechanisms involved for one 
class. such as the opiates. one would 
know something about what was hap­
pening with drugs in other classes. 

The discovery of enkephalin has sug­
gested how enkephalin-containing neu­
rons might play a role in opiate addic­
tion. A simple modt;:l can explain how 
changes in the firing rate of enkephalin 
neurons could account at least in part 
for the behavioral manifestations of tol­
erance and physical dependence. Under 
resting conditions opiate receptors are 
exposed to a certain basal level of en­
kephalin. Administered morphine binds 
to usually unoccupied receptors. thereby 
potentiating the analgesic effects of the 
enkephalin system. On sustained treat­
ment with morphine cells that have opi-
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ate receptors find themselves overload­
ed with opiatelike material and convey. 
by some hypothetical neuronal feed­
back loop. a message to the en kephalin 
neurons to stop firing and releasing 
enkephalin. When this happens. the re­
ceiving cells are exposed only to mor­
phine. so that they can tolerate more of 
it to make up for the enkephalin they are 
no longer receiving. When the adminis­
tration of morphine is stopped. the opi­
ate receptors find themselves with nei­
ther morphine nor enkephalin. and this 
lack initiates a sequence of events that 
result in withdrawal symptoms. 

Decent experiments have supported 
ft this model. In other neurotransmit­
ter systems of the brain the cessation of 
neuronal firing is associated with a 
buildup in the neurotransmitter content 
of the brain simply because the trans­
mitter continues to be synthesized al­
though it is no longer released. If the 
same thing happens with enkephalin 
systems. one would expect enkephalin 
levels to rise during the gradual devel­
opment of tolerance and physical de­
pendence. After animals have been 
withdrawn from morphine and the be­
havioral manifestations of abstinence 
have subsided. enkephalin levels should 
return to normal. These expectations 
were confirmed in experiments by Si­
mantov and me. In rats given morphine 
regularly in the course of becoming ad­
dicted the en kephalin levels double. 
When abstinence is precipitated by 
treatment with naloxone. the animals 
exhibit a variety of withdrawal symp­
toms that subside in about an hour. at 

RECEIVING CELL 

OPIATE RECEPTORS 

which time en kephalin levels return to 
normal. 

How might information about the 
presence or absence of opiates or en­
kephalin at opiate receptors be con­
veyed inside a neuron? A change in sodi­
um conductance may be part of the 
mechanism. The substances known as 
cyclic nucleotides may also play a role. 
as they do for certain other neurotrans­
mitters and hormones. mediating the 
intracellular effects of these compounds 
after they have bound to receptors on 
the outside of the cell. The cyclic nu­
cleo tides cyclic adenosine monophos­
phate (cyclic AMP) and cyclic guano­
sine monophosphate (cyclic G MP) are 
respectively synthesized by the enzymes 
adenylate cyclase and guanylate cyclase. 
These two enzymes are thought to float 
freely in the double layer of lipid mol­
ecules that make up the cell mem­
brane. When they encounter a receptor 
protein to which a molecule of the ap­
propriate neurotransmitter is bound. 
they are activated and start to synthesize 
cyclic AMP or cyclic G MP. The two 
cyclic nucleotides often appear to antag­
onize each other in mediating the intra­
cellular effects of hormones that have 
opposing effects on the same system. 
For example. acetylcholine. which caus­
es involuntary muscle to contract. pro­
duces in its target cells an increase in the 
level of cyclic G MP and a decrease in 
the level of cyclic AMP. Epinephrine. 
on the other hand. which causes invol­
untary muscle to relax. produces in the 
same cells an increase in cyclic AMP 
and a decrease in cyclic GMP. Both 
transmitters presumably work by modi-
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MECHANISM OF EN KEPHALIN INHIBITION may be indirect. Instead of acting directly 
on tbe receiving nerve cell tbe substance may block tbe release of excitatory neurotransmitters 
sucb as acetylcboline and glutamate, tbereby reducing tbe receiving cell's excitatory input. Ac­
cording to tbe autbor's model, enkepbalin released from a neuron binds to opiate receptors on 
tbe terminal of an excitatory neuron, partially depolarizing tbe terminal membrane and reduc­
ing tbe net depolarization produced by tbe arrival of a nerve impulse. Tbe amount of neuro­
transmitter released from tbe terminal is proportional to tbe net depolarization, so tbat less 
excitatory transmitter is released. Tbe receiving cell is tben exposed to less excitatory stimula­
tion and reduces its firing rate. Sucb an enkepbalin inbibitory system may modulate tbe activ­
ity of tbe ascending pain patbways in tbe spinal cord and tbe brain. Opiate drugs would act by 
binding to unoccupied enkepbalin receptors, tbereby potentiating tbe effects of tbe system. 
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fying the relative activities of adenylate 
cyclase and guanylate cyclase. 

Several drugs that alter the intracellu­
lar levels of cyclic nucleotides affect 
opiate actions and can even mimic opi­
ate withdrawal. Moreover. in the brain 
opiates themselves depress the level of 
adenylate cyclase and also inhibit the 
stimulation of the synthesis of the en­
zyme by certain hormones. Significant­
ly. the relative potencies of opiates in 
inhibiting the synthesis of adenylate 
cyclase parallel their effect on opiate­
receptor binding in the same cells. These 
drugs also simultaneously elevate the 
intracellular level of cyclic G MP. pre­
sumably by selectively activating gua­
nylate cyclase. Thus. as happens in oth­
er biological systems. opiates appear to 
affect the two principal cyclic nucleo­
tides in opposite directions. 

The experiments of Marshall W. Nir­
enberg and Werner A. Klee at the Na­
tional Institutes of Health with cul­
tures of cancerous nerve cells have sug­
gested that the effects of opiates on cy­
clic-nucleotide levels may account for 
some aspects of addiction. Brain cells do 
not divide and multiply like most other 
kinds of cells. so that they cannot be 
grown in culture in their normal state. 
Cancerous nerve cells. however. ob­
tained from the nervous system tumor 
known as a neuroblastoma will grow in 
culture. For their experiments Niren­
berg and Klee used hybrid cells created 
by fusing neuroblastoma cells with glial 
cells obtained from another type of 
brain tumor. (Glial cells. which make up 
90 percent of the cells in the brain. close­
ly surround the nerve cells and provide 
them with essential nutrients.) Working 
with these glia-neuroblastoma hybrids. 
Nirenberg and Klee observed the effects 
on intracellular cyclic-nucleotide levels 
of chronic exposure to morphine or 
enkephalin. They found that adenylate 
cyclase is inhibited by opiates but that 
over long periods of exposure the cells 
compensate by synthesizing more mole­
cules of the enzyme. As a result higher 
concentrations of opiates are required 
to produce decreases in cyclic AMP be­
cause the additional molecules of ade­
nylate cyclase make up for those inhibit­
ed by opiates. 

The system thus appears to be "toler­
ant": morphine concentrations that low­
er cyclic-AMP levels in cells do not 
change those levels after sustained treat­
ment with morphine or enkephalin. On 
the withdrawal of morphine cyclic­
AMP lev.els rise markedly because the 
newly synthesized molecules of adenyl­
ate cyclase are not being inhibited. This 
excessive production of cyclic AMP 
could conceivably be a biochemical cor­
relate of withdrawal symptoms. In the 
same cultured cells. however. sustained 
treatment with opiates does not affect 
the number of receptors or the binding 
of opiates to the receptor. indicating 
that the receptor itself is probably not 

© 1977 SCIENTIFIC AMERICAN, INC



the site of the fundamental biochemical 
modification in addiction. 

Cyclic-nucleotide changes in addic­
tion have not yet been demonstrated in 
brain tissue, but opiates and enkephalin 
do elevate cyclic G MP and lower cyclic 
AMP in slices of brain tissue in the test 
tube. It is therefore reasonable to sup­
pose chronic effects in addiction might 
be similar to those in Nirenberg and 
Klee's nerve-cell cultures. Changes in 
the disposition of cyclic nucleotides in 
neurons that possess opiate receptors 
could conceivably serve as the postulat­
ed feedback signal that might alter the 
firing rate of en kephalin neurons, initiat­
ing the development of tolerance and 
physical dependence. 

Such models of addiction have been 
complicated somewhat in recent 

years by the discovery that the enkepha­
lins are not the only natural opiatelike 
peptides. Even before the discovery of 
enkephalin Goldstein reported that the 
pituitary gland at the base of the brain, 
which is embryologically and structur­
ally distinct from the nervous system, 
contains a factor with opiatelike effects. 
This finding became particularly in­
triguing when Hughes and Kosterlitz 
noticed a curious connection: the amino 
acid sequence of methionine-enkephalin 
matched a segment of the pituitary pep­
tide hormone beta-lipotropin, which is 
normally associated with stimulating 
the breakdown of fat. Choh Hao Li of 
the University of California School of 
Medicine in San Francisco had previ­
ously isolated from the pituitary gland 
of the camel a fragment of beta-lipotro­
pin 3 1  amino acids long whose function 
was somewhat of a mystery: it had very 
little fat-metabolizing activity but it did 
incorporate the sequence of methionine­
enkephalin. Noting this, Goldstein ob­
tained samples of Li's peptide and found 
that it had opiatelike effects. 

Li named his peptide beta-endorphin, 
for endogenous morphine. It had a high 
degree of analgesic activity: it was more 
than 48 times more potent than mor­
phine when it was injected directly into 
the brain of experimental animals and 
three times more potent when it was in­
jected intravenously. Moreover, its ac­
tivity was blocked by naloxone, a specif­
ic opiate antagonist. Roger Guillemin of 
the Salk Institute went on to isolate two 
other pep tides, as well as beta-endor­
phin itself, from a mixture of hypothala­
mus and pituitary tissue from pigs. One 
of them, named alpha-endorphin, has a 
sequence corresponding to amino acids 
6 1 through 76 of beta-lipotropin, and it 
has analgesic and tranquilizing effects in 
animals. The other, designated gamma­
endorphin, has a sequence correspond­
ing to amino acids 6 1 through 77 of 
beta-lipotropin. Injected into rats, it in­
duces violent behavior. 

The biological function of the pitui­
tary endorphins is something of a mys-
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MODEL OF ADDICTION is provided by the biochemical changes that accompany the ad­
ministration of morphine to cancerous nerve cells grown in cell culture. On stimulation from 
certain hormones the membrane-embedded enzyme adenylate cyclase synthesizes the intra­
cellular messenger molecule cyclic adenosine monophosphate (cyclic AMP, or cAMP), which 
then mediates the physiological effects of the hormone (a). The administration of opiates in­
hibits adenylate cyclase, reducing cyclic-AMP levels (b). On sustained exposure to opiates the 
cell adapts by synthesizing more molecules of the enzyme, so that a normal amount of cyclic 
AMP is produced (c). The cell is now ''tolerant'' to the original dose of opiate. When drug ad­
ministration is stopped, all the enzyme molecules become active and synthesize an excess of 
cyclic AMP (d). This excess may trigger a sequence of events leading to withdrawal symptoms. 
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tery. It is unlikely that they pass from 
the pituitary into the brain. since there is 
no direct communication between the 
two organs. Conceivably they regulate 
pituitary functions that are known to be 
altered by opiates. For example. mor­
phine releases antidiuretic hormone 
(ADH) from the posterior pituitary. The 
fact that the pituitary gland possesses 
opiate receptors similar in their proper­
ties to the brain's opiate receptors sug­
gests that the influence of opiates on the 
function of the posterior pituitary. such 
as the release of ADH. may involve the 
pituitary's own opiate receptors. 

likely that the larger pep tides such as 
beta-endorphin play their major role in 
the pituitary and that en kephalin is con­
fined to the brain and the spinal cord. 
Since the analgesic and euphoric effects 
of opiates are mediated only in the brain 
and the spinal cord it seems likely that 
the analgesic actions of endorphins are 
fortuitous and unrelated to their normal 
function. 

Enkephalin is degraded very rapidly 
by protein-cleaving enzymes. so 

that it is difficult to evaluate its analge- , 
sic potential when it is injected into an 
animal intravenously or even directly 
into the cerebral ventricles. With com­
pounds analogous to enkephalins that 
resist metabolic breakdown. however. it 
has been possible to show that enkepha­
lins have an analgesic potency similar to 
that of morphine. 

when the cerebral ventricles of rats are 
repeatedly injected with enkephalin or 
beta-endorphin. as they were in experi­
ments by Eddie T.-F. Wei and Loh at the 
University of California School of Med­
icine in San Francisco. they develop 
symptoms of tolerance and physical de­
pendence. Whether or not the rats are 
addicted in the same way that human 
heroin addicts are is difficult to evaluate. 
Since subjective responses cannot be 
elicited from the rats. one can only mea­
sure withdrawal symptoms such as 
shaking and diarrhea. Conceivably the 
nature of the apparent dependence elic­
ited by sustained exposure to the natural 
opiate like peptides is qualitatively dif­
ferent from the nature of that elicited by 
opiates. If that is the case. mixed ago­
nist-antagonists developed from the 
enkephalins might offer promise as non­
addictive analgesics. In any event con­
tinued efforts to characterize the opiate 
receptor and its associated peptide neu­
rotransmitters should lead to both ther­
apeutic benefits and a deeper under­
standing of how the brain works. 

What are the relations among beta-li­
potropin. the endorphins and enkepha­
lin? Biologically active pep tides are usu­
ally synthesized by being cleaved from 
larger precursor peptides. One might 
speculate that beta-lipotropin or some 
partial sequence of it serves in the brain 
as the precursor of enkephalin. The fact 
is. however. that beta-endorphin can be 
detected in brain tissue only in low 
amounts. and beta-lipotropin has never 
been reported in the brain. It is therefore 

The fact that enkephalins can produce 
analgesia suggests that appropriate ana­
logues might be the long-sought nonad­
dictive analgesics. Surely man is not ad­
dicted to himself. Or is he? Surprisingly. 
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o GAMMA·L1POTROPIN D ALPHA· ENDORPH IN  

D METH IONINE-ENKEPHALIN 

BETA-LIPOTROPIN, a pituitary peptide hormone 91 amino ac­
ids long, has amino acid sequences with several distinct physiologi­
cal functions. The peptide chain as a whole induces the metabolism 
of fat, as does the segment termed gamma-Iipotropin (amino acid 
units 1 through 58). The sequence 41 through 58 is that of the hor­
mone beta-melanotropin, which plays a role in skin pigmentation. 
The sequence 61 through 91 is that of beta-endorphin, a pituitary 
peptide that has analgesic effects when it is injected intravenously 
or is injected directly into the brain. A second pituitary peptide, des­
ignated alpha-endorphin (61 through 76), has similar but less po­
tent effects. The beta-Iipotropin sequence 61 through 65 is identi­
cal with that of methionine-enkephalin, a morphinelike peptide 
found in the brain, the spinal cord and the intestines. The relation 
between the opiatelike peptides and beta-lipotropin is not known. 

o BETA·M ELANOTROPIN 

D BETA-ENDORPHIN 

Ala ALAN I N E  Gly 
Arg ARGIN INE l ie  
Asn ASPARAGINE His 
Asp ASPARTIC ACI D  Leu 
Gin GLUTAMINE Lys 
Glu GLUTAMIC ACID Met 
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Phe PHENYLALANINE 
GLYCINE Pro PROLIN E  
ISOLEUCINE Ser SERINE 
HISTIDINE Thr THREONINE 
LEUCINE Trp TRYPTOPHAN 
LYSINE Tyr TYROSINE 
METHION I N E  Val VALINE 
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Kodak instant pri nt f i lm:  it 's  q u ite different i n  the way it captures color 

Silver halide 
crystals 

behave so: 
I NCREAS I NG EXPOSURE * 

except the kind 
in Kodak instant 

print film. 

In the first kind,  several photons from the scene hitting within 

a short time mark a crystal for development. The second kind 

are constructed in a way that makes them sensitive internally 

instead of extern ally. Photoelectrons get trapped inside. Dur­

ing processi ng, electrons supplied chemically go where the 

photoelectrons went instead of triggering development on the 

surface, as happens to u nstruck crystals with the kind of de­

veloper employed. Light thus serves to mark a crystal for non­

conversion to silver, and the un struck crystals undergo devel­

opment-the reverse of what happens in  conventional silver 

halide photography. 

In color photography, though, it's not the silver image that's 

wanted, but a color picture. In Kodak instant print film, re­

acted developer-now thought of as an electron transfer agent 

-is formed in p roportion to the silver. This now electron-avid 

stuff leaves the silver behind and, by regenerating i tself with 

electrons from a compound in  the adj acent layer, changes that 

compound so that it will hydrolyze to release a dye built into 

its molecular structure. The relatively u nreactive dye m igrates 

to the receiving layer, where i t  binds itself. 

All this happens in triplicate, for each third of the visible 

spectru m.  For the red and green,  sensitizing dyes are required, 

and each of the three l ight-sensitive layers requires its own 

separate image-dye-releaser layer. Then there are the l ayers 

where oxidized developer i s  scavenged before i t  can cause 

release of the wrong dye, the sol ution-permeable opaque l ay­

ers that keep light out of the bui lt-in darkroom i n  the film ,  the 

titanium dioxide that reflects light for the finished picture, and 

the layers that time the ballet that starts when the pod contents 

are released. Then the action stops. The time scale has slowed 

down from the microseconds of electron flow in the silver 
halide crystal, through the few minutes for the dyes to migrate 
where they belong, to the distant days when we look back to 
a moment in our lives. 
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The theorists construct the i r models of natu re, the scientists 
select the pr inc i ples to use, and the engi neers lay down the 
layers of many components. 
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SCIENCE AND THE CITIZEN 
Breeding in the U.S. 

S
ince 1948 the U.S. has invested a to­

tal of about $2.8 billion in a re­
search program aimed at develop­

ing a virtually inexhaustible alternative 
energy source for the 21st century: the 
liquid-metal-cooled fast breeder reactor 
(LMFBR), a type of nuclear power 
plant capable of producing more fission­
able fuel than it consumes. In the fiscal 
year 1977 that cumulative expenditure 
will be increased by an additional $686 
million, an outlay that exceeds the pre­
ceding fiscal year's funding level by 
about a third. The breeder program re­
mains the largest single item in the U.S. 
budget for energy-related research and 
development, a priority ranking reflect­
ing the widely held belief that the fuel 
economy of the breeder still represents 
this country's best prospect for satisfy­
ing its long-term energy needs. 

Yet in spite of the early U.S. lead in 
the development of experimental breed­
er reactors and the continuing substan­
tial appropriation of public funds for 
further research and development, it is 
now generally acknowledged that the 
U.S. breeder program lags behind paral­
lel programs in several other advanced 
industrial countries. In France, for ex­
ample, where the Phenix breeder reac­
tor, a 250-megawatt prototype installa­
tion, has been in operation since 1974, 
the decision has been made to proceed 
with the construction of Superphenix, a 
1, 200-megawatt power station (see "Su­
perphenix: A Full-Scale Breeder Reac­
tor, " by Georges A. Vendryes, page 26). 
Between now and 1985 French nuclear 
authorities expect to receive orders for 
four more domestic breeder-reactor 
power plants on the scale of Superphe­
nix or larger, with the result that by the 
early 1990's French breeder reactors 
could account for a total of some 8,000 
megawatts, a substantial fraction of that 
country's total installed capacity for 
generating electricity by means of nu­
clear power. 

Meanwhile in the U.S. preliminary 
site preparation is just beginning on the 
first American prototype breeder, the 
380-megawatt Clinch River demonstra­
tion plant near Oak Ridge, Tenn. Ac­
cording to the latest timetable an­
nounced by the Energy Research and 
Development Administration (ERDA), 
a final decision on whether or not to 
go ahead with the widespread deploy­
ment of full-scale commercial breeders 
in the U.S. will not be made until 1986, 
when the Clinch River plant will have 
been completed and fully tested. On 
that schedule the first commercial U.S. 
breeder, comparable in scale to Super-
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phenix, cannot be expected to begin op­
eration until 199 3, roughly 10 years 
after Superphenix is scheduled to go 
critical. Nevertheless, ERDA forecasts 
that by the year 2000 the U.S. could be 
obtaining as much as 60,000 megawatts 
of electricity from breeder-reactor pow­
er stations. 

There is evidence that even this much­
revised, drawn-out timetable may be 
hard to meet. According to a recent re­
port prepared by the General Account­
ing Office (GAO), the investigative arm 
of Congress, a review of what will be 
needed for the commercial develop­
ment of the LMFBR, incl uding the reac­
tor's necessary support facilities, sug­
gests that "following a decision in the 
mid- to late 1980's to commercialize the 
L MFBR ... the scenario most likely to 
be met ... would result in four to six 
commercial-size LMFBR's in operation 
by the year 2000." The comparatively 
small scale of this deployment contrasts 
sharply with a forecast made by ERDA 
in March, 1975, which envisioned 1 28 
breeders in operation by 1998. "This 
scenario, " the GAO report says, "is 
clearly not likely to be met." 

A somewhat less ambitious sched­
ule that "closely approximates current 
ERDA projections" is also considered in 
the GAO report, which concludes that 
even this "optimistic scenario ... could 
only be met if the research, devel­
opment and demonstration for fuel­
fabrication and plutonium-reprocessing 
technologies were accelerated and Gov­
ernment participation extended into the 
early stages of commercial operation." 

The GAO's own "conservative sce­
nario" is based on the general assump­
tion that successful commercialization 
of the L MFBR will require the develop­
ment not only of the reactor technology 
but also of three supporting technolo­
gies that constitute the LMFBR fuel cy­
cle: fuel fabrication, fuel reprocessing 
and radioactive-waste disposal. "Major 
private investment commitments, " the 
GAO analysis finds, "are not likely to be 
forthcoming until LMFBR's and the 
three supporting technologies can be 
demonstrated to be licensable and oper­
able routinely" on a commercial scale. 
Until recently, the report continues, 
"the LMFBR program has placed great­
est emphasis on reactor development, " 
whereas in the future "more attention 
must also be given to the relationship 
between reactor development and the 
timing and rate of introduction of the 
three supporting fuel-cycle technolo­
gies." In this connection, the GAO ana­
lysts point out, "public acceptance and 
institutional adaptation may be more 
difficult than technical considerations. 

Any degree of L MFBR commercializa­
tion before the end of this century will 
require the active support of diverse in­
terest groups if the long lead-time deci­
sions and commitments are to be made 
in time for scale-ups of the required 
technologies. " 

Assuming that "basic uncertainties of 
safety, safeguards and environmental 
effects are resolved early and forthright­
ly, " the GAO report concludes, "the 
start to LMFBR commercialization can 
be made by the mid-1990's." Even the 
level of commercialization of L MFBR's 
envisioned in the GAO's conservative 
projection, however, would require that 
research programs for the supporting 
fuel-cycle technologies "run on a sched­
ule parallel to reactor development. 
Thus, if any degree of L MFBR com­
mercialization is to occur before the 
end of this century, RD&D for the fuel­
cycle technologies ... will have to be ac­
celerated. " 

Shell Game 

Abasic principle of current Ameri­
can military policy is that the U.S. 

requires a triad of strategic-weapons 
systems to deter any potential aggres­
sor: long-range bombers, interconti­
nental ballistic missiles (ICB M's) and 
submarine-launched ballistic missiles 
(SLB M's). The sea-based force, consist­
ing of 41 Polaris submarines, each car­
rying 16 SLBM's, has been steadily up­
graded with missiles of increasing range 
and accuracy, most of which (496 out of 
a total of 656) have now been fitted out 
with 10 to 14 multiple independently 
targetable reentry vehicles ( MIRV's). 
The Navy's goal is to replace up to 18 
boats of the present fleet with a new 
class of Trident submarines, each carry­
ing 24 SLBM's with a range of 4,600 
miles and with multiple warheads that 
would be not only independently target­
able but also maneuverable during re­
entry. 

The Air Force plan to build 244 B-1 
bombers, at a total cost of about $24 
billion, to replace its present fleet of B-
5 2's has been well publicized. Less well 
known is the Air Force plan to replace 
the present force of 1,000 Minuteman 
ICB M's with a more powerful and more 
accurate missile, " Missile X," which 
would . not be confined to an identifi­
able launching silo but could be moved 
around in a random pattern, creating 
what has been called "the ultimate shell 
game." The estimated cost of develop­
ing and installing Missile X is upward of 
$30 billion. 

The rationale for Missile X is the as­
sumption that a Russian force now ap-
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THE NATURAL TASTE OF MEAD 
REDISCOVERED �' v ... N THE FIFTH 

):.,#"JCENTURY, 
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TO THE BRITISH 
C / ISLES AS THE DRINK 
(1 OF THE ANGLO, �� rXJtAZD JUTE 

� UA potent, zesty 
and pleasing spirit 
touched with natural 
overtones of honey, 
herbs and spices .. 

,JYet, even before 
its arrival in Britain, 
man had an unquench-
able thirst for the �=
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natural taste of mead. Irish Mist. 
It had marched 

with Rome's legions. Truly, it is "the 
natural taste of mead, 

, jJRidden with rediscovered:' 
Iiannibal across the 
Alps. You'll find it 

completely unlike any 
,UWas the Viking's other imported liqueur. 

"Drink of the Gods:' 
' ZI Try it after dinner. 

, jj! And the legend-
ary cup of Beowulf. , L Or on-the-rocks. 

,UThen,unaccount- ,C-It is a drink of 
exceptional character. ably, the legendary 

taste of mead became ,gWith a zest and 
"a legend lose' smoothness all its own. 

Lost for centuries. , iJ! Indeed, the perfect 
balance of potency and 

Until, many years good taste you'd expect 
ago, a legendary Gaelic from "The Legendary 
Chieftain's seven hun- Spirit of Man." 
dred year old recipe for 

. the essence of mead ' )t Imported Irish Mist. 
passed into our hands. j� Rediscover it. 

IRISH MIST: THE LEGENDARY SPIRIT OF MAN. 
I MPORTED IRISH MlS-reLiQUEUR, 80 PROOF, C1976 HEUBLEIN,INC., HARTFORD, CONN., U.S.A. 

proaching 1.600 ICB M's will soon be 
able to carry enough accurate warheads 
to fatally cripple two-thirds of the U.S. 
strategic triad, the ICB M's and the long­
range bombers, in a surprise attack. Ac­
cording to the "worst case" scenario, the 
U.S.S.R. might achieve this result and 
still keep a few hundred ICBM's in re­
serve, which would not be threatened by 
our surviving SLBM's because the accu­
racy of the SLBM's is not sufficiently 
great. The counter force doctrine states 
that it takes an ICBM to kill an ICBM, 
hence the need for the mobile Missile X. 

According to an article in Air Force 
Magazine by Lieutenant General Alton 
D. Slay, the Strategic Air Command be­
gan defining the specifications of Missile 
X late in 1973 and started building pro­
totype hardware last October. "The es­
sence of deterrence, " writes General 
Slay, "rests in large measure with the 
ability to absorb a first strike and then 
retaliate with the appropriate level of 
force ....  [Although] U.S. [ICBM] silos 
are .survivable today and will remain so 
for some time ...  , the U.S. cannot afford 
to discount the eventual emergence of a 
Soviet capability that could reduce silo 
survivability to an unacceptably small 
number. Therefore an alternative to silo 
basing must be developed." 

The Air Force has been studying three 
alternatives: air launching from large 
cargo planes, multiple aboveground 
shelters for transportable missiles, 
which would be moved around at ran­
dom, and continuous hardened tunnels 
five to 20 miles long in which a "missile 
transporter Ilauncher moves at random 
intervals ...  , providing total uncertainty 
as to missile location." The Air Force 
demonstrated more than two years ago 
that a Minuteman could be dropped 
by parachute from a C-5 cargo plane 
and subsequently launched. Since air 
launching has fairly obvious drawbacks 
(such as lower missile accuracy and the 
need for adequate warning to get the 
launching fleet airborne), it seems likely 
that one of the two ground-based sys­
tems will be selected. 

Missile X itself will weigh twice as 
much as a Minuteman (68,000 kilo­
grams compared with 34,000) and will 
have "several times" the payload of 
Minuteman III (which is reported to car­
ry three independently targetable war­
heads, each with a yield of about 175 
kilotons). The accuracy of Missile X, 
according to General Slay, "will be a 
quantum advance over today's Minute­
man IlL" The accuracy of the present 
Minuteman III, that is, the CEP, or "cir­
cular error probable" (the radius of a 
circle within which the warhead has a 50 
percent chance of landing), is said to be 
about 400 meters. If "quantum" is used 
in the usual sense of a tenfold change, 
the CEP of Missile X could be as small 
as 40 meters. 

Curiously, little has been said about 
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the potential impact of Missile X on the 
new round of strategic-arms-limitation 
talks (SALT). Although the SALT I 
agreement due to expire in October does 
not explicitly forbid the deployment of 
mobile ICBM's, the U.S., in an append­
ed unilateral statement, said it would 
look with disfavor on such missiles be­
cause their number could not be verified 
by "national technical means, " that is, 
satellite reconnaissance. Most discus­
sions of the obstacles to a new agree­
ment have centered on what restrictions, 
if any, to place on a new intermediate­
range Soviet bomber ("Backfire ") and 
on sea-launched cruise missiles being 
developed by the U.S. with a range of 
more than 600 kilometers (see "Cruise 
Missiles, " by Kosta Tsipis; SCIENTIFIC 
AMERICAN, February). Guidelines es­
tablished at Vladivostok in November, 
1974, would, if converted into a formal 
SALT II treaty, set a limit of 2.400 on 
the total number of strategic delivery 
vehicles-ICBM's, SLB M's and heavy 
bombers-that each side could deploy 
through 1985, and also set a ceiling of 
1.3 20 on the total number of ICB M's 
and SLBM's that could be fitted out with 
MIRV's. The Carter Administration has 
already announced that it will push for a 
lower limit on the total number of deliv­
ery vehicles. It has also indicated that it 
would slow down the development of 
the sea-launched cruise missile. In his 
first news conference President Carter 
suggested that the U.S. and the U.S.S.R. 
might reach a "mutual agreement" not 
to deploy mobile ICBM's, but he did 
not say the U.S. would take the initia­
tive by suspending development of Mis­
sile X. 

Persistent Pox 

Smallpox persists, although barely. 
The disease, which seemed last sum­

mer to be making its last stand in the 
southern desert of Ethiopia, was appar­
ently carried by an infected Somali no­
mad into neighboring Somalia, where it 
spread slowly and was first confirmed at 
the end of September. As of the first 
week in February 39 cases had been dis­
covered in Somalia, almost all of them 
in a limited area of Mogadisho, the capi­
tal and major port; what appeared to be 
a limited outbreak (four cases) in a near­
by area of Kenya had been traced to 
Mogadisho. 

The outbreak in Somalia has been a 
frustrating turn of events in the final 
phase of a lO-year campaign conducted 
by the World Health Organization to 
eradicate the most devastating pesti­
lence in human history (see "The Eradi­
cation of Smallpox, " by Donald A. Hen­
derson; SCIENTIFIC AMERICAN, October, 
1976). Ethiopia was the last country in 
which the disease was endemic, and 
there the campaign appears to have 
been successful: in spite of active sur-

veillance no new case has been discov­
ered in all Ethiopia since last August 9. 
Since the general level of vaccination is 
high in Somalia, there seems to be little 
chance of a widespread outbreak there. 
With active containment measures now 
being taken-isolation of patients and 
vaccination of contacts-the thread of 
transmission should be broken soon. 
For two years after the last case is re­
corded, surveillance will continue in the 
region. Then, after certification by a 
WHO commission, smallpox will be 
considered to have been eradicated 
from the earth. 

There are several reasons why eradi­
cation-the first such achievement in 
medical history-is feasible in the case 
of smallpox. The disease is serious and 
was much feared, so that there was rnO­
tivation for a worldwide effort against 
it. There is a highly effective vaccine 
against the smallpox virus. The disease 
is made visible by its rash and pustules, 
so that undetected, asymptomatic cases 
are rare; the few cases that are so mild as 
to cause no rash are apparently too mild 
for transmission. Most important, the 
virus has no animal host (as the plague 
bacillus has in the rat, for example); the 
disease is transmitted only from person 
to person. (There is a similar disease, 
monkeypox, that has sometimes been 
transmitted to people, but it seems not 
to spread from person to person.) When 
no human being harbors the virus, there 
should remain only one reservoir: the 
stocks in research and diagnostic labo­
ratories. The WHO is now surveying all 
the world's laboratories to locate such 
stocks and to urge that they be de­
stroyed; the hope is that only a few labo­
ratories will need to retain the virus for 
research, and that they will enforce rigid 
safety precautions. 

Making Fermions out of Bosons 

Can two wholes add up to a half? In 
the arithmetic of subatomic physics 

it appears that perhaps they can. 
All particles in nature can be sorted 

into two classes according to their "sta­
tistics" (which describe their behavior in 
groups) and their spin angular momen­
tum (which is closely related to statis­
tics). One class of particles, the fer­
mions, obey a rule forbidding more than 
one particle from occupying a given 
state; the spin angular momentum of the 
fermions, when measured in fundamen­
tal units, is invariably a half integer 
(such as 11 2, 31 2, 51 2). The other class 
of particles, the bosons, can be brought 
together in unlimited numbers; their 
spin.is always an integer (such as 0, I, 2). 
The proton, the neutron and the electron 
are all fermions; the bosons include the 
photon, or quantum of electromagnetic 
radiation, and the pions, kaons and oth­
er mesons. 

Composite structures (such as atoms) 

This logical language (SA, June, 1960) now 
has over 2,000 students. In less than a year 
this has happened! Who's interested? Lin· 
guists. Programmers. Anthropologists. Lo· 
gicians. Mathematicians. Natural scientists 
from many disciplines. 

Our books, Log/an I: A Logica/ Lan· 
guage, a grammar and general introduction; 
316 pp; $7.80 hardback/$4.80 paper; and 
Log/an 4 & 5; A Dictionary. 16,000 English/ 
4000 Loglan terms; 532 pp; $9.80 hardback! 
$5.80 paper, are still available. In addition, a 
journal of Loglan studies is now in its 3rd 
issue. (The Log/anist, $10 p.a.) University 
classes are appeari ng. 

We need greater geographic density to 
set up more face·to·face study groups. For 
these we can provide taped instruction, 
workshops, flash·cards, and flying visits. 

We also need more scholars and scien· 
tists from all fields to aid in developing Log· 
Ian as an interface language between man 
and machine. We need formalists to tackle 
outstanding problems in the higher syntax. 
We invite your participation in what one of 
our readers has termed one of the "great 
intellectual adventures" of our times. 

For more information see our ad in the 
Sept., 1976, issue, or write us. Please enclose 
a check with your orders. Add $1.00 for post· 
age and handling to each book order. Cali· 
fornia residents please add sales tax. 

THE LOGLAN INSTITUTE,INC. 
P.O. Box 1785, Palm Springs, CA. 92262 

IF YOU HAVE 
AN IDEA FOR 
SOMETHING 
BETTER • • •  
anything from small 
toys and household 
products, to auto aids 
and energy savers­
here's your chance 
to change your life. 

Get started with a Free "Idea Kit". It has lots of infor· 
mation about protecting, publicizing and selling your 
idea, plus a special Record Form to document it. 

You might be awarded a Government Patent, appear 
in the news, receive cash or royalties, or even start 
your own business. So, take credit for your idea now 
... before somebody else does. 

Phone or write now. No cost or obligation. Fees are 
charged only for contracted services. So. send for 
your FREE "Idea Kit NO.A·214". 

_ • ____ "'t· "·t".i�. ____ • -
RAYMOND LEE ORGANIZATION,INC. 

230 Park Avenue North 
NewYork.NY 10017 

Phone (212) 686-8100 
Yes. I'd like to take credit for my idea. 

Please send me your fREE "Idea Kif' No. A·214. 

Name ____________ _ 

; Address _____________ o 

City _______ State __ Z'o __ ; 
� 

Phone No, ______ Area Code � 
-------------------
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The best ideas in 
diesel-starting batteries 

come from ESB. 
The idea: develop a diesel-starting battery that is superior to its com­

petitors. In capacity and storage life. And in ease of handling and 
maintenance. Then make it durable and reliable. 

The result: our Exide UD 466 Ironclad® battery. 
It's 11 % more powerful than its predecessor. Yet because it's one 

unit (not the standard four), it takes just a fraction of the time to install. 
Our amazing new battery is easier to handle, too. Simpler to take 

care of. Safer to work with. And a lot more difficult to damage. 
ESB technology and research have made us one of the largest 

energy storage companies in the world. And they've made the Exide UD 
466 the best diesel-starting battery there is. 

. If you'd like to learn more about our 
ideas in energy, write: Communications 
Department, ESB Incorporated, 5 Penn 
Center Plaza, Philadelphia, PA 19103. Or 
call: (215) 972-8000. 

Ideas in energy_ 
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Save on 
Calculators 

(We will beat any price) 

Hewlett-Packard 
Model Your Cost Model Your Cost 

HP 21 $ 65.60 HP 25 $118.90 

HP 22 102.25 HP 25C 164.00 

HP 27 143.50 HP 80 241.90 

HP 67 369.00 HP 97 629.00 
HP 91 279.50 HP 55 149.95 

HP 65 269.50 

All above HP units come wIth charger-ease-batteries­
tnstruction manuals. One year guarantee by Hewlett­
Packard. We carry a large stock of accessories and 
software at discount prices. 

Incredible Special 
HP 65 laO Step Programming. Was $795. Your cost· 
$269.50. HP 55 49 Step Program with timer. Unique. 
Was $335. Your cost· $149.95. HP 91 Printer Scien· 
tific. Same specs as HP 45. Was $425. Your cost· 
$279.50. AU new units. Inetudes one year guarantee 
by Hewlett-Packard. 

Texas Instruments 
Model Your Cast Model Your Cost 

SR 52 $184.95 SR 56 $ 84.95 
PC 100 154.95 SR 51·2 54.95 
SR 40 32.95 TI 30 19.95 
TI 5050M 94.95 TI 

·
5040 114.95 

TI 620 139.95 TI 2550·3 28.95 
Business Analyst 32.95 Money Manager 21.96 
little Professor 16.95 TI 1650 24.95 
TI 5100 49.95 TI 1600 20.95 

Kit for TI 30-$8,95. AC adaptert for battery mOdels-$5.95. 
libraries for SR52-S26.95 each. TI accessories available. 

Specials 
Norelco 95 $149.95 SCM Typ. 2200 $239.50 
Norelco 185 107.95 Royal Centurion 189.50 
Nor.lco 88 259.50 Sharp EL 1052 99.95 
Norelco 97 310.00 Canon PlOl0 99.95 
Nortlco 186 265.00 Craig 2706 189.50 
Norelco 98 430.00 Panasonic Call us 

Cassettes 2.95 Unitrex Printers 79.50 up 
Commodore M55 89.50 Sony M·101C 159.50 

Commodore N60 89.50 Sony Betamax 1.095.00 

Commodore S61 89.50 Sony TV's & 
Commodore 4190 49.50 Stereos Call us 
Commodore Printers 79.95 up Rockwell Printers 97.95 up 
Victor Printel$ 99.95 up Rockwell 64RO 33.95 

APF Printel$ 79.95 up National Semiconductor 

lIoyds Printers 79.95 up 7100 289.50 
Pace CB 49.95 up 

UNITREX 90lF Financial Calculator-3 memories, 8 
digits, sell, cost margin, loan pt., present value, annuity. 
loan amort., future value, bond value, depreciation, 
summation, trend line, standard deviation, and more. 
Retail $89.50. Your special cost - $19.95 including 
batteries and case. 

TV GAMES: Uoyds-Magnavox-National in color-APF. 
MICROWAVE OVENS: Amana and Litton. All models. 
MICROCOMPUTERS: Many brands. 

Digital Watches 
Texas Instruments: 5 functions. $16.95 - other models 
$34.95 and $99.95. 
Chronograph: 15 functions-LEO-10th and IOOth of 
second. $59.95. 
Chronograph: 15 functions-LCD-1Oth and IOOth 
of second. $79.50. 
New programmable LED: 6 functions-can be made to 
read in LED up to 20 letters of your choice-can be 
reprogrammed. $79.50 
Beep Alert alarm LED watch: Will keep beeping until 
you wake up. $49.95 

SENSATIONAL new LCD watch/Scientific calculator 
combination: the most amazing watch on the market 
today at such a low price. Only $269.95. 
Commodore: 5 function LED all plastic watch. New. 
Your cost - $9.95. 

• 
All prices are f .o.b. our warehouse. Goods subject to 
availability. All sales are final. Call or write for our 
famous catalogue. We have the best deals in the 
country and will beat any deal at any time. 

OLymPIC ShL£S COmPhny. Inc. 

216 South Oxford Avenue 

P.O. Box 74545 
Los Angeles. CA 90004 

Telex 67 3477 
Telephone (213) 381·3911 

made up of these particles are either fer­
mions or bosons according to whether 
they include an odd or an even number 
of fermions. It should be apparent that 
a composite made up only of bosons 
should always be a boson. A remark­
able theory contradicting this principle 
has recently come to light. It seems that 
two integer-spin bosons can combine to 
make a particle with half-integer spin 
and the statistics of a fermion. 

The bosons required for this opera­
tion are rather special. One must bear an 
electric charge; the other must be a mag­
netic monopole, a particle with a mag­
netic charge (either "north" or "south"). 
Actually it has been known for many 
years that the interaction of a monopole 
and a point electric charge would gener­
ate "extra" angular momentum, just as 
the interaction of electric and magnetic 
fields sets an electric motor spinning. 
What has now been established is that 
such a spontaneously spinning object 
could arise as a solution to a quantum 
field theory and that the object would be 
a fermion. 

The magnetic monopole was intro­
duced into physics to fill a vacant niche 
in James Clerk Maxwell's theory of 
electromagnetism. It was supposed to be 
an elementary particle, an object with­
out substructure or antecedent; such ele­
mentary monopoles have not been ob­
served. Three years ago it was shown 
that in the context of certain gauge theo­
ries, which are generalizations of Max­
well's theory, monopoles could appear 
that were not elementary but were com­
posed of other particles bearing only 
electric charges. This discovery was 
made independently by Gerhard 't 
Hooft of the University of Utrecht and 
by Alexander M. Polyakov of the Lan­
dau Institute for Theoretical Physics 
near Moscow. 

More recently it has been observed 
that the monopoles created in gauge the­
ories might form bound states with a 
point electric charge. The possibility of 
such composites was suggested indepen­
dently and from different premises by 't 
Hooft and Peter Hasenfratz of Utrecht 
and by Roman W. Jackiw and Claudio 
Rebbi of the Massachusetts Institute of 
Technology. Both groups report their 
findings in Physical Review Letters. 

As in the case of point monopoles, 
a spinless composite monopole bound 
to a spinless electric charge could have 
a combined spin angular momentum of 
1/2. The statistics problem for such an 
object was analyzed by Alfred S. Gold­
haber of the State University of New 
York at Stony Brook. Also writing in 
Physical Review Letters, he showed that 
the new particle would indeed be a fer­
mion-a fermion made up entirely of 
bosons. 

These theoretical developments show 
how a fermion could be made out of 

suitable bosons, but they provide no evi­
dence that any of the known fermions 
are constructed in that way. Indeed, for 
familiar fermions such as the electron or 
the proton such a structure is impossi­
ble, since the strong magnetic field of the 
monopole is not observed near those 
particles. A more plausible set of candi­
dates might be the quarks, the presumed 
constituents of protons and neutrons 
and related particles. Quarks them­
selves have not been detected in isola­
tion and their magnetic properties are 
not known. 

The distinction between fermions and 
bosons is profoundly important because 
the two kinds of particles seem to have 
different roles in nature. In a sense the 
world is made of fermions, which inter­
act with one another by exchanging bo­
sons. It now seems possible, although it 
is very far from certain, that this model 
of the universe could be simplified by 
eliminating one of the fundamental cat­
egories and describing fermions as com­
posites made of bosons. 

Reverse Uncertainty 

The uncertainty principle, introduced 
by Werner Heisenberg, states that 

the product of the uncertainties in the 
values of certain related variables, such 
as the position and momentum of a 
subatomic particle, is greater than or 
equal to Planck's constant. Over the 
years the principle has become a meta­
phor for the fact that the observer inevi­
tably disturbs what is being observed. 
Recently David V. Forrest, James H. 
Ryan and Phillip Zeidenberg of the New 
York State Psychiatric Institute encoun­
tered a curious instance of the reverse 
effect: what was being observed dis­
turbed the observer. Writing in The 
American Journal 0/ Psychiatry, they de­
scribe a clinical study of marihuana in­
toxication conducted at the institute's 
Drug Abuse Research Unit in the course 
of which the investigators became in­
creasingly "distracted, irritable and nau­
seated." 

The cause of their symptoms became 
evident when an analysis of urine from 
a control subject given a placebo re­
vealed the presence of metabolic prod­
ucts of tJ. -9-tetrahydrocannabinol, the 
active ingredient of marihuana. Both 
the control subjects and the investiga­
tors had succumbed to a passive drug 
intoxication (a "contact high") simply 
by breathing the air in the room where 
the subjects were smoking. Once iden­
tified, the interference caused by the 
"reverse Heisenberg effect" was elimi­
nated by a change in the experimen­
tal design: the investigators began ob­
serving the marihuana-smoking sub­
jects with closed-circuit television cam­
eras connected to monitors in a remote 
station. 
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CLOCKWISE FROM ABOVE: 

Owl at 20 leet 
Celestron 750mm, 1/6 

Rose at 15 leel 
Celestron 750mm, 1/6 

Peacock at 50 leet 
Celestron 750mm, 1/6 

Orlan Nebula 
Celestron 8 

Rings 01 Saturn 
Celestron 14 

Squirrel at 75 leet 
Celestron 1250mm, fll0 

We Give You New Worlds 
Beyond the front end of a Celestron Telescope lie entirely new worlds­

bigger, brighter, sharper, more detailed worlds, 
Our sunlit Earth - marvelous in its intricacy, overwhelming in its color, 

profound in its immediacy. And worlds beyond - in a universe of majestic 
proportions and breathtaking beauty. A universe where planets roam the outer 

, reaches of our solar system and their moons shuttle to and fro. Where great 
spheres of stars - light-centuries in diameter - ride loftily above the disk 
of our galaxy. Where remote clouds of gases cast their eerie filamentary 
glow onto the waters of infinity. 

These are the worlds we offer. 
And next week at this time, you could have in your hands the means to 

explore them. 

For a closer look at the worlds we 
offer, send for our free color catalog. 
Write to Celestron International, 
2835 Columbia St., Box 3578-BC, 
Torrance, Calif. 90503, USA. 
Or telephone (213) 328-9560. 

Ce/estron 
Bringing Man and Nature Closer Together 
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Biological Nitrogen Fixation 
Only a few bacteria cll1d simple algae have the cellular equipment 

needed to "fix" the nitrogen of the atmosphere into ammonia. 

They are the major suppliers of this limited agricultural resource 

Antoine Laurent Lavoisier gave ni­.fi. trogen the name "azote," mean-
ing "without life," because it dif­

fered from the other main component of 
air (oxygen) in being unable to sustain 
the metabolism of living organisms. The 
name has turned out to be an ironic one. 
Nitrogen is an essential constituent of 
proteins, and we now know that large 
amounts of it are required by all forms 
of life. Indeed, for both plants and ani­
mals nitrogen is probably the common­
est limitation to growth, and an inade­
quate supply of nitrogen for agriculture 
is an important factor contributing to 
human hunger. 

' 

Nitrogen is at once an abundant ele­
ment, making up almost 80 percent of 
the earth's atmosphere, and a scarce nu­
tritional resource. The paradox is easily 
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explained: the form of nitrogen in air is 
so inert that it is useless to the vast ma­
jority of organisms. Nitrogen can enter 
biological systems only when it has been 
"fixed," or combined with certain other 
elements, such as hydrogen or oxygen. 
Today the fixation can be accomplished 
industrially, through the manufacture 
of ammonia from hydrogen and atmo­
spheric nitrogen. The making of ammo­
nia and of other chemical fertilizers de­
rived from it is now a major industry, 
but the bulk of all fixed nitrogen is of 
biological origin. 

In nature, nitrogen fixation is a faculty 
reserved to a few genera of bacteria. (In­
cluded among these bacteria are several 
blue-green algae, a group of organisms 
that today are generally classified with 
the bacteria under the name cyano-

STRUCTURE 

N 

FIXATION OF NITROGEN is the conversion of the abundant but nearly inert molecular gas 
N 2 into compounds useful to living organisms. In biological fixation and in the industrial 
Haber process the immediate product-is ammonia. Nitrates are another source of fixed nitro­
gen common in soil and in chemical fe rtilizers. Most of the nitrogen that enters biological sys­
tems is made into proteins, molecules niade up of amino acids linked by a carbon-nitrogen bond, 
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bacteria.) No higher organisms have de­
veloped the capability, although several 
participate indirectly by forming sym­
biotic associations with nitrogen-fixing 
bacteria. The best-known of these rela­
tions is the one between the plants called 
legumes and various bacteria of the 
genus Rhizobium. Other nitrogen-fix­
ing bacteria associate with other host 
plants, and many live freely in the soil 
or in water. A few are photosynthetic; 
some require oxygen; others can grow 
only when oxygen is excluded from 
their environment. All these organisms 
apparently share a common mechanism 
for nitrogen fixation; as in the industrial 
process, the initial product is ammonia. 
They also share a unique enzyme: ni­
trogenase. We are just beginning to un­
ravel the structure of nitrogenase, to 
learn how it functions and how it is regu­
lated and to understand what character­
istics distinguish the organisms that pos­
sess it. The potential benefits of this 
knowledge can be reckoned in a higher 
worldwide standard of living. The cost 
of fertilizer has increased dramatically 
in the past few years, affecting the cost 
of food in the more affluent countries 
and restricting the supply of food in the 
less affluent ones. If the nitrogen-fixing 
activities of bacteria can be understood, 
they might also be improved, and ulti­
mately they might be conferred on other 
organisms, perhaps including cereal 
crops. The result would be reduced de­
pendence on nitrogenous fertilizer. 

Nitrogen Chemistry 

The nitrogen in the atmosphere is a 
diatomic gas, that is, it consists of mole­
cules made up of two atoms each, denot­
ed N 2. Molecular nitrogen is nearly in­
ert because the chemical bond joining 
the atoms is exceptionally strong and 
stable; it is a triple bond and a large 
quantity of energy must be supplied in 
order to break it. 

In industrial fixation the required en­
ergy is provided by fossil fuels. In a 
process developed in the early years of 
the 20th century by Fritz Haber and 
Karl Bosch atmospheric nitrogen is 

© 1977 SCIENTIFIC AMERICAN, INC



combined with hydrogen at high tem­
perature and pressure in the presence of 
a catalyst containing iron. The product 
is ammonia (NHa). which is itself an ef­
fective fertilizer and which can be con­
verted into other useful nitrogen com­
pounds. such as urea and nitrates. 

The energy cost of the Haber process 
becomes apparent when the source of 
the required hydrogen is considered: it is 
extracted from natural gas or petro­
leum. For this reason the cost of nitroge­
nous fertilizers is closely correlated with 
the cost of fossil fuels. 

In the soil fixed nitrogen from indus­
trial fertilizer or from natural sources is 
taken up by plant roots and is ultimately 
employed in the synthesis of biological 
molecules. By far the largest share is 
incorporated in the structure of pro­
teins. the versatile molecules that are re­
sponsible for metabolism in living cells; 
Proteins are made up of amino acids. all 
of which contain at least one atom of 
nitrogen. A typical protein might be 
composed of a few hundred amino acid 
units. A crucial structural element is the 
peptide bond. which links one amino 
acid to the next; the bond connects a 
nitrogen atom in one amino acid to a 
carbon atom in another. 

Through plant and animal wastes and 
dead tissues fixed nitrogen is returned to 
the soil. where much of it can be recy­
cled. Proteins are dismantled to yield 
amino acids. and these are often broken 
down further to ammonia or nitrate; 
these substances can then be absorbed 
anew by living roots. Competing with 
plant roots. however. are a class of de­
cay bacteria. the denitrifiers. that break 
down fixed nitrogen and return it to the 
form of a diatomic gas. The denitrifying 
bacteria thus complete the nitrogen cy­
cle by returning the element to the atmo­
sphere. As a result of their activities the 
reservoir of fixed nitrogen in the soil 
must be continually replenished. In agri­
culture there is an even greater drain on 
the supply of fixed nitrogen: each time a 
crop is harvested for market. the nitro­
gen it contains is lost to the soil. 

Small quantities of fixed nitrogen are 

SOYBEAN ROOT NODULE consists of plant 
cells crammed full of nitrogen-fixing bacteria. 
A single nodule is seen at progressively great­
er magnification in this sequence of scanning 
electron micrographs made in the author's 
laboratory at the University of Wisconsin. At 
the top is the pebbly surface of a small root 
nodule. In the middle photograph the nodule 
has been sliced open to expose the interior. At 
the bottom one region of the interior surface 
is enlarged, showing a dense mass of bacteria 
spilling out of a ruptured plant cell. The bac­
teria are of the species Rhizobium japonicum, 
which associates exclusively with soybeans; 
other plants of the family Leguminosae har­
bor other Rhizobium species. Associations of 
legumes add Rhizobium account for 40 per­
cent of all nitrogen fixed by biological means, 
and for virtually all that fixed by crop plants. 
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added to the biosphere each year by in­
organic processes, such as the formation 
of nitrates in automobile engines, in 
lightning discharges and in volcanic 
emissions. A somewhat larger amount­
about a fourth of the total world pro­
duction of fixed nitrogen-is ammonia 
made by the Haber process. The re­
mainder is the bacterial prod uct. It is 
estimated to amount to 150 million met­
ric tons per year. 

Legumes 

The activities of nitrogen-fixing bacte­
ria were harnessed for human benefit 
centuries before either the bacteria or 
the nitrogen-fixing process was discov­
ered. Farmers have long experience in 
the growing of legumes, such as soy­
beans, peanuts, alfalfa, beans, peas and 
clover. These crops can revitalize the 
soil, an effect that is now understood to 
result from nitrogen fixation by spe­
cies of Rhizobium that form nodules in 
the roots of the legumes. Commercial 
Rhizobium inoculants are employed in 
planting legumes to ensure that the soil 
contains the appropriate bacteria. Leg­
ume crops are often grown in rotation 
with nonlegumes, such as corn. In this 
way nitrogenous substances from one 
season's legume crop help to fertilize the 
next season's grain crop. For a maxi­
mum yield of grain industrial fertilizer 
must still be applied, but the amount 
needed is reduced. 

The Rhizobium enters the legume root 
through a root hair, a cell on the surface 
of the root that is specialized for absorp­
tion. The cell wall of the root hair in­
vaginates to form an infection thread, 
which contains many proliferating Rhi-
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zobium cells. Most of these infections 
are abortive, but a few grow back to the 
base of the root hair and, by repeating 
the invagination process, enter the corti­
cal cells of the root. Eventually the tip of 
the infection thread ruptures, releasing 
the bacteria into the cortical cells, which 
then develop into a bulbous enlarge­
ment: a root nodule. The nodule con­
sists of enlarged plant cells, most of 
which are packed with bacteria. Ammo­
nia produced by the bacteria is com­
bined with carbon compounds derived 
from plant photosynthesis to yield ami­
no acids, which are then incorporated 
into plant proleins. 

As the term "infection thread" im­
plies, the introduction of Rhizobium into 
legumes resembles a disease process, 
but it is one in which the plant cooper­
ates. The welfare of the plant is served 
best if it encourages infection by Rhizo­
bium but excludes all other bacteria, 
some of which might be pathogens or 
parasites. This discrimination is accom­
plished through a system of chemical 
markers by which the plant and the bac­
terium recognize each other. 

Each legume is associated with a dis­
tinct species of Rhizobium. The bacteria 
that form nodules in soybeans, for ex­
ample, will not infect alfalfa. In 1974 
the first element of the recognition 
mechanism responsible for this specific­
ity was discovered by Benjamin B. Boh-
1001 and Edwin L. Schmidt of the Uni­
versity of Minnesota. They identified a 
protein from soybean that binds to cells 
of Rhizobium japonicum. the bacterial 
species that infects soybeans. but not to 
any other Rhizobium species. Frank B. 
Dazzo and David H. Hubbell of the 
University of Florida subsequently 
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found another protein that seems to 
bear the same relation to clover and to 
Rhizobium tri/olii, the bacterium that in­
fects clover roots. They named the pro­
tein trifoliin. 

Dazzo has continued his work at the 
Center for Studies of Nitrogen Fixation 
at the University of Wisconsin. He has 
recently shown that trifoliin is found on 
the surface of clover root hairs, the ini­
tial site of infection. Furthermore. he 
has shown that trifoliin binds to a poly­
saccharide on the surface of the infect­
ing R/iizobium tri/olii but not to surface 
polysaccharides from other Rhizobium 
species. 

A plausible hypothesis derived from 
these experiments is that trifoliin acts as 
a link between bacterium and plant. 
Further studies. employing labeled anti­
body molecules. have provided prelimi­
nary information on the sites where tri­
foliin binds to the plant root and to the 
bacterial surface. Remarkably. the two 
binding sites are antigenically similar. 
that is, they have an affinity for the same 
antibody molecules. The significance of 
this similarity is not yet understood, but 
analogies are known. For example, the 
surfaces of some pathogenic bacteria 
are structurally similar to the surfaces 
of mammalian cells. As a result of this 
mimicry host responses that would nor­
mally eliminate an invading microorga­
nism can sometimes be deceived. 

Nonrhizobial Fixation 

The symbiotic association between 
legumes and Rhizobium is the most 
highly developed and most sophisticat­
ed system for biological nitrogen fixa­
tion. but it is not the only one. For exam-
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PLANTS, MAN BACTERIUM) 

NITROGEN-FIXING ORGANISMS include several genera of bac­
teria and cyanobacteria, or blue-green algae. These are among the 

simplest and presumably the most primitive organisms, being distin­
guished by the absence of ceU nuclei. Among the nitrogen-fixing or-
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pIe, the alder tree, a hardwood species 
common in the northwestern U.S., en­
capsulates nitrogen-fixing bacteria in 
root nodules not unlike those of the leg­
umes. Another symbiosis involves a 
small aquatic fern, Azolla, and a cyano­
bacterium that is capable of both photo­
synthesis and nitrogen fixation. Occupy­
ing cavities in the fern leaves, the cyano­
bacterium supplies nutrients that enable 
the fern to propagate in waters deficient 
in fixed nitrogen. Farmers in Vietnam 
have made use of the alga's capabilities 
by allowing Azolla to grow in flooded 
rice paddies; the fern might also be 
grown in ponds and harvested as a nitro­
gen-rich mulch. 

Another apparent symbiosis, al­
though it is probably a rather loose one, 
was discovered by Johanna Dobereiner 
of the Agricultural Research Institute in 
Brazil. She found nitrogen-fixing bacte­
ria growing in association with the roots 
of certain tropical grasses. For example, 
the grass Digitaria was found to support 
populations of the bacterium Spirillum 
/ipo/erum, which is known to fix nitro­
gen. The bacteria do not form special­
ized structures such as nodules but sim­
ply grow on the surface of the roots. It 
is notable that most important grain 
crops, including wheat and corn, are ge­
netically derived from tropical grasses. 

A further intriguing discovery was 
made when a colleague of Dobereiner's 
noticed that among corn plants growing 
in nitrogen-deficient fields a few were 
taller than the rest. When the exception­
al plants were dug up, Dobereiner found 
Spirillum /ipo/erum associated with the 
roots. It was a finding of great potential 
importance, since it implied that corn 
might be grown without fertilizer if the 
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bacterium-root association could be re­
liably established. In subsequent experi­
ments in several other laboratories, 
however, attempts to increase the yield 
of corn by inoculation with Spirillum /i­
po/erum have had variable results. The 
nature of the association is still under 
investigation. 

Among the more unusual symbioses 
are those involving nitrogen-fixing bac­
teria that colonize termites and ship­
worms. These pest species, which sur­
vive on a diet of wood, have long been 
known to harbor microorganisms that 
secrete enzymes for the digestion of cel­
lulose. It has now been established that 
they also receive dietary assistance from 
another population of microorganisms. 
Wood is a poor source of biological ni­
trogen; bacteria living in the intestines 
of the termites and shipworms provide a 
supplement derived from atmospheric 
nitrogen. 

In addition to obligatory symbionts, 
there are a number of organisms that 
fix nitrogen while living independently. 
Many cyanobacteria, for example, fix 
atmospheric nitrogen while growing 
freely at the surface of ponds. In many 
cases these blue-green algae constitute a 
nuisance: the organic nitrogen, released 
from the dead algal cells, promotes the 
growth of aquatic weeds and contrib­
utes to the process called eutrophica­
tion. On the other hand, the same algae 
might be cultivated and harvested as 
fertilizer or animal feed. 

There are also free-living bacteria 
with the capacity to fix nitrogen. They 
include members of the genus Clostridi­
um, which are anaerobic bacteria; they 
cannot grow in the presence of oxygen. 
Others, members of the genus Klebsiella, 
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can grow either with or without oxygen 
and are found both free-living and in 
association with plants and animals. Fi­
nally, there is the genus Azotobacter, a 
group of aerobic bacteria whose name 
derives from Lavoisier's term for nitro­
gen. The contribution of these free-liv­
ing bacteria to global supplies of fixed 
nitrogen is probably modest, but their 
contribution to the study of nitrogen fix­
ation has been quite large. Because the 
complications of symbiosis are avoided, 
free-living bacteria are favored organ­
isms for investigations of the biochem­
istry of fixation. 

Nitrogenase 

The overall chemical reaction of ni­
trogen fixation is the same whether it is 
achieved by the Haber process or takes 
place in the living cell. First the triple 
bond of the N2 molecule must be bro­
ken; then three hydrogen atoms must be 
bound to each nitrogen atom. In the Ha­
ber process the hydrogen is supplied as 
a molecular gas; in most nitrogen-fix­
ing bacteria it is extracted from organic 
molecules such as glucose, the princi­
pal carbohydrate product of photosyn­
thesis. Hydrogen atoms are transferred 
from glucose to nitrogen through a net­
work of intermediate molecules. Actu­
ally it is only the electrons that are ac­
tively transported; the aqueous medium 
of the cell is a sea of protons, or hydro­
gen nuclei, and these are readily sup­
plied to complement free electrons. A 
transfer of electrons between two sub­
stances is called an oxidation-reduction 
reaction; the donor of electrons is said to 
be oxidized by the reaction and the ac­
ceptor to be reduced. Thus in nitrogen 
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ganisms are free-living forms and those that thrive only in symbiotic 
association with higher plants and animals; a few can adopt either 

mode of life. The bacteria that live in an anaerobic habitat cannot 
survive exposure to oxygen; aerobic bacteria need oxygen for growth, 
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SOYBEAN ROOTS have many bulbous nodules that result from infection with Rhizobium. 
In this symbiotic association the plant supplies carbohydrate to the bacterium, which in turn 
supplies plant with fixed nitrogen. In legumes the plant also protects the bacteria from exposure 
to oxygen, which permanently denatures nitrogenase, the crucial enzyme in nitrogen fixation. 

INFECTION WITH RHIZOBIUM takes place through the root hairs, cells at the periphery 
of roots. In this photomicrograph, made by Frank B. Dazzo of the University of Wisconsin, 
many bacteria (fuzzy black objects) adhere to a root hair. In addition the bacteria have already 
entered the ceU through an infection thread, the long tube extending through the root hair. The 
infection thread is formed by the invagination of the ceU waUl the eventual release of the bac­
teria from the thread into the cortical cells of the root leads to the development of a nodule. 
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fixation glucose is oxidized and nitrogen 
is reduced. Of course the two molecules 
do not interact directly; the pathway 
that connects them is a complex one. 
and some segments of it have not yet 
been thoroughly explored. 

One of the mystifying features of the 
nitrogen-fixing reaction is the amount of 
energy consumed. The energy. which is 
derived from the breakdown of glucose 
or other carbohydrates. is supplied in 
the form of adenosine triphosphate 
(A TP). the universal energy currency of 
the cell. The conversion of one molecule 
of N 2 into two molecules of ammonia 
requires from 12 to 24 molecules of 
ATP. Part of this energy must be ap­
plied to breaking the stable bond be­
tween the nitrogen atoms. but far more 
is required than a naive analysis would 
suggest. The likely explanation for the 
inefficiency is that not all the A TP goes 
toward reducing nitrogen; some of it 
may be diverted to competing reactions. 
In any case it appears that nitrogen fixa­
tion has a high cost in energy for the cell. 
just as it does for the industrial chemist. 

The key molecule in the nitrogen-fixa­
tion pathway is the enzyme nitrogenase. 
All nitrogen-fixing organisms contain 
nitrogenase. which does not seem to 
vary significantly in structure from one 
species to another. No organisms that 
lack nitrogenase are able to fix nitrogen. 

The enzyme consists of two proteins. 
labeled Component I and Component 
II. Component I has a molecular weight 
of 220.000 and is made up of four sub­
units. each of which is a single strand 
of amino acids; in addition Component 
I contains 24 iron atoms and two mo­
lybdenum atoms. Component II has a 
molecular weight of 55.000. consists of 
two protein subunits and includes four 
iron atoms. 

Rather little is known of how this ar­
ray of proteins and metal atoms is as­
sembled to make an enzyme. The struc­
ture of the entire molecule may eventu­
ally be mapped through X-ray-diffrac­
tion analysis. In the meantime less direct 
methods have provided some informa­
tion on the chemical environments of 
the various metal atoms. It is probably 
not a coincidence that the most effective 
catalysts in the Haber process are transi­
tion metals such as iron and molybde­
num. In nitrogenase the role of the two 
molybdenum atoms is particularly fas­
cinating because they seem to be part of 
the· active site of the enzyme. The mo­
lybdenum is bound not to the large pro­
teins of-Component I but to a small co­
factor. which Vinod K. Shah. working in 
my laboratory at the University of Wis­
consin. has purified. A surprising recent 
findiJ;lg is that the cofactor also contains 
some of the iron atoms associated with 
Component I. The molecule Shah iso­
lated is capable of reactivating nitrogen 
fixation in a mutant strain of bacteria 
that lacks the cofactor. Edward I. Stiefel 
of the Charles F. Kettering Research 
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Laboratory has pointed out that among 
all the metals found in enzymes molyb­
denum is uniquely capable at both high­
er and lower oxidation states of trans­
ferring two electrons and two protons. 
and that may be its role in nitrogenase. 
Only a few other enzymes contain mo­
lybdenum; one of them. interestingly. 
is nitrate reductase. an enzyme required 
by plants for the conversion of nitrates 
into amino acids. 

Much of the progress made in the past 
15 years toward understanding the bio­
chemistry of nitrogen fixation can be as­
cribed to two experimental techniques 
of uncommon importance. One of these 
techniques is the acetylene-reduction as­
say. In 1965 Robert Schollhorn and 
Robert H. Burris of the University of 
Wisconsin and Michael J. Dilworth of 
Murdoch University in Australia dis­
covered that the gas acetylene inhibits 
nitrogenase activity. Subsequent experi­
ments showed that the enzyme reduces 
acetylene (C2H2) to another gas. eth­
ylene (C2H4). Nitrogenase activity can 
therefore be evaluated simply by incu­
bating an organism with acetylene and 
then measuring the production of eth­
ylene by gas chromatography. Earlier 
methods for estimating nitrogen fixation 
involved tracing heavy isotopes of ni­
trogen or measuring an increase in the 
nitrogen content of an organism. a time­
consuming procedure. The acetylene­
reduction assay is both quick and com­
paratively accurate. 

The other improvement in experi­
mental methods was the development of 
a system for observing nitrogen fixation 
in vitro. that is. in the absence of living 
cells. Extracts of bacterial cells can be 
prepared in which the nitrogenase is not 
destroyed. but ordinarily the enzyme 
cannot function without its associated 
cellular machinery. In the early 1960's it 
was discovered that cell-free extracts 
could be made to fix nitrogen if small 
amounts of A TP were added along with 
a strong reducing agent. such as sodium 
dithionite. With such an in vitro system 
nitrogen fixation becomes a laboratory 
process that can be manipulated and 
measured with comparative ease. 

What is the progress that has been 
made in understanding nitrogenase bio­
chemistry? The present state of knowl­
edge is summarized in recent findings of 
William H. Orme-Johnson of the Uni­
versity of Wisconsin. Leonard E. Mor­
tenson of Purdue University and Barry 
E. Smith and his colleagues at the Uni­
versity of Sussex. They have shown that 
the first event in the sequence that leads 
to fixation is the reduction of enzyme 
Component II by an electron-transport 
protein external to the nitrogenase. The 
reduced Component II reacts with ATP 
and then reduces Component I. Finally 
Component I reduces molecular nitro­
gen. eventually forming ammonia. The 
same sequence of events can be de­
scribed in another way. Component II 

EXCLUSIVE RELATION between a legume and a nitrogen-fixing bacterinm is demonstrated 
by the binding of Rhizobium tri/olii to the root hairs of clover. A fluorescent dye was first 
linked to a polysaccharide in the bacterial capsule, an amorphous sheath that surrounds the 
cell wall. The labeled polysaccharide was then incubated with clover roots. Fluorescence of the 
clover root hairs indicates that capsule polysaccharide has preferentially bound to them. Simi­
lar experiments show that polysaccharide molecules from other Rhizobium species do not bind 
to the clover roots and that Rhizobium tri/olii does not bind to the roots of other legumes. 

first accepts an electron from a transport 
protein; the electron is then transferred 
to Component I and finally to nitrogen. 
No substances intermediate between ni­
trogen and ammonia have been discov­
ered. so that all the intermediate states 
must remain bound to the nitrogenase. 
There is evidence corroborating the in-

tuitive supposition that the electrons are 
transferred by iron and molybdenum at­
oms. but the actual mechanism of trans­
fer remains a mystery. 

It is the final event in this sequence­
the actual reduction of nitrogen-that is 
at once the most interesting and the 
most baffling. The process probably will 

RHIZOBIUM TRIFOu/ 

CLOVER ROOT HAIR 

RECOGNITION OF RHIZOBIUM by a legume seems to be mediated by a proteiu that links 
the bacterium to the root hair. In the case of clover the protein has been given the name trifoliiu. 
The binding sites for trifoliin in the cell wall of the plant and in the bacterial capsule are anti­
genically related; presumably they are also similar in structure. One interpretation of this sur­
prising discovery is that bacterial binding site developed through imitation of plant; such mim­
icry may have helped to defeat the plant's defenses against invasion by foreign organisms. 
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not be understood in detail until the 
structure of the active site of nitrogen­
ase has been determined. One hypothe­
sis is that one of the bound intermediate 
states is a diimide. a molecule with the 
structure HN = NH. It is supposed. in 
other words. that at least one hydrogen 
atom is bound to each nitrogen before 
the bond between the nitrogen atoms is 
completely dissolved. There is an ap­
pealing symmetry between this process 
and the presumed mechanism by which 
nitrogenase reduces acetylene to eth­
ylene. but there is little evidence either 
proving it or disproving it. 

Competing Reactions 

One discovery made possible by the 
development of in vitro nitrogenase sys­
tems was the peculiar behavior of the 
enzyme in the absence of its substrate. 
When nitrogenase is supplied with A TP 
but is isolated from nitrogen. hydrogen 
gas is evolved. Apparently the transport 
of electrons to the enzyme proceeds nor­
mally in the absence of nitrogen; when 
the electrons reach the active site of the 
enzyme. they merely recombine with 

protons. In fact. even in a normal atmo­
sphere some electrons and A TP seem to 
be wasted in forming hydrogen. Karel 
Shubert and Harold J. Evans of Oregon 
State University have determined that 
most Rhizobium-legume associations 
waste about half of the electrons reach­
ing the nitrogenase. They estimate that 
the annual U.S. soybean crop produces 
a volume of hydrogen gas with an ener­
gy equivalent to that of 300 billion cubic 
feet of natural gas. Plainly the efficiency 
of fixation could be improved if the par­
asitic production of hydrogen could be 
eliminated. An encouraging finding is 
that at least two symbioses-those in­
volving the cowpea and the alder tree­
do not lose electrons by forming hydro­
gen gas. In all likelihood the hydrogen is 
created at the nitrogenase active site as it 
is in other organisms but is recycled be­
fore it can escape the cell. 

An alternative to suppressing hydro­
gen production is to exploit it. For ex­
ample. ponds of cultivated blue-green 
algae might convert solar energy into 
both fixed nitrogen and free hydrogen. 
The principal difficulty would be in col­
lecting the hydrogen. 

.__-----CARBOHYDRATE FROM PHOTOSYNTHESIS 

ELECTRON-TRANSPORT 
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A peculiarity of all nitrogenase sys­
tems is that both protein components of 
the enzyme are denatured by contact 
with oxygen. The oxygen poisoning is 
irreversible; the activity of the enzyme 
cannot be restored. even by removing 
the oxygen or by adding strong reducing 
agents. This sensitivity to oxygen is vex­
ing to the biologist studying nitrogenase. 
since all his experimental apparatus 
must be designed to exclude oxygen; it 
would seem to present as great a chal­
lenge to the nitrogen-fixing organism. 
Indeed. those organisms have adopted a 
variety of strategies for protecting their 
enzymes. 

The problem of oxygen-labile en­
zymes is a trivial one for the anaerobic 
nitrogen-fixing bacteria. For these or­
ganisms oxygen is a toxic gas in any case. 
and they live only in those environ­
ments. such as the deeper strata of soil. 
from which oxygen is naturally exclud­
ed. The bacterium Klebsiella pneumoni­
ae is able to grow with or without oxy­
gen as long as ammonia or nitrate is 
present. It is able to grow on atmospher­
ic nitrogen. however. only in the ab­
sence of oxygen; apparently the bacteri-

AMINO 
--'=-- ----+------'7 ACIDS 

BIOCHEMISTRY OF FIXATION involves the transfer of hydrogen 
atoms from carbohydrates, such as glucose, to nitrogen. The site of 
transfer is the enzyme nitrogenase, a complex protein with two main 
components. The smaller component, Component n, has two sub­
units and contains a total of four iron atoms. The larger component, 
Component I, consists of four protein molecules together with 24 iron 
atoms; it also has a small cofactor containing two molybdenum atoms. 
Vinod K. Shah in the author's laboratory has recently shown that the 
cofactor also contains some of the Component I iron atoms. In order 
to transfer hydrogen atoms active transport is required only for the 

electrons; protons, or hydrogen nuclei, can be freely deposited in and 
withdrawn from the aqueous medium of the cell. Electrons derived 
from carbohydrate are donated first to Component II, then to Com­
ponent I, where the actual reduction of nitrogen to ammonia takes 
place. The functioning of both components requires energy, which is 
supplied in the form of adenosine triphosphate (ATP). Mechanism of 
ammonia synthesis is apparently the same in all nitrogen-fixing spe­
cies, although in photosynthetic bacteria the electrons and the ATP 
are transferred directly from the photosynthetic apparatus to the en­
zyme nitrogenase without the intermediate stage of carbohydrates. 
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The lens of the SX-70 Land camera is 
a window on unnoticed worlds. 

Through its frame you can discover the 
imprint of Nature on a single leaf. Or the 
inexplicable beauty of a great machine. 
Or nobility in a care-worn face. 

The SX-70 is automated to an exquisite degree 
so it never diverts your concentration from your 
subject. And its instant picture tells you, on 
the spot, whether you have captured the elusive 
quality that illuminates the commonplace. 

Polaroid Corporation 

© 1977 SCIENTIFIC AMERICAN, INC



Everyone should know 
some body language. 

"5 Year /60,OOO-Mile Dura-Built Engine Guarantee" 
EveJ:Y 1977 Vega comes with the strongest engine guarantee ever offered 
by Chevrolet. 

Vega's Dura-Built guarantee covers every repair needed due to 
defects in material or workmanship in the cylinder block, cylinder 
head, intake and exhaust manifolds-, water pump, and all internal 
engine parts for five years or up to 60,000 miles. 

Should something go wrong with your engine during that time, your 
Chevy dealer will fix it. For free. 

Naturally enough, our Dura-Built guarantee doesn't cover repairs 
needed because of accident, misuse, or Jack of proper maintenance. 
But if it's our fault, it gets fixed. For five years. Or up to 60,000 miles. 

Your Chevy dealer has the complete Dura-Built guarantee 
statement. Ask him for it. Because it's one of 
today's Vega's strongest features. 

"33/24 
With the Dura-Built 140-cubic-inch, 
four-cylinder engine and standard 4-
speed transmission, the 1977 Vega car­
ries EPA estimates of 33 mpg on the 
highway and 24 mpg in the city. 

Obviously though, the EPA figures 
are only estimates. Your actual mileage 
may vary depending on the kind of 
driving you do, your driving habits, the 
condition of your car and its available 
equipment. Also, California figures are 
lower. See your Chevy dealer. 

"Zincrometal Protection" 
To help fight corrosion, every 1977 Vega 
is protected with a patented coating 
system called Zincrometal. * 

Unlike galvanizing, the Zincrometal 
system applies a zinc coating to the 
inner body surfaces of the car only. 

Its advantages are 1) it helps fight 
corrosion, and 2) it allows a smoother 
application of our high-quality primers 
and paints. 

All in all, it's yet another of the Vega's 
strong features for 1977. 
(*Zincrometal is a registered trademark of the 

Diamond Shamrock Corporation.) 

� 
IIIARI( Of £ltCntEHC[ 

"Vegabond" 
That's what a lot of Vega owners have 
become. A Vegabond is a person who 
enjoys getting away from the humdrum 
with a certain amount of style. A certain 
amount of style is standard equipment 
on your Vega. The getaway part is your 
responsibility. Take it away, Vegabond. 

Today's Vega 
5 year /60,OOO·mile engine guarantee. 
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um has no means of protecting its ni­
trogenase from deactivation. 

Many of the blue-green algae that fix 
nitrogen have specialized. thick-walled 
cells. called heterocysts. that contain the 
nitrogenase. Presumably the hetero­
cysts isolate the enzyme from atmo­
spheric oxygen. Bacteria that fix nitro­
gen in an aerobic habitat have devel­
oped still another means of defense. 
They possess enzymes that reduce oxy­
gen to water as soon as it enters the cell. 

The most sophisticated oxygen barri­
er is the one found in Rhizobium-legume 
symbioses. Oxygen is trapped before it 
can reach the bacteria by an oxygen­
binding protein. leghemoglobin. that is 
synthesized by plant tissue in the root 
nodules. It is the only form of hemoglo­
bin found in the plant kingdom. and like 
the more familiar animal hemoglobins 
it has the ability to bind oxygen tightly 
and to give it up on demand. As a result 
the Rhizobium can adopt an efficient. 
aerobic metabolism while still protect­
ing the nitrogenase from oxygen. This 
arrangement may be one of the princi­
pal benefits to the bacterium of the sym­
biotic way of life. In a larger context the 
oxygen lability of nitrogenase. along 
with the large amount of energy re­
quired for its activity. may be responsi­
ble for confining nitrogen fixation to a 
relatively few species. 

The large energy requirement of the 
biological fixation process argues that a 
parsimonious organism should not fix 
nitrogen unless it is necessary for 
growth. That is indeed the behavior ob­
served: if fixed nitrogen is present in the 

ACETYLENE REDUCTION 

ACETYLENE 

� 

bacterial environment. ammonia pro­
duction is suppressed. Fertilizer applied 
to a legume crop reduces the number of 
root nodules and hence the amount of 
nitrogen fixed by Rhizobium. 

Regulation of Nitrogenase 

The responsiveness of bacteria to 
fixed nitrogen in the environment im­
plies that the fixation system is under 
metabolic control. The basic mecha­
nism of control has been determined: 
fixed nitrogen suppresses further fixa­
tion by halting the synthesis of nitrog­
enase. As in many other biological sys­
tems. control is exercised by the repres­
sion of gene expression. The regulation 
of nitrogenase has been studied in great­
est detail in Klebsiella pneumoniae; in 
that bacterium the crucial molecule in 
the regulatory pathway is an enzyme. 
glutamine synthetase. 

In several species of bacteria gluta­
mine synthetase participates in impor­
tant aspects of nitrogen metabolism. Its 
primary role is to catalyze the first step 
in the synthesis of amino acids. Ammo­
nia. whether it is derived from nitrogen 
fixation or from some other source. first 
enters the biochemical pathway by re­
acting with glutamate. an amino acid. to 
form another amino acid. glutamine; it 
is this reaction that is mediated by gluta­
mine synthetase. Most of the other ami­
no acids are then made by transferring 
the nitrogen from glutamine to other 
compounds. Boris Magasanik and his 
colleagues at the Massachusetts Insti­
tute of Technology have shown. in bac-

� RmUCTI�N �� 
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NITROGENASE 

NITROGEN FIXATION 

_ REDUCTION 
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NITROGENASE 

teria that do not fix nitrogen. that gluta­
mine synthetase also regulates the syn­
thesis of enzymes that degrade certain 
nitrogenous substrates. 

Glutamine synthetase is itself regulat­
ed by feedback inhibition from several 
of the ultimate products of amino acid 
synthesis. High concentrations of gluta­
mine or of some other amino acids di­
minish the activity of the enzyme and 
hence suppress the production of addi­
tional amino acids. A plausible inter­
locking mechanism for the regulation of 
nitrogen fixation is easily imagined: fixa­
tion might be encouraged by the pres­
ence of active glutamine synthetase. 
since that would imply a relative defi­
ciency in the ultimate nitrogen-contain­
ing products. the amino acids. The inac­
tivation of glutamine synthetase. on the 
other hand. would suppress fixation. 
since the enzyme would be inactivated 
only when amino acids were abundant. 

This hypothesis seemed to be con­
firmed by studies of mutant strains of 
Klebsiella pneumoniae with defective 
genes coding for glutamine synthetase. 
These strains do not synthesize nitrog­
enase. indicating that glutamine synthe­
tase must play a key role in the regu­
lation of nitrogenase synthesis in this 
organism. It is not yet understood. how­
ever. exactly how the one enzyme con­
trols the synthesis of the other. More­
over. the regulatory mechanism in Kleb­
siella pneumoniae is now known to be 
even more complex. in that both mo­
lybdenum and oxygen have an influ­
ence on the synthesis of nitrogenase. 

The regulation of nitrogenase synthe-

AMMONIA 

A;" 
HYPOTHETICAL SEQUENCE of events in nitrogen fixation as­
sumes that all intermediate states remain bound to nitrogenase. The 
sequence is based in part on the presumed mechanism of the acety­
lene-reduction assay, a test of nitrogenase activity. In the absence of 
nitrogen, nitrogenase converts acetylene to ethylene; a triple bond is 
reduced to a double bond and two atoms of hydrogen are added. In 
shape and in the presence of a triple bond molecular nitrogen resem­
bles acetylene, and it is plausible to suppose nitrogenase acts on the 
two molecules approximately the same way. If that is the case, an 

intermediate compound in nitrogen fixation would be a molecule 
called a diimide. When acetylene is the substrate of nitrogenase, the 
reduction halts after a single step and the product is released as ethyl­
ene. The action of the enzyme on nitrogen is obviously different: each 
nitrogen atom is reduced three times, acquiring three electrons and 
becoming a molecule of ammonia. Just as this proposed mechanism 
is hypothetical, so the nitrogenase active site that is shown here is an 
arbitrary one; little is known about the actual structure of the active 
site. Neither the diimides nor other intermediates have been detected. 
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CONTROL OF GENE EXPRESSION 

CONTROL OF NITROGEN FIXATION is apparently achieved by 
regulating the genes, labeled nil, that code for nitrogenase. The regu­
latory molecule is an enzyme, glutamine synthetase. Ammonia made 
by nitrogen fixation is combined with glutamate, in a reaction cata­
lyzed by glutamine synthetase, to form the amino acid glutamine. 
Other amino acids are made by modifying glutamine, and high con-

centrations of several of these have been shown to inhibit glutamine 
synthetase. It follows that the activity of that enzyme is a measure of 
the cell's need for fixed nitrogen. In logical confirmation of this find­
ing the enzyme glutamine synthetase seems to regulate the rate of 
fixation, if only indirectly, by turning the nil genes on and off. The 
mechanism of fixation control, however, is still not fully understood. 

sis in other free-living bacteria has been 
studied through experiments with a sub­
stance that is structurally similar to 
glutamate. This glutamate analogue. 
methionine sulfoximine. is a powerful 
inhibitor of enzymes involved in the 
metabolism of ammonia. A bacterial 
growth medium that contains ammonia 
will ordinarily inhibit the synthesis of 
nitrogenase. Joyce K. Gordon in my 
laboratory has shown that ammonia 
does not prevent nitrogen fixation in the 
presence of methionine sulfoximine. 
When bacteria are grown with this ana­
logue of glutamate. they accumulate 
high concentrations of nitrogenase and 
even excrete ammonia. A similar re­
sponse has been observed in many kinds 
of bacteria. including cyanobacteria and 
other photosynthetic bacteria. This con­
sistent result is evidence that all the cells 
regulate nitrogenase synthesis through 
some enzyme involved in the assimila­
tion of ammonia or through the amino 
acid products of such an enzyme. 

Improved Efficiency 

Although our understanding of bio­
logical nitrogen fixation is still far from 
perfect. it is not presumptuous to con-
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sider improving on nature. Several 
methods of enhancing fixation might be 
practical now. and for some of the more 
radical approaches it is at least apparent 
what must be learned and achieved. 

One of the most obvious methods of 
increasing the production of biological 
nitrogen is by improving the efficiency 
of the Rhizobium-legume association. 
Perhaps the simplest way to achieve that 
is by genetic screening of both plants 
and bacteria to determine the combina­
tions best suited for a particular envi­
ronment. The development of the acet­
ylene-reduction assay makes possible 
rapid screening of plants for nitrogen­
fixing capacity. 

Through such a technique Robert 
Maier. a graduate student in my labora­
tory. isolated a mutant strain of Rhizobi­
um japonicum, the soybean-nodulating 
bacterium. that fixed more nitrogen in a 
laboratory assay than did its parent 
strain. We wondered if the mutant bac­
teria would also give superior perfor­
mance in the field. It is often difficult to 
introduce a new Rhizobium strain to a 
cultivated field because of competition 
from bacteria already present. and so 
the bacteria were tested on a plot of land 
at the University of Hawaii that was free 

of soybean-nodulating Rhizobium spe­
cies. The soybeans were inoculated with 
the mutant and with the parent strain; 
preliminary experiments have achieved 
greater yields with the mutant. The 
problem of competition from indige­
nous bacteria remains. however. if such 
"superstrains" are to be adopted on a 
large scale. One possible solution would 
be to introduce the genes responsible for 
superior fixation into the strains that are 
already successful in the field. 

The vigor and efficiency of the host 
plant in legumes also has a strong influ­
ence on the amount of nitrogen fixed. 
Ralph W. F. Hardy and his colleagues at 
E. I. du Pont de Nemours and Company 
have found that adding carbon dioxide 
gas to small plots of soybeans greatly 
improves �he yield of beans. presumably 
because of greater production of carbo­
hydrate by photosynthesis. Moreover. 
nitrogen fixation was found to proceed 
at a higher rate and to continue longer 
into the life cycle of the plant. It is not 
practical to flood farmers' fields with 
carbon dioxide. but the same effect 
might be achieved by breeding plants 
with a higher photosynthetic efficiency. 

Another improvement in efficiency 
would result from the selection of Rhi-
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zobium-legume associations that do not 
dissipate photosynthetic energy by 
evolving hydrogen gas. As I have men­
tioned. two such plants are known: the 
cowpea and the alder. Perhaps it would 
be possible to transfer whatever mecha­
nism suppresses hydrogen production in 
these species to some of the more desir­
able crop plants. 

Rhizobium-legume associations are 
responsible for about 40 percent of the 
nitrogen fixed by biological means. and 
for virtually all the nitrogen fixed by cul­
tivated plants. The best prospects for an 
immediate improvement in the supply 
of biological nitrogen are almost cer­
tainly to be found among these organ­
isms. There are more than 10.000 spe­
cies of Leguminosae. of which only 
about 10 percent have even been exam­
ined for nodulation. Fewer than 50 spe­
cies are cultivated. There may well be 
other plants in the family that could be 
exploited for agriculture. 

Another approach to increasing the 
nitrogen supply is through manipulating 
the biochemical mechanisms that regu­
late fixation in bacteria. For example. 
Gordon has isolated mutant strains of 
Azotobacter that continue to fix nitrogen 
and even excrete ammonia in the pres­
ence of nitrogenous fertilizer. Such bac­
teria could be cultured in ponds on a 
substrate of cheap organic carbon. such 
as paper-mill wastes. If ammonia-ex­
creting strains of blue-green algae were 
available. even the organic carbon could 
be eliminated. since photosynthesis 
would supply carbohydrate. The con­
tents of the pond would be harvested as 
fertilizer. 

Ammonia-excreting bacteria might 
also be adapted to living in the soil near 
the roots of plants such as wheat or 
corn. Perhaps an artificial symbiosis 
could be contrived by selecting plant va­
rieties whose roots exude carbon-rich 
substances that would nourish the bac­
teria. The bacteria in turn would enrich 
the soil in fixed nitrogen. 

Altering the bacterial regulatory 
mechanism could even benefit legumes. 
If Rhizobium species could be made in­
sensitive to the concentration of ammo­
nia. legume crops might supply more 
fixed nitrogen to the soil. rather than de­
pleting what is already present. 

Genetic Manipulation 

Certainly the most ambitious pro­
gram for raising nitrogen output is one 
based on genetic modification. and in 
particular on the transfer of genes from 
one organism to another. In at least one 
bacterium. Klebsiella pneumoniae. a sub­
stantial number of the genes involved in 
fixation (the nifgenes) have already been 
mapped in the laboratory of Raymond 
C. Valentine of the University of Cali­
fornia at Davis and in my laboratory. 
They are clustered in a small region of 
the bacterial chromosome. 

Ray A. Dixon and John R. Postgate of 
the University of Sussex have trans­
ferred the cluster of mf genes in Klebsi­
ella pneumoniae to another bacterium. 
Escherichia coli. a favored pet of biolo­
gists and a common inhabitant of the 
human gut. The transfer was accom­
plished by first incorporating the nif 
genes in a plasmid. a bit of extrachro­
mosomal DNA. and then introducing 
the plasmid into E. coli cells. E. coli is not 
a nitrogen-fixing bacterium. The new 
strain created by addition of the plasmid 
was found to synthesize nitrogenase. 
and was able to fix nitrogen provided 
that it was protected from oxygen. 

The success of this experiment has 
justifiably aroused excitement. It sug­
gests the possibility. by a further genetic 
transfer. of creating a corn or wheat 
plant capable of independently fixing at­
mospheric nitrogen. That is indeed a 
possibility. but it should be emphasized 
that it is still a remote one. A few simple 
genes have been transposed from E. coli 
into cells of higher plants grown in cul­
ture. but no one has yet grown a mature 
plant containing bacterial genes. The 
difficulties of creating a nitrogen-fixing 
corn plant seem formidable. 

Even if nifgenes could be incorporat­
ed into the cells of a plant such as corn. 
that would probably not be enough to 
create a self-fertilizing crop. One prob­
lem that would remain to be solved. for 
example. is the protection of the nitrog­
enase from oxygen. It appears that cre­
ating a higher plant capable of efficient 
nitrogen fixation would require an ex­
tensive modification of the plant's struc­
ture and metabolism. The technology 
for accomplishing that remains far in 
the future. 

Until this century deposits of sodium 

nitrate. principally the nitrate deposits 
of Chile. were the major source of fixed 
nitrogen for agriculture and incidentally 
for munitions. In 1 893 Sir William 
Crookes warned the British Association 
for the Advancement of Science that 
the Chilean deposits were approaching 
depletion. It was the knowledge of 
impending scarcity that provided the 
incentive for the development of in­
dustrial ammonia manufacture . It now 
appears that the oil and natural gas re­
quired for fertilizer production are also 
being depleted. and yet another source 
for agricultural nitrogen must be found. 
Biological processes. which are already 
the major contributors to the world ni­
trogen cycle. are obvious candidates. 
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T RANSFER OF GENES from a nitrogen-fixing bacterium to some otber organism, sucb as a 
crop plant, offers the most spectacular means of increasing tbe world supply of fixed nitrogen. 
A first stage in such a transfer has already been accomplisbed: nil genes from Klebsiella pneu­
moniae were incorporated into a plasmid, a bit of extrachromosomal DNA, and implanted in 
Escherichia coli, a bacterium that has no nitrogenase. A similar transfer into the cells of higher 
plants, however, would be far more difficult. Moreover, the possession of nil genes would not 
by itself ensure that a plant would fix nitrogen. The nil-containing E. coli, for example, are 
able to manufacture the enzyme nitrogenase but do not fix nitrogen because the enzyme can­
not be protected from oxygen. A nitrogen-fixing cereal plant tbus seems a remote possibility. 
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The Acoustics 
of the Singing Voice 

The voice organ is an instrument consisting of a power supply (the 
lungs), an oscillator (the vocal folds) and a resonator (the larynx, 
pharynx and mouth), Singers adjust the resonator in special ways 

C
learly there is something quite un­

usual about the voice of a first­
class opera singer. Quite apart 

from the music, the intrinsic quality of 
such a voice can have a forceful impact 
on the listener. Moreover, a well-trained 
singer produces sounds that can be 
heard distinctly in a large opera house 
even over a high level of sound from the 
orchestra, and can do so week after 
week, year after year. If a second-rate 
singer or a completely untrained one 
tried to be heard over an orchestra, the 
result would be a scream and the sing­
er's voice would soon fail. Is it only 
training that makes the difference? Or is 
the instrument that produces an excel­
lent singer's voice itself different from 
other people's? 

Let us begin with a description of that 
instrument. The voice organ includes 
the lungs, the larynx, the pharynx, the 
nose and the mouth. The main voice 
function of the lungs is to produce an 
excess of air pressure, thereby generat­
ing an airstream. The air passes through 
the glottis, a space at the base of the 
larynx between the two vocal folds 
(which are often called the vocal cords 
but are actually elastic infoldings of the 
mucous membrane lining the lar�nx). 
The front end of each vocal fold is at­
tached to the thyroid cartilage, or Ad­
am's apple. The back end of each is at­
tached to one of the two small arytenoid 
cartilages, which are mobile, moving to 
separate the folds (for breathing), to 
bring them together and to stretch them. 
The vocal folds have a function apart 
from that of producing sound: they pro­
tect the lungs from any small objects 
entrained in the inspired airstream. Just 
above the vocal folds are the two "false" 
vocal folds, which are engaged when 
someone holds his breath with an over­
pressure of air in the lungs. The vocal 
folds are at the bottom of the tube­
shaped larynx, which fits into the phar­
ynx, the wider cavity that leads from the 
mouth to the esophagus. The roof of the 
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pharynx is the velum, or soft palate. 
which in turn is the door to the nasal 
cavity. When the velum is in its raised 
position (which is to say during the 
sounding of all vowels except the nasal­
ized ones), the passage to the nose is 
closed and air moves out through the 
mouth. 

The larynx, the pharynx and the 
mouth together constitute the vocal 
tract, a resonant chamber something 
like the tube of a horn or the body of a 
violin. The shape of the tract is deter­
mined by the positions of the articula­
tors: the lips, the jaw, the tongue and the 
larynx. Movements of the lips, jaw and 
tongue constrict or dilate the vocal tract 
at certain sites; protruding the lips or 
lowering the larynx increases the length 
of the tract. 

Now consider the voice organ as a 
generator of voiced sounds. Functional­
ly the organ has three major units: a 
power supply (the lungs), an oscillator 
(the vocal folds) and a resonator (the 
vocal tract). With the glottis closed and 
an airstream issuing from the lungs, the 
excess pressure below the glottis forces 
the vocal folds apart; the air passing be­
tween the folds generates a Bernoulli 
force that, along with the mechanical 
properties of the folds, almost immedi­
ately closes the glottis. The pressure dif­
ferential builds up again, forcing the vo­
cal folds apart again. The cycle of open­
ing and closing, in which the vocal folds 
act somewhat like the vibrating lips of a 
brass-instrument player, feeds a train of 
air pulses into the vocal tract. The fre­
quency of the vibration is determined 
by the air pressure in the lungs and by 
the vocal folds' mechanical properties, 
which are regulated by a large number 
of laryngeal muscles. In general the 
higher the lung pressure is and the thin­
ner and more stretched the vocal folds 
are, the higher is the frequency at which 
the folds vibrate and emit air pulses. 
The train of pulses produces a rapidly 
oscillating air pressure in the vocal tract: 

in other words, a sound. Its pitch is a 
manifestation of the vibratory frequen­
cy. Most singers need to develop full 
control over a pitch range of two oc­
taves or more, whereas for ordinary 
speech less than one octave suffices. 

The sound generated by the airstream 
chopped by the vibrating vocal folds 

is called the voice source. It is in effect 
the raw material for speech or song. It is 
a complex tone composed of a funda­
mental frequency (determined by the vi­
bratory frequency of the vocal folds) 
and a large number of higher harmonic 
partials, or overtones. The amplitude of 
the partials decreases uniformly with 
frequency at the rate of about 12 deci­
bels per octave. The "source spectrum," 
or plot of amplitude against frequency. 
for a singer is not very different from 
that for a nonsinger, although the spec­
trum does tend to slope more steeply in 
soft speech than it does in soft singing. 

The vocal tract is a resonator, and 
the transmission of sound through an 
acoustic resonator is highly dependent 
on frequency. Sounds of the resonance 
frequencies peculiar to each resonator 
are less attenuated than other sounds 
and are therefore radiated with a higher 
relative amplitude, or with a greater rel­
ative loudness, than other sounds; the 
larger the frequency distance between 
a sound and a resonance is, the more 
weakly the sound is radiated. The vo­
cal tract has four or five important res­
onances called formants. The many 
voice-source partials fed into the vocal 
tract traverse it with varying success de­
pending on their frequency; the closer a 
partial is to a formant frequency, the 
more its amplitude at the lip opening is 
increased. The presence of the formants 
disrupts the uniformly sloping envelope 
of the voice-source spectrum, imposing 
peaks at the formant frequencies. It is 
this perturbation of the voice-source en­
velope that produces distinguishable 
speech sounds: particular formant fre-
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quencies manifest themselves in the ra­
diated spectrum as peaks in the enve­
lope. and those peaks are characteristic 
of particular sounds. 

The formant frequencies are deter­
mined by the shape of the vocal tract. If 
the vocal tract were a perfect cylin­
der closed at the glottis and open at the 
lips and 17.5 centimeters (about seven 
inches) long. which is about right for the 
average adult male. then the first four 
formants would be close to 500. 1,500. 
2.500 and 3.500 hertz (cycles per sec­
ond). Given a longer or shorter vocal 
tract. these basic frequencies are some­
what lower or higher. Each formant is 
associated with a standing wave. that is. 
with a static pattern of pressure oscilla­
tions whose amplitude is at a maximum 
at the glottal end and near a minimum at 
the lip opening [see illustration on page 
86]. The lowest formant corresponds to 
a quarter of a wavelength. which is to 
say that a quarter of its wavelength fits 
within the vocal tract. Similarly. the sec­
ond. third and fourth formants corre­
spond respectively to three-quarters of a 
wavelength. one and a quarter wave­
lengths and one and three-quarters 
wavelengths. 

Any change in the cross section of the 
vocal tract shifts the individual formant 
frequencies. the direction of the shift de­
pending on just where the change in area 
falls along the standing wave. For ex­
ample. constriction of the vocal tract 
at a place where the standing wave of a 
formant exhibits minimum-amplitude 
pressure oscillations generally causes 
the formant to drop in frequency; ex­
pansion of the tract at those same places 
raises the frequency. 

The vocal tract is constricted and ex­
panded in many rather complicated 
ways. and constricting it in one place 
affects the frequency of all formants in 
different ways. There are. however. 
three major tools for changing the shape 
of the tract in such a way that the fre­
quency of a particular formant is shift­
ed in a particular direction. These tools 
are the jaw. the body of the tongue and 

VOICE ORG AN is composed of the lungs and 
the larynx, pharynx, mouth and nose, shown 
in longitudinal section (top). The larynx is a 
short tube at the base of which are twin in­
foldings of mucous membrane, the vocal folds. 
The larynx opens into the pharynx; the open­
ing is protected during SWallowing by the epi­
glottis. The larynx, pharynx and mouth (and 
in nasal sounds also the nose) constitute the 
vocal tract. It is a resonator whose shape, 
which determines vowel sounds, is modified 
by changes in the position of the articulators: 
the lips, the jaw, the tip and body of the tongue 
and the larynx. The vocal folds, seen from 
above in a transverse section (bollom), are 
opened for breathing and are closed for pho­
nation by the pivoting arytenoid cartilages. 

THYROID 
CARTILAGE 

83 
© 1977 SCIENTIFIC AMERICAN, INC



the tip of the tongue. The jaw opening. 
which can constrict the tract toward the 
glottal end and expand it toward the lip 
end. is decisive in particular for the fre­
quency of the first formant. which rises 
as the jaw is opened wider. The second­
formant frequency is particularly sensi-

tive to the shape of the body of the 
tongue. the third-formant frequency to 
the position of the tip of the tongue. 
Moving the various articulatory organs 
in different ways changes the frequen­
cies of the two lowest formants over 
a considerable range. which in adult 
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VOICE ORGAN is composed functionally of a power supply, an oscillator and a resonator. 
The airstream from the lungs is periodically interrupted by the vibrating vocal folds. The re­
sulting sound, the voice source, has a spectrum (right) containing a large number of harmonic 
partials, the amplitude of which decreases uniformly with frequency. The air column within 
the vocal tract has characteristic modes of vibration, or resonances, called formants (A, B, C). 
As the voice source moves through the vocal tract each partial is attenuated in proportion to its 
distance from formant nearest it in frequency. The formant frequencies thus appear as peaks 
in the spectrum of the sound radiated from the lips; the peaks establish particular vowel sounds. 
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males averages approximately from 250 
to 700 hertz for the first formant and 
from 700 to 2.500 hertz for the second. 
Moving the articulatory organs is what 
we do when we sPeak and sing; in effect 
we chew the standing waves of our for­
mants to change their frequencies. Each 
articulatory configuration corresponds 
to a set of formant frequencies. which in 
turn is associated with a particular vow­
el sound. More specifically. the formant 
frequencies enhance voice-source par­
tials of certain freq uencies and th us 
manifest themselves as the peaks char­
acterizing the spectrum envelope of 
each vowel sound . 

All the elements and functions of the 
Il. voice organ that I have been de­
scribing are common to singers and non­
singers alike. Do singers bring still other 
faculties into play or manipUlate the 
voice instrument in different ways? Let 
us begin by comparing normal male 
speech and operatic singing. Careful at­
tention to a singer's voice reveals a num­
ber of modest but very characteristic de­
viations in vowel quality from those of 
ordinary speech. For example. the ee 
sound of a word such as "beat" is shift­
ed toward the umlauted u of the Ger­
man "fUr"; the short e of "head" moves 
toward the vowel sound of "heard." The 
general impression is that the quality of 
the voice is "darker" in singing. some­
what as it is when a person yawns and 
speaks at the same time; voice teachers 
sometimes describe the effect as "cov­
ering. 

These shifts in vowel quality have 
been found to be associated with pecu­
liarities of articulation. In "covered" 
singing the larynx is lowered. and X-ray 
pictures reveal that the change in the 
position of the larynx is accompanied by 
an expansion of the lowest part of the 
pharynx and of the laryngeal ventricle, 
the space between the true vocal folds 
and the false ones, It is interesting to 
note that voice teachers tend to agree 
that the pharynx should be widened in 
singing. and some of them mention the 
sensation of yawning. In other words. a 
low larynx position and an expanded 
pharynx are considered desirable in 
singing, 

What we recognize as a darkened 
voice quality in singing is reflected very 
clearly in the spectrum of a sung vowel 
sound, A comparison of the spectra of 
the vowel in "who'd" as it is spoken and 
sung shows that the two lowest formant 
frequencies are somewhat lower in the 
sung version and that the spectral ener­
gy. or amplitude. is considerably higher 
between 2,500 and 3.000 hertz [see top 
illustration on page 89), This spectral­
envelope peak is typical of all voiced 
sounds sung by professional male sing­
ers. Indeed, its presence. regardless of 
the pitch. the particular vowel and the 
dynamic level. has come to be consid-
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New 
Vivitar Series 1 
90mm f2.5 
macro lens 

The Vivitar Series t 90mm f2.5 macro 
lens may well be the sharpest lens in 
35mm photography. The lens utilizes 
the floating group concept to maintain 
optimum performance throughout its 
focusing range. Tests for resolution and 
contrast from infinity to life-size (1: 1 
reproduction) give the Series 1 90mm 
f2.5 lens some of the highest overall 
axial to corner ratings obtained for 
macro lenses. 

A 90mm macro lens yielding good 
performance could have been pro­
duced using a normal double Gauss 
design. To achieve and maintain very 
high levels of performance from infinity 
to life-size, however, Vivitar Series 1 
designers used a unique 8 element/? 
group configuration to bring aberrations 
to an absolute minimum and to stabilize 
them throughout focusing distances 
from a reproduction ratio of 1 : 2 to infinity. 
The extremely stringent performance 
demands to eliminate aberrations in the 
lens also required the use of optical glass 
of a very high index of refraction and 
some uncommonly thick elements. 

Using the concept of a null lens, 
borrowed from astronomical optics, the 
designers created a 3 element macro 

corrector -lens adapter that achieves a 
true flat-field image, high resolution and 
excellent contrast in the 1: 2 to 1: 1 
reproduction range. The macro correc­
tor-lens adapter is not a magnifying lens. 
Its sole function is to compensate aber­
rations produced when the lens is 
moved away from the film plane for life­
size photography. 

The selection of 90mm as the focal 
length of this lens provides two distinct 
benefits to photographers. It is an ideal 
focal length for portraiture and general 
purpose photography. When used with 
its macro adapter the lens allows life-size 
photography at a greater working dis­
tance from the subject than shorter focal 
length macro lenses. This greater work­
ing distance increases the photogra­
pher's options in illuminating macro 
subjects and lessens chances of dis­
turbing live subjects. 

As with all Vivitar Series 1 lenses, the 
mechanical configuration has been as 
carefully engineered and manufactured 

as the optiCS. The lens engravings give 
the photographer maximum informa­
tion and legibility. The lens barrel styling 
;s entirely functional, all controls being 
placed in the most appropriate positions 
for precise, comfortable operation. 

11 

Optical Specifications 
Elements/Groups: 

Main lens: 
Macro Adapter: 

Lens coating: 
Angle of accep-

tance: 
Aperture range: 
Minimum focus 

distance from 
film plane: 

Maximum repro-

8 elements, 7 groups. 
3 elements, 3 groups. 
VMC Vivitar multicoating. 

27° 
f2. 5 to f22 

39.3cm (15.5 in.) 
without Adapter, 
35.5cm (14 in. ) with 
Adapter. 

duction ratio: 1:2 without Adapter, 
1 : 1 with Adapter. 

S 
lit 
Vivitar Series 1 conventional 

design design 

Mechanical Specifications 
Length at infinity: 90mm (3 5 in) without 

Adapter 138mm 

Maximum barrel 
diameter: 

Weight 
Main lens: 
with Adapter: 

Filter size: 
Lens case: 

(5.4 in.) with Adapter. 

70mm (2. 8 in) 

644 gms. (23 oz.) 
936 gms. (33 oz.) 
58mm 
Semi-hard, 2 com pert-
ment case. 

Available in mounts to fit Nikon, Canon, Minolta, 
Olympus OM and Universal Thread Mount 
Cameras. 

Vivitar. 
(vIarketed in the U.S.A. by 
Ponder & Best . Inc. 
Corporate Offices: 1630 Stewart SI., 
Santa Monica, CA 90406. 
In Canada: 
Vivitar Canada, LId.! L1ee., Quebec. 

(ClPonder & Best, Inc., 1976 
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ered a criterion of quality; the extra 
peak has been designated the "singing 
formant." 

What is the origin of the singing-for­
mant peak? The peaks in the spectrum 
envelope of a vowel normally stem, as I 
have explained, from the presence of 
specific formants. The insertion of an 
extra formant between the normal third 
and fourth formants would produce the 
kind of peak that is seen in the spectrum 

FIRST FORMANT 
1/4 WAVELENGTH 
500 HERTZ 

of a sung vowel [see bottom illustration on 
page 89]. Moreover, the acoustics of the 
vocal tract when the larynx is lowered 
are compatible with the generation of 
just such an extra formant. It can be cal­
culated that if the area of the outlet of 
the larynx into the pharynx is less than a 
sixth of the area of the cross section of 
the pharynx, then the larynx is acousti­
cally mismatched with the rest of the 
vocal tract; it has a resonance frequency 

� 

SECOND FORMANT 
3/4 WAVELENGTH 
1,500 HERTZ 

r==============­:::;:-

THIRD FORMANT 
5/4 WAVELENGTH 
2,500 HERTZ 

of its own, largely independent of the 
remainder of the tract. The one-sixth 
condition is likely to be met when the 
larynx is lowered, because the lowering 
tends to expand the bottom part of the 
pharynx. I have estimated on the basis 
of X-ray pictures of a lowered larynx 
that this lowered-larynx resonance fre­
quency should be between 2,500 and 
3,000 hert�, that is, between the fre­
quencies of the normal third and fourth 

FORMANTS correspond to standing wav'es, or static patterns of air­
pressure oscillations, in the vocal tract. Here the first four formants 
are shown as standing waves in cylindrical tubes, the schematic equiv­
alent of the vocal tract (colored areas in drawings). The sine waves 
represent the amplitude of the pressure differential, which is always 
maximal at the glottal end and minimal at the lips. For the lowest for­
mant a quarter of a wavelength is within the vocal tract and, if the 

tract is 17.5 centimeters long, the formant's frequency is about 500 
hertz (cycles per second). The second, third and fourth formants are 
3/4, 5/4 and 7/4 of a wavelength, and their frequencies vary accord­
ingly. H the area of the vocal tract is decreased or increased at a place 
where the formant's pressure amplitude is at a minimum (arrows), 
that formant's frequency is respectively lowered or raised; the same 
change in area has the opposite effect if it is at a pressure maximum. 
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Noise-clamorous companion of man's 
progress-is becoming a significant environ­
mental problem . 

. At the General Motors Research Lab­
oratories we are seeking to reduce noise at its 
source through increased understanding of the 
mechanisms of noise generation. Simultaneously, 
we are studying human responses to traffic 
sounds. 

Considerable effort has been focused on 
tires, a major source of noise in both cars and 
trucks. Interestingly, air flow around the tire 
is not a significant noise source. But aerody­
namic pumping between treads can be, de­
pending upon tread pattern. Also important· 
are tread vibrations in the vicinity of the con­
tact patch. 

In another 
study, we are 
using signal co­
herence analysis 
to relate cylinder 
combustion pres· 
sure to noise ra· 
diation. This is 
part of an over­
all effort to learn 
in detail how en­
gine structures 
transmit com­
bustion - related 
nOIse. 

Is it possible to quantify the annoyance 
associated with traffic noise? Psychological 
studies in one suburban area established that 
an Leq measurement (average amount of 
sound energy reaching the ear per unit time) 
of 60 dB was the approximate threshold above 
which people were willing to pay for decreased 
annoyance. 

These research programs -and others 
being conducted at the Laboratories-are aimed 
at restoring one of life's more precious qualities 
... a quiet environment. 

. 

We"re working on 
several hush-hush 
projects. 

General Motors 
Research Laboratories 
Warren, Michigan 48090 
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MOVEMENT OF ARTICULATORS changes the cross section of the vocal tract, shifting for­
mant frequencies. Three articulatory configurations are shown (top) together with the spec­
trum of the vowel sound produced by each; the peaks in the spectrum envelope reflect the for­
mant frequencies. The chart (bottom) gives the frequencies of the first and second formants in 
some English vowel sounds as spoken by an average male. For a female or a child the envelope 
pattern would be about the same but the peaks would be shifted somewhat higher in frequency. 
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formants and just where the singing-for­
mant peak appears. The lowering of the 
larynx, in other words, seems to explain 
the singing-formant peak. 

It also accounts for something else. 
Acoustically the expansion of the lower­
most part of the pharynx is equivalent to 
an increase in the length of the vocal 
tract, and the lowering of the larynx 
adds still more to the length. The result 
is to shift downward all formant fre­
quencies other than the larynx-depen­
dent extra formant. This lowering of 
frequency is particularly notable in for­
mants that depend primarily on the 
length of the pharynx. Two examples of 
such formants are the second formant of 
the vowels in "beat" and "head," and a 
drop in the frequency of those formants 
moves their vowels respectively toward 
those of ''fUr'' and "heard." The lower­
ing of the larynx, then, explains not only 
the singing-formant peak but also major 
differences in the quality of vowels in 
speech and in singing. 

To explain the singing formant's artic­
ulatory and acoustic origin is not 

enough, however. Why, one wonders, is 
it desirable for singers to lower the lar­
ynx, producing the singing formant and 
darkening the quality of their vowels? A 
plausible answer to the question has 
been found. It is related to the acoustic 
environment in which opera and concert 
singers have to work: in competition 
with an orchestra. Analysis of the aver­
age distribution of energy in the sounds 
of an opera or symphony orchestra 
shows that the highest level of sound is 
in the vicinity of 450 hertz; above that 
the amplitude decreases sharply with 
frequency. Now, normal speech devel­
ops maximum average energy at about 
the same frequency and weakens at 
higher frequencies. A singer who pro­
duced sounds with the energy distribu­
tion of ordinary speech would therefore 
be in trouble: the orchestra's much 
stronger sounds would drown out the 
singer's. The average sound distribution 
of a trained singer, on the other hand, 
differs from that of normal speech-and 
of an orchestra-mainly because of the 
singing-formant effect. We have shown 
that a singer's voice is heard much more 
easily against recorded noise that has 
the same average energy distribution as 
an orchestra's sound if the voice has a . 
singing formant. Not only is the formant 
almost invariably audible, because its 
frequency is in a region where the or­
chestra's sound is rather weak, but also 
it may help the listener to "imagine" he 
hears other parts of the singer's spec­
trum that are in fact drowned out by the 
orchestra. 

The singing formant is at an optimal 
frequency, high enough to be in the re­
gion of declining orchestral-sound ener­
gy but not so high as to be beyond the 
range in which the singer can exercise 
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VOWELS SOUND DIFFERENT in speech and in singing and the 
difference is visible in their recorded spectra. Here the spectra of the 
vowel in "who'd" as spoken (left) and as sung (right) by a male opera 

singer are compared. What is significantly different about the sung 
spectrum is the spectral-energy peak that appears in it between about 
2,500 and 3,000 hertz. The uew peak is called the singing formant. 

good control. Because it is generated by 
resonance effects alone, it calls for no 
extra vocal effort; the singer achieves 
audibility without having to generate 
extra air pressure. The singer does pay a 
price, however, since the darkened vow­
el sounds deviate considerably from 
what one hears in ordinary speech. In 
some kinds of singing that price is too 
high: the ideas and moods expressed in a 
"pop" singer's repertoire, for example, 
would probably not survive the devia­
tions from naturalness that are req uired 
to generate the singing formant. And 
pop singers do not in fact darken their 
vowels; they depend on electronic am­
plification to be heard. 

In cartoons a female opera singer is 
almost invariably depicted as a fat 
woman with her mouth opened very 
wide. In a study of female singers I have 
found that the way in which the jaw 
is manipulated is in fact quite different 
in ordinary speech and in singing. In 
speech the size of the jaw opening varies 

0 
WITH EXTRA 

with the particular vowel, but in female 
singing it tends to depend also on the 
pitch of the tone that is being sung: the 
higher a soprano sings, the wider her jaw 
is opened. This suggested to me that a 
soprano must vary the frequency of her 
first formant according to the pitch at 
which she is singing. Analysis of for­
mant frequencies confirmed that the ar­
ticulation was being varied in such a 
way as to raise the first-formant fre­
quency close to the frequency of the 
fundamental of the tone being sung. I 
noted such a frequency match whenever 
the frequency of the fundamental was 
higher than the frequency of a vowel's 
first formant in ordinary speech. 

The reason becomes clear when one 
considers that the pitch frequency of a 
soprano's tones is often much higher 
than the normal frequency of the first 
formant in most vowels. If a soprano 
sang the vowel ee at the pitch of her 
middle C and with the articulation of 
ordinary speech, her first formant would 
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be in the neighborhood of 270 hertz and 
the pitch frequency (the frequency of 
her lowest spectrum partial) would be 
almost an octave higher, at 523 hertz. 
Since a sound is attenuated in propor­
tion to the distance of its frequency 
from a formant frequency, the funda­
mental would suffer a serious loss of 
amplitude. The fundamental is the 
strongest partial in the voice-source 
spectrum, and the higher its pitch is, the 
more important the fundamental is for 
the loudness of the tone, and so the sing­
er's ee would be rather faint. Assume 
that her next sound was the ah sound of 
"father," to be sung at the pitch of high 
F. The fundamental, at 698 hertz, would 
be very close to the frequency of the first 
formant, about 700 hertz, and so the 
tone would be loud. The loudness of the 
singer's tones would vary, in other 
words, according to a rather unmusical 
determinant: the frequency distance be­
tween first formant and fundamental. In 
order to modulate the loudness accord-
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FREQUENCY (HERTZ) 

SINGING FORMANT'S ORIGIN (left) and its utility in singing 
(right) are demonstrated. An extra formant was inserted between the 
usual third and fourth formants in an experiment with an electronic 
resonator that behaves like the vocal tract (left). The new formant in­
creased the amplitude of the partials near it by more than 20 decibels; 
similarly, an extra formant (achieved by lowering the larynx) supplies 
the high-frequency peak in the spectrum of a sung vowel. The three 

FREQUENCY (HERTZ) 

curves (right) show the averaged distribution of energy in the sound 
of orchestral music (black), of ordinary speech (gray) and of the late 
tenor Jussi 8jorling singing with an orchestra (colored). The distribu­
tion is very similar for speech aud the orchestra at all frequencies; it 
is the singer's voice that produces the peak in the colored curve be­
tween 2,000 and 3,000 hertz. In that frequency region a singer's voice 
is loud enough, compared with an orchestra's sound, to be discerned. 
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ing to the musical context. the singer 
would need to continually vary her vo­
cal effort. That would strain her vocal 
folds. (Experiments with synthesized 
vowel sounds suggest that it would also 
prod uce tones more characteristic of a 
mouse under severe stress than of an 
opera singer!) 

The soprano's solution is to move the 
first formant up in frequency to match 
the frequency of the fundamental. thus 
allowing the formant always to enhance 
the amplitude of the fundamental. The 
result is that there is minimal variation 
in loudness from pitch to pitch and from 
vowel to vowel. Moreover. changing the 
size of the jaw opening in this way pro­
vides maximum loudness at the lowest 
possible cost in vocal effort. The strat­
egy is probably resorted to not only 
by sopranos but also by other singers 
whose pitch range includes frequencies 
higher than those of the first formants of 
ordinary speech: contraltos. tenors and 
occasionally even baritones. 

It can be hard for a student of singing 
to learn this special way of regulating 
the jaw opening. and particularly hard if 
the jaw muscles are under constant ten­
sion. That may explain why many sing­
ing teachers try to get their students to 
relax the jaw. Another frequent admoni-

j 

tion is: "Hear the next tone within your­
self before you start to sing it." That 
could be necessary because proper ma­
nipulation of the jaw opening requires 
some preplanning of articulation for 
particular vowels and for the pitch at 
which they are to be sung. Opening the 
jaw. however. is not the only way to 
raise the first-formant frequency. Short­
ening the vocal tract by drawing back 
the corners of the mouth serves the same 
purpose. and that may be why some 
teachers tell their students to smile when 
they sing high tones. 

Since formant frequencies determine 
vowel quality. shifting the first-for­

mant frequency arbitrarily according to 
pitch might be expected to produce a 
distorted vowel sound. even an unintel­
ligible one. It does not have this effect. 
largely because we are accustomed to 
hearing vowels produced at various 
pitches in the ordinary speech of men. 
women and children with vocal tracts of 
very different lengths; if a vowel is high­
pitched. we associate it with relatively 
high formant frequencies. The correla­
tion is so well established in our percep­
tual system that we may perceive a 
change of vowel when we hear two 
sounds with identical formant frequen-

r 

cies but different pitches: if a singer rais­
es her first-formant frequency with the 
pitch. some of that rise is actually re­
quired just to maintain the identity of 
the vowel. It is true that when the pitch is 
very high. our ability to identify vowels 
deteriorates. but that seems to be the 
case no matter what the formant fre­
quencies are. The soprano. in other 
words. does not sacrifice much vowel 
intelligibility specifically as a result of 
her pitch-dependent choice of first-for­
mant frequency. (Incidentally. compos­
ers of vocal music are conscious of the 
problem of vowel identification at high 
pitches and generally avoid presenting 
important bits of text only at the top of a 
soprano's range; often the text is repeat­
ed so that the words can be well under­
stood at a lower pitch.) 

It is clear that a good deal of the dif­
ference between spoken and sung vow­
els can be explained by the singer's need 
for economy of vocal effort. The general 
idea is the same. whether in being heard 
over the orchestra or in maintaining 
loudness at high pitch: to take advan­
tage of vocal-tract resonance character­
istics so as to amplify sounds. The im­
portance of these resonances. the for­
mants. is paramount. 

Confirmation of the importance of 

F 
SOPRANOS and other singers of high tones tend to open their mouth 
wider with rising pitch. The tendency is demonstrated in these photo­
graphs of a soprano singing the vowel sounds of "heed" (top) and of 
"who'd" (middle) at successively higher pitches, shown in musical 
notation (bottom). When these photographs were made, the singer 
held a vibrator against her neck and a small microphone was placed 

near her lips. She began to sing each vowel at a specified pitch and 
then, with the vibrator turned on, she stopped singing but maintained 
the positions of the articulatory organs. The vibrator now supplied a 
steady, low-pitched sound' that was influenced by the singer's vocal 
tract just as her own voice source would have been but that was more 
suitable for analysis than a high voice tone, which has few partials. 
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the formants was provided by a recent 
study of how male voices are classified 
as bass, baritone or tenor. Obviously the 
singer's frequency range is ultimately 
the determinant, but even when the true 
range (which is established primarily by 
the shape, size and musculature of the 
vocal folds) has not yet been developed, 
a good voice teacher can often predict 
the classification after listening to a stu­
dent's voice. How is that possible? 
Thomas F. Cleveland, who was visiting 
our laboratory at the Royal Institute of 
Technology in Stockholm and is now at 
the University of Southern California, 
analyzed vowels sung by basses, bari­
tones and tenors with respect to formant 
frequencies and the spectrum of the 
voice source. Then he had a jury of 
voice teachers listen to the vowel sam­
ples and classify the voices. The teach­
ers tended to classify vowels in which 
the formant frequencies were compara­
tively low as having been sung by bass 
voices and vowels whose formant fre­
quencies were high as having been sung 
by tenors. Variations in the voice-source 
spectrum (which varied slightly with the 
pitch at which a vowel was being sung), 
on the other hand, did not provide a ba­
sis for consistent classification. In a sec­
ond test the same jury judged a series of 
synthesized (and therefore clearly de­
fined) sounds and confirmed Cleveland's 
original impression: the lower the for­
mant frequencies of a given vowel were, 
the lower the singer's voice range was 
assumed to be. 

Cleveland found that typical bass and 
tenor voices differ in formant frequen­
cies very much as male and female 
voices do. The formant-frequency dif­
ferences between males and females are 
due mainly to vocal-tract length, and so 
the bass-tenor differences are probably 
also largely explained by the same phys­
ical fact. Formant frequencies are deter­
mined, however, not only by the individ­
ual's vocal-tract morphology but also 
by habits of articulation, which are 
highly variable. Be that as it may, vocal­
tract morphology must set limits to the 
range of formant frequencies that are 
available to a singer. 

At this point the reader who knows and 
I\. cares about music may be rather 
disappointed. I have failed to mention a 
number of factors that are often cited as 
determinants of excellence in singing: 
the nasal cavity, head and chest reso­
nances, breathing and so on. These fac­
tors have not been mentioned simply be­
cause they seem to be not relevant to the 
major acoustic properties of the vowel 
sounds produced in professional operat­
ic singing. Our research suggests that 
professional quality can be achieved by 
means of a rather normal voice source 
and the resonances of the vocal tract. 

Our implied model may not be per­
fect, to be sure. It is just possible, for 
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NEED FOR WIDE JA W OPENING arises from the fact that a soprano must often sing tones 
whose fundamental (lowest partial) is far higher in frequency than the normal first formant of 
the vowel being sung. When that is the case (top), the amplitude of the fundamental is not en­
hanced by the first formant and the sound is weak. Opening the jaw wider raises the pitch of 
the first formant. When the first-formant frequency is raised to match that of the fundamen­
tal (bottom), the formant enhances the amplitude of the fundamental and the sound is louder. 

example, that the nasal cavity has a role 
in the singing of vowels that are normal­
ly not nasalized. If that is so, we have 
attributed its effect to the voice source, 
thus compensating for one error by 
making another. Moreover, we have 
dealt only with sustained vowel sounds, 
whose production is important but is 
certainly not the only acoustic event in 
singing. 

Resonances outside the vocal tract, 
such as in the head or the chest, cannot 
contribute appreciably to the singer's 
acoustic output in view of the great ex­
tent to which sound is attenuated as it 
passes through tissues. This is not to say 
that such resonances may not be impor­
tant to the singer, who may receive cues 
to his own performance not only from 
what he hears but also from felt vibra­
tions. As for breathing, it is clear that 
the vocal folds would vibrate no matter 
by what technique an excess of air pres­
sure is built up below the glottis. Breath­
ing and laryngeal manipulation are like­
ly to be physiologically interdependent, 
however, since the larynx is the gate­
keeper of the lungs. Probably different 
ways of breathing are associated with 
different adjustments of the larynx, and 
probably some ways are effective for 
singing and others are inadequate or im­
practical. 

Finally we return to the original ques­
tion: What is so special about a singer's 
voice? The voice organ obeys the same 
acoustic laws in singing that it does in 

ordinary speech. The radiated sound 
can be explained by the properties of the 
voice-source spectrum and the formants 
in singing as in speech. From an acousti­
cal point of view singers appear to be 
ordinary people. It is true that there is a 
major difference between the way for­
mant frequencies are chosen in speech 
and the way they are chosen in singing, 
and hence between the way vowels are 
pronounced in singing and the way they 
are pronounced in speech. A man with a 
wide pharynx and with a larynx that will 
resonate at a frequency of between 
2,500 and 3,000 hertz is likely to be able 
to develop a good singing voice more 
readily than a person who lacks those 
chacteristics. And his progress may be 
facilitated if his vocal folds give him a 
range that agrees with his formant fre­
quencies. As for a female singer, she 
should be able to shift the first formant 
to join the pitch freq uency in the upper 
part of her range; that requirement may 
bar some women with a long vocal tract 
from having a successful career as a col­
oratura soprano. There are, in other 
words, a few morphological specifica­
tions that probably have some effect on 
the ease with which someone can learn 
to sing well. There are other conditions 
that may be more important, however. 
It is in the complex of knowledge, talent 
and musical instinct that is summed up 
as "musicality," rather than in the anat­
omy of the lungs and the vocal tract, 
that an excellent singer's excellence lies. 
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The Oldest Rocks 
and the Gro"'th of Continents 

Did most of the continental crust emerge early in the earth's history, 

or was much of it added later by tectonic processes? Recent advances 

in the dating of ancient rocks lend strong support to the latter view 

The story of the earth began 4.6 bil­
lion years ago, when a great cloud 
of gas and dust contracted and 

condensed to form the entire solar sys­
tem, including the earth, in something 
like its present shape and form. It is be­
lieved that the earth condensed rapid­
ly-possibly within only a few million 
years-and that the process of gravita­
tional accretion, combined with the re­
lease of energy by the decay of short­
lived radioactive isotopes, supplied 
enough heat for the earth to melt and 
undergo rapid chemical differentiation 
into a largely fluid core composed of 
iron and nickel and a partly solid overly­
ing mantle mainly made up of silicates 
and oxides of all the chemical elements . 

No terrestrial rocks closely approach­
ing an age of 4.6 billion years have yet 
been discovered. The evidence for the 
age of the earth is circumstantial, be­
ing based on the following indirect rea­
soning. First, radioactive-isotope dating 
methods, such as those based on the de­
cay of uranium to lead and rubidium to 
strontium, show that meteorites solidi­
fied about 4.6 billion years ago. Meteor­
ites are currently believed to represent 
debris left over after the accretion of the 
solar system. Second, similar measure­
ments on the oldest rocks and soils from 
the moon also yield an age close to 4.6 
billion years, which is interpreted as the 
time when the moon began to differenti­
ate into its own core, mantle and crust. 

Even though no 4.6-billion-year-old 
rocks have been found on the earth, the 
measured growth through geologic time 
in the amount of the radiogenic isotopes 
lead 206 and lead 207, formed respec­
tively by the radioactive decay of urani­
um 23 8 and uranium 23 5 ,  has a simple 
pattern indicating that 4.6 billion years 
ago the isotopic abundance ratios of 
lead were identical in the parent materi­
al of the meteorites and of the earth. 
When the growth curve of the two lead 
isotopes is extrapolated backward in 
time from the oldest-known deposits 
of lead ore ,  it passes through the lead-
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isotope composItion found in samples 
of the uranium-free 4.6-billion-year-old 
iron meteorite that made Meteor Crater 
in Arizona. Since lead 204 is a nonra­
diogenic isotope, it has always been con­
stant in amount and therefore provides 
a convenient reference with which the 
other lead isotopes can be compared. 
The ratio of lead 207 to lead 206 
changes with time because uranium 23 5 
decays much more rapidly than urani­
um 23 8.  Their half-lives are respectively 
. 7 1  and 4. 5 1  billion years; thus nearly all 
the uranium 23 5 present when the earth 
was formed has already decayed to lead 
207, so that the ratio of lead 207 to lead 
204 no longer increases very much. On 
the other hand, the ratio of lead 206 to 
lead 204 is still increasing rapidly in the 
earth because only about half of the ura­
nium 23 8 originally present has so far 
decayed. 

It should be said that although it is 
highly probable that the earth was 
formed 4.6 billion years ago, the phrase 
"age of the earth" strictly speaking re­
fers to that point in time 4.6 billion years 
ago when the isotopic composition of 
lead in the earth was the same as that in 
the parent body of the meteorites. The 
earth, unlike the moon, has continued as 
an internally active body because it is 
large enough to retain the heat generat­
ed by the decay of the long-lived radio­
active isotopes of such elements as ura­
nium, thorium, potassium and rubidium 
present in minute concentrations in its 
mantle . 

During the 1 960's the earth sciences 
underwent a major revolution with 

the general acceptance of global tecton­
ics, a unified hypothesis of earth history 
that accounts satisfactorily for most of 
the major surface features of the globe, 
such as continents, ocean basins, moun­
tain ranges, the distribution of volca­
noes and earthquakes, and the distribu­
tion in time and space of the main types 
of rocks found at or near the earth's sur­
face . The hypothesis involves such ma-

jor processes as the creation of new oce­
anic crust at mid-ocean ridges through 
the upwelling of materials derived from 
the mantle ; ocean-floor spre'ading; con­
tinental drift; the subduction (pushing 
under) of oceanic crust under lighter 
continental crust; the creation of new 
igneous rocks by the partial melting of 
subducted oceanic crust and the conse­
q uent addition of new granitic material 
at the margins of continents, and the col­
lision of continents following the com­
plete subduction of oceanic crust and 
the closing of oceans, leading to the 
thickening of continental crust and to 
the creation of mountain ranges such as 
the Alps and the Himalayas. 

The present configuration of the con­
tinents is, we now understand, a conse­
quence of the latest episode of continen­
tal drift, which began only about 200 
million years ago. About 600 million or 
perhaps one billion years ago the ances­
tors of all the present continents were 
evidently combined into one immense 
supercontinent, named Pangaea, which 
may have come into existence as much 
as 2 .7  billion years ago. The grandeur of 
the concept is quite overwhelming. Only 
a few pioneers in the preceding genera­
tion of earth scientists saw what was 
coming. My own hero among them is 
the British geologist Arthur Holmes, 
who had an abiding faith in the underly­
ing coherence and interdependence of 
all geological phenomena and was also a 
pioneer in the development and applica­
tion of the isotopic dating techniques 
that are central to this discussion. 

My own research interests have cen­
tered on the origin of the continental 
crust and its development and growth 
through geologic time. This has in­
volved a search for the oldest rocks on 
the earth and the detailed comparison of 
ancient rocks with much younger ones 
whose origin and significance are well 
understood. At the end of the 1 8th cen­
tury James Hutton introduced into geol­
ogy the doctrine of uniformitarianism, 
which states that the present is the key to 
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the past. Since we lack a Wellsian time 
machine to carry us into the past, the 
best that geologists can do is to test Hut­
ton's doctrine against the rocks, Can the 
concepts and hypotheses of modern 
global tectonics, so well established for 
the past few hundred million years of 
earth history, be extended to the remote 
geological past, perhaps to the begin­
ning of earth history itself? I believe a 
modified form of uniformitarianism can 
indeed be extended further back in time 
than has hitherto been thought possible. 

About three-tenths of the earth's solid 
.f\. surface is occupied by continental 
crust, the stuff of the continents and 
their surrounding continental shelves. 
The remainder of the solid surface is 

oceanic crust, which is quite different in 
character. Continental crust has an av­
erage density of 2.7 grams per cubic cen­
timeter; for oceanic crust the compara­
ble figure is three grams, and for the 
upper mantle it is 3.4 grams. Continen­
tal crust is much thicker than oceanic 
crust down to the junction with the man­
tle, averaging 35 to 40 kilometers and 
reaching 60 to 70 kilometers in moun­
tain ranges; oceanic crust averages only 
six kilometers. The age of continental 
crust is much greater, ranging in places 
up to more than 2.7 billion years; the 
age of oceanic crust is nowhere great­
er than 200 million years. Continental 
crust also has a complicated geological 
structure and a variable chemical com­
position; oceanic crust has a com para-

tively simple layered structure and uni­
form composition. 

The upper 10 to 20 kilometers of con­
tinental crust consists chiefly of igneous 
and metamorphic rocks, which are over­
lain in many places by sedimentary 
rocks. The upper assemblage of conti­
nental rocks has the average chemical 
composition of the common igneous 
rock granodiorite, which consists of 
chemically combined oxides in the fol­
lowing approximate proportions: sili­
con oxide (Si02), 66 percent; potassium 
oxide (K20), 3 percent; sodium oxide 
(Na20), 4 percent; calcium oxide (CaO), 
5 percent; magnesium oxide (MgO), 2 
percent, and iron oxides (FeO and 
Fe203), 4 percent. Other oxides are pres­
ent in smaller amounts. 

AMONG THE OLDEST TERRESTRIAL ROCKS are a sequence 
of metamorphosed and highly deformed igneous rocks, which have 
heen named the Amitsoq (Greenlandic for harren) gneisses, A sec­
tion of the gneiss appears as an outcrop in the right foreground in 
this photograph made on the west coast of Greenland near Godthaah, 

the capital, Radioactive-dating measurements made in the author's 
laboratory at the University of Oxford show that the rock crystallized 
3,75 billion years ago. The large dark mass at the left, which cuts 
through the gneiss, is part of a dike of congealed lava. Both gneiss and 
dike are cut by a narrow light-COlored dike about 2.6 billion years old. 
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The upper continental crust grades 
downward into the increasingly meta­
morphosed rocks known as gneis­
ses. Broadly speaking, gneisses are the 
higher-temperature and higher-pressure 
equivalents of the rocks above them, but 
their mineralogy is simpler and their 
chemical composition is more basic, 
that is, it is poorer in silicon oxide. The 
average chemical composition resem­
bles that of the common igneous rocks 
diorite and tonalite, which compared 
with the upper continental crust contain 

o 

.5 

1.5 

less silicon, potassium and sodium and 
more calcium, magnesium and iron. 
Hence gneisses are intermediate in 
chemical composition between average 
upper continental crust and average 
oceanic crust, which is relatively poor in 
silicon (49 percent Si02), potassium ( 1  
percent K20) and sodium (3 percent 
Na20) and relatively rich in calcium ( 1 1 
percent CaO), magnesium (8 percent 
MgO) and iron (9 percent FeO and 
Fe203). The gneisses of the lower conti­
nental crust are also much depleted in 
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LEAD-LEAD METHOD for determining the age of the earth is based on changing ratios of 
lead isotopes in the course of geologic time. The reference isotope, lead 204, is not produced 
through radioactive decay, and so it has always been constant in amount. Lead 206 and lead 207 
Ike formed respectively by the radioactive decay of uranium 238 and uranium 235. Uranium 
235 has a much shorter half-life (.71 biUion years) than uranium 238 (4.51 billion years). Ac­
cordingly most of the uranium 235 that was originally present has decayed, so that the ratio of 
lead 207 to lead 204 has changed relatively little over the past two billion years. The ratio of lead 
206 to lead 204, however, is still increasing significantly. The growth curve for the two ratios 
can be accurately computed. Plotted on the curve here are the ages of some large deposits of 
lead ore. When growth curve for ratios is extrapolated backward in time, it yields an age of 4.6 
billion years for fragments of the iron meteorite that excavated Meteor Crater in Arizona. 
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chemically combined water and in cer­
tain "incompatible" trace elements, in­
cluding among many others the radio­
active elements uranium, thorium and 
rubidium. This incompatibility is due 
to the fact that the sizes and chemical af­
finities of the atoms of such elements 
prevent them from being easily accom­
modated in the dense, tight crystal struc­
tures that are stable at the higher pres­
sures and temperatures of the lower 
continental crust and the underlying 
mantle. 

Although the lower continental crust 
and the mantle contain only minute 
traces of the incompatible elements, 
these traces supply the mantle with 
enough radioactivity to fuel the earth's 
heat engine, which is what powers glob­
al tectonics. There is also a strong tend­
ency for the incompatible elements, in­
cluding by an extraordinary accident of 
nature all the radioactive ones, to mi­
grate toward the top of the continental 
crust, where they fit more easily into the 
relatively open crystalline structures of 
the silicates and oxides found there. The 
vertical gradation in the composition of 
the continental crust is a phenomenon 
whose significance has become fully ap­
preciated only in recent years. 

There are several conflicting concepts 
of the origin and evolution of conti­

nental crust. One extreme hypothesis is 
that most if not all of it was made early 
in the course of the earth's chemical dif­
ferentiation and that ever since then it 
has been reworked, that is, heated, melt­
ed, recrystallized and deformed. It is 
true that the effects of such processes 
can be seen in many parts of the conti­
nental crust, particularly in mountain 
belts and in the exposed roots of ancient 
mountain belts. but the essence of this 
view is that the volume of the continen­
tal crust has been almost constant since 
earliest times. 

An alternative view. to which I and 
many other workers adhere, is that the 
volume and extent of the earliest conti­
nental crust were relatively small and 
have grown throughout geologic time 
by the irreversible chemical differentia­
tion of the upper mantle, followed by 
the accretion of the newly differentiated 
material to the preexisting continents, 
particularly at or near their margins. 
The processes by which this happens 
might be analogous to the one occurring 
at the present-day western margins of 
North America and South America, 
which are moving westward over the 
denser o'ceanic crust of the Pacific. As 
the oceanic crust is subducted to deeper 
levels it gets progressively hotter until it 
partially melts and gives rise to lighter, 
more siliceous rocks of the "calc-alka­
line" diorite-tonalite-granodiorite fami­
ly, which feed the hungry volcanoes all 
down the west coast of the Americas. 
The wedge of upper mantle overlying 
the deeply subducted oceanic crust but 
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ANCESTORS OF PRESENT CONTINENTS were once part of a 
supercontinent named Pangaea. Beginning about 200 million years 

ago the fragments representing the present continents began to drift 
apart. The regions in color are terrains older than 1.6 billion years. 
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UPWARD: 
INCREASING 
CONTENTS OF 
SILICON DIOXIDE, 
POTASSIUM, 
SODIUM, 
RUBIDIUM, 
THORIUM, 
URANIUM, 
WATER 

DOWNWARD: 
INCREASING 
METAMORPHISM 
AND DENSITY, 
INCREASING 
CONTENTS OF 
CALCIUM, 
IRON, 
MAGNESIUM 

CONTINENTAL CRUST is markedly thicker and less dense than 
oceanic crust. Oceanic crust is fairly homogeneous in composition; 

continental crust has a complicated structure and a variable composi­
tion. Changes in composition with depth are summarized at the right. 

underlying the older continental crust 
also partially melts to yield new basaltic 
and calc-alkaline rocks. The remaining 
dense, unmelted "ultra basic" material 
gradually sinks deeper into the mantle 
and never again takes part in the manu­
facture of lighter continental crust. 

The newly formed calc-alkaline mag­
ma crystallizes slowly within the crust to 
form batholiths: immense bodies of 
coarse-grained igneous rock. Only a 
small fraction of the total magma pro­
duction emerges as lava at the surface. 
The uplift of parts of the continental 
crust over the past few tens of millions 
of years has exposed many batholiths 
through erosion. The best-known in­
clude the Sierra Nevada batholith, the 
California batholith and the Andean 
batholith. Many geologists believe such 
bodies are genuine new additions to the 
continental crust. This does not exclude 
the possibility that the new calc-alka­
line material has incorporated a small 
amount of remelted older continental 
material from the edge of the preexist­
ing continent. Some workers, however, 
maintain that these great granodiorite 
and tonalite batholiths are predomi-

nantly reworked, partially melted older 
continental crust. The relevance of this 
question to the entire debate of "conti­
nental reworking" as opposed to "conti­
nental growth" will be readily apparent. 
Before describing a method that can be 
used to attack this fundamental ques­
tion let me briefly summarize what 
rocks can tell us about the earliest dis­
cernible history of the earth. 

On every continent there are large 
Precambrian "shield" areas composed 
of a large variety of igneous and sedi­
mentary rocks, whose ages, on the basis 
of radioactive-isotope dating, fall be­
tween 2.5 and 2.8 billion years. Pre­
cambrian rocks older than 2.5 billion 
years are commonly termed Archean. 
Perhaps as much as 50 percent of the 
area of the North American continent 
was in existence by about 2.5 billion 
years ago. The situation is probably not 
very different for other continents. Fur­
thermore, the observed thickness of Ar­
chean rock sequences, together with the 
results of studies of high-pressure, high­
temperature mineral assemblages in Ar­
chean rocks exposed at the earth's sur­
face by uplift and erosion, leave no 

doubt that during late Archean times the 
continental crust had an average thick­
ness of somewhere between 25 and 40 
kilometers, which is similar to what is 
found today . It is quite clear that the 
most diverse igneous, sedimentary and 
metamorphic rocks were already being 
manufactured by a range of geological 
processes hardly less varied than much 
more recent ones, except that living or­
ganisms played only a minor part in the 
rock-forming processes. 

In the big shield areas of the world 
there are two principal groups of late 
Archean rocks: greenstone belts and 
granite-gneiss terrains. The greenstone 
belts, so named because of the greenish 
tinge of many metamorphosed volcan­
ic rocks, consist mainly of volcanic and 
sedimentary rocks laid down at the sur­
face, either on land or under water, and 
therefore known collectively as supra­
crustal rocks. In a typical greenstone 
belt early volcanic activity has produced 
ultrabasic and basic lavas, believed to 
result from a high degree of partial 
melting in the underlying upper mantle 
during a period when much heat was 
being released. In some greenstone belts 

D INTRUSIVE GRANITE, 
GRANODIORITE OR 
TONALITE 
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TYPICAL ARCHEAN SHIELD, where the earth's oldest rocks are 
found, consists principally of greenstone belts embedded in larger ar­
eas of granite-gneiss terrains. The key indicates relative ages of five 
major rock types shown in the cross section. Vertical scale is exag-

gerated. Greenstone belts consist of volcanic and sedimentary rocks. 
Granite-gneiss terrains are mostly deformed and banded gneisses of 
granodiorite and tonalite that were derived from igneous rocks. The 
inclusions are the broken-up remnants of still older greenstone belts. 

96 
© 1977 SCIENTIFIC AMERICAN, INC



successive volcanic rocks in a sequence 
become progressively more enriched in 
silicon. potassium. sodium and alumi­
num. and poorer in magnesium. iron 
and calcium. giving rise to basalts. an­
desites and dacites. The overall trend is 
from "basic" through "intermediate" to 
"acid."  as defined by silicon oxide con­
tent. Basalt usually predominates. Far­
ther up in the sequence sedimentary 
rocks become important. presumably 
because land was emerging from the 
sea. The best-studied of the greenstone 
belts. the Swaziland sequence in the Bar­
berton Mountain Land of southeastern 
Africa. reaches a thickness of nearly 20 
kilomyters. 

Archean greenstone belts exhibit vari­
n able degrees of metamorphic alter­
ation and recrystallization. Such effects 
can be so weak that the ancient lavas 
and sediments look almost as if they had 
just been deposited. Such is the case in 
parts of the Canadian and southern Af­
rican shields. There the continent has 
undergone little vertical movement in 
the past 2. 8 billion years. The rocks 
were never buried more than 10 kilome­
ters below the surface. In other places 
the rocks were buried to depths of 10 to 
30 kilometers. as is shown by their in­
tense deformation and recrystallization. 
For example. basalts are converted to 
their metamorphic equivalent amphib­
olites. shales to schists and limestones 
to marbles. Nevertheless. the essential 
characteristics of the entire supracrustal 
assemblage can never be destroyed and 
always remain clearly recognizable. 

Many greenstone belts are discontinu­
ous ribbons. eroded remnants of what 
may once have been a more continuous 
basin of deposition. The remnants typi­
cally occupy an area of several hun­
dred square kilometers. They are gener­
ally surrounded by immense "seas" of 
gneisses. the metamorphic equivalents 
of igneous rocks such as granodiorites 
and tonalites. Such gneisses are actually 
the predominant Archean rock types. 
Some individual granite-gneiss terrains 
occupy thousands of square kilometers. 
In spite of the close juxtaposition of 
greenstone belts and granite-gneiss ter­
rains it is not always possible to be quite 
sure which of the terrains is the younger 
and which the older because there may 
have been too much deformation for the 
original contact relations to have been 
preserved. 

There is heated controversy among 
geologists over the relative ages of 
greenstone belts and granite-gneiss ter­
rains. Many believe that greenstone-belt 
rocks were deposited in a primitive oce­
anic environment and in effect represent 
ancient oceans. and that the granite­
gneiss terrains may be the remnants of 
ancient continents. It comes down to a 
chicken-and-the-egg argument: Which 
came first. the continents or the oceans? 
How Were they related in Archean 
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ARCHEAN-SHffiLD AREA OF GREENLAND embraces tbe coastline of Labrador, which 
was joined to Greenland before the most recent episode of continental drift. The two landmas­
ses are now about three times farther apart than they are seen here. The broken line encloses 
the early Precambrian (Archean) shield. Area in color consists mostly of rocks between 2.6 
and 2.9 billion years old. Black dots in the colored region represent rocks between 3.6 and 3.8 
billion years old. The black crescent at Isua, the site of a huge deposit of iron ore, marks the 10-
clition of an extensive formation of supracrustal rocks (rocks deposited on preexisting crust) 
that turned out to be 3.8 billion years old. Areas in gray are mostly younger Precambrian rocks. 

times? Modern global-tectonic proces­
ses can make continents out of oceanic 
crust; did that happen during the Arche­
an? Furthermore. is there any real evi­
dence that late Archean greenstone belts 
and granite-gneiss terrains are primordi; 
al oceans and continents. as some have 
suggested? Much research is focused on 
these problems. 

Tet us now consider the ages of the old­
L er granite-gneiss terrains that under­
lie some greenstone belts. Are there any 
rocks on the earth's surface that are old­
er than 2 . 8  billion years. and if so. what 
are they like? How close to the terrestri­
al limit of 4.6 billion years can we get? 

In 1 966 V. R. McGregor; a young 
New Zealand geologist working with the 
Geological Survey of Greenland. had 
begun detailed geological mapping in 
the mountainous area around Godt-

haab. the capital of Greenland. The 
great variety and complex structure of 
the rocks made it no easy task. but after 
several years of work McGregor was 
able to recognize a distinctive sequence 
of geological events. The oldest rocks 
recognized were the Amitsoq gneisses. a 
sequence of metamorphosed and vari­
ably deformed igneous rocks of typical 
continental character. including grano­
diorites. tonalites and diorites. McGreg­
or's interpretation of the sequence was 
not at first generally accepted. 

A clue to the absolute ages of these 
rocks came from a potassium-argon 
measurement carried out some years 
earlier by Ole Larsen of the University 
of Copenhagen. Made on a mineral 
sample separated from the late Qorqut 
granite. the measurement gave an age of 
2.6 billion years. McGregor had attrib­
uted this granite to a late geological 
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event, No. 1 0  in his sequence. He rea­
soned that if the rocks associated with 
event No. 10 were as old as 2.6 billion 
years, those associated with event No. 3 
might be the oldest yet found on the 
earth. (At that time the rocks associated 
with events No. 1 and No. 2 had not 
been recognized . )  

When I first heard of McGregor's 
findings in 1 970, and of the doubts that 
had been expressed in some quarters, I 
thought the problem could be solved by 
carrying out rubidium-strontium and 
uranium-lead age determinations on 
samples of Amitsoq gneiss. McGregor 
sent a few samples to the University of 
Oxford, where work by L. P. Black, N. 
H. Gale, R. J. Pankhurst and me quickly 
showed that the rocks were much older 
than any that had been previously re­
ported, probably between 3 .6 and four 
billion years. 

We lacked adequate samples to estab­
lish a more precise age, and so McGreg­
or and I, with the support of the Geo­
logical Survey of Greenland, decided to 
make a large collection of rocks in the 
Godthaab area in the summer of 1 97 1 ,  
particularly in those areas where Mc­
Gregor had recognized the Amitsoq 
gneisses. Subsequent age measurements 
at Oxford on all the samples confirmed 
an age of about 3 . 75 billion years, which 
we now interpret as being close to the 
age when the igneous precursors of the 
gneisses separated from upper-mantle 
source regions to form this uniquely an­
cient but typical continental crust. Use-

TIME 
EVENT (BILLIONS OF 
NUMBER YEARS AGO) DESCRIPTION 

ful confirming evidence for this ancient 
age came in 1 973 from Halfdan Baads­
gaard of the University of Alberta, who 
reported a uranium-lead age of 3 . 7  bil­
lion years on the rare mineral zircon 
(zirconium silicate) extracted from sev­
eral samples of Amitsoq gneiss. 

Since 1 9 7 1  my colleagues and I have 
further established that event No. 8 in 
the McGregor sequence occurred about 
2 .85  billion years ago, and we have con­
firmed that the late Qorqut granite was 
emplaced in the crust 2 .6  billion years 
ago. These youngest rocks in the Godt­
haab area are almost as old as the old­
est rocks previously reported from other 
areas. In fact, it was at about the same 
time that lunar scientists were beginning 
to report ages similar to those for the 
Amitsoq gneisses for the totally unrelat­
ed basalts found on the maria, or "seas," 
of the moon. 

The Amitsoq gneisses are known to 
have been reheated and strongly de­
formed by geological events that took 
place between 2 .6  and 2 .9  billion years 
ago. Many people ask how one can ob­
tain a reliable age of 3 . 75 billion years 
for rocks that were so strongly altered 
almost a billion years later. It is possible 
because geochronologists nowadays use 
the "whole rock" method of analysis for 
the rubidium-strontium and uranium­
lead dating schemes. In this method 
samples of rock weighing at least five 
kilograms are completely ground to a 
fine powder, from which small repre­
sentative samples are taken for labora-

1 ? Formation of terrestrial crust of unknown type; no longer discernible. 

2 -3.8 Eruption of volcanic lavas and deposition of sedimentary rocks, some 
under water, that created the Isua supracrustal belt and the inclusions 
in the Amitsoq gneisses of the Godthaab area. 

3 -3.75 Intrusion of the parent rocks of the Amitsoq gneisses: granodiorites, 
tonalites and diorites. 

4 -3.7 Deformation and metamorphism (recrystallization) of the earlier supra-
crustal rocks and of the igneous rocks. Formation of the Amitsoq gneisses. 

5 ? Intrusion of many basaltic dikes (Ameralik dikes) into all earlier rocks. 

6 -2.9+ Eruption of volcanic lavas and deposition of sedimentary rocks onto 
earlier crust. 

7 -2.9 Intrusion of large igneous bodies of anorthosite (calcium aluminum 
silicate rocks). 

8 -2.8 Intrusion of vast amounts of granodiorites and tonalites, the parent 
rocks of the NOk gneisses. 

9 -2.7 Further deformation and metamorphism of all the above rocks. Formation 
of the NOk gneisses. 

10 -2.6 Intrusion of the aorqut granite. 

11 -2.2+ Intrusion of many basaltic dikes. 

12 -1.6 Heating of the entire area. 

SEQUENCE OF GEOLOGICAL EVENTS in the Archean-shield area along the west coast 
of Greenland around Godthaab and Isua (see map on preceding page) was worked out in the 
late 1960's by V. R. McGregor. Most of the age measurements that are given here were 
made in the author's laboratory at Oxford. Events 6 through 10 are not recognizable at Isua. 
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tory analysis. Such samples give consis­
tent ages of 3 . 75 billion years for the 
Amitsoq gneiss. M inerals separated 
from the Amitsoq gneiss, however, such 
as biotite (a hydrated silicate of magne­
sium, iron, aluminum and potassium) 
and hornblende (a hydrated silicate of 
aluminum, calcium, magnesium and 
iron, with a small amount of potassi­
um), yield ages of about 2 .6  billion 
years, and some yield ages as low as 1 .6 
billion years; these ages are interpreted 
as times when the Amitsoq gneisses 
were strongly heated. 

But why should whole-rock samples 
give ages that differ from those of 

mineral samples from the same rock? 
This seeming paradox has made it possi­
ble to sort out the complex sequence of 
events within a given metamorphosed 
terrain. Consider the rubidium-stronti­
um whole-rock method, which utilizes 
the decay of rubidium 87 to strontium 
87.  The rare element rubidium easily 
substitutes for its chemically close rela­
tive potassium, so that all potassium­
bearing minerals contain a trace of ru­
bidium, often not more than a few parts 
per million. In fact, all the rubidium on 
the earth is to be found in potassium 
minerals, because there is not enough to 
form special rubidium minerals. 

In the course of time radiogenic stron­
tium 87 builds up by the decay of rubidi­
um 87 at the appropriate sites in the 
crystal lattice of the mineral. Rubidium 
and strontium are chemically quite dif­
ferent because their ions differ in radius 
and charge, so that radiogenic strontium 
87 will diffuse out of a mineral such as 
biotite at temperatures as low as 200 or 
3 00 degrees Celsius .  It does not usually 
move far, however, being taken up by 
surrounding grains of plagioclase feld­
spar (calcium sodium aluminum sili­
cate), in which strontium can easily sub­
stitute in crystal-lattice sites for the 
closely similar element calcium. Pla­
gioclase feldspar is a common constitu­
ent of most rocks. As a result rock sam­
ples weighing several kilograms and 
containing many thousands of individu­
al grains of biotite and plagioclase, to­
gether with other strontium donors and 
acceptors, can remain closed systems 
with regard to strontium 87 even 
through a strong heating episode. Of 
course, the rock must also remain a 
closed system to rubidium. The same 
basic principles apply to the age meth­
ods that are based on the decay of urani­
um to lead. 

There is more to the Greenland story. 
McGregor soon found evidence that the 
Amitsoq gneisses were not the oldest 
terrestrial rocks. In common with many 
other granite-gneiss terrains they con­
tain fragmented chunks of older rocks 
that, although strongly recrystallized, 
are clearly recognizable as having origi­
nally been volcanic and sedimentary 
rocks of various kinds that were laid 
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down at the surface and then buried to 
a depth of several kilometers before 
the igneous precursors of the Amitsoq 
gneisses intruded into them and broke 
them up. It is not easy to date the pre­
Amitsoq inclusions. and so we do not 
yet know just how much older they are 
than the Amitsoq gneisses. 

Now. however. we come to one of the 
most interesting parts of the search for 
the oldest rocks in western Greenland. 
In 1 97 1 .  while McGregor and I were 
collecting rocks in the Godthaab area. 
an unexpected opportunity arose to visit 
a remote mountainous area named Isua. 
about 1 00 kilometers northeast of Godt­
haab at the very edge of the great inland 
ice sheet. At that time the Danish min­
ing company Kryolitselskabet 0resund 
A/S was beginning to explore a huge 
iron-ore deposit at Isua. which outcrops 
at a height of some 1 ,400 meters and is 
partly covered by the inland ice. 

The ore deposit had been discovered a 
short while before in the course of an 
airborne-magnetometer survey. and the 
company geologists had already made a 
preliminary geological map of the area. 
The ore body formed a small part of an 
incomplete oval arc between 12 and 25  
kilometers in  diameter consisting of a 
3 .000-meter-thick sequence of variably 
deformed and strongly metamorphosed 
volcanic and sedimentary rocks. It was 
perfectly clear that these rocks were su­
pracrustal. that is. laid down at the sur­
face. The rocks on all sides of the supra­
crustal belt consisted of typical gran­
ite-gneisses cut vertically by numerous 
dikes of congealed lava. which also cut 
the supracrustal rocks. 

McGregor and I at once suspected 
that the gneisses and dikes were 

the less deformed and less metamor­
phosed equivalents of the Amitsoq gneis­
ses and Ameralik dikes of the Godt­
haab area. The rocks in this bleak Arc­
tic upland were almost totally exposed. 
but the points of contact between the 
gneisses and the supracrustal rocks were 
sheared and deformed. There were 
nonetheless fairly clear signs that the su­
pracrustal rocks were older than the 
gneisses. In any case our immediate im­
pression was that the Isua rocks were the 
equivalents of the Godthaab rocks in a 
much more pristine condition. And it 
eventually turned out to be so. 

When R. K. O·Nions. Pankhurst and I 
subjected the gneisses and supracrustal 
rocks to rubidium-strontium and urani­
um-lead measurements in Oxford. they 
all gave ages close to 3 . 8  billion years. 
McGregor and I had been walking on 
permanent continental crust. in all its 
igneous. sedimentary and metamorphic 
manifestations. formed some 3 . 8  billion 
years ago and since that time virtually 
undisturbed by any major geological 
upheaval. As a result of this experience I 
have come to regard the essential per­
manence and indestructibility of the 
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LEAD-LEAD AGE DETERMINATION for samples of a sedimentary banded-iron forma­
tion at Isua in western Greenland indicates that the sediments were deposited 3.8 billion years 
ago. As is indicated in the chart on page 94, lead 206 is produced by decay of the still fairly 
abundant uranium 238; lead 207 is produced by the decay of the much rarer uranium 235. 
Since the amount of lead 204 is constant over time, the ratio of lead 206 to lead 204 increases 
more rapidly than the ratio of lead 207 to lead 204. For Isua samples slope of line produced by 
two ratios corresponds to 3.8 billion years, the greatest age yet determined for a terrestrial rock. 
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RUBIDIUM-STRONTIUM ISOCHRON DIAGRAM for two groups of Archean gneisses 
from Greenland indicates that one group is 900 million years older than the other. As in the 
lead-lead method, two changing isotope ratios are compared. Here the isotope that remains 
constant over time is strontium 86. The amount of rubidium 87, with a half-life of 50 billion 
years, slowly decreases by decaying into strontium 87. Hence the more rubidium 87 there is ini­
tially in a sample compared with strontium 86, the faster the ratio of strontium 87 to strontium 
86 will increase with time. The two isochron lines plotted here are for whole-rock samples of 
Amitsoq gneiss (color) and Ntlk gneiss (black). The steeper the slope, the older the rock. Thus 
Amitsoq gneiss is 3.75 billion years old and Ntlk gneiss is 2.85 billion. The intercepts on the 
vertical axis represent initial values of the ratio of strontium 87 to strontium 86 at those dates. 
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continents as one of the most profound 
phenomena of geology. 

The geology of the Isua area has been 
closely studied by several other workers 
who consider the supracrustal rocks to 
be older than the igneous precursors of 
the gneisses. The original crust on which 
the supracrustals were deposited has 
not. however, been found. and it may no 
longer be discernible. It is probable that 
the Isua supracrustal rocks are the geo­
logical equivalents of the broken-up 
pre-Amitsoq chunks found within the 
Amitsoq gneisses of the Godthaab area. 

The entire rock assemblage at Isua is 
quite characteristic of the association 
between greenstone belts and granite­
gneiss terrains. Our age measurements 
for the supracrustal rocks and the 
gneisses agree within the analytical er­
ror, which is between 50 and 1 00 million 
years in this range of ages. This suggests 
to us that the deposition of the supra­
crustal rocks and the subsequent em­
placement of the igneous precursors of 
the gneisses occurred within the space of 
a few tens of millions of years some 3 . 8  
billion years ago. 

The character of the sediments at Isua 
proves that water existed on the surface 
of the earth 3 . 8  billion years ago. Is 
there any evidence that life existed as 
well? A search for biogenic compounds 
in the Isua rocks by Bartholomew S. 
Nagy and Lois A. Nagy of the Universi­
ty of Arizona has so far had negative 
results. The earliest evidence for biolog­
ical activity. although it is still contro­
versial. comes from certain greenstone­
belt sediments in the Barberton Moun­
tain Land of southeastern Africa. which 
may have been deposited more than 
three billion years ago. 

Other very old rocks have been dis­
covered in the past two years. The exis­
tence of rocks 3 . 6  billion years old 
around Saglek Bay on the Labrador 
coast of Canada has been reported by R. 
W. Hurst of the University of California 
at Santa Barbara and G. W. Wetherill of 
the University of California at Los An­
geles, working in collaboration with 
Kenneth Collerson of the Memorial 
University of Newfoundland and David 
Bridgwater of the Geological Survey of 
Greenland. This area was joined to the 
Godthaab area of Greenland before 
Canada and Greenland were separated 
by the opening of the Davis Strait about 
60 million years ago. P. N. Taylor of 
Oxford has reported 3 . 5 -billion-year­
old gneisses from northern Norway. 
Martha Hickman of the University of 
Leeds, and also C. J. Hawkesworth . 
O'Nions, J. F. Wilson and I, have shown 
that a part of the ancient shield of Rho­
desia is about 3 . 6  billion years old, al­
though most of it is probably only about 
2 .7  or 2 . 8  billion years old. Samuel S. 
Goldich of Northern Illinois University 
and Carl E. Hedge of the U.S. Geologi­
cal Survey have reported a preliminary, 
and still somewhat debated, age of 
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about 3 .6 billion years for the gneisses 
of the Minnesota River valley in south­
ern Minnesota. It is rumored that other 
areas with ages of between 3 . 5  and 3 . 8  
billion years will soon be reported. I t  all 
goes to show that typical continental 
crust already existed only some 800 mil­
lion years after the formation of the 
earth, and that the earth's core, mantle 
and crust had already separated from 
one another. There is no positive evi­
dence, however, that any of these very 
ancient rocks represent the very first 
crust of the earth to be formed. 

I am pessimistic about the likelihood 
of discovering even older rocks on 

the earth and thus bridging the gap be­
tween 3 . 8  and 4.6 billion years. If a sub­
stantial fraction of the heat generated by 
the earth's accretion had been quickly 
and efficiently dissipated into space, it 
would in principle have been possible 
for the core, the mantle and some form 
of crust to have segregated 1 00 or 200 
million years after accretion. Otherwise 
the accreted mass of the earth might 
have remained too turbulent for effec­
tive chemical segregation until 3 . 8 or 3 .9 
billion years ago. 

There is the further possibility that­
the earth, like the moon, was heavily 
bombarded by asteroid-sized bodies, 
representing the debris left over from 
the formation of the solar system about 
four billion years ago. This bombard­
ment could have caused enough me­
chanical and thermal disturbance to 
prevent the separation of continental 
crust from the mantle up to that time. 
When the bombardment had ended, the 
processes of chemical segregation could 
have become established over a period 
of 1 00 or 200 million years. 

We simply do not know enough to tell 
what happened in this early period, but 
it is clear that the search for older rocks 
could be most rewarding. No clear evi­
dence has yet been found for early mete­
orite impacts in ancient rocks, and the 
suggestion of some workers that the lat­
er greenstone belts are the terrestrial 
equivalent of the great lava basins of the 
lunar maria is at this stage too improba­
ble to contemplate seriously. Neither 
the geological and temporal relations 
within the greenstone belts nor the na­
ture and succession of rock types in 
them fit such a hypothesis. Greenstone 
belts were almost certainly formed by 
processes originating within the earth 
that are probably still operating today , 
as we shall see. 

Tet us now return to the question of 
L whether the continental crust has 
grown with time or was mainly created 
early in the earth's history-at least 3 . 8 
billion years ago-and then reworked by 
repeated cycles of melting, sedimenta­
tion and metamorphism. Since the den­
sity of continental crust is relatively low, 
it would be impossible for such material 

to be pushed down and recycled through 
the mantle . This seems self-evident, yet 
it is surprising how many geologists re­
gard recycling through the mantle as 
being an important process in the evolu­
tion of the continental crust. The essen­
tial unsubductibility and indestructibili­
ty of continental crust, once it is formed, 
is one of the fundamental tenets of glob­
al tectonics, as has been emphasized by 
one of its pioneers, D. P. McKenzie of 
the University of Cambridge. 

Fortunately isotopic methods now ex­
ist for deciding whether a given piece of 
continental crust is old, reworked conti­
nental crust or a new addition to the 
crust derived from the mantle. One of 
these methods, pioneered in the early 
1 960's by Gunter Faure and Patrick M. 
Hurley of the Massachusetts Institute of 
Technology, is based on the growth in 
the ratio of strontium 87 to strontium 86 
through geologic time. Strontium 87 is 
produced by the radioactive decay of 
rubidium 87, which has a half-life of 50 
billion years. Strontium 86,  on the other 
hand, is not produced by radioactive 
decay, so that it remains constant in 
amount. 

The growth in the ratio of strontium 
87 to strontium 86 over a given period 
of time is directly proportional to the 
ratio of rubidium to strontium in a given 
sample ; the relation is usually expressed 
as rubidium 87/ strontium 86 [see bottom 

illustration on page 99] . In the earth's up­
per mantle the strontium 87/ strontium 
86 ratio has changed from a value of 
.699 at 4.6 billion years ago (based on 
the known initial ratio in meteorites and 
on the moon) to a value of close to .704, 
which is the average for the upper-man­
tle source of the basaltic lavas that erupt 
in modern oceans. If we assume that 
the growth rate from .699 to . 704 was 
approximately linear through geologic 
time, we can calculate that the rubidi­
um/ strontium ratio in the upper mantle 
is .03 . The average rubidium/ strontium 
ratio of continental crust is about .25 
(although it  varies greatly according to 
rock type and depth in the crust). It fol­
lows that the strontium 87/ strontium 86 
ratio must increase at a much higher 
rate in the continental crust than it does 
in the upper mantle [see top illustration on 
opposite page] . 

A typical example of the application 
of the method is provided by rocks from 
western Greenland. It is hotly debated 
whether the N uk gneisses, which make 
up a large part of western Greenland. 
are reworked 3 . 75-billion-year-old Am­
itsoq gneisses or whether they represent 
massive new additions to the continental 
crust about 2 . 8 5  billion years ago (the 
age of many samples of N uk gneiss mea­
sured by Pankhurst and me). The stron­
tium 87/ strontium 86 ratio of the Amit­
soq gneisses 3 . 7 5  billion years ago was 
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. 70 1 .  The avt;rage rubidium/ strontium 
ratio of the Amitsoq gneisses today is 
about . 3 .  which is close to the average 
value for normal continental crust. It 
can be calculated that by 2 .85  billion 
years ago the average strontium 87/  
strontium 86 ratio of  the Amitsoq 
gneisses was about . 7 1 5  [see illustration 
on preceding page] . The remelting and 
remobilization of large volumes of Am­
itsoq gneisses 2 .85  billion years ago 
would therefore have given rise to igne­
ous precursors of the N uk gneisses with 
an initial strontium 87/ strontium 86 ra­
tio of about .7 1 5 .  

What d o  we actually find? The initial 
strontium 87/strontium 86 ratio 

of the N uk gneisses is close to .702. It 
is clear that the younger gneisses are 
not remobilized and reworked Amitsoq 
gneisses. The best explanation for the 
respective initial strontium 87/stronti­
urn 86 ratios of .70 1 and .702 for the 
Amitsoq and N uk gneisses is that their 
granodioritic and tonalitic igneous pre­
cursors were produced by the chemical 
differentiation of material that was de­
rived from the upper mantle by some 
process of continental accretion close to 
the measured time of 3 . 75 and 2 . 8 5  bil­
lion years ago. 

Enough strontium-isotope data have 
now been published on rocks from Eu­
rope. Greenland. Africa. North Ameri­
ca and Australia that are between 2 .6  
and 2 . 8  billion years old to  show that 
granite-gneiss terrains. greenstone belts 
and their associated cross-cutting igne­
ous rocks were all formed within a time 
interval of only about 1 00 or 200 mil­
lion years. mainly by the partial melting 
and chemical differentiation of the up­
per mantle or of materials derived from 
it. The reworking of much older conti­
nental crust has played a very minor 
part. although it is isotopically detect­
able in some areas. Identical conclu­
sions can be drawn from the scantier 
lead-isotope data on the same rocks. 

Isotopic work on rocks 1 . 7 to 1 .9 bil­
lion years old from Greenland. North 
America and elsewhere shows that the 
entire process occurred again at that 
time. Low initial strontium 87/stronti­
urn 86 ratios in many rocks of this age 
demonstrate that continental accretion 
again predominated over the reworking 
of older crust. With the passage of geo­
logic time to the present. strontium and 
lead isotope ratios become more com­
plex to interpret. They do indicate an 
increasing tendency for older continen­
tal crust to contribute to the material 
giving rise to younger continental crust. 
but continental accretion still predomi­
nates wherever oceanic crust is subduct­
ed under a continent. 

Many geologists have recently come 
to recognize. in contrast to earlier 

views. that the rocks of Archean green­
stone belts and granite-gneiss terrains 
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show great chemical . petrological and 
structural similarities to rocks found at 
those continental margins where ocean­
ic crust is being subducted and partially 
consumed under an overriding conti­
nent. Such areas are known as destruc­
tive plate margins. More specifically .  
Archean granite-gneiss terrains are very 
similar in composition to the great calc­
alkaline batholiths of. say. the west 
coast of North America and South 
America. The erosion of those particu­
lar batholiths. however. has not yet cut 
deep enough to expose regions of less 
siliceous gneisses. depleted in incompat­
ible elements. that probably form the 
underlying equivalents of the batho­
liths. Such gneisses would be more strict­
ly comparable to the Archean ones. It 
must be said we do not really know that 
the North and South American batho­
liths continue downward into gneisses of 
the same age. but the heat-flow studies 
of Arthur H. Lachenbruch of the U.S. ' 
Geological Survey on the Sierra Nevada 
batholith showed that there is a decrease 
of heat production downward because 
of a sharp decrease with depth in the 
concentration of the geochemically in­
compatible radioactive elements. In any 
case. I believe. in agreement with a sug­
gestion made by B.  F. Windley of the 
University of Leicester and Joseph V. 
Smith of the University of Chicago. that 
Archean granite-gneisses are the ancient 
analogues of modern granodioritic and 
tonalitic batholiths located along de­
structive plate margins. 

The chemistry and petrology of vol­
canic lavas in Archean greenstone belts 
have affinities both with lavas erupted 
from volcanoes situated above subduc­
tion zones at or near modern continental 
margins and with lavas erupted at mid­
ocean ridges. Volcanic island arcs (such 
as the islands of Japan) and volcanoes 
on continental margins. both of which 
are at destructive plate margins. repre­
sent a geological and chemical environ­
ment that is strikingly different from 
that at mid-ocean ridges. which form 
constructive plate margins. Yet green­
stone-belt volcanic rocks exhibit com­
positional affinities with both. In order 
to explain this apparent contradiction 
John Tarney of the University of Bir­
mingham and Ian W. D. Dalziel and M .  
J .  d e  Wit o f  Columbia University. as 
well as Kevin C. Burke. John F. Dewey 
and W. S.  F. Kidd of the State Universi­
ty of New York at Albany. have recent­
ly proposed that Archean greenstone 
belts are closely comparable to what are 
called marginal basins. which can be 
found above subduction zones at or near 
continental margins. 

Such basins are true spreading cen­
ters. which can cause the overlying con­
tinental crust to thin out. rift and even 
rupture. Nobody yet understands the 
full reason for their existence. but it may 
have something to do with the episodic 
nature of the subduction process. That 

process may stop for a while . giving the 
subcontinental mantle above the sub­
duction zone a chance to set up a con­
vection regime. which then causes rift­
ing in the overlying crust. In an extreme 
case a small piece of continent may split 
off from the rest. creating a "micro­
ocean" in between. A few million years 
later subduction may resume as before . 
and the marginal basin will close up 
again. causing considerable deforma­
tion and upheaval in the volcanic and 
sedimentary rocks of the marginal basin 
and in the surrounding crustal rocks. 

Where does all this leave us? The 
earliest great continent-forming 

event on the earth for which we have 
proof took place about 3 . 8 billion years 
ago. There is no justification. however. 
for thinking this was necessarily the first 
such event. There is no evidence that 
rocks of this age represent primordial 
continental crust. Most of the rock types 
closely resemble those found in later ge­
ological epochs and therefore probably 
originated by similar processes.  The 
area of the earth's surface occupied by 
continental crust 3 . 5  to 3 . 8  billion years 
ago is not yet known. but I suspect it was 
not more than 5 to 10 percent of the 
present continental area. The average 
thickness of this ancient continental 
crust may have approached 20 to 30 kil­
ometers. which is not greatly different 
from the thickness of continental crust 
today . The ancient continental crust was 
already as strong and rigid as modern 
continental crust. One line of evidence 
for this conclusion is the presence of nu­
merous vertical fissures filled with ba­
saltic lava. for example the Ameralik 
dikes. which were injected well before 
2 .9  billion years ago into a cold. brittle 
continental crust of Amitsoq gneisses. 

The next great continent-forming 
event took place between 2 .9  and 2 .6 
billion years ago. and it  created perhaps 
as much as 50 to 60 percent of the area 
of the present continents. The average 
thickness of the crust was virtually the 
same as it is today . There is growing 
evidence from age measurements that 
similar worldwide continent-forming 
events occurred roughly 1 .9 to 1 . 7  bil­
lion years ago. again 1 . 1  to .9 billion 
years ago and most recently in the past 
600 million years. The last major event 
coincides with the period in which plate 
tectonics as we now know it led to the 
breakup and dispersal of the continents . 
in other words to continental drift. Be­
fore that there may have been just the 
one immense supercontinent known as 
Pangaea. or possibly two superconti­
nents : Laurasia to the north and Gond­
wanaland to the south. There is geologi­
cal evidence from certain ancient linear 
structures. akin to the roots of mountain 
belts. that different parts of the super­
continent underwent differential move­
ment of a few hundred kilometers with 
respect to one another. Nevertheless. as 
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long as the fairly coherent superconti­
nent could move in relation to its adja­
cent ocean floor . the ocean floor could 
have been subducted. partially melted 
and chemically differentiated to manu­
facture typical continental crust at the 
leading edge of the protocontinent. a 
process analogous to continental accre­
tion in present-day island arcs and at 
continental margins. 

Unlike some other geologists. I be­
lieve both continental crust and oceanic 
crust have been thick and rigid enough 
for plate-tectonic processes of one kind 
or another to have been going on since at 
least 3 . 8  billion years ago. This would 
imply that the nature of the continent­
forming process was not greatly differ­
ent from what we see operating today. 
There is strong evidence that geological 
provinces of ancient age in Precambri­
an-shield areas are not randomly ar­
ranged in space ; progressively younger 
areas are adjacent to each other. as 
would be expected from the hypothe­
sis of progressive continental accretion. 
The spatial arrangement of ancient geo­
logical provinces is a major field for cur­
rent research. 

The reason for the apparently episod­
ic nature of the continent-forming proc­
ess is not known. Maybe it is only an 
illusion due to lack of sufficient data. but 
I do not think so. The same groupings of 
ages crop up repeatedly on all the conti­
nents. During these periods the earth 
seems to leap into violent action. Then it 
subsides into relative inactivity. gradu­
ally gathering internal strength for the 
next period of activity. I suspect that it is 
all connected with the periodic buildup 
and release of the heat generated within 
the earth by radioactive decay and by 
periodic changes in the convection pat­
tern within the mantle (as has been sug­
gested by S. K. Runcorn of the Universi­
ty of Newcastle upon Tyne and by 
McKenzie). When all the physical pa­
rameters are known. it may be possible 
to enter them into the equations of the 
new branch of mathematics named ca­
tastrophe theory. which describes and 
predicts episodic. discontinuous phe­
nomena. in other words things that 
change by fits and starts. 

To summarize . I consider that the 
principal factors that have governed 

the evolution of the continental crust are 
as follows. First. the irreversible chemi­
cal differentiation of the upper mantle . 
beginning at least 3 . 8  billion years ago. 
has resulted in the predominance of con­
tinental growth over continental recy­
cling or reworking. Ancient accretion 
processes were probably analogous to 
modern ones. involving some form of 
plate tectonics and partial melting of the 
upper mantle . often in admixtures with 
subducted oceanic crust. The very first 
continental crust. if it was older than 3 . 8  
billion years. was probably made the 
same way. It is quite easy to imagine a 

form of plate tectonics involving only 
primordial basaltic crust. In any case 
it can be calculated that the earth's up­
per mantle is large enough to have 
manufactured all the continental crust 
through geologic time without itself 
having undergone any measurable over­
all change in its chemical composition. 

Second. age measurements clearly 
demonstrate the relatively short time 
scale of a continental accretion episode. 
The immense volume of new volcanic 
and plutonic igneous material is differ­
entiated from upper mantle or subduct­
ed oceanic crust within an interval of 
200 million years at the most. At the 
same time the newly produced igneous 
material itself undergoes chemical dif­
ferentiation and metamorphic recrystal­
lization deep within the crust, which 
results in a downward gradient from or­
dinary igneous rocks into metamorphic 
gneisses progressively depleted in the in­
compatible elements. On this view the 
time-honored distinction between what 
is igneous and what is metamorphic be­
gins to break down because of the con­
tinuous gradation between the two. The 
gneisses within newly accreted conti­
nental segments are the deep-seated, 
high-pressure and high-temperature 
equivalents of the higher-level igneous 
rocks. 

Third, we must take into account the 
permanence of continental crust be­
cause of its relatively low density. Con­
tinental igneous, sedimentary and meta­
morphic rocks cannot be pushed back 
down subduction 'Zones into the upper 
mantle to a sufficiently great depth to 
form significant amounts of new igne­
ous rocks by melting. Instead continen­
tal rocks are heavily deformed and 
pushed upward along great thrust faults 
within the mountain belts at continental 
margins. Substantial isostatic uplift of 
the entire crustal segment by thousands 
of meters occurs when the pressure eas­
es off, just as a cork pushed under water 
will pop up when a finger is removed. 

The above views are certainly not 
shared by all geologists. I have been 
much influenced by my own experience 
in the isotopic dating of ancient rocks, 
and above all by the writings of many 
earlier workers. of whom I should like 
to single out Hurley. A. E. Ringwood of 
the Australian National University and 
W. S. Fyfe of the University of Western 
Ontario. I am aware of the progressive 
blurring in this article between Archean 
and recent geological events. The reason 
is that the similarities over the past 3 .8 
billion years appear to me to be greater 
than the differences. although it would 
be unrealistic to adhere too rigidly to 
Hutton's doctrine of uniformitarianism. 
Perhaps if the evidence for a few really 
major and distinct episodes of continen­
tal accretion becomes much stronger, 
geologists should seriously consider a 
modified doctrine of episodic uniformi­
tarianism. 
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Flashlight Fishes 

These marine species light up the water with a large organ under 

each eye containing living luminous bacteria. They use the light 

to see by, to communicate, to lure prey and to confuse predators 

T
he production and utilization of 
light by animals, particularly by 
fishes, has interested biochemists, 

behaviorists and observers of nature for 
centuries. Perhaps the most spectacular 
example of this phenomenon of biolu­
minescence is found among the "flash­
light" fishes of the family Anomalopi­
dae. Whereas most bioluminescent ani­
mals normally use their light for only 
one purpose-be it communication, lur­
ing prey, avoiding predators or improv­
ing visibility-flashlight fishes employ 
their light for all these purposes. 

The name Anomalopidae is derived 
from the Greek for "abnormal eye." 
The name appropriately describes the 
appearance of the four species in the 
family: Anomalops katoptron, Photobleph­
aron palpebratus, Kryptophanaron alfre­
di and Kryptophanaron harveyi. In all 
these species the fishes have a special­
ized organ below each eye that is filled 
with light-emitting bacteria, which col­
lectively generate an illumination that is 
about as intense as the light from a weak 
flashlight. The fish can obscure the light 
in various ways, so that in effect they 
turn it on and off. 

These luminous creatures have been 
shrouded in mystery since the first speci­
men was observed in the 18th century by 
the Dutch naturalist Peter Boddaert. 
The reason little was known about them 
was that few were found, and the reason 
few were found is that they are small 
and reclusive creatures that tend to be 
active only on dark nights and in fairly 
deep water. In recent years a good deal 
more has been learned about the flash­
light fishes, and at the Steinhart Aquari­
um in San Francisco (a division of the 
California Academy of Sciences) I have 
been fortunate .enough to be able to 
maintain a living collection of several of 
them. As a result my colleagues and I 
have had an opportunity to observe 
them and to examine their behavior ex­
perimentally. Recent advances in bacte­
riology, underwater observation and the 
transportation and maintenance of liv­
ing fish have brought a synthesis of skills 
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that has resulted in a rapidly increasing 
body of information about the flashlight 
fishes. 

The common name "flashlight fish" 
evolved from an article in Science in 
1975 titled "Light for All Reasons: Ver­
satility in the Behavioral Repertoire of 
the Flashlight Fish." James G. Morin of 
the University of California at Los An­
geles and his five coauthors concluded 
the article: "Thus the bioluminescent 
behavioral repertoire of Photoblepharon 
is extensive and varied. It includes many 
different offensive, defensive and com­
municative activities, and is especially 
unusual because only a single type of 
light organ is involved. The multiplicity 
of functions suggest that the organ is 
like a flashlight, whose owner can exer­
cise options in its use. " 

My first encounter with flashlight fish 
was incidental to an expedition 

mounted by the California Academy of 
Sciences in 1974 and 1975 to collect the 
rare coelacanth fish at Grande Comore 
Island in the Indian Ocean. Although 
my formal training at the Scripps Insti­
tution of Oceanography was in ichthyol­
ogy, I had never seen a living or pre­
served anomalopid in the large fish col­
lection at Scripps or in the enormous 
collections at Stanford University and at 
the California Academy of Sciences. 
Through the writings of the late E. New­
ton Harvey of Princeton University, an 
authority on bioluminescence, I was fa­
miliar with the strange and intensely 
bioluminescent fishes of the genera Pho­
toblepharon and Anomalops, and I was 
therefore intrigued when Francis De­
buissy, a French veterinarian and scuba 
diver stationed at Grande Comore, de­
scribed a luminous fish called Ie petit 
Peugeot by the few French divers who 
had seen it. They were the intrepid men 
who ventured into the tropical Comoran 
waters at the time of the new moon. The 
fish were seen only on the darkest nights 
and were observed abundantly only at 
depths greater than 30 meters, where 
they swam above the reef with their 

light organs exposed and were indeed 
reminiscent of a small, dark automobile 
on a country road at midnight. 

Debuissy said rather wryly that he 
had only seen the fish, being unable to 
capture any of them because his battery 
light was too weak to immobilize them. 
(The flashlight fishes, like many other 
animals, tend to be transfixed by a bright 
light.) He felt sure that our newer and 
brighter diving lights would suffice, par­
ticularly when the moon was in its dark­
est phase. Subsequent nights proved him 
to be correct. I returned to San Francis­
co in March, 1975, with numerous liv­
ing and preserved specimens of Photo­
blepharon. 

In addition to the work that my col­
leagues and I have done. the number of 
investigations of flashlight fishes has 
increased significantly since the Arab­
Israeli conflict of 1967. The connec­
tion between these seemingly unrelated 
events was explained to me by Morin, 
who in turn heard it from an Israeli ich­
thyologist with whom he had studied the 
population of flashlight fish in the Red 
Sea near the Heinz Steinitz Marine Bio­
logical Laboratory, which is on the Gulf 
of Eilat. During midnight patrols along 
the coastline of the Sinai Peninsula after 
the Six-Day War, Israeli soldiers had 
observed a faint green glowing mass be­
yond the coral reef. The soldiers, natu­
rally assuming that they had encoun­
tered a team of enemy frogmen, re­
sponded by discharging explosives in 
the glowing shoals. To their surprise the 
result was a beach littered with the bod­
ies of small, dark fish whose heads con­
tinued to blaze with a pair of green, 
glowing patches. 

Since 1967 several groups of Ameri­
can and Israeli workers have returned to 
the Gulf of Eilat to study these little­
known fish. They have discovered that 
during the daytime the flashlight fish 
live in the dark caves and recesses of the 
deep reef. On nights with little or no 
moonlight they venture out of the caves 
either alone or in small groups to forage 
along the bottom for small crustaceans 
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and other plankton of the reef's edge. In 
the Red Sea they move into shallow wa­
ter in compact aggregations. which give 
the appearance of a large green super­
organism. 

The first person to give a scientific 
name to the flashlight fishes was 

Boddaert. In 178 1 he named a specimen 
from Indonesia Sparus palpebratus. 
meaning "the porgy with an eyelid." 
Boddaert proposed that the function of 
the large. unusual organs below the eyes 
was to shield the eyes from injury 
caused by the coral branches among 
which the fish lived. In 1803 the French 

naturalist Count Bernhard Lacepede 
suggested that the organ served to pro­
tect sensitive tissue against sunlight. 

It was not until 1900 that the Dutch 
ichthyologist A. G. Vorderman record­
ed his observation of light being pro­
duced by the living fish. Taxonomists 
with little comprehension of this odd 
creature's characteristics subsequently 
classified it in various genera and fami­
lies. Eventually the Dutch biologist 
Max Weber established the genus Pho­
toblepharon (meaning eyelid light). in 
which one species of flashlight fish 
now resides. The recent discovery of a 
population of the species in the Red Sea 

and my discovery of its presence in the 
Indian Ocean indicate that it is distribut­
ed from Indonesia to the Red Sea. It is 
likely that as night-diving biologists sur­
vey the intermediate areas more careful­
ly the fish will be discovered to be wide­
ly distributed. 

A second species from the Celebes 
Sea was named 

'
in 1856 by the Dutch 

ichthyologist Pieter Bleeker Heteroph­
thalmus (meaning different eye) katop­
tron (meaning mirror. presumably refer­
ring to the luminous organ). The species 
was later placed in the new genus Anom­
alops because Heterophthalmus had al­
ready been adopted as the generic name 

FLASHLIGHT FISH of the species Photoblepharon palpebratus is 
portrayed at about twice the actual size of the mature fish. The light 

organ under the eye is in the open position. The fish is not only small 
and dark but also reclusive, living in caves and recesses in deep water. 

PORTRAIT OF ANOMALOPS KATOPTRON shows its anatom­
ical differences from Photoblepharon palpebratus. The scale of the 

two drawings is the same. Specimens of Anomalops have been col­
lected in Indonesia, in the Solomon Islands and in Japanese waters. 
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PHOTOBLEPHARON PALPEBRATUS were photographed at night at a depth of about 30 
meters in the Indian Ocean by David C. Powell of the Steinhart Aquarium in San Francisco. 
The fish are active only on dark nights and in deep water, so that information about their 
habits has been difficult to obtain. Now the aquarium has several living specimens to observe. 

ANOMALOPS KATOPTRON is the only other species of flashlight fish that biologists have 
observed alive. This species differs from Photoblepharon in the mechanism of obscuring its 
light: instead of raising a curtain, it rotates the light organ downward into a pocket. Anomalops 
also are more gregarious, forming schools of some 200 fish that feed near the surface at night. 

PINECONE FISH (CLEIDOPUS GLORIAMARIS), also known as the port-and-starboard­
light fish, is not a flashlight fish but has a somewhat similar light organ. The organ is fixed in po­
sition. Its orange surface acts as a filter to transform the bluish light produced by the organ to a 
blue-green. Studies at the Scripps Institution of Oceanography indicate that the light organs 
of each fish are colonized by a different clone of bacteria, as may be true of flashlight fishes. 
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for a beetle. This gregarious species be­
haves quite differently from Photobleph­
aron in that it forms schools of as 
many as 200 individuals feeding on 
plankton near the surface at night. 
Anomalops is like Photoblepharon in be­
ing reclusive during periods of daylight 
or bright moonlight. but its habitat dur­
ing those times is not known. The spe­
cies has been collected from several 
places in Indonesia and the Solomon 
Islands and is also known from five spec­
imens taken in Japanese waters. 

I t is somewhat enigmatic that there ap­
pear to be two species of anomalopid 

fishes in the New World. each known 
from a single dead specimen. A Carib­
bean form. named Kryptophanaron 
(meaning hidden lantern) a/fredi (in hon­
or of Alfred Mitchell). was discovered 
floating on the surface off the coast of 
Jamaica in 1907 by Ulric Dahlgren of 
Princeton University. The American 
workers Charles F. Silvester and Henry 
W. Fowler described the specimen. 
which they subsequently lost. as a new 
genus and species. No other specimens 
of K. a/fredi have been found. 

In 1972 a small. dark fish with glow­
ing patches under each eye was captured 
by a shrimp trawler in the relatively 
shallow water of the Gulf of California. 
The Mexican captain presented the 
specimen to W. Linn Montgomery. a 
graduate student in ichthyology at the 
University of California at Los Angeles. , 
with the statement that he had not previ­
ously seen that species in 3 5  years of 
trawling for shrimp. Richard H. Rosen­
blatt of the Scripps Institution and 
Montgomery determined that the speci­
men represented a new species, which 
they named Kryptophanaron harveyi in 
honor of E. Newton Harvey. 

The two forms from the New World 
are quite similar. suggesting that they 
have a common ancestry predating the 
formation of the Central American land 
bridge. That event, which is believed to 
have occurred between one and three 
million years ago. separated the aquatic 
populations of the Caribbean and the 
eastern Pacific and provided a basis for 
their subsequent differentiation into sep­
arate species. 

When one considers the numerous 
collections of fishes that biologists and 
commercial fishermen have made in the 
Caribbean and the Gulf of California. it 
is puzzling that Kryptophanaron a/fredi 
and K. harveyi are known only from sin­
gle specimens. The rarity of these fishes 
must be attributable to the habitat they 
presumably prefer. namely reefs that 
are below the depths where most scuba 
divers go and rocky areas that are rela­
tively inaccessible to collection with 
nets. I might add on the basis of personal 
experience that for sane biologists deep 
diving in tropical seas on dark nights 
with one's diving light turned off is rare­
ly practiced and never enjoyed. 
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Anomalopids are distinctive in sever­
al ways. Their light organ produces 
what is perhaps the most intense light 
known to come from a multicellular lu­
minescent organism. An anomalopid 
fish apparently employs the light not 
only for attracting prey. confusing pred-

ators and communicating with other 
members of the species but also as a 
flashlight to see what is in front of it. 

The organ is cream-colored on its out­
er surface and black on its inner and 
upper surfaces. (If these surfaces were 
not black. the light would certainly 

blind the fish itself.) It is easy to experi­
ment with the organ because it can be 
removed surgically without difficulty 
and will continue to glow for eight hours 
or more after removal. 

The glow of the light organ in Photo­
blepharon and Anomalops comes from 

SCHOOLING FLASHLIGHT FISH were photographed in the Red 
Sea at night by the light of their own luminous organs. This school of 
Photoblepharon palpebratus contained about 30 fish. Since each in-

dividual turns the light off frequently in a blinking pattern by raising 
a c urtain of skin over the organ containing the light-emitting bacte­
ria, it is unlikely that all the lights were "on" in this group of fish. 

DAYLIGHT VIEW of the place in the Red Sea where the school of 
flashlight fish was photographed shows that the far edge of the coral 
reef (about 12 meters from the camera) was the area where the fish 

congregated at night to feed on plankton in the shallow water above 
the reef. In other parts of the world Photoblepharoll are seldom 
found abundantly except at depths of 30 meters (100 feet) or more. 
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LIGHT ORGAN of a ftasblight'fish was removed surgically and photographed in its own light 
by means of a time exposure. The bacteria in the organ continue to emit their blue-green light 
for eight hours or more after the organ has been removed from the fish. This organ, which in 
the fish has a black inner surface, is from a living specimen of Photoblepharon palpebratus. 

bacteria that are symbiotic with these 
fishes. For the bacteria the light is a by­
product of metabolism. as heat is a by­
product of metabolism in warm-blood­
ed animals. Enormous numbers of these 
bacteria (some 10 billion per milliliter 
of fluid in the organ) are packed into 
special nutritive compartments within 
the fishes' light organ. 

In the Comores my colleague Michael 
D. Lagios and I had hoped to culture the 
bacteria in various nutritional mediums. 
Our thought was that it would be pru­
dent to return to the Steinhart Aquari­
um with bacteria in culture as well as in 
the living fish; if the lights "went out." 
we could reinfect the organs and turn 
the lights back on. We were dismayed to 
find that we were unable to culture the 
bacteria. Later we learned that both 
Harvey and the Japanese workers Yata 
Haneda and F. 1. Tsuji had failed in sim­
ilar attempts. Haneda and Tsuji con­
cluded that they were dealing not with 
normal bacteria but with prokaryotic 
(lacking a nucleus) cell-like organisms 
they termed "bacterioids." 

A possible explanation for this per­
plexing failure of efforts to culture the 
bacteria has been advanced by Kenneth 
Nealson of the Scripps Institution. His 
hypothesis is that the light-generating 
microbe of Photoblepharon is so special­
ized that it is an obligate symbiont: it 
cannot survive outside its host. 

Nealson proposed that this bacteri­
um, unlike more independent bacteria, 
can only partially metabolize the glu­
cose of its host. Therefore in culture it 
probably generates toxic concentrations 
of pyruvic acid. a product of the incom­
plete oxidation of the sugar. The en­
zymes the host provides to break down 
the pyruvic acid are absent in the culture 
medium, and so the medium becomes 
too highly charged with pyruvic acid for 
the bacterium to survive. The phenome­
non has been observed in similar sym­
bionts (but not obligate ones). Fortu­
nately the lights of the specimens at the 
Steinhart Aquarium have remained lit 
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since March, 1975. Indeed. at the time 
of writing the lights had become bright­
er rather than weaker as the fish grew 
accustomed to the conditions in the 
aquarium. 

When I first dissected a specimen of 
Photoblepharon to examine its sexual 
state and the contents of its stomach, I 
was surprised to discover a considerable 
amount of a fatty substance dispersed 
throughout the coelom: the space be­
tween the body wall and the digestive 
tract. This substance. which has the con­
sistency of lard at room temperature, is 
probably an energy store. Presumably it 
provides energy for both the fish and the 
bacteria during the lunar periods when 
Photoblepharon is less active than it is at 
other times and is fasting. 

The low density of the fatty material 
would make the fish excessively buoy­
ant if it were not for a compensating 
reduction in the volume of the gas blad­
der that is typically found in fishes as a 
means of controlling buoyancy. The gas 
bladder in related but nonluminous 
fishes is much larger. For biologists the 
reduced gas bladder of Photoblepharon 
is a happy evolutionary circumstance. 
since it means that specimens can be 
brought up from deep water without the 
otherwise common problem of rupture 
of the bladder from expanding gas. 

Flashlight fishes are also unusual 
among bioluminescent organisms 

in that their light is on more than it is 
off. To turn off its light Photoblepharon 
simultaneously raises a black curtain 
over each light organ. completely block­
ing out the light. The rate of blinking 
varies with the water temperature and 
the conditions of the fish's environment. 
When live brine shrimp (a food for Pho­
toblepharon) are added to an aquarium 
tank containing several of the fish, a rap­
id blinking sequence ensues. suggesting 
that the fish are somehow communicat­
ing the information to one another. 

In using its light organ to deal with 
predators Photoblepharon relies on a 

sudden flash of the light that so startles 
the predator that Photoblepharon gains 
time to escape. Moreover, our studies 
of the living fish in our aquarium have 
disclosed a most interesting adaptation 
that the species presumably employs to 
confuse predators. Each time a swim­
ming Photoblepharon changes direction. 
it turns off its light. Shortly afterward 
it turns the light on again, but from the 
viewpoint of a predator the position at 
which the light of the prey reappears is 
unpredictable. 

This behavior is continuous. Presum­
ably it makes Photoblepharon difficult 
for a predator to track. Morin has ob­
served the behavior in a natural setting. 
where he has recorded an average fre­
quency of 75 blinks per minute with an 
average duration of 160 milliseconds 
for each blink. His term for the behavior 
is "the blink and run." 

With photometric techniques Morin 
and his colleagues have identified cer­
tain basic patterns of the bioluminescent 
activity of Photoblepharon. The most ob­
vious pattern is an infrequent blinking. 
(Most other bioluminescent organisms 
flash rather than blink.) This pattern is 
typical of undisturbed Photoblepharon 
at night. They blink an average of 2.9 
times per minute. and each blink has an 
average duration of 260 milliseconds. 

A second pattern suggests that a more 
or less daily rhythm exists in the sponta­
neous blinking frequency of fish kept in 
continuous darkness. The blinking rate 
is much higher during the daytime hours 
than it is during the night, and the dura­
tion is somewhat longer. The average 
frequency is 37 blinks per minute and 
the average duration of the blinks is 800 
milliseconds. 

Several specimens of Anomalops that 
arrived at the Steinhart Aquarium in a 
weakened condition, with their lights ex­
tinguished, provided an opportunity to 
test the hypothesis that flashlight fishes 
use their light for seeing. When live 
brine shrimp were put in the tank occu­
pied by the specimens. the lightless fish 
largely failed to discover the shrimp. 
The shrimp were eaten immediately 
when a light approximately equal in in­
tensity to the natural light of the fish was 
turned on in the room. 

We tried without success to rekindle 
the natural light of these fish. Our first 
attempt was to reinfect the Anomalops 
organ with a culture of bacteria from 
glowing specimens of Photoblepharon. It 
did no good to put light and dark fish in 
the same tank, even though tests of the 
water showed that many photo bacteria 
were present. Attempts by Edward E. 
Miller of the Steinhart Aquarium staff 
to transfer bacteria from Photoblepharon 
to Anomalops with a hypodermic needle 
were also unsuccessful. 

The failure of all these efforts suggests 
that the two species provide different en­
vironments for the bacteria. The answer 
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LIGHT-EMITIING BACTERIA in a specimen of Photoblepharon 
palpebratus appear in an electron micrograph made by Michael D. 
Lagios of Children's Hospital in San Francisco. The enlargement 

CLOSER VIEW of the light-emitting bacteria shows them at an en­
largement of 28,500 diameters. The Slender, dark projections are fta-

is about 5,700 diameters. The bacteria are the elliptical and round 
structures inside the comp artments surrounding tbe central vessel, 
which provides nourishment to the bacteria from the blood of the fish. 

gella; their function in this species is not clear. Inner circles are arti­
facts resulting from evaporation of granules by the electron beam. 

111 

© 1977 SCIENTIFIC AMERICAN, INC



may be more complicated. however. as 
Nealson and Edward Ruby discovered 
at the Scripps Institution in work with 
the bioluminescent pinecone fish. Their 
preliminary findings indicate that each 
pinecone fish is colonized by a different 
clone of bacteria and so is in effect a 
biological island. 

Man has taken advantage of the fact 
that the flashlight fish lures prey with its 
light organ. Although the fish captures 
prey smaller than itself by attracting the 
prey with its lights. the fishermen of the 
Banda Islands in Indonesia learned that 
larger fishes are also attracted to the 
light. Harvey noted in 1922 that Banda 
fishermen removed the organ from the 
fish and attached it to their lines above 
the hook to act as a lure. The organ re­
mained luminous for many hours as the 
symbiotic bacteria continued to glow. 
Other fishermen in Indonesia have 
learned to take advantage of these allur­
ing properties without harming the 
flashlight fish. By suspending below 

1 

their canoe a perforated length of bam­
boo enclosing a dozen or more living 
Photoblepharon they can fish each night 
with reusable lures. 

Although the light organ is essentially 
Il.. the same in all anomalopid fishes. 
the way in which it is operated differs 
considerably. Anomalops obscures its 
light by rotating the light organ down­
ward into a darkened pocket. (The or­
gan is hinged at the front.) Photoblepha­
ron extinguishes its light by raising a 
black curtain over the organ. The cur­
tain is much like an eyelid. 

The reason for these differences may 
be indicated by the recently collected 
specimen of Kryptophanaron. Rosen­
blatt and Montgomery have noted that 
the light organ of the fish can be rotated 
but that a membrane is also associated 
with the organ. They propose that Kryp­
tophanaron controls its light by both ro­
tation and a shutter mechanism. with 
the rotational movement serving to in-
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terrupt the light for fairly long periods 
and the shutter mechanism accomplish­
ing rapid blinking. Rosenblatt and 
Montgomery believe both mechanisms 
may have been present in the ancestor of 
Kryptophanaron and the common ances­
tor of Photoblepharon and Anomalops. 

If this supposition is correct. the 
membrane of Kryptophanaron or its an­
cestor provides the genesis for the shut­
ter mechanism employed by Photobleph­
aron. a species that has retained the 
presumed ancestral habit of staying 
near the bottom. Anomalops has evolved 
in such a way that it leaves deeper water 
to feed on plankton near the shore at 
night. Behavioral accommodations ac­
companying this evolutionary change 
include the formation of large schools 
and a continuous rapid blinking. Both 
adaptations make it difficult for a preda­
tor to single out a lone prey. 

Rosenblatt and Montgomery have 
speculated as follows about the change. 
"In clear water. near the surface. away 
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OBSCURATION OF LIGHT ORGAN by PllOtoblepharon palpe­
bratus is depicted. The mechanism resembles an eyelid, except that 

in its normal position (1) it is folded below the light organ and that 
the fish raises it (2 and 3) in order to black out the light briefly. 

1 2 

DIFFERENT MECHANISM serves to obscure the light of Anomalops 
katoptron. Its light organ is hinged at the front by a muscle (1). The 
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fish employs the muscle (2 and 3) to rota.te the organ downward into 
a pouch. Both species of fish normally blink several times per minute. 
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from obstructions of the reef. a predator 
would be able to see the luminous or­
gan. and begin its rush. from a consider­
able distance. A rapid blink and short 
dash [as performed by Photoblepharon] 
would require only a small course cor­
rection on the part of the predator when 
the light came on. However. in Anoma­
lops the light is occluded for a relatively 
long period. and all members of the 
school are blinking. This mechanism 
should be much more effective in lessen­
ing the opportunity of a predator to fix­
ate visually on a single individual. In­
termittent flashing in Anomalops. then. 
lessens exposure to predators caused 
by use of the light organ in feeding and 
maintaining the school." 

Many interesting questions about the 
anomalopids remain to be explored. 
What is the behavior of Kryptophanaron. 
the fish that has yet to be observed alive?' 
How do the bacteria in the light organs 
compare in the two species of Krypto­
phanaron and with Photoblepharon and 
Anomalops?Have the symbiotic bacteria 
evolved at a rate different from that of 
their hosts? How do larval flashlight 
fishes acquire their bacteria? Is the pho­
tobacterium carried within the fertilized 
egg. remaining dormant until the time 
when bioluminescence becomes impor­
tant to the survival of the juvenile? The 
answers to these questions will require a 
combination of persistence and luck in 
observing the fishes in their natural en­
vironments and in experimenting with 
them in the aquarium. 

Finally. it is appropriate to describe 
here a far-reaching experiment that has 
been suggested to me by Nealson and by 
J. Woodland Hastings of Harvard Uni­
versity for a beneficial application of 
our research on these rather esoteric 
fishes. Nealson and Hastings are im­
pressed by the remarkable purity of the 
colonies of bacteria in the light organs 
of flashlight 'fishes. that is. by the ab­
sence of competition from other bacte­
ria. They suggest that it testifies to the 
existence in the fish of an extremely ef­
fective immune system of the type that 
in other animals wards off foreign or-­
ganisms invading the body. 

Nealson and Hastings suggest that a 
genetic engineer might be able to re­
place certain unnecessary genetic infor­
mation in the bacterium with infor­
mation that controls operations useful 
to the human organism. An example 
would be an enzyme system that would 
trigger the production of insulin in a 
person who is diabetic. By linking such a 
system to a photobacterium the geneti­
cist would have a visual measure of the 
purity of his culture. When the light is 
on. one can assume that the culture is 
free of contamination. I marvel at the 
suggestion. During my 50-meter dives in 
the Indian Ocean on moonless nights. I 
never suspected that the flashing lights I 
was following might lead to such an end. 
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The Ear liest Maya 
Archaeological excavations in Belize in Central America have pushed 

back the origins of the Maya to 2500 B.C. The buildings and pottery 

uncovered clearly foreshadow the splendor of the Classic Maya period 

The collapse of Maya civilization, 
culturally the most advanced of 
any in the pre-Columbian New 

World, has inspired almost as many 
explanations as there are students of 
American prehistory. An unanswered 
question of equal importance is how 
Maya civilization first arose. Until re­
cently that question has received rela­
tively little attention, but its cogency is 
now greatly increased. Work over the 
past two seasons on the eastern margin 
of the Maya area in Belize (formerly 
British Honduras) , often regarded as a 
backwater, has pushed the beginnings of 
the Maya Formative (or Preclassic) pe­
riod back by more than 1 ,500 years, 
from about 900 B.C. to perhaps as long 
ago as 2600 B.C. The new findings place 
this Early Formative Maya culture 
among the oldest settled societies in 
Mesoamerica or, for that matter, in the 
entire New World. 

The term Mesoamerica is often mis­
takenly thought to be synonymous with 
Central America: the region extending 
from southern Mexico to Panama. The 
term is actually much narrower. Prehis­
torians define it as the culturally unified 
area that in pre-Columbian times em­
braced southern Mexico (including Yu­
catlm), Guatemala, Belize and the west­
ern parts of Honduras and EI Salvador. 
The last and politically the most devel­
oped of the Mesoamerican civilizations 
was the Aztec,  which the Spanish con­
quistadors overthrew in 152 1 .  The Az­
tec capital, Tenochtitlan, was situated 
where Mexico City stands today, and 
Aztec political power was centered on 
the high plateau of Mexico. 

Not all Mesoamerican civilizations 
had this highland focus. The Olmec, one 
of the earliest of the complex societies in 
the region, built major ceremonial cen­
ters on the low-lying coastal plain of the 
Gulf of Mexico; examples are San Lo­
renzo and La Venta. At the same time 
the Olmec zone of cultural influence 
and Olmec trade extended into much of 
the high plateau. 

To the east of both the Aztec and the 
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Olmec area in Mexico lies the peninsula 
of Yucatan and, south of the peninsula, 
the northern lowlands of Guatemala 
(the Peten) and Belize. In this-southern 
area during the first millennium of the 
Christian Era what are regarded as the 
outstanding characteristics of Maya civ­
ilization emerged. This was the start of 
the Maya Classic period. Extending 
from about A.D. 250 to 900, the Classic 
period witnessed the development of 
mathematics, non telescopic astronomy 
and calendrical calculations more ad­
vanced than any in other parts of the 
New World. The data were expressed in 
a hieroglyphic script utilizing more than 
800 characters ,  many of which still defy 
decipherment. Paralleling these purely 
intellectual achievements the Classic 

Maya civilization gave employment to a 
school of vase painters as talented as 
those of Classical Greece and to archi­
tects whose great temple pyramids and 
sacred precincts still amaze the visitor of 
today. 

In common with a number of other stu­
dents of Mesoamerican prehistory I 

have been concerned in recent years 
with the factors underlying the rise of 
Maya civilization. My own work has 
taken the form of a series of field studies 
examining the demographic and eco­
nomic aspects of the Maya Formative 
period. The geographical focus of our 
project, established jointly by the British 
Museum and the Centre of Latin Amer­
ican Studies at the University of Cam-

MAYA ARCHITECTURE OF THE EARLY FORMATIVE PERIOD is shown in recon­
structions based on the partial excavation at Cuello, a site in northern Belize, of two plaster­
covered earth platforms that were the foundations for timbered superstructures. The two small 
superstructures, one circular and one oblong, are alternative conceptions of the timber-and­
thatch building that occupied the older of the two platforms, which was probably circular in 
plan and some six meters in diameter. The platform was built directly on an old soil surface that 
included burned wood suitable for carbon-14 analysis; the date of construction appears to fall 
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bridge in 1 973. was inspired by the late 
Sir Eric Thompson. who pointed out the 
archaeological importance of northern 
Belize . Physiographic ally the region is a 
continuation of the lowlands. To the 
south and west the Peten. the Classic 
Maya heartland in northern Guatemala. 
forms a rain-forest zone with numerous 
rivers and lakes. To the north the Yuca­
tan peninsula forms an arid zone: a karst 
landscape of sinkholes. caverns and un­
derground streams. Northern Belize lies 
within the rain-forest zone but borders 
on the arid zone . Two of its major val­
leys are those of the Rio Hondo and the 
New River . Following the two rivers up­
stream. one moves south and west 
toward the Peten heartland [see illustra­
tion on page 119]. 

A second reason for selecting the area 
is that decades of intermittent explora­
tion (mainly by Thomas Gann. a physi­
cian and amateur archaelogist. between 
1896.and 1 9 3 6) have uncovered a num­
ber of major and minor archaeological 
sites that evidently were occupied in 
Late Formative times. a period extend­
ing from about 300 B.C. to A.D. 250.  Fi­
nally. the people of Belize are greatly 
interested in their country's past. and the 
government encourages archaeological 
research. As a result we have enjoyed 
the friendliest cooperation not only with 
the government. through the Archaeo­
logical Commissioner. Joseph O. Pala­
cio. but also with such representatives of 
the private sector as Belize Sugar Indus­
tries. Maya Airways and G. A. Roe In-

surance Services. all of which are gener­
ous sponsors of our work. 

A line drawn along the 18th parallel 
defines the southern boundary of our re­
search area in northern Belize ; the east­
ern boundary is the Caribbean. and the 
western and northern boundaries are the 
Mexican border along the Rio Hondo 
and across Chetumal Bay. The entire re­
search area covers some 3.500 square 
kilometers. During our first field season. 
in 1 973. we concentrated on locating as 
many archaeological sites as possible . 
These we classified in terms of size and 
complexity: scattered. informal residen­
tial clusters; formal clusters grouped 
around a central plaza. and ceremonial 
precincts. minor or major. surrounded 
by residential areas of varying extent. 
We also established a rough regional 
chronology based on the pottery uncov­
ered in test excavations at several sites. 
The pottery chronology was achieved 
by comparing styles and style changes 
with those already established for pot­
tery from elsewhere in the Maya region. 
either discovered in association with 
dated inscriptions (which first appear in 
about A.D. 250) or dated by means of 
carbon- 14 analysis. 

All together we plotted some 60 sites. 
most of them last occupied during the 
Classic period and most located in the 
higher and drier western part of the re­
gion: areas of raised ground between the 
Rio Hondo and the New River and be­
tween the New River and Freshwater 
Creek. Three sites included ceremonial 

precincts ranging in size from medium 
to large. and one of them. Nohmul. was 
surrounded by more than 20 square 
kilometers of residential settlements. 
Each of the three ceremonial precincts 
included a large elevated acropolis. 
building foundations surrounding large 
plazas. several tall temple pyramids and 
at least one parallel-sided court where 
the sacred ball game had been played. 

All three of the major sites. Nohmul. 
Aventura and EI Pozito. are located 
along the same stretch of high ground. 
the ridge between the Rio Hondo and 
the New River. It is easy to visualize the 
three as the capitals of separate Classic 
Maya principalities .  The lesser sites that 
surround them are comparable to the 
towns and villages around the cathedral 
cities of medieval Europe. One of these 
lesser sites. located almost exactly mid­
way between Nohmul and EI Pozito. 
stands on land owned by the Cuello 
family. who hospitably gave us permis­
sion to investigate it. 

We named the site after its owners. 
Examination in 1 974 of a partially de­
stroyed mound at the site revealed pot­
tery of an unfamiliar type that we had 
also encountered in the lowest levels of 
our test excavations at Nohmul and 
elsewhere. At those sites the unfamiliar 
pottery was associated with recogniz­
able wares of the Maya Middle Forma­
tive period (from 900 to 300 B.C.). The 
Cuello sherds. however. had no such as­
sociations. Was the unfamiliar ware per­
haps even older and indigenous? Or had 

between 2500 and 2400 B.C., making the platform the oldest archi­
tectural endeavor known in Mesoamerica. That a superstructure of 
some kind once stood on the platform is evident from numerous post­
holes (see illustration on page 130). The larger and more recent plat­
form (above) was apparently oblong, some five meters wide and more 
than 10 meters long, with rounded ends. At the point where one end 
begins to curve a niche was built into the side of the platform; evi-

dence that the plaster lining of the niche had been renewed suggests 
that it served as a step for mounting the platform from the patio in 
front. The platform was probably built between 1700 and 1500 B.C. 
Considerations of symmetry suggest the second niche shown here, 
and the small size of both niches suggests the centrally located ad­
ditional step. The restoration, however, is conjectural; indeed, only 
those parts of both platforms shown in color have been excavated. 
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MAYA LOWLANDS consist of three parts of Mesoamerica: the Yucatan peninsula of Mexi­
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14 dates for Swasey wares extend from 1250 to 2600 D.C. Swasey pottery, unearthed at four 
other sites in northern Belize, has also been found at two sites in Yucatan: Becan and Mani. 
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it been made elsewhere in the first mil­
lennium B.C. and reached the sites in 
northern Belize as an import? 

The question could be answered only 
by excavation. Moreover, the location 
of Cuello midway between two major 
ceremonial sites suggested other possi­
ble benefits that might accrue from fur­
ther investigation. What was the nature 
of the contacts between Nohmul and EI 
Pozito in the Classic period? If the ma­
jor centers were indeed the capitals of 
principalities, where was the frontier be­
tween them? With questions of this kind 
in mind we decided to carry out a small­
scale excavation at Cuello during our 
next field season. in 1 97 5 .  

Cuello lies five kilometers west o f  Or­
ange Walk Town, capital of the dis­

trict of Orange Walk. The most obvious 
part of the uncleared site is a small cere­
monial precinct of the Classic period 
consisting of two linked plazas, each 
with a small temple pyramid. No stone 
superstructures survive anywhere at the 
site , and it is probable that not only the 
temples but also the many residences 
and other structures were built of per­
ishable materials: timber frames with 
palm-thatch roofs. 

To the south of the ceremonial pre­
cinct we located a series of large plat­
forms. One of them, about four meters 
high and 80 meters long. particularly at­
tracted our attention because on it was a 
small temple pyramid. about eight me­
ters high. The pyramid was simply too 
small for such a large platform. This 
architectural discontinuity suggested 
that the temple was a late addition. per­
haps built after the platform had been 
abandoned for some time. On the erod­
ed sides of the temple pyramid we found 
potsherds of the Classic period.  Per­
haps. like the unfamiliar pottery we had 
found in 1 973.  the platform belonged to 
the earlier Formative period. Certainly 
its four meters of material should con­
tain traces of a long period of growth; 
such had proved to be the case with the 
large platform at the North Acropolis in 
Tikal, the great Maya ceremonial center 
in the Peten. 

Work began early in 1 97 5  on the se­
lected structure. designated Platform 34 
on the Cuello site map. under the super­
vision of Duncan Pring. then a graduate 
student at the University of London and 
the ceramic specialist for the project. It 
soon became clear that our guess was 
right; the pyramid had been built long 
after the platform. A layer of debris had 
accumulated on the plaster surface of 
the platform. evidence that the structure 
had been out of service for some time. 
before the pyramid was built directly on 
top of the debris. 

We cut down into the platform, ex­
posing a succession of well-preserved 
plaster floors. Between the successive 
layers of plaster we found thin deposits 
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of debris and an occasional thicker layer 
containing potsherds, animal bones, 
snail shells and small quantities of 
burned wood. Two meters down the 
potsherds included some of the unfamil­
iar type, this time in association with the 
reml),ins of pottery identifiable as prod­
ucts of the Middle Formative period. 
Some 70 centimeters below this the pot­
sherds were all of the unfamiliar type; 
this was the case thereafter until the ex­
cavation reached bedrock at a depth of 
about four meters. 

The finding settled one of our hypo­
thetical questions. The examples of the 
unfamiliar ware that we had encoun­
tered in the early levels of Belize sites 
elsewhere were not imports. The pres­
ence of the ware signified that each site 
had an even longer history than had 
been supposed. Until the time of our 
probes the earliest-known kinds of pot­
tery in the Maya lowlands had been 
products of the Middle Formative peri­
od unearthed at two sites in the Peten: 
Seibal and Altar de Sacrificios on the 
Rio Pasi6n. There Gordon R. Willey of 
Harvard University had turned up pot­
tery of an early phase of the Middle 
Formative associated with material that 
yielded carbon- 14 dates equivalent to 
slightly later than 900 B.C. Nowhere in 
the lowlands had any pottery been un­
earthed that unquestionably belonged 
to the Early Formative period (then esti­
mated to run from 1 500 to 900 B.C.) .  

All the ceramic complexes of north­
ern Belize are named after local rivers 

or lagoons, and so. we designated our 
unknown pottery the Swase� ceramic 
complex after a nearby tributary of the 
New River. Obviously the sherds from 
the lower levels in the Cuello platform 
were older than the pottery from Seibiil 
and Altar de Sacrificios. The question 
was, how much older? In the traditional 
view of early influences in Mesoamerica 
the Olmec civilization, centered on the 
Gulf Coast of Mexico west of the Maya 
area, is considered a probable source of 
the stimuli affecting the earliest aspects 
of Maya culture. The period of Olmec 
influence began around 13 00 B.C. Was 
the Swasey complex early enough to 
have predated possible Olmec contacts 
and thus to have inaugurated a cultur­
al tradition independent of Olmec in­
fluences? 

This remained the question foremost 
in our minds during the summer and 

fall of 1 97 5  as two laboratories, one at 
the University of Cambridge and the 
other at the University of California at 
Los Angeles, undertook to make car­
bon- 14 determinations on samples of 
burned wood from the platform excava­
tion at Cuello. Here two points should 
be made about carbon- 14 dates. First, 
the dates I am citing are "calibrated." 
That is, the variations in the regularity 
of carbon- 14 readings, revealed by the 
analysis of samples of known age from 
the long-lived bristlecone pine, have 
been eliminated. Hence the dates repre­
sent true calendar years, A.D. or B.C., 

rather than carbon-14 laboratory years. 
Second, there is a degree of statistical 

uncertainty in carbon-14 dating, as is 
apparent in the laboratory notation. 
Take as an example the notation 1000 
B.C. ± 100. The 1000 B.C. date. usually a 
mean figure that combines the results of 
two or more tests of the sample materi­
al, is known as the "central" figure; the 
± 1 00 indicates odds of roughly two to 
one in favor of the specimen's age fall­
ing somewhere between 1100 and 900 
B.C. Statistically this range on each side 
of the central figure constitutes one stan­
dard deviation. If one extends the range 
to two standard deviations, which in this 
example would be from 1200 to 800 
B.C., the likelihood that the age of the 
specimen will fall somewhere between 
these extremes is increased from 68 per­
cent to 97 percent. Extensions of this 
kind appear in the illustration on page 
1 2 1 .  When two such extensions overlap, 
the two carbon- 14 dates are said to be 
statistically inseparable. 

The first carbon- 14 date to come 
through was from Roy Switsur and Alan 
Ward at Cambridge. It was for a speci­
men of wood found in a midden deposit 
representing the transition between the 
earlier, or Swasey, phase at Cuello and 
its successor Middle Formative phase, 
Lopez Mamom. The date of this level 
proved to be about 1250 B.C., or more 
than three centuries earlier than the pot­
tery from Willey's Middle Formative 
sites in the Peten. 

The date suggested not only that the 
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taken from a survey still in progress. In Classic Maya times Cuello 
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riod, the focus was to the south and west and included a massive plat­
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built in the Late Formative period, as was a second, partially de­
stroyed platform, No. 39, situated some 180 meters to the east of No. 
34. The area excavated in 1976 (color), overlapping a test trench dug 
dnring the .previous season, bordered on a small pyramid on Plat­
form No. 34 that was not added to the structure until Classic times. 
Age of the platforms and pyramids at lower right is not yet known. 
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Middle Formative period began earlier 
than had been supposed but also that the 
Swasey complex could well represent a 
hitherto unknown lowland Maya Early 
Formative period. Moreover, the Swa­
sey upper levels were at least contempo­
raneous with the Olmec. Two additional 
dates from Cambridge, one for a Mid­
dle Formative layer of the platform and 
one for a Late Formative layer, rein­
forced our confidence in the antiquity of 
the transition deposit. 

In November we received the carbon-
14 determinations from Rainer Berger 
at V.C.L.A. A sample from a level im­
mediately below the transition deposit 
yielded an almost identical reading; a 
sample from a somewhat lower level in­
dicated a date perhaps two centuries 
earlier . The agreement between the find­
ings of the two laboratories gave us con­
fidence in the most surprising determi­
nation of all. Wood from the lowest 
midden uncovered in the probe of the 
Cuello platform, located just above bed­
rock, was assigned a carbon- 14 date by 
the V.C.L.A. laboratory that ranged 
from 2450 to 2750 B.C. and thus had a 
central value equivalent to 2600 B.C. In 
effect one season of work at Cuello had 
pushed back the antiquity of the Maya 
by a full millennium and the prehistory 
of the lowlands by more than 1 ,600 
years. Moreover, the establishment of 
such an early date for the possible incep­
tion of the Maya Formative period had 
effectively removed the Olmec civiliza­
tion from further consideration as the 
initial stimulus of Maya culture and 
even suggested the possibility that Maya 
culture acted as an influence on the 
emergent Olmec society. 

The great antiquity of the Swasey pot­
tery complex had even wider implica­
tions. Vp to the time of our discovery 
the earliest-known examples of a ceram­
ic tradition in Mesoamerica had been 
pottery from two areas in Mexico west 
of the Maya zone: the Purron ware of 
the Tehuacan valley and the Pox pottery 
of Puerto Marquez on the Pacific coast. 
Broadly speaking, the Tehuacan pottery 
(about 2800 B.C.) appears to be coeval 
with Swasey ware, and the Puerto Mar­
quez pottery, although a good deal earli­
er (about 3200 B.C.) ,  is statistically insep­
arable from Swasey because the dates 
overlap when they are extended by two 
standard deviations. 

Stylistically, however, the Swasey 
ware is much more sophisticated than 
either the Purron or the Pox. In contrast 
to their limited repertory the Swasey 
ware has a wide range of forms, finishes 
and decorations. Could these lowland 
products of the Early Formative period 
in the Maya area represent the starting 
point of a pottery tradition that later ex­
panded over much of Mesoamerica? 

Our single very early carbon- 14 date 
from Cuello was clearly in urgent need 
of confirmation. Furthermore, the nar-

CALENDAR YEAR 
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r---A.D.500 
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MAy' A CHRONOLOGY over a span of 3,500 years is seen against the perspective of other 
contemporary and later Mesoamerican civilizations' rise and decline. Dates in black (left) show 
calendar years; dates in color are the equivalent carbon-14 years; these have not been calibrat­
ed to eliminate their inconsistency, which increases with samples of increasing age. The range 
of sample age determinations is indicated in four instances by arrows of varying thickness (col­
or): for the Swasey ceramic complex at Cuello, for the Mexican Pacific site Puerto Marquez, 
where pottery slightly earlier than Swasey has been found, and for two South American sites 
with even earlier pottery. Heads of arrows show maximum ranges of dates, extended from the 
central carbon-14 reading by ±20 percent (two standard deviations). Wider line measures a one­
deviation extension. Where several dates are known the widest line (light color) shows the dates' 
central range. The lowland Formative period was formerly thought to begin in about 900 D.C. 
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row shaft cut into Platform 34 had pro­
vided virtually no information about the 
economy or the cultural repertory of the 
Swasey-phase inhabitants of the site. a 
population that seemed to have a good 
claim to being the earliest Maya. We 
therefore decided to put in a short sea­
son of further excavations at Cuello in 
March and April of last year . 

That excavation season was super­
vised by Sara Donaghey of the York 
Archaeological Trust. which also sup­
plied our group with a drafter. Sheena 
Howarth. and a conservator. Jim 
Spriggs. A prime necessity was an accu­
rate map of the site. and work on it had 
been undertaken in the 1975 season by 
Michael Walton. an English architect. 
and Basilio Ah. a Mopan Maya from 
southern Belize. The two had previous­
ly mapped the Maya ceremonial center 
of Lubaantun [see "The Planning of 
a Maya Ceremonial Center." by Nor­
man Hammond; SCIENTIFIC AMERICAN. 
May. 1972] . Ah continued the mapping 
in 1976. working with another architect. 
Frederick Johnson of Honolulu. In its 
present state the map shows the ceremo­
nial precinct at Cuello. surrounded by a 
scatter of residential compounds [see il­
lustration on page 120]. Three massive 

platforms. spaced several hundred me­
ters apart. lie south of the later center of 
Cuello along a line running a little south 
of east. The westernmost of the three is 
Platform 34. which reached its present 
dimensions in Late Formative times. 
The final construction work on the cen­
tral structure. Platform 3 9. also took 
place in the Late Formative period; the 
age of the easternmost platform has not 
yet been determined .  

The 1 976 excavation was confined to 
a lO-by-l0-meter square on Plat­

form 34. its four sides facing the four 
cardinal directions. Two quadrants of 
the square were excavated: a five-meter 
square at the northeast corner and an­
other at the southwest corner. The west­
ern side of the southwest quadrant in­
corporated the 1975 shaft. so that we 
knew roughly what old floors and mid­
den layers to expect at what depths in 
the new parts of the excavation. By dig­
ging diagonally opposed quadrants we 
also had the benefit of exposing continu­
ous 10-meter vertical sections through 
the platform. one running from north to 
south and the other from east to west. 

The 1975 shaft provided excellent 
guidance during the first two weeks of 

the season. a time devoted to peeling 
away successive plaster floor surfaces 
and screening accumulations of debris. 
As we passed a floor at a depth of about 
a meter. however. we encounter.ed two 
features unlike any we had unearthed in 
197 5 .  The first was a layer of rubble. 
burned plaster and earth. evidence that 
some structure or structures even older 
than the platform had been deliberately 
destroyed. The second. to the south and 
east of the first. was the surface of a 
massive rubble dump. Its rough lumps 
of limestone and chert filled these two 
sides of the excavation. 

Further digging revealed that the lay­
er of rubble. burned plaster and earth 
covered the remains of two structures 
that had stood just beyond the rubble 
dump. We then turned to the task of 
removing the one-meter layer of rubble . 
It soon became clear that the rubble had 
been used to fill up a sunken patio and 
that the two structures had once stood 
on individual platforms on the north 
and west sides of the patio. (We reached 
the limits of our grid before the south 
and east sides of the patio were ex­
posed.)  The plaster floor of the patio 
was found to be in a good state of preser­
vation under the rubble. 

d 

EXAMPLES OF SWASEY WARES include two of the most abun­
dant variety, Consejo Red (a, b). The pots have a cream underslip 
and a red surface slip. The second shallow dish (c), incised with a se· 
ries of chevrons, is also representative of the Consejo group; its rim 
and interior are decorated with a red slip. The last two vessels are 
assigned to other groups of the eight within the Swasey complex. Pot 

d carries a "reserved" design, produced by applying a red slip over an 
orange underslip. The third dish (e), covered inside and out with a 
buff slip, has been further decorated with fine incisions that form a 
repeated X pattern and frame a false suspension lug. The Swasey. 
complex groups include 25 ceramic varieties; most of the ones seen 
here were reconstructed by Louise Christianson from sherd studies. 
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The 1 97 5  shaft had missed both the 
west edge of the patio and the rubble fill 
by about a meter; what we had taken to 
be earlier floors of the great platform 
were in fact the interior floors of succes­
sive buildings that had stood on the west 
side of the patio. Further excavation 
made it plain that in this part of the site 
the construction of Platform 34 had 
been preceded by the deliberate raz­
ing of the buildings bordering the patio 
and the filling of the sunken area with 
rubble. 

We were able to place the time of the 
remodeling toward the end of the Mid­
dle Formative period. about 400 B.C. 
The work had involved a considerable 
communal effort. Two facts make this 
clear. First. the limestone available lo­
cally at Cuello differs in texture from 
the limestone used to fill in the sunken 
patio. Second. there is no chert at all 
available at Cuello. The nearest source 
of both fill materials is at least two kil­
ometers from the site . 

Platform 34. like the other two great 
platforms. is obviously a ceremonial 
structure rather than a residential one. 
The communal aspect of its construc­
tion would thus also seem to involve cer­
emonial behavior. But what about the 
structures that had been burned and 
buried earlier? Were they temples or 
perhaps residences for a social elite? Or 
had they been some ordinary cluster of 
dwellings. razed to make way for the 
great platform? The evidently ritual na­
ture of the demolition and covering up 
suggests that the razed structures had 
been ceremonial ones. 

The more impressive of the two build­
ings had stood on the north side of the 
patio. A stairway led from the patio up 
to an open terrace at the front. The front 
wall of the building. which has been 
so far only partly excavated. was con­
structed of small. rounded limestone 
boulders. laid in courses and covered 
with a facing of plaster. The doorframe 
was made out of stiff. perhaps pounded. 
earth with a core of rubble to give it 
added strength. The terrace. of similar 
earth-and-rubble construction. was cov­
ered with plaster. Except in the staircase 
area the plaster finish ran down the face 
of the terrace and blended into the plas­
ter floor of the patio. 

As we dug down. exposing the floor of 
the building. we found a human burial 
sealed under the-threshold .  Such graves 
are not uncommonly associated with 
Maya structures and have come to be 
known as foundation burials. The skele­
ton was that of a young male. lying on its 
right side with its head pointing west. In 
the grave was a small. plain pottery jar 
and a string of beads made out of mol­
lusk shells and jade. 

The second building. on the west side 
of the patio. had been razed level with 
the patio floor. Only the outline of its 
entrance stairway and front wall could 
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be seen. and the plaster patio floor near 
it showed signs of intense fire. As we 
extended our excavation of the area we 
found that the west edge of the patio at 
the time of the razing (about 400 B.C.) 
had in preceding periods been shifted 
somewhat to the east. Preserved under 
the M iddle Formative buildings and the 
patio floor were the remains of struc­
tures representing three successive peri­
ods of construction during the Swasey 
phase; they constitute the earliest Maya 
architecture known. 

The most recent of the three Swasey 
buildings is represented by a struc­

ture with a poorly preserved floor. Its 
plaster surface had covered an earlier 
hole that had once supported the butt of 
a large timber upright. Remnants of the 
upright timber. still present in the hole. 
yielded a carbon-14 reading some three 
centuries earlier than the readings for 
samples from this construction period 
located elsewhere. This suggests that the 
upright had been a quite mature tree 
when it was cut down and set in place. 
On balance the carbon-14 determina­
tions suggest a date of from 1700 to 
1500 B.C. for this final Swasey construc­
tion period. 

The structure was evidently a low 
platform; its straight east fa�ade had 
been at least 10 meters long and perhaps 
substantially longer. At its south end it 
swept around to the west in a curve. and 

b 

.m 

to judge from what we can see of this 
feature the platform had been at least 
five meters wide. Where the curve be­
gins a niche was set into the edge of the 
platform near the top. Indications that 
the plaster lining of the niche had been 
renewed suggest that it was used as a 
step by those climbing from the sunken 
patio to the top of the platform. A simi­
lar niche may exist at the unexcavated 
north end of the platform. The small 
size of the niche we uncovered seems 
also to argue for the existence of a cen­
tral stair. The top of the platform had 
supported a timber superstructure. as 
was evident from a series of postholes. 
but no certain plan for the timber struc­
ture could be determined .  

The structure that represents the next 
Swasey architectural phase was buried 
under the last one. It fronts on the same 
line. but its fa�ade was curved rather 
than straight. A modest earth-filled plat­
form. it was a mere 30 centimeters high. 
From what we can see we estimate that 
it was some seven meters long and four 
to five meters wide. It had a plaster top 
and a plaster facing. reinforced along its 
upper edge with a line of rough stones 
probably intended to minimize erosion. 
Like the platform that succeeded it. it 
had supported timber-framed super­
structures; the evidence of the postholes 
indicates that two such structures had 
occupied the platform in succession. 
Both had rounded sides rather than 

d�D e� 
��, 

STONE IMPLEMENTS UNEARTHED AT CUELLO were made chiefly by flaking chert 
(top) or by grinding sandstone (bottom). The large tool (a) is 15 centimeters long; it is typical 
of the general-utility choppers of the Formative period. Next (b, c) are small axe-adzes that 
may have served for finer work. The long parallel-sided blade (d) is much like later Maya work 
in obsidian. The small point (e) probably was used as a drill or punch rath-er than as a pro­
jectile. Fragments of pinkish sandstone if, g) imported from the Maya Mountains 150 kilo­
meters away are shown in restoration here: a mano and metate, the Mesoamerican corn mill. 
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straight ones. and the earlier of the two 
was the larger one. Carbon- 14 determi­
nations from numerous samples. some 
contemporaneous with the platform and 
some from a succeeding layer. suggest a 
date for the platform between 2300 and 
2000 B.C. Both platforms fronted a plas­
ter-floored patio that covered essentially 
the same area as the Middle Formative 
patio had. 

The oldest of the three Swasey struc­
tures came to light at the juncture of our 
two five-by-five-meter quadrants and 
had evidently been built at a time before 
the Early Formative pattern of con­
structing platforms around a patio pe­
rimeter had become established. So far 
we have uncovered what appears to be 
part of a circular platform with a three­
meter radius. If our preliminary inter­
pretation is correct. the surface area of 
the platform would have exceeded 28  
square meters .  

Like the later Swasey structures the 
platform was built of earth and had a 
plaster surface ; it supported a timber su­
perstructure and rested directly on a 
substrate of long-buried soil. The soil is 
mixed with quantities of trash and other 
debris of occupation apparently derived 
from dwelling sites that stood outside 
our area of excavation. Burned wood 
from this buried soil has yielded a car­
bon- 14 date that falls between 2500 and 
2400 B.C. This would place the date of 
construction of the earliest platform at 
Cuello substantially more than 4.000 
years ago. making it the earliest exam­
ple of architecture known in Mesoamer­
ica and one of the earliest in the New 
World. 

The three successive examples of Ear­
ly Formative architecture unearthed at 
Cuello may be said. if we take the liberty 
of rounding the dates. to be roughly 
4,400. 4. 1 00 and 3.600 years old. The 
existence of architectural traditions typ­
ical of Classic Maya dwellings. such as 
plastered floors and platforms with tim­
ber-framed superstructures. in the low­
lands that long ago is indicative of a 
developmental period for Maya culture 
of far greater duration than has been 
supposed. 

Our excavations last year provided 
significant data on the economy 

of the lowland Maya during the Ear­
ly Formative period. For example. we 
found five more human burials. all asso­
ciated with the Swasey structures. One 
was a child four or five years old. three 
were adult males and the fifth was a 
young adult female. The biological an­
thropologist for the project. Frank P. 
Saul of the Medical College of Ohio. 
concludes that all four adults show ab­
normally advanced tooth wear. suggest­
ing the presence of an abrasive sub­
stance in their daily diet. 

The abrasive could have been either 
of two abrasives that are found in the 

diet of the Maya today. One is lime. 
which is in the diet because the Maya 
steep the kernels of maize in slaked lime 
before boiling them; the process softens 
the hard coating of the kernel and also 
releases certain amino acids in the maize 
that would otherwise be unassimilable. 
The other abrasive is grit derived from 
the stone roller (mano) and millirrg table 
(metate) that are still used today to 
crush the maize kernels into corn meal. 
Fragments of these grinding stones. 
which can also be used to grind seeds 
other than maize. have been unearthed 
in the earliest of the kitchen middens at 
Cuello. They were made out of two dis­
tinctive kinds of sandstone that were not 
of local origin. 

For the present it is only an assump­
tion that maize was cultivated at Cuello 
in the Early Formative period. We re­
covered a large sample of carbonized 
plant remains at the site. but they are 
still being analyzed by Barbara Pickers­
gill of the University of Reading and 
their identity is not yet known. It is pos­
sible that the lowland economy at this 
period included such root crops as man­
ioc and sweet potato. but proof is un­
likely to be forthcoming because identi­
fiable remains of these plants seldom 
survive prolonged burial in a tropical 
lowland soil. 

Hunting amplified the diet of the ear­
ly Maya at Cuello. The bones of 

both the white-tailed deer (Odocoileus 
virginian us) and the agouti (Dasyprocta 
sp.). unearthed from Swasey-phase mid­
dens. have been identified by Elizabeth 
S. Wing of the Florida State M useum. 
Snails are also represented ;  the shells of 
five edible species. the swamp-dwelling 
Pomacea jiagellata in particular. have 
been identified by Lawrence Feldman of 
the University of Missouri at Columbia. 
Between 40 and 60 percent of the snail 
shells were found in deposits of kitchen 
refuse. 

Among the snails are a number of spe­
cies. seldom if ever eaten. that are com­
mon to forest. freshwater and marine 
environments. Entirely unrepresented 
in the Swasey material. however. is one 
snail subspecies (Neocyclotus dysoni cook­
ei) that is characteristic of areas that 
have been burned over and are rich in 
leaf humus. This suggests that if the 
Swasey-phase Maya of Cuello did culti­
vate maize. they did not practice milpa 
agriculture: planting corn in a field that 
is prepared by felling and burning the 
natural brush. Quite the opposite evi­
dence is found in the Middle Formative 
phase that followed :  shells of the swamp 
snail Pomacea decrease in number until 
they account for only 16 percent of the 
total. whereas the proportion of the mil­
pa-dwelling Neocyclotus rises from zero 
to 55 percent. 

Feldman interprets this change in the 
snail sample as evidence that the Maya 
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of the succeeding phase were draining 
swampy land. thereby diminishing the 
area suitable for Pomacea and bringing 
the drained land under cultivation. Sup­
port for his view comes from the find­
ings of a survey group under the direc­
tion of Alfred Siemens of the Universi­
ty of British Columbia and Dennis E. 
Puleston of the University of Minneso­
ta. This group. working just west of us 
along the Rio Hondo. on the bound­
ary between Mexico and Belize. has 
mapped a series of raised-field complex-

es. The fields were formed in riverside 
swamps by digging drainage canals and 
using the spoil from the canals to con­
struct platforms that stand above water 
level. A wood post retrieved from the 
bank of one of the Rio Hondo canals has 
yielded a carbon- 14 date that falls at 
about the end of the Swasey phase at 
Cuello. or about the time of the decline 
of the swamp snails.  

What was grown on these platforms? 
Perhaps corn. perhaps root crops. per­
haps even a "cash" crop such as cacao. 

Certainly the construction and mainte­
nance of the raised-field complexes 
would have required some degree of 
communal cooperation not inconsistent 
with a structured society and an elite 
class. As for the need for a cash crop. the 
presence of imported materials at Cuel­
lo suggests that the early Maya there 
had reason to produce something with 
which to barter . (In later centuries the 
cacao bean was a widely accepted form 
of currency throughout Mesoamerica.)  

The foundation burial on the north 

CROSS SECTION of the southwestern five-meter square excavated 
at Cuello shows the southern exposure of successive strata, from a 
layer of soil (color, top) that accumulated after the site was deserted 
in about A.D. 900 to bedrock (color, bottom) some five meters below 
the surface. Rock-filled area at right, just below the soil, is the stair 
platform of the Classic-period pyramid that was built on top of a 
platform of the Late Formative period in ahout A.D. 600; the stippled 
layers under the Classic pyramid represent the successive renewals 
of the plaster floors that formed the surface of the Late Formative 

platform. A wood sample from the third of these floors yielded a car­
bon-14 date equivalent to 200 D.C. The massive rubhle fill (light col­
or, left), which was not exposed by a 1975 test trench, rests on the 
plaster floor of a patio built in Middle Formative times. This floor 
and the one under it end abruptly at the right, evidence that structures 
facing the patio were razed in about 425 D.C. to clear the way for the 
Late Formative construction. Samples of wood from the stratum be­
tween the two floors date to about 800 D.C. The lowest plaster floor of 
all, covering an ancient soil that rests on bedrock, is 4,500 years old. 
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side of the patio under Platform 3 4  and 
two of the five earlier graves included 
beads of jade and shell among the burial 
offerings. In addition one of the Swasey 
graves contained a lump of hematite . 
the hard iron-ore pigment used in pow­
dered form for pottery decoration and 
body painting. The shells and the hema­
tite could have been obtained within the 
Maya lowlands and perhaps even in 
northern Belize. but the jade could not. 
The nearest known source of the distinc­
tive green gemstone is some 3 50 kilo­
meters away. in the Motagua valley on 
the margin of the Guatemala highlands. 
The presence of jade beads in these 
early graves is proof of the existence 
of an extensive exchange network in this 
part of Mesoamerica more than 3 . 500 
years ago. 

Other materials utilized by the Swa­
sey-phase inhabitants of Cuello may 
also have been obtained through ex­
change.  but the sources were closer . The 
Maya Mountains of Belize. some 1 50 
kilometers south of Cuello. were evi­
dently the source of the pink-hued kinds 
of sandstone used to make manos and 
metates. Richard Wilk of the University 
of Arizona traced the brightly colored 
chert the inhabitants favored as a raw 
material for edged tools to two nearby 
sources;  one. a notable chert workshop 
at Colha. is 27 kilometers from Cuello 
and the other. at Richmond Hill. is sev­
en kilometers away. The shells of ma­
rine mollusks found at the site must 
have been transported over a minimum 
distance of 50 kilometers.  

The high quality of the early pottery 
at Cuello calls for a brief description of 
the Swasey ceramic inventory. All in all. 
the variety of vessel forms and surface 
finishes is considerable . and the work­
manship is consistently expert. In type 
the pots range from rough. unslipped 
pieces-"earthenware" in modern ter­
minology-to thinner-walled pieces 
with smooth and glossy surfaces.  proba­
bly comparable in prestige value and in 
function to today's porcelains. As the 
ceramics specialist with the project. 
Pring has surveyed the Cuello findings 
from the Early Formative period 
through the Late Formative. and he sees 
in them a record of a single. continuous 
process of development. 

The earliest entity in the sequence. the 
Swasey ceramic complex. can be 

subdivided into some 25 varieties on the 
basis of combinations of vessel shape 
and surface appearance [see illustration 
on page 122]. The commonest are plain. 
smooth-slipped red bowls: Ramgoat 
Red and Consejo Red. Ramgoat Red 
bowls. the earlier of the two varieties. 
have only a single layer of red slip on 
their surface. The Consejo Red bowls. 
which gradually replace the Ramgoat 
Red as the commonest ceramics. have a 
cream-colored underslip under the red 
surface. which gives them a glossier. 
lighter and more consistent tone. 

Other notable Swasey-complex varie­
ties include vessels with two-tone sur­
faces-red on cream. black on red and 
red on orange-and vessels with surface 

EARLIEST STRUCTURE AT CUELLO, a plaster-covered platform, is seen from above af­
ter partial excavation. It was constructed some 4,500 years ago. Its curved edge suggests that the 
platform was circular in overall shape; two possible reconstructions of the timber structure that 
stood on it are shown on page 116. The postholes in the plaster surface offer little guidance on 
the shape of the structure. Large holes are ovens dug into the platform at a slightly later date. 
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colors other than red : cream. black. or­
ange. brown and buff. Still others have 
incised surface decorations: bold chev­
rons or multiple incisions forming an X 
pattern. A few have animal heads mod­
eled in the round on the rim or on the 
wall ; so far Pring has recognized a frog 
or toad . a monkey and a turtle. 

One particularly striking type of ves­
sel is a long-necked bottle with burn­
ished decorations on an unslipped gray 
surface. None of the bottles found at 
Cuello are intact. but the overall charac­
ter of the material is quite similar to that 
of ceramics found at Mani in northern 
Yucatan in 1 942 by the late George 
Brainerd.  That was in the days before 
carbon- 1 4  dating. but Brainerd nonethe­
less assigned the pottery to the period 
of about 1 500 B.C. His accuracy must 
be accounted an inspired guess. 

The overall impression conveyed by 
the Swasey ceramic complex is one of 
liveliness and variety in both color and 
decoration. The vessels are indisputably 
the product of a mature technology 
rather than an emerging one. Yet these 
are the earliest ceramics from the Maya 
lowlands and among the earliest in all 
Mesoamerica. Where did this technolo­
gy evolve? 

The earliest Swasey-phase remains 
known are some 4 .500 years old. Any 
answer to the pottery puzzle must there­
fore be sought in areas where ceramics 
were known before that time. One possi­
ble answer is that the precursor or pre­
cursors of the Swasey ceramic complex 
are to be found in the Maya lowlands. 
perhaps at Cuello itself or perhaps at 
other equally early sites. In addition to 
being uncovered at Mani. well to the 
north. Swasey-complex pottery has 
been found at four adjacent sites in Be­
lize : Nohmul. El Pozito. Santa Rita and 
San Estevan. A few sherds have also 
come from Becan. a site located almost 
in the center of the Yucatan peninsula. 
At none of these other sites has the age 
of the Swasey-complex pottery been es­
tablished by carbon- 1 4  dating. A recent 
carbon- 1 4  date . however. is available 
from the central Belize site of Barton 
Ramie. more than 1 00 kilometers south 
of Cuello. The date is about 1 500 B.C . • 
which falls within the range o f  the Swa­
sey carbon- 1 4  dates at Cuello. If one 
also accepts the probability that the ear­
liest Maya occupation of Mani. some 
270 kilometers northeast of Cuello. was 
contemporary with the earliest-known 
Swasey phase. then a swath of the low­
lands some 400 kilometers in length 
from north to south (from Mani to Bar­
ton Ramie). would seem to have been 
settled by the Maya of the Formative 
period. no matter how sparsely. at least 
600 years earlier than was formerly be­
lieved. 

What are the prospects that further 
work at Cuello will uncover still earlier 
horizons of occupation? Three carbon-
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Behind the buttons, 
there\; a "brain:' 

Electronic intelligence has come 
to the phone system.  

It's part of  our new electronic 
switching machines, working round·  
the·clock to give you better phone 
service . 

And it's another innovation in 
telecommunications from Bell Labs 
and Western Electric. 

Intell igent Systems. 
Conventional electromechanical 

switching couldn't have kept up with 
the enormous increase in telephone 
calling. Only electronic switching can 
do that. So we've developed a family 
of electronic machines that are 
handling calls in rural , suburban and 
metropolitan areas.  

And our new long-distance 
electronic system handles 550,000 
cal ls  an hour - four times as many 
as before . 

. 

So your Bel l  telephone company 
can continue to respond to your needs 
better and, at the same time, keep 
your costs reasonable.  

Since electronic switching mach ­
ines run on instructions that can be 
easily changed,  their operations and 
services can be changed without 

rewiring or adding equipment.  , 
This flexibility makes many new 

services practical . Like having your 
calls  forwarded to another number or 
being signalled the instant a busy 
line becomes free. The instructions 
are j ust programmed into the 
system's memory. 

Electronic switching systems 
can do more because they're much 
faster than electromechanical sys­
tems. So even though they're handling 
many more calls ,  electronic systems 
have time left over for other tasks.  

They continuously check them­
selves for trouble,  diagnose any they 
find,  signal for help,  and route calls 
around a trouble spot. 

But trouble is rare with electronic 
switching. 

Today's systems are working 
round-the-clock with less than 
12 minutes "downtime" a year on the 
average . That makes them 99. 9998% 
reliable .  

efforts t o  k e e p  your phone bill down. 
It required an enormous invest­

ment in research and development. 
Building it took even more work 

and money. 
But now there are 1000 elec­

tronic switching offices serving 
communities of every size as well  as 
handling long distance cal ls .  And a 
new office is being installed about 
every working day. 

The System Works. 
It took the Bell System to develop 

electronic switching. 
Because only the Bell  System 

has Bell Laboratories and Western 
Electric working together to make 
your telephone system the most 
reliable and least expensive in the 
world .  

Which is to  say, we had the bra wn 
to put a "brain" behind your phone. 

One of a series of messages to Our Biggest Job Ever. keep you informed of how telecom ­
munica tions technology is changing 

The development of electronic our world - and the part Bell La bs, 
switching was the biggest project Western Electric and your 
ew undec'aken by Ben Labs @ &ll meph,", C,mpany a" 
and Western Electric in our Playing in it. 

Western Electric/ Bell Laboratories 
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Now, Dr. Linus Pau l i ng p resents new findings 
that support h is argu ments even more forceful ly 
than before : 
Vitam in C has s ign ificant p rotective activity 
against  many vi ral d iseases,  incl u d i ng i nfluenza. 
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at booksto res 
everywhere.  
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1 4  determinations made at U.C.L.A. 
late last year provide an ambiguous 
hint. Samples of burned wood, from lay­
ers at the site that have already yielded a 
sequence of carbon- 1 4  dates firmly 
linked to the Cuello stratigraphic suc­
cession, give considerably earlier read­
ings. The ages of the samples range from 
early in the fourth millennium B.C. to 
the middle of the millennium, or from 
about 6 ,000 to 5 , 500 years ago. It is 
clear from the archaeological context 
that the much older wood was trash, 
swept up for construction fill more than 
a millennium after it had been burned. 
The fire that burned the wood could 
have been either a forest fire due to natu­
ral causes or the result of human activity 
in the Cuello area. We calculate the 
chance that the site was occupied more 
than 4 ,750 years ago at about 50-50. 

There are alternatives to the possibili­
ty of an early evolution of Meso­

american ceramics centered in the Maya 
lowlands. One is that ceramics are 
known to have been made in central and 
Pacific-coast Mexico and even in the 
southeastern U.S.  some 4 ,500 years ago. 
None of the ceramics from these areas, 
however, have either the variety or the 
sheer panache of the Swasey ceramic 
complex. 

Pottery 4 ,500 years old is also known 
from Monagrillo in Panama, and in 
northwestern South America pottery 
has been unearthed that is at least 6,000 
years old. The principal South Ameri­
can sites are Puerto Hormiga on the 
coast of Colombia and Valdivia in 
southern Ecuador, but it seems likely 
that during the millennium before the 
oldest examples of the Swasey ceramic 
complex first appeared pottery was be­
ing made in South America all the way 
from the Gulf of Guayaquil to the Gulf 
of Venezuela, both along the coast and 
in the highlands of the Andes. As for 
possible relations between this early 
New World ceramic focus and Meso­
america, DQnald Lathrap of the Uni­
versity of Illinois maintains that there 
are close resemblances between 4 ,500-
year-old pottery from Real Alto, a site 
in southern Ecuador that he excavated 
recently, and the Swasey-complex pot­
tery from Cuello. 

For the moment it seems prudent to 
leave the question open. The origins of 
Maya pottery may have been local or 
they may have been exotic. If it was the 
latter, then a. South American stimulus 
seems more likely than any other now in 
evidence. What can be said unequivo­
cally is that in the Swasey phase at Cuel­
lo we see not only in the pottery but also 
in the architecture and in the use of 
stone artifacts the beginning of the cul­
tural tradition that is known as Classic 
Maya nearly 3 ,000 years later . Where its 
creators came from, and when, are ques­
tions we hope one day to answer . 

To preserve 
your copies of ������ 
A choice of handsome and durable library files-or binders­

for your copies of SCI ENTIFIC AMERICAN. Both styles 

bound in dark green library fabric stamped in gold leaf. 

Files Each file holds 12 issues.  Price per file $4 .95 ; three for 

$ 1 4 .00; six for $24 .00, postpaid.  (Add $ 1 .00 each outside U.S .A . ) 

Binders Each binder holds 1 2 issues.  Issues open flat. Price 

per binder $6.50; three for $ 1 8 .75 ; six for $36.00, postpaid . 

(Add $ 1 .00 each outside U.S.A . ) 
- - - - - - - - - - - - - - - - - - - - - - , 

To: Jesse Jones Box Corp . , P .O . Box 5 1 20 , Philadelphia , Pa . 1 9 1 4 1 
I enclose my check or money order for $ __ . Please send me__ : SCIENTIFIC AMERICAN 0 Files . 0 Binders . I 

(please print) 

________ Zip _____ _ 

I 
I 
I 
I 
I 
I 
I 

NOTE: Satisfaction guaranteed or money refunded. Allow at least three weeks Jor delivery. I - - - - - - - - - - - - - - - - - - - - - - -

EDMUND SCIENTIFIC CD. g_ 300 Edscorp Bldg. 
;� Barrington N . J .  OB007 -

America 's  Grea test 
Sc ience . Opt ics . Hobby Center 

- (6091 547·3488 

TH ERE I S  NO OTH ER TELESCO PE L IKE IT !  
THE NEW EDMUND 4Y4'� f/4-

NEWTON IAN WIDE FIELD 
R EFLECTOR TELESCOPE 

Clear, bright, spectacular wide angle views of 
stars, moon, comets . . .  easy to use . . .  portable! 

IN SECONDS YOU'RE SCANNING THE ASTOUNDING UN IVERSE, able to 
see and study the breath-t a k i n g  cosmos as perhaps y o u  never have before 

tasc i�����m
h
e
e��!�I�s�:S���=v:r�e

y��dr�r l
t
i�e:�i:r

t a��J i�X
n� J��:.

u¥h i� l l
n�; 

reflector  telescope m a k es i t  easy f o r everyone to span a thousa nd l i g ht-years to 
space-age enjoyment of the heave n s  and outdoors .  No c o m p l i cated set up! J u st 

i n sert the eyepiece, locus,  and its b i g  3V2° f ie ld  of view gives you m o re stars in a 
s i n g le v i ew t h a n  any other type of telescope.  B r i g h t .  c r i s p ,  f i nely  resolved i mages 

to c a p t u re your int erest and i ma g i n a t i o n . l t " s  probably the easiest to use telescope 
ever over y o u r  s h o u l d e r ,  in yo u r  l a p .  on a t r ipod.  Or j u st rotate the spher ica l  base 
o n  its own mount  for use on a table, car hood. Take it a nywhere ( o n l y  17" .  10 l b . ) .  
T o p  q u a l i ty opt ica l  syst e m :  4V4', 1/4 parabo l i c  p r i m a r y  m i r ror  (VII wave, IT F . L . ) :  
preal i g ned VII wave d i ag o n a l  o n  a coated opt ica l  w i ndow seals opt ics  from m o i st u re 
and dust :  28mm K e l l n e r  eyepiece ( g i ves 1 5 X .  h i g her wi thout  o t her eyepiece o r  
Barlow) . Fast f o c u s i n g  (25 '  t o  i nf i n i ty ) .  B r i g h t  Scharfa n i a n  red ( d o e s n · t  i m p a i r  n i g ht 
v is ion) :  adj.  carry ing st r a p .  A · · f l rst " · scope · · m u st " ·  
an ideal  second scopel  $ 149 95 There Is no other telescope like it. No. 2001 S Ppd. 

COMPLETE AND MAIL COUPON NOW 
r. - - - - - - - - - - - - - - - - � EDMUND SC IENT I F IC CO . lOO Edscorp Bldg. , Barr ington. N . J. 08007 I Send me 

o SEND fREE 164 PG. CATAlOG " S "  __ u n i q u e  E d m und Telescope{s) I li i4�['.1 nOOt S @ $ 1 49.95 ea $ ____ 1 "'�"fs'=; ' . . . Service & H a nd l i n g  Charge L.----.!....QQ. I Charge my 0 American Exp .  E n c l o sed I S 0 Check 0 MO. I 
I 0 BankAmencard 0 Master Chg .  For TOTAL of $---I In terbank N o .  S i g nature ----------

I Card N? Name I 
E X pHat lon Date ( P lease P r i nt)  

I 30 . 0AY MONEY · BACK GUAR. Add ress I 
I ANTEE . You must be sat is · I f led or re tu rn any purc hase City ------------

• 10 30 days for f u l l  r e fund .  State Zlp ____ I 
'- - -

--- -
- - -- - - -

- - - -HELPJNG TO DEVElOP AMERJCA'S TECHNOLOGY FOR OVER 30 YEARS. 

1 3 3 

© 1977 SCIENTIFIC AMERICAN, INC



MATHEMATICAL 
GAMES 

Cornering a queen leads unexpectedly 
into corners of the theory of numbers 

by Martin Gardner 

A 
analysis of a simple two-person 
game can lead into fascinating 
corners of number theory. We 

begin this month with a charming, little­
known game played on a chessboard 
with a single queen. Before we are 
through we shall have examined a re­
markable pair of number sequences that 
are intimately connected with the gold­
en ratio and generalized Fibonacci se­
quences. 

The game, which has no traditional 
name, was invented about 17 years ago 
by Rufus P. Isaacs, a mathematician at 
Johns Hopkins University. It is de­
scribed briefly (without reference to 
chess) in Chapter 6 of the 1962 English 
translation of The Theory 0/ Graphs and 
Its Applications, a book in French by 
Claude Berge. Let us call the game 
"Corner the Lady." 

Player A puts the queen on any cell in 
the top row or in the column farthest to 
the right of the board; the cells appear in 
gray in the illustration on this page. The 
queen moves in the usual way but only 
west, south or southwest. Player B 
moves first, and then the players alter­
nate moves. The player who gets the 
queen to the starred cell at the lower left 
corner is the winner. 

No draw is possible, so that A or B is 
sure to win if both sides play rationally. 
It is easy to program an HP-97 printing 
calculator or the HP-67 pocket calcula­
tor to play a perfect game. Indeed, a 
magnetic card supplied with Hewlett­
Packard's recently published book HP-
67/ HP-97 Games Pac 1 provides just 
such a program. 

Isaacs constructed a winning strategy 
for cornering the queen on boards of 
unbounded size by starting at the starred 
cell and working backward. If the queen 
is in the row, column or diagonal con­
taining the star, the person who has the 
move can win at once. Mark these cells 
with three straight lines as is shown in 
part a of the top illustration on page 
136. It is clear that the two cells shown 
in color are "safe," in the sense that if 
you occupy either one, your opponent is 
forced to move to a cell that enables you 
to win on the next move. 

' 

134 

Part b of the illustration shows the 
next step of our recursive analysis. Add 
six more lines to mark all the rows, col­
umns and diagonals containing the two 
previously discovered safe cells. This 
procedure allows us to color two more 
safe cells as shown. If you occupy either 
one, your opponent is forced to move, 
so that on your next move you can either 
win at once or move to the pair of safe 
cells nearer the star. 

Repeating this procedure, as is shown 
in part c of the illustration, completes 
the analysis of the chessboard by finding 
a third pair of safe cells. It is now clear 
that Player A can always win by placing 
the queen on the colored cell in either 
the top row or the column farthest to the 
right. His strategy thereafter is simply to 
move to a safe cell, which he can always 
do. If A fails to place the queen on a 
safe cell, B can always win by the same 
strategy. Note that winning moves are 
not necessarily unique. There are times 
when the player with the win has two 
choices; one may delay the win, the oth­
er may hasten it. 

Our recursive analysis extends to 'rec­
tangular matrixes of any size or shape. 
In the bottom illustration on page 136 a 
square with 25 squares on a side is 
shown with all the safe cells colored. 
Note that they are paired symmetrically 
with respect to the main diagonal and lie 
almost on two lines that fan outward to 
infinity. Their locations along those 
lines seem to be curiously irregular. Are 
there formulas by which we can calcu­
late their positions nonrecursively? 

Before answering let us turn to an old 
counter take-away game said to have 
been played in China under the name 
tsyan-shidzi, which means "choosing 
stones." The game was reinvented by 
the Dutch mathematician W. A. Wyt­
hoff, who published an analysis of it in 
1907. In Western mathematics it is 
known as "Wythoff's nim." 

The game is played with two piles of 
counters, each pile containing an arbi­
trary number of counters. As in nim, a 
move consists in taking any number of 
counters from either pile. At least one 
counter must be taken. If a player 

wishes, he may remove an entire pile. A 
player may take from both piles (which 
he may not in nim), provided that he 
takes the same number of counters from 
each pile. The player who takes the last 
counter wins. If both piles have the same 
number of counters, the next player 
wins at once by taking both piles. For 
that reason the game is trivial if it starts 
with equal piles. 

We are ready for our first surprise. 
Wythoff's nim is isomorphic with the 
queen-cornering game! When Isaacs in­
vented the game, he did not know about 
Wythoff's nim, and he was amazed to 
learn later that his game had been solved 
as early as 1907. The isomorphism is 
easy to see. As is shown in the illustra­
tion of the 25-square figure, we number 
the 25 columns along the x coordinate 
axis, starting with 0; the rows along the y 
coordinate axis are numbered the same 
way. Each cell can now be given an xly 
number. These numbers correspond to 
the number of counters in piles x and y. 
When the queen moves west, pile x is 
diminished. When the queen moves 
south, pile y is diminished. When it 
moves diagonally southwest, both piles 
are diminished by the same amount. 
Moving the queen to cell 010 is equiva­
lent to reducing both piles to O. 

The strategy of winning Wythoff's 
nim is to reduce the piles to a number 
pair that corresponds to the number pair 
of a safe cell in the queen game. If the 
starting pile numbers are safe, the first 
player loses. He is certain to leave an 
unsafe pair of piles, which his opponent 
can always reduce to a safe pair on his 
next move. If the game begins with un­
safe numbers, the first player can always 
win by reducing the piles to a safe pair 
and continuing to play to safe pairs. 

The order of the two numbers in a 
safe pair is not important. This condi­
tion corresponds to the symmetry of any 
two cells on the chessboard with respect 
to the main diagonal: they have the 
same coordinate numbers, one pair be­
ing the reverse order of the other. Let us 
take the safe pairs in sequence, starting 
with the pair nearest 010, and arrange 

� • 
vi t 

* 

The cornering game of Rufus P. Isaacs 
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them in a row with each smaller number 
above its partner. as in the top illustra­
tion on this page. Above the pairs write 
their "position numbers." The top num­
bers of the safe pairs form a sequence 
we shall call A. The bottom numbers 
form a sequence we shall call B. 

These two sequences. each one strict­
ly increasing. have so many remarkable 
properties that dozens of technical pa­
pers have been written about them. 
Note that each B number is the sum of 
its A number and its position number. If 
we add an A number to its B number. the 
sum is an A number that appears in the A 
sequence at a position number equal to 
B. (An example is 8 + 13 = 21. The 
13th number of the A sequence is 21.) 

We have seen how the two sequences 
are obtained geometrically by drawing 
lines on the chessboard and coloring 
cells according to a recursive algorithm. 
Can we generate the sequences by a 
recursive algorithm that is purely nu­
merical? 

We can. Start with 1 as the top num­
ber of the first safe pair. Add this to its 
position number to obtain 2 as the bot­
tom number. The top number of the 
next pair is the smallest positive integer 
not previously used. It is 3. Below it goes 
5. the sum of 3 and its position number. 
For the top of the third pair write again 
the smallest positive integer not yet 
used. It is 4. Below it goes 7. the sum of 4 
and 3. Continuing in this way will gen�r­
ate series A and B. 

There is a bonus. We have discovered 
one of the most unusual properties of 
the safe pairs. It is obvious from our 
procedure that every positive integer 
must appear once and only once some­
where in the two sequences. 

Is there a way to generate the two se­
quences nonrecursively? Yes. Wythoff 
was the first to discover that the num­
bers in sequence A are simply multiples 
of the golden ratio rounded down to in­
tegers! (He wrote that he pulled the dis­
covery "out of a hat.") 

The golden ratio. as most readers of 
this column are aware. is one of the most 
famous of all irrational numbers. Like 
pi it has a way of appearing in unlikely 
places. Ancient Greek mathematicians_ 
called it the "extreme and mean ratio " 
for the following reason. Divide a line 
segment into parts A and B in such a way 
that the ratio of length A to length B is 
the same as the ratio of the entire line to 
A. You have divided the line into a gold­
en ratio. Because this has been widely 
thought to be the most pleasing way to 
divide a line. the golden ratio has pro­
voked a bulky literature (much of it 
crankish) about the use of the ratio in art 
and architecture. 

We can calculate the golden ratio by 
assigning a length of 1 to line segment B. 
Our method of dividing the line is ex­
pressed by (A + 1)/ A = All. a simple 
quadratic equation that produces for 
A a positive value of (1 + V5)12 = 

POSITION (n) 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

A. [nq, I 

The first 15 safe pairs in W. A. Wythoffs nim 

1.61803398 .... the golden ratio. Its re­
ciprocal is .61803398 .... It is the only 
positive number that becomes its own 
reciprocal when 1 is taken from it. In 
Britain the golden ratio is usually signi­
fied by the Greek letter T (tau). I shall 
follow the American practice of calling 
it <j> (phi). 

The numbers in sequence A are given 
by the formula [n<j>]. where n is the posi­
tion number and the brackets signify 
discarding the fractional part. B num­
bers can be obtained by adding A num­
bers to their position numbers. but it 
turns out that they are rounded-down 
mUltiples of the square of phi. The for­
mula for sequence B. therefore. is [n<j>2]. 
The fact that every positive integer ap­
pears once and only once among the 
safe pairs can be expressed by the fol­
lowing remarkable theorem: The set of 
integers that lie between successive mul­
tiples of phi and between successive 
multiples of phi squared is precisely the 
set of natural numbers. 

Two sequences of increasing positive 
integers that together contain every pos­
itive integer just once are called "com­
plementary." Phi is not the only irra­
tional number that generates such se­
quences. although it is the only one that 
gives the safe pairs of Wythoff's nim. In 
1926 Sam Beatty. a Canadian mathema­
tician. published his astounding discov­
ery that any positive irrational number 
gent!rates complementary sequences. 

Let k be the irrational number. Se­
quence A consists of multiples of k, 
rounded down. or [nk], where n is the 
position number and the brackets indi­
cate discarding the fraction. Sequence B 
consists of rounded-down multiples of 
k/(k - 1). or [nk/(k - 1)]. Complemen­
tary sequences produced in this way are 
called Beatty sequences. If k is phi, the 
second formula gives rounded-down 
multiples of 1.618+/.618+ = 2.618+, 
which, owing to the whimsical nature of 
phi. is the square of phi. Readers might 
like to convince themselves that Beatty's 
formulas do indeed produce comple­
mentary sequences by letting k = Y2. 
pi. e or any other irrational. and that 
rational values for k fail to produce such 
sequences. 

Whenever the golden ratio appears, it 
is a good bet that Fibonacci numbers 
lurk nearby. The Fibonacci sequence is 
1, 1,2. 3. 5. 8. 13,21. 34 ... , in which 
each number after the first two is the 
sum of the two preceding numbers. A 
general Fibonacci sequence is defined in 
the same way. except that it can begin 
with any pair of numbers. A property 
of every Fibonacci sequence is that the 

ratio of adjacent terms gets closer and 
closer to phi, approaching the golden 
ratio as a limit. 

If we partition the primary Fibonacci 
sequence into pairs. 112. 3/5. 8/13. 
21/34 ... , it can be shown that every 
Fibonacci pair is a safe pair in Wythoff's 
nim. The first such pair not in this se­
quence is 4/7. If we start another Fibo­
nacci sequence with 4/7. however. and 
partition it 4/7. 11118. 29/47 ... , all 
these pairs are also safe in Wythoff's 
nim. Indeed. these pairs belong to a 
Fibonacci sequence of what are called 
Lucas numbers that begins 2. 1, 3. 4. 
7. 1 1.. .. 

Imagine that we go through the infi­
nite sequence of safe pairs (in the man­
ner of Eratosthenes' sieve for sifting out 
primes) and cross out the infinite set of 
all safe pairs that are pairs in the Fibo­
nacci sequence. The smallest pair that is 
not crossed out is 4/7. We can now cross 
out a second infinite set of safe pairs. 
starting with 4/7. that are pairs in the 
Lucas sequence. An infinite number of 
safe pairs. of which the lowest is now 
6110. remain. This pair too begins an­
other infinite Fibonacci sequence. all of 
whose pairs are safe. The process con­
tinues forever. Robert Silber. a mathe­
matician at North Carolina State Uni­
versity. calls a safe pair "primitive " if it 
is the first safe pair that generates a Fi­
bonacci sequence. He proves that there 
are an infinite number of primitive safe 
pairs. Since every positive integer ap­
pears exactly once among the safe pairs. 
Silber concludes that there is an infinite 
sequence of Fibonacci sequences that 
exactly covers the set of natural num­
bers. 

Take the primitive pairs 112. 4/7. 
6110. 9115 ... in order and write down 
their position numbers. 1, 3. 4. 6 .... 
Does this sequence look familiar? As 
Silber shows. it is none other than se­
quence A. In other words. a safe pair is 
primitive if and only if its position num­
ber is a number in sequence A. 

Suppose you are' playing Wythoff's 
game with a very large number of count­
ers or on a. chessboard of enormous 
size. What is the best way to determine 
whether a position is safe or unsafe. and 
how do you play perfectly if you have 
the win? 

You can. of course. use the phi formu-

10 9 8 7 6 5 4 3 2 1 

55 34 21 13 8 5 3 2 1 

o 0 1 0 1 0 17 

Fibonacci notation for 17 
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las to write out a sufficiently large chart 
of safe pairs, but this is hard to do with­
out a calculator. Is there a simpler way 
comparable to the technique of playing 
perfect nim by writing the pile numbers 
in binary notation? Yes, there is, but it 
uses a more eccentric type of number 
representation called Fibonacci nota­
tion that has been intensively studied by 
Silber and his colleague Ralph Gellar 
and also by other mathematicians such 
as Leonard Carlitz of Duke University. 

Write the Fibonacci sequence from 
right to left as is shown in the bottom 
illustration on page 137. Above it num­
ber the positions from right to left. With 
the aid of this chart we can express any 
positive integer in a unique way as the 
sum of Fibonacci numbers. Suppose we 
want to write 17 in Fibonacci notation. 

• 

• • 

• 

• • 

• 

• 

• • 

• 

• 

• • 

• 

• • 

• 

13 

• • 

• • 

• • 

• 

• • 

• 

• • 

• • 

• • 

• • 

• • 
15 

• 

• 

• 

• 

Find the largest Fibonacci number that 
is not greater than 17 (it is 13) and put a 
1 below it. When we move to the right, 
we find the next number that, added to 
13, gives a sum that does not exceed 17. 
It is 3, and so a 1 goes below 3. When we 
move to the right again, the next number 
that gets a 1 is the 1 in the second po­
sition. The unused Fibonacci numbers 
get O's. 

The result is 10010 10, a unique repre­
sentation of 17. To translate it back to 
decimal notation sum the Fibonacci 
numbers indicated by the positions of 
the l's: 13 + 3 + 1 = 17. The 1 farthest 
to the right in the Fibonacci sequence is 
never used, so that all numbers in Fibo­
nacci notation end in O. It is also easy to 
see there are never two adjacent l's. If 
there were, they would have a sum equal 

• 
• 

• 
• 

• 
• 

• • 
• 

• 
• 

• 

• 

• 

• 
• 

• 
• 

• 

• • 

• 
• • 

• • 
• 

• 

• • 
• 

• 

• 

to the next Fibonacci number on the 
left, and our rules would give that num­
ber a 1 and give O's to the original pair of 
adjacent l's. 

In Fibonacci notation the sum of a 
safe pair is the B number with 0 append­
ed. From this it follows that the Fibo­
nacci sequence is obtained by starting 
with 10 and adding O's: 10, 100, 1000, 
10000 . . . .  The same procedure gives 
any Fibonacci sequence generated by a 
primitive pair. For example, the Lucas 
sequence starting with 417 is 10 10. 
10 100,10 1000, 10 10000 . . . .  

Every A number in Fibonacci nota­
tion has the 1 farthest to the right at an 
even position from the right. Every B 
number is obtained by adding 0 to the 
right of its A partner. Therefore every B 
number has the 1 farthest to the right in 

• 

• 

• • 

• • 

• 

• 

• • 

• 

• 

• 

• • 

• • 

• • 

14 

• • 

• • 

• • 

• 

• 

• 

• • 

• • 

• 

• • 

• • 

• 

• 

• • 

16 

New solutions for the maximum no-three-in-line problem 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-office-scnool-park-club-churches-Iaboratory 

Unique instructional games designed by uni­
versity professors to make learning fun 
through brain-te-brain action. Beginning games 
con be mastered by young children-- final games 
will challenge intelligent adults. These are 
the famous GAMES FOR THINKERS from 
WFF 'N PROOF Publishers. 

WFF 'N PROOF (logic) 

QUERIES 'N THEORIES (science) 
EQUATIONS (mathematicS) 
ON· SETS (set theory) 

PROPAGANDA (social studies) 

ON· WORDS (word structures) 

CONFIGURATIONS (geometry) 
TRI·NIM (problem solving) 

REAL NUMBERS (arithmetic) 

WFF (beginner's logic) 
QWIK·SANE (puzzle) 
TAC·TlCKLE (pure strategy) 

Teachers Manual 
THINKERS Bookends 

12·Kit THINK TANK & Teachers Manual 

13.00' 
13.00' 
10.00' 
10.00' 
11.00' 
10.00' 

6.75' 
5.75' 
2.25' 
2.25' 
2.25' 
1.75' 
1.25' 

16.00' 

With THINKERS Bookends (save $10.75) 94.50' 
Without Bookends (save $4.75) 84.50' 

·posfoge & handling included 

Order from: WFF 'N PROOF 
1490-HD, South Boulevard, Ann Arbor, Mi. 48104 

Gifts that are a COMPLIMENT to receive' 

OSkOP 
NOT JUST A TELESCOPE, 

NOT JUST A MICROSCOPE, BUT 

complele oPlical 
veSIPockel SYSlem 
If you are scientist, astronomer, 
philatelist, numismatist, or if you are simply 
finicky about fine optics, Emoskop must be 
instrument of your choice. Converts from 3x � 
telescope to 5x, 10x, or 15x magnifier to 30x _ 
microscope. In any mode it performs to per- '" 

fection, is fully achromatic, with full resolu-
tion and with absolutely flat field. All optical 
parts are hard-coated. With fitted leather 
case and "tripod" for steady observation at 
high magnifications. Emoskop hails from 
Wetzlar, Germany, world capital of fine op­
tics. It is outstanding instrument that Modern 
Photography called " . . .  only magnifier 
worthy of name". hennl-kers' 779 Bush St., 

Box 7584, San francisco, CA 94120 

Mail to: Henniker's SA a 371 
779 Bush St.. Box 7584. San Francisco, CA 94120 

Yes, send me __ Emoskops @$24.95 ea. 

D My check, plus $1 tor post. and handling (and tax 
for Calif. deliv. only) is enclosed. 

D Charge my BA, MC acet. 

# exp._ 

or for fastest service caU TOLL FREE (800) 648-5311 

[IN NEVADA (8001992·571 OliN SF BAY AREA 

CALL 433·7540 

My name is __________ _ 

I liv e al ___________ _ 

In ________ ,State_ Zip _ 
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an odd position. Since every counting 
number is either an A number or a B 
number, we have a simple way of decid­
ing whether a given position in Wyt­
hoff's nim is safe or unsafe. Write the 
two numbers in Fibonacci notation. If 
the smaller one is an A number, and if 
adding 0 produces the other number, the 
position is safe, otherwise it is unsafe. 

An example of the method is 
8/13 = 100000/1000000. The I in 
100000 is at position 6, an even position, 
so that 100000 is an A number. Add­
ing 0 produces 1000000 = 13, the part­
ner of 8. We know that 8/ 13 is safe. If it 
is your turn, your opponent has the win. 
If you think he cannot play perfectly, 
make a small random move and hope 
that he soon will make a mistake. 

If the pair is unsafe and it is your turn, 
how can you determine the safe position 
to which you must play? There are three 
cases to consider. In each case call the 
unsafe pair x/y, with x the smaller num­
ber, and write both numbers in Fibonac­
ci notation. 

In the first case x is a B number. Move 
to reduce y to the number equal to the 
number obtained by deleting the right­
hand digit of x. For example, 
x/y = 10115 = 10010011000100. Since 
100100 has the 1 farthest to the right at 
an odd position, it is a B number. Delete 
its last digit to obtain 10010 = 6. The 
safe numbers you must produce (by re­
moving from the larger pile) are 10 and 
6. On a chessboard this corresponds to 
an orthogonal queen move. 

In the second case x is an A number, 
but y exceeds the number obtained by 
appending 0 to x. Move to reduce the 
value of y to that number, for example 
x/y = 9120 = 1000 10/10 10100. Be­
cause x's 1 farthest to the right is in an 
even position it is an A number. Ap­
pending 0 produces 1000100 = 15. This 
is less than 20. Therefore the safe pair to 
play to is 91 15. On the chessboard this 
too is an orthogonal queen move. 

If the numbers do not conform to cas­
es 1 and 2, do the following: 

1. Find the positive difference be­
tween x and y. 

2. Subtract 1. express the result in Fi­
bonacci notation and change the last 
digit to 1. 

3. Append 0 to get one number. Ap­
pend two O's to get a second number. 
These two numbers are the safe pair you 
seek, even though the resulting Fibonac­
ci numbers may be "noncanonical" in 
having consecutive 1 'so 

An example of the third case is x/ y = 
24/32 = 10001000/ 10 10 1000. The 
first and second cases do not apply. The 
difference between 24 and 32 is 8. Sub­
tracting 1 leaves 7. In Fibonacci nota­
tion 7 is 10100. Changing the last digit 
to 1 produces 10 101. Appending 0 and 
00 yields the safe pair 10 10 101 10 10 100 
= 12120. This result is reached by tak­
ing 12 from both piles. It corresponds 
to a diagonal queen move. 

It is impossible to go into the whys 
of Silber's bizarre strategy. Interested 
readers will find the proofs in Silber's 
paper, "Wythoff's Nim and Fibonacci 
Representation," in the February issue 
of The Fibonacci Quarterly. (The periodi­
cal is available at $15 per year from the 
Fibonacci Association, Leonard Klosin­
ski, University of Santa Clara, Santa 
Clara, Calif. 95053.) 

Neither can I go into the ways in 
which Wythoff's game has been general­
ized, but a word or two should be added 
about the game's misere form: the last 
person to play loses. As T. H. O'Bt;irne 
makes clear in Puzzles and Paradoxes 
(Oxford, 1965), misere Wythoff's nim, 
like misere nim, requires only a trivial 
alteration of the chart of safe pairs. Re­
move the first pair, 112, and substitute 
Oil and 212. The misere strategy is ex­
actly like the standard strategy except 
that at the end you may have to play to 
212 or 0/1 instead of 112. 

Let us modify Wythoff's nim as fol­
lows. A player may take any positive 
number of counters from either pile, or 
he may take one counter from one pile 
and two counters from the other. Can 
the reader determine the chessboard 
model and the winning strategy before it 
is given here next month? 

Here ar� the answers to last month's 
questions: 

The scrambled poem is constructed 
from the following lines of Oscar 
Wilde's "The Ballad of Reading Gaol." 

The vilest deeds like poison weeds 
Bloom well in prison air: 

It is only what is good in Man 
That wastes and withers there. 

The secret of Mary Youngquist's 
poem is that the last letter of every word 
is the initial letter of the next word. The 
property even extends to the poet's 
name at the end. 

The letters etaoin shrdlu can be re­
arranged to spell South Ireland. 

The unsolved maximum no-three-in­
line problem of October was to prove or 
disprove that on a chessboard of side n it 
is always possible to place 2n count­
ers so that no three are in "line." Lines 
may have any orientation. I gave solu­
tions for boards through order 12. Sev­
eral readers have extended solutions 
through order 16. 

Richard Byfield, Richard Jacobson, 
Anne De Lamper and Robert Van 
Clampitt each found by hand an order-
13 solution. Michael Meierruth wrote a 
nonexhaustive computer program that 
turned out 29 solutions of order 13 and 
one of order 15. Later he found a solu­
tion for order 14 and four solutions for 
order 16. Eric J am in found by hand four 
order-14 solutions and one for order 16. 
The illustration on the preceding page 
shows sample patterns for 13, 14 and 
16 and the only known pattern for 15. 
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Wtat owning an original print 
says about you. 

Anyone with a dollar or two can own one of millions of reproductions of fine art. 
Very few people can own one of a limited edition of a fine original print, even if the price is quite modest. 

Which immediately sets you apart. 
When you own an original print, you've acknowledged the need for quality, beauty, and individuality in 

your surroundings. 
You've made a co mmitment to art, and backed it 

up by investing in your own good taste. 
And you own somethirig of real aesthetic and 

monetary value. 
(Unlike reproductions, which almost never grow 

more valuable, original prints b)' recognize d artists tend 
to appreciate, sometimes considerabfy.) 

At the Original Print Collectors Group, we offer 
original etchings, engravings, lithographs, woodcuts, 
and silkscreen prints, by artists whose works hang in 
the world's great museums and galleries. 

These mclude prints by Cald er, Chagall, Dali, 
Miro, and Picasso, as well as artists who are just 

be ginning to make reputations for themselves in the 
world of art. - L......_ ... ... �--. 

Each print 
we offer is a true, 
museum-quality 
original. 

Each print 
is made from an 
image created 
directly on the 
plate by the artist 
himself "Circle at Pyramids," one of the late master Alexander 

E
· 

ch· h d Calder's last original lithographs. Signed limited a IS an - eaition at 50. 
printed, signed and 
numbered by the artist, 

Catja Rothe used the method at mezzotint engraving, almost a lost art, to custom -framed, and 
create the striking "Moondance". Signed limIted edItion at 160. accompanied by a 

In the etching "Clearing 
in the Woods," Alvin 
Sandler's masterful 
impressionism rnptures 
the immediacy of a 
moment in nature. Signed 
limited edition at 99. 

money-back guarantee and a certificate of authenticity. 
And each print has been chosen not only for its 

beauty, but for its investment potential. 
(Over the past decade, works by the artists we offer 

have, on the average, appreciated more than 30% Wayne Cooper's original lithograph "Rainbaw," e£lchr;r. Perhaps that's why Business Week, Money, a timeless record of I1;IraT Amerirn. Signed 

d I h d h · · ·  . rt ) lzmlted editIon at 300. an ave quote us as an aut onty on mvestmg rn a . 
To enhance our members' enjoyment of their original prints, we keep them 

informed with frequent newsletters, which tell how to recognize original prints; the 
different methods by which original prints are made; and what trends and which artists 
are causing the most excitement among knowledgeable collectors and dealers around 
the world. 

Owning an original print says that you have a sincere interest in art appreciation 
and in art that appreaates. 

And the oest way to develop that interest is to find out more about the Original 
Print Collectors Group. Send in the coupon. There's no obligation. 

Original print collectors group,Ltd.,( Name _________ _ 

120 East 56th Street, Dept.SA6, New York, NY10022 
Address __________________ _ 

o Please send me your free color brochure, latest newsletter, 
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BOOKS 

A flotilla of picture books, map symbolism, 
muscular exercise and the Pantheon of Rome 

by Philip Morrison 

W
EEDS IN WINTER, written and 
illustrated by Lauren Brown. 
W. W. Norton & Company, 

Inc. ($8.95). BERGGASSE 19: SIGMUND 
FREUD'S HOME AND OFFICES, VIENNA 
1938, THE PHOTOGRAPHS OF EDMUND EN­
GELMAN, with an introduction by Peter 
Gay and captions by Rita Ransohoff. 
Basic Books, Inc. ($25). THE WORLD 
You NEVER SEE: UNDERWATER LIFE, 
written and photographed by Peter 
Parks. Rand McNally & Company 
($9.95). BIRDS OF THE WEST COAST, 
paintings, drawings and text by J. F. 
Lansdowne. Houghton Mifflin Compa­
ny ($40). Printed books mainly bring 
text, but of course their pages can carry 
images as well. Johannes Gutenberg 
himself knew it; his aim was to mecha­
nize not only the work of scribes but also 
the art of the illuminator and the minia­
turist. Here are four volumes as dispa­
rate in medium as they are in topic but 
all distinguished by their visual displays. 

Weeds in Winter is a book as modest 
as the quiet winter countryside from 

New York to Boston, which is its center: 
spare and subdued but rewarding close 
inspection. Those roadsides and fields 
are not empty. The same herbaceous 
plants, the pinks and the grasses and the 
worts that delight and intrigue the wan­
derer by summer, are there still, "dead, 
woody tissue, various shades of brown 
or gray, sometimes with fruits, some­
times just as stalks; and many of them 
are spectacularly beautiful. " The gifted 
young author and artist has made a field 
guide for winter that is clear enough for 
the wildflower beginner, wisely concen­
trating on the most common and most 
conspicuous, just what one most easily 
notices. 

The plants included, about 135 spe­
cies, can be found from the Atlantic to 
Minnesota and from lower Canada to 
Virginia. The careful key and the lively 
comments are clear and instructive. 
Page after page bears filigreed inky 
drawings of the plants-hardhack and 
tickseed, loosestrife and cinquefoil­
transformed to a purity of structure that 

delights the eye yet is tinged by a philos­
opher's melancholy. Thoreau saw it the 
same way: "More obvious and interest­
ing frequently than in summer even. 
as if their beauty was not ripe till 
then . . .  decent weeds at least, which 
widowed nature wears. " Here is the reed 
grass Phragmites. the "plant of industrial 
America " whose 20-foot bamboolike 
stems crowd dying salt marshes such as 
the New Jersey flats, no longer under the 
tides; bergamot, its heads crowded with 
flower tubes that crush to release a rich­
ly minty smell; teasel. its bracts curving 
elegantly around a head like a spiny egg. 
(Here the author's common sense tran­
scends her sources; she makes it plain 
that this fragile teasel head could not 
have been adequate to the heavy task of 
fulling newly woven cloth in the strict 
sense-thickening and softening it-as 
some authorities appear to say. It was, 
however, used for raising the nap of wo­
ven woolens, which is part of fulling 
in the broad sense: the cloth-finishing 
process. Teasel was still grown for this 
purpose as recently as 20 years ago, as it 
has been for a long time. We can read in 
Piers Plowman: "Cloth that cometh from 
the wevying is noght comly to were/Tyl 
it is fulled under fote, or in fullying 
stokkes / Wasshen wei with water and 
with tasles cracched.") Just to turn these 
delicately figured pages is to evoke the 
long shadows and the complex brown 
vistas of our countryside. 

The black-and-white photographs of 
Berggasse 19 record a scene not from 
nature's winter but from a winter of hu­
man society. In the dreary spring of 
1938 Edmund Engelman (now a New 
York photographic consulting engineer) 

Freud's consulting room, shown in Berggasse 19: Sigmund Freud's Home and Offices, was filled with antiquities 
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CARL SANDBURG's Pulitzer Prize-Winning 

ABRAHAM LINCOLN 
The entire six-volume set 

More than a portrait of a great American. 
this monumental 6-volume biography is a 
tapestry of America in crisis and resolution. 
Winner of a Pulitzer Prize for history .. a 
work of timeless beauty and humanity. 

THE STORY OF 
CIVILIZATION 

by WILL and ARI EL DU RANT 

match����lumes for only 
This multi-volume his­
tory of all mankind­
ancient and modern. 
Occidental and Orien­
tal. is one of the great 
literary achievements of 
the twentieth century. 

$2475 
PUBLISHER'S $ 24445 
LIST PRICE: 

THE NEW COLUMBIA 
ENCYCLOPEDIA 

New fourth edition ... completely 
revised after a lapse of twelve years 

Cited in,earlier: editions as the best single­
volume reference work. this latest illustrated 
edition has over 7000 new articles from 
world affairs to spons. many useful features: 
list of Nobel Prize winners ... tables of rulers 
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IF YOU are not aware of the many 
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nomic and intellectual, of shopping 
in America's Bookstore�the 
dramatic opportunity outlined 
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Until now, high retail prices have 
put the magnificent works shown 
here beyond the reach of many 
reading families. However, as a 
trial member of the Book-of-the­
Month Club, you can choose 
any one of these works at an 
extraordinary saving - as much 
as 5219.70 

This bounty for booklovers is 
not a one-time affair but is a dem­
onstration of a continuing ben­
efit. Not only will you be able to 
keep abreast of the important 
new books you are eager to read, 
but if you continue your mem­
bership you will enjoy similar sav­
ings on expensive library sets 
and high-priced reference works. 
It's a wonderful way to build 
a well-rounded library and save 
money, too. 

BOOK-OF-THE-MONTH CLUB, INC 
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was a dispossessed former owner of a 
photography shop in Vienna, waiting to 
emigrate. He had been a skilled devotee 
of photography from childhood, and a 
mutual friend arranged for him to enter 
the Freud apartment inconspicuously 
(the Gestapo was watching) in order to 
document its look for posterity, beyond 
the years of the Third Reich. The Freud 
family had been given permission to 
seek refuge in London; they were to flee 
within 10 days. The photographer had 
to be discreet: flash or floodlights would 
not do, and the 82-year-old Freud could 
not be disturbed; the photographer had 
to work his way through the rooms at­
tentive to Freud's well-established rou­
tine in order not to encounter the preoc­
cupied old man. 

On the third day the two nonetheless 
met each other, young photographer 
face to face with old seer. The mutual 
friend smoothed out the encounter, and 
Freud looked at the collection of prints, 
already growing, that would record the 
Freud home. He smiled broadly and 
said: "lch danke Ihnen herzlich. Das 
wird fUr mich viel bedeuten. " (Idiomati­
cally, "I am most grateful. It means a lot 
to me. ") We too are grateful; the photo­
graphs mean much to us also. There are 
54 plates, including portraits of the en­
tire family, ranging from the street and 
the fa,<ade to the silent ranks of figurines 
from Rome, China and Egypt that 
crowded the desk where Freud worked. 
There is an intimate gloss for each plate 
and a perceptive and graceful intro­
duction by Peter Gay, a distinguished 
American historian of German culture. 

It was in this place, notable mainly for 
the embarrassment of objects it held, 
that Freud once "playfully wondered 
. . .  whether some day there might be a 
'marble tablet' '' explaining that here 
"the Secret of Dreams was revealed to 
Dr. Sigm. Freud. " The photographs 
cannot of course reveal or conceal. but 
they do give signs, as did the Delphic 
oracle and the writer and thinker who 
collected those crowded pictures, rugs 
and sculptures. The depths of the hu­
man unconscious, its tension of clear 
reason and dark fear, can hardly be 
more sharply present than they are in 
the third photograph: in the street in 
front of Berggasse 1 9, between two ev­
eryday shop doors, we see across 
Freud's lintel a bright Nazi banner, the 
dread Hakenkreuz, which we know as 
black on red. 

In The World You Never See true 
bright colors appear: close to 300 color 
photographs, together with a substantial 
personal text and full captions. The au­
thor is a zoologist-microscopist-film­
maker with Oxford Scientific Films, 
justly held to be about the best team now 
working in the rich domain of closeup 
wildlife cinematography. Most of the 
pictures are macro- or micrographs, the 
world seen at magnifications from a few 
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diameters to a few hundred. We get 
some idea of what it takes to make such 
photographs in a couple of pictures 
of the special equipment Peter Parks 
has developed. His dark-field optical 
benches are thickets of lamp tubes and 
adjusting racks. He has taken them to 
Jamaica and Bermuda, to the shore near 
Melbourne and to the wetlands of Wis­
consin, and as a valuable by-product of 
what was primarily television motion­
picture production he has arranged this 
striking book. In it the watery world 
is sampled widely, from the familiar 
Daphnia and ostracods in a drop of pond 
water to the life of a trout stream and on 
to the shores of beaches around the 
world, surface plankton, the rich middle 
depths, the deep waters and the diatoms 
and radiolarians that ean appear in sea­
water under high magnification. 

The anecdotal quality of the readable 
text, which is never very technical. 
makes this a book more for browsing 
than for reference. The images are genu­
inely beautiful. A few animals, such as 
the ghost crab pirouetting on the Ber­
muda sand and the sleeping perch, are 
from our hand-sized world. The remain­
der, as the title asserts, are from a world 
we never see. Although many of them 
are known to readers from drawings and 
photographs, quite a few are first shown 
here, and few can be seen so beautifully 
in any other collection. The pelagic snail 
Janthina is familiar to collectors for its 
delicate violet shell; here its extraordi­
nary life (it floats on a bubble raft on the 
high seas until by chance it collides with 
the small jellyfish Velella, on which it 
preys) is documented in photographs as 
colorful as they are strange. The eye of a 
needle helps to establish many a shot. 
Clumps of sargasso weed are disclosed 
as so many floating oceanic meadows, 
grazed by barnacles and prowled by in­
credibly well-hidden tiny crabs and a lit­
tle clambering angler fish, whose fin rays 
act like clasping fingers that clench and 
release the fronds. The book is a real 
bargain at its price; it is eye-catching, 
exploiting interference colors and the 
dramatic dark-field technique for visual 
excitement. It ought to be an inducer 
and a complement to more systematic 
reading, as in the books of Alister Har­
dy, who adds a one-page foreword in 
honest praise. 

Birds 0/ the West Coast exhibits care­
fully reproduced paintings in full natu­
ral color. They represent wild birds 
mostly at life size; the birds appear in 
extraordinary detail, lifelike and atten­
tive, floating against a white world emp­
ty save for the firm rest on which the 
creature stands, a twig or a rail or a 
square foot of beach. There are scores 
of color plates, four of which are fold­
outs double the 10-by-14-inch page size 
of the book (which is to be complement­
ed by a second similar volume). 

The artist is a young Canadian painter 

of birds who has for 15 years grown in 
achievement within the subculture of 
birders. The foreword is by a famous 
birder, S. Dillon Ripley of the Smithso­
nian Institution. Ripley sees in this book 
the evidence that the artist's "bird repre­
sentation has come of age. " The birds 
are portrayed "with a superb romantic 
power. They are as impressive in their 
way as Audubon's birds were a century 
and a half ago. " No new continent is on 
display here, but it is apparent eVen to a 
cool onlooker that these paintings reach 
a standard beyond the steady compe­
tence of the many admirably illustrated 
books that stream out for this audience. 
Lansdowne knows birds well; he has 
lived on Vancouver Island, where he 
could see the snowy owl. the bald eagle, 
the tufted puffin and the common little 
chickadee. These he presents in splen· 
dor, along with 50 more. The bald eagle 
still lives in that region in "relatively un· 
disturbed abundance." Once on a bril· 
liant frosty winter's day he saw a "gath· 
ering of eagles . . . .  A hundred or so had 
come to glut themselves on the thou­
sands of dead salmon washed down 
from the spawning grounds. " 

THE NATURE OF MAPS: EsSAYS 
TOWARD UNDERSTANDING MAPS 

AND MAPPING, by Arthur H. Robinson 
and Barbara Bartz Petchenik. The Uni­
versity of Chicago Press ($8. 95). All too 
uncommon is the aim of this small, se­
rious book: applied philosophy. Here 
is the thought of two practitioners of 
a specialized science, cartography, en­
gaged in self-conscious examination of 
the meaning of what they do. The senior 
author is professor of cartography at 
the University of Wisconsin, the junior 
a working cartographic editor with a 
graduate degree. Their readable argu­
ments ought to encourage many another 
worker in a specialized discipline to 
make a start toward a general theory, as 
they here courageously begin their long 
road toward a general theory of cartog­
raphy. Such metascience is too impor­
tant and too difficult to be left to the 
philosophers. 

The book begins with a sense of 
shock. The very literature through 
which they had hoped to come to under­
stand their own domain was founded on 
a "universal metaphor ": the map itself. 
How to gain understanding when the 
map you do not understand is the means 
of explanation? If all theories seem to be 
like maps, then a theory of maps is sure· 
ly a reflexive and convoluted goal. The 
authors proceed to simplify the now too 
heavy task. It will be enough to consider 
tangible, visible maps, not metaphorical 
representations of a part of physical 
space. Space is too impersonal a word 
for them; they prefer the term "milieu" 
to connote the relation of the cartogra· 
pher to the region he describes. For nei· 
ther mapper nor percipient can the map 

© 1977 SCIENTIFIC AMERICAN, INC



© 1977 SCIENTIFIC AMERICAN, INC



questar 
talks about 
collimation 

©1976, Questar Corporation. All rights reserved. 

When we have been talking to an audience for more than twenty 
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all about us, that you are aware of what we have been saying about 
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the alignment of the telescope, thus destroying the all-important 

perfection of the diffraction pattern. 
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be a mere passive modeling of some 
portion of the world. Seeing is itself ac­
tive. a comparison with internal models. 
an ordering never freely given by what is 
without but actively constructed within 
by mapper and map reader alike. 

Robinson and Petchenik follow the 
leads provided in plenty by the philoso­
phers and psychologists of communica­
tion today. They wander from Claude 
Shannon and R. V. L. Hartley to Mi­
chael Polanyi and Jean Piaget, from 
Susanne Langer to Karl Lashley, with­
out much light. Information theory 
holds little for them; indeed, they touch 
on the central idea of dimensionality. 
but they do not emphasize the problem 
that lies in the long. long tapes of the 
universal Turing machine. Information 
theory can red uce every structure to a 
linear tape that is its formal equivalent. 
That is only a clumsy and tedious substi­
tute for the flashing clarity we can gain 
from multidimensions, which offer the 
viewer free choice among the dense 
cluster of potential messages in every 
map. The issue turns on one question: 
the concept of space itself. Here the au­
thors rely on Piagetian experiments and 
the personal interpretations of Polanyi. 
These may be too light a framework for 
the task (although they are surely of val­
ue). On them Robinson and Petchenik 
rest their most explicit result: a start at 
the classification of maps. 

They take two dimensions, one the 
logical mode of like and unlike. the oth­
er the geometrical one of neighboring 
and separated. A general map of one 
area shows "everything" that lies togeth­
er, and an atlas of such maps represents 
separation. But a thematic map, say a 
map of rainfall, collects like properties 
in space and separates out rainfall in dis­
tinct places. Thus are established the 
functional classes of maps. Another cut 
establishes the scale classes: one can 
map a small area topographically, map 
"everything" in some area or map only 
the orange groves. A fourth box in­
cludes long-view maps, say of Europe, 
along with thematic maps of oranges 
around the world. Here in some disarray 
Robinson and Petchenik close, touching 
their central conclusion: "The concept 
of spatial relatedness ... which indeed is 
the reason for the very existence of car­
tography, is a quality without which it is 
difficult or impossible for the human 
mind to apprehend anything." 

The essays are interesting, but they 
are only a start. One needs more mathe­
matics. Plainly there is a duality in our 
apprehensions; might it be seen as the 
contrast between algebra and geome­
try? Symbols and words can be com­
bined to make any relation we choose; 
"mimetic" arrangements in a space of 
more dimensions appeal to us as being 
less arbitrary, closer to the world. Yet 
there arises between the two modes a 
profound isomorphism. Maybe we de-
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tect two styles of two brain hemispheres. 
but coequal rather than subordinate. 
There is plenty we do not know. 

Two small nuggets: It was Edmund 
Halley who may have made the first the­
matic maps. those of winds and of mag­
netic declination. And the popular step 
to abstraction today is the cartogram. 
those maps that show. say. the states 
drawn with their area scaled to their 
population. That powerful blend of 
symbol and spatial relationship sets 
knotty problems for any logician fallen 
into reality. 

BIOMECHANICS AND ENERGETICS OF 
MUSCULAR EXERCISE, by Rodolfo 

Margaria. Oxford University Press 
($21). In his own Milan Institute of Hu­
man Physiology. Professor Margaria 
has for a decade tried to elucidate the 
physiology of human exercise. of man 
walking. running. hopping strangely 
across the dusty face of the moon. He 
began work on these problems with 
"passion " and "interest " just after the 
heroic days of human physiology. near­
ly 50 years back. when Bloomsbury 
novelists laughed at long rides on the 
anchored bicycle as a parable of the 
strangeness and artificiality of science. 

This summarizing book treats old and 
new alike. putting the biochemistry of 
muscle work and the cunning of our 
limbs and motions to the stern assay of 
hard muscular exercise. Here are graphs 
of the energy changes. step by step. of an 
Olympic athlete at the start of a sprint. 
At the peak of his output during this 
time of maximum acceleration he is re­
leasing about 1.8 kilowatts of power. 
which is 15 or 20 times the basal meta­
bolic power spent at rest. To measure 
that all you need to do is ask your sub­
ject to run upstairs two steps at a time 
while you take fast motion pictures. The 
vertical velocity will yield values quite 
comparable to the classical method "in­
troduced by Fenn in 1932 with brilliant 
results. " For that one uses a platform 
sensitive to three components of accel­
eration. all graphically recorded and 
properly integrated over time. 

Such a platform measures only exter­
nal work. work that moves the center of 
gravity of the body. Internal work may 
be spent against internal friction. or in 
contracting muscles without movement; 
these cannot be measured directly. 
Limb movement that does not move the 
center of gravity can be measured from 
motion pictures. It is not too hard to 
measure the energy cost of running. say 
by collecting expired air from a tread­
mill runner. From these data the effi­
ciency can be found; about a third of the 
work is internal. The efficiency comes 
out very high. however: 40 percent. 
That contradicts measurements of effi­
ciency carried out under slow walking 
conditions. where many possible losses 
could not be important. It seems the re-

suit is misleading. Indeed. the conclu­
sion is hard to avoid: The energy output 
is overestimated. 

What could be wrong? Plainly more 
than gravitational potential energy and 
kinetic energy is involved. There is in 
fact a third invisible energy. which 
smooths out the curve peaks. The me­
chanical work done by the muscles is 
stored in part within the muscles them­
selves. elastically. and is returned at the 
right part of the cycle of motion. "The 
term 'elastic' recurs very frequently in 
the terminology of . . .  athletes. trainers. 
or the public in general to describe the 
movement and the performance of ath­
letes. " Their instinct is correct: the 
stored elastic energy is nearly equal to 
the energy expended in contraction. All 
the scaling and speed limits confirm this 
inference. The loss of energy in muscu­
lar viscosity. given much importance in 
the 1920·s. is probably not significant at 
the speeds of runners. A simple model 
for running is the forward progress of an 
elastic bouncing ball. (Walking. on the 
other hand. is more like the end-over­
end rolling of an egg.) 

It is gravity that fixes our oscillating 
rhythm of locomotion. Analysis shows 
that a man could not run on the moon 
(even if the surface were hard) faster 
than 12 kilometers per hour. a third of 
the earthly limit. The energy cost would 
be low. but the runner would be frustrat­
ed. In fact. a jumping technique would 
be much more suitable. 

The first half of the book connects hu­
man performance with the mechanisms 
of muscle-energy release at the bio­
chemical level. It now seems that fast 
direct-energy release by the splitting of 
high-energy phosphate bonds supplies 
our initial power. up to half of the over­
all oxygen debt. Only later does lactic 
acid production by the breakdown of 
the stored starchlike glycogen take part. 
Finally. of course. the oxygen mortgage 
must be paid. but that is done over a 
longer period of time. The studies are 
confirmed by direct measurements on 
isolated mouse muscle and by inference 
from such evidence as the inability of 
the final sprint in a long race to reach the 
same speed as a sprint starting from rest. 
Extra oxygen is of no avail to runners 
between events. although it does pay to 
store up glycogen by eating foods rich in 
carbohydrates for a couple of days be­
fore a contest. The mass of muscle de­
termines the amount of high-energy 
phosphate bonds available. since the 
composition of muscle cannot change 
much. Hard training alone builds mus­
cle mass. Perhaps covert injections­
aerated blood. glycogen?-will become 
winning maneuvers. 

The generally meticulous publishers 
have nodded over this fine little book. 
The editing has not helped readers past 
Professor Margaria's nonstandard us­
age with regard to units. Let the read-
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er remember that "kilogram metres per 
second" translates into about 10 times 
as many watts. There are a number of 
other notational and cross-reference 
puzzles as well. 

THE PANTHEON: DESIGN, MEANING, 
AND PROGENY, by William L. Mac­

Donald. Harvard University Press 
($12.50). Hear Shelley on this "icon of 
Rome's claims." perhaps the most influ­
ential building in the world: "It is as it 
were the visible image of the universe; in 
the perfection of its proportions. as 
when you regard the unmeasured dome 
of Heaven. the idea of magnitude is 
swallowed up & lost. It is open to the sky. 
& its wide dome is lighted by the ever 
changing illumination of the air. The 
clouds of noon fly over it and at night 
the keen stars are seen thro the azure 
darkness hanging immoveably. or driv­
ing after the driven moon among the 
clouds." Its magnitude is not slight: the 
dome is larger than any the Renaissance 
and Baroque masters built after it in 

stone. wood or iron. whether Brunelle­
schi in Florence. Michelangelo in Rome. 
Wren in London or Mansart in Paris. 

We do not know its architect. who 
must have been a skilled professional. 
but it was the Emperor Hadrian's con­
ception. and his personality molded its 
boldly original form. We date it securely 
by the brick stamps found on a number 
of the large tile-shaped bricks that face 
many walls. stamped by the brickmak­
ers long ago for inventory or taxation. It 
was begun after A.D. 117 and dedicated 
between A.D. 126 and 128 under that 
cultivated and many-faceted ruler. His 
name is not on it; indeed. the large in­
scription he placed there recalls Marcus 
Agrippa. the eminent minister of Au­
gustus who had built a sanctuary on the 
same site a century earlier. 

The building stands today after al­
most two millenniums as sound as it was 
built. There are three parts: the formal 
columned entrance porch of stone. an 
intermediate block and the rotunda. a 
great cylinder topped by a hemispheri-

The Pantheon of Rome, from The Pantheon. At the top is the oculus 
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cal dome. Nine-tenths of the structure 
of the intermediate block and of the ro­
tunda is of concrete. The cylinder was 
poured in layers between brick walls un­
til the dome was reached; then the pour­
ing continued over "an immense hemi­
spherical form. supported by a forest of 
timbers" and covered by the negative 
molds for the powerful coffered ceiling. 
That concrete hemisphere is graded in 
the weight of the aggregate in regular 
layers. the uppermost part of the dome 
being of concrete made out of pumice. 
Concrete suited imperial Rome. where 
gangs of cheap labor could build on the 
carefully sequenced and organized work 
of a smaller group of master craftsmen. 
The long effort of skilled individuals 
needed for a classical temple in cut mar­
ble was costly and anachronistic. At the 
spring of the dome. to be sure. there is a 
series of step like rings of masonry that 
bind and weight its lower part. ring but­
tresses. so to speak. 

Most of this learned and much-illus­
trated book is architectural and symbol­
ic rather than structural. What the au­
thor. professor of art history at Smith 
College. seeks is an understanding of the 
meaning of the building as a clue to its 
enduring and pervasive influence over 
the whole of the West. We have little 
documentation from Rome itself. but 
that little helps. It is pretty sure that the 
domed rotunda. with the temple front. 
represented the order of the world in­
voking the order of the heavens. A 30-
foot opening the oculus. admits the 
heavenly lights 150 feet above the geo­
metrically paved floor. The Pantheon 
was sacred to all the gods. but surely 
chief among them were the seven plane­
tary deities in the seven now empty nich­
es. The shape of the building is mani­
festly unified; for example. the cylinder 
is just as high as the dome. and its radius 
and height match. "The theme. of 
course. was unity-the unity of gods and 
state. of people and state. and the unity 
of the perpetual existence and function 
of the state with the never-ending revo­
lutions of the planetary clockwork .... a 
cosmology expressed in architecture." 

The Pantheon was never copied. but 
buildings were made afresh in its image 
for churches and noblemen. kings and 
commonwealths. It has stood in Rome. 
always accessible to the West. all those 
years. a symbol that offers the archetype 
of the "stability of the firmament itself." 
Palladio built after it. as did Thomas 
Jefferson. and we know it in the capitols 
of our republic. Not one other dome dis­
plays the full triumph that was Hadri­
an·s. the "long cylinder of light" that 
moves through the still architecture 
each day. uniting the fabric of ,human 
hands with the ceaseless order of the 
heavenly round. "neither sacred nor sec­
ular. but a place of man and nature." 
partaking of unchanging law. circular. 
shining and perpetual. 
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Understanding Digital Electronics 
New teach-yourself courses 

Design of Digital Systems is written for the engineer seeking to learn 
more about digital electronics. Its six volumes - each 11·1/2" x 
8·1/4" are packed with information, diagrams and questions de· 
signed to lead you step·by·step through number systems and Boolean 
algebra to memories, counters and simple arithmetic circuits, and 
finally to a complete understanding of the design and operation of cal· 
culators and computers. 

The contents of Design of Digital Systems include: 
Book 1 Octal, hexadecimal and binary number systems; conversion 
between number systems; representation of negative numbers; com· 
plementary systems; binary multiplication and division. 
Book 2 OR and AND functions; logic gates; NOT, exclusive·OR, 
NAND, NOR and exciusive·NOR functions; multiple input gates; truth 
tables; De Morgans Laws; canonical forms; logic conventions; Kar· 
naugh mapping; three·state and wired logic. 
Book 3 Half adders and full adders; subtractors; seriill and parallel 
adders; processors and arithmetic logic units (ALUs); multiplication 
and division systems. 

. 

Book 4 Flip flops; shift registers; asynchronous and synchronous 
counters; ring, Johnson and exciusive·OR feedback counters; ran· 
dom access memories (RAMs) and read only memories (ROMs). 
Book 5 Structure of calculators; keyboard encoding; decoding display 
data; register systems; control unit; program ROM; address 
decoding; instruction sets; instruction decoding; control program 
structure. 

Book 6 Central processing unit (CPU); memory organization; char· 
acter representation; program storage; address modes; input / out· 
put systems; program interrupts; interrupt priorities; programming; 
assemblers; computers; executive programs; operating systems and 
time sharing. 

Digital Computer Logic and Electronics is designed for the beginner. 
No mathematical knowledge other than simple arithmetic is assumed, 
though the student should have an aptitude for logical thought. It con· 
sists of four volumes - each 11·1/2" x 8·1 /4" - and serves as an 
introduction to the subject of digital electronics. Everyone can learn 
from it - designer, executive, scientist, student, engineer. 

Contents include: Binary, octal and decimal number systems; con· 
version between number systems; AND, OR, NOR and NA ND gates 
and inverters; Boolean algebra and truth tables; De Morgans Laws; 
design of logic circuits using NOR gates; R·S and J·K flip flops; binary 
counters, shift registers and half adders. 

In the years ahead the products of digital electronics technology will 
play an important part in your life. Calculators and digital watches are 
already commonplace. Tomorrow a digital display could show your 
automobile speed and gas consumption; you could be calling people 
by entering their name into a telephone which would automatically 
look up their number and dial it for you. 

These courses were written by experts in electronics and learning 
systems so that you could teach yourself the theory and application of 
digital logic. Learning by self-instruction has the advantages of being 
faster and more thorough than classroom learning. You work at your 
own pace and must respond by answering questions on each new 
piece of information before proceeding. 

After completing these courses you will have broadened your 
career prospects and increased your fundamental understanding of 
the rapidly changing technological world around you. 

The six volumes of Design of $1988 Digital Systems cost only: 

And the four volumes of $1488 Digital Computer Logic and 
Electronics cost only: 

But if you buy both courses, $ 29 90 the total cost is only: 

a saving of over: 

SEVEN-DAY MONEY-BACK GUARANTEE: If you are not satisfied 
with your Cambridge course, return it within 7 days for a full refund. 

To order your books, complete the order form below and send it to­
gether with your check or money order to GFN Industries, Inc., 6 Com· 
mercial Street, Hicksville, N.Y. 11801. 

To: GFN INDUSTRIES, INC. 
6 COMMERCIAL STREET, HICKSVILLE, NY 11801 

Please send me: 

_ Sets of Design of Digital Systems $19.88 ______ _ 
_ Sets of Digital Computer Logic & Electronics $14.88 __ 

_ Sets of both courses $29.90 ___________ _ 
Sales tax (N.Y. reSidents) ___________ _ 

Shipping and handling $2.50 per set _______ _ 

Enclosed is check/mo (payable to GFN Industries, Inc.) 

Total $. ___ _ 

N ame ____________________ _ 

Address ___________________ _ 

City/State/Zip _______________ _ 

Prices include overseas surface mail postage. SA 38 
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SIT MAR'S SOLAR ECLIPSE CR UISES. 

THE ECLIPSE IS ONLY PART OF 

THE SCIENTIFIC ADVENTURE. 

departs Las Angeles an Octaber 8 on an ll-day 
cruise, which also viSits Mexico. 

FLY FREE FROM 127 CITIES 
You'll even fly free roundtrip from any of 127 

cities throughout the U.S., Canada and MexiCO 
aboard regularly scheduled airlines for the 
Fairwind cruise with Sitmar's incomparable Air/ 
Sea program. Or you can enjoy major air/sea 
savings for the Fairsea cruise. 

And you'll enjoy stopover privileges with 
Sitmar's "Cruise Plus" feature. 

For more information see your travel agent. 

On October 12, 1977, one of nature's rare spec­
tacles occurs-a total eclipse of the sun. 

On that date, Sitmar's two Liberian-registered 
lUxury vessels rendezvous 1200 miles southwest 
of Los Angeles to provide an unequaled vantage 
point for viewing the eclipse. 

Out Sitmar offers far more than just a spec­
tacular view. 

On board both ships will be Sitmar's "Science 
at Sea" program. It features distinguished experts 
lecturing in fields such as Astronomy, Archaeology, 
Navigation, Oceanography, Meteorology and 
Photography. Passengers may even earn profes­
sional academic credits in Astronomy through 
UCLA Extension. 

All this in addition to the usual Sitmar amenities. 
Visits to popular foreign ports. Lavish continental 

"SCIENCE AT SEA" LECTURERS 

FAIRWIND CRUISE 
Dr. Edward M. Brooks, Professor, Geology and 

Geophysics, Boston College; 
Dr. Mark Chartrand III. Chairman, American 

Museum, Hoyden Planetarium. New York; 
Dr. Fronk D. Droke, Director, Notional Astronomy 

& Ionosphere Center; Professor of Astronomy, 
Cornell University; 

Dr. Carl Sagan, Professor of Astronomy; Director, 
Laboratory for Planetary Studies, Cornell 
University; 

Mr. Wolter S. Sullivan, Science Editor. New York Times 

FAIRSEA CRUISE 
Dr. George Abell, Chairman, Dept. of Astronomy. 

UClA; 
Dr. Joseph Chamberlain, Program Coordinator; 

Director. Adler Planetarium in Chicago; 
Dr. J. Allen Hynek, Professor, Dept. of Astronomy, 

Northwestern University 
Dr. James C. Sadler. Assoc. Professor, Dept. of 

Meteorology, University of Hawaii . 

Plus Other Distinguished Guest Lecturers. 

Sit11lar�Cruises 
cuisine. European service from a 500-man Italian 

I
' The Caribbean and South Amenca. MexlCO. Canada and Alaska 

crew. And 25.400 square feet of open decl� space. ' For a copy of our Solar Eclipse 
On October 1, the �S.S. Fair�ind departs from ..;; � . 

, brochure, please write to Sitmar Cruises, 
Fort Lauderdale, FlOrida, transits the Panama ,_ . 1801 South Hill Street, Los Angeles, 
Canal. sails to the eclipse viewing site, • � .............. _ CA 90015. Please include the 
then terminates in Los Angeles 7"' 

_ 

� • 
" 

II_" ••• :.: name and address of 
(17 days in all). En route you ••• -.:"'�--::-�."--- your travel agent. 
visit exciting South American and . 

_MlIIII'. � 
Mexican ports. The T. 5.5. Fairseo ' " " ".,. _ .�l_---.:j 
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look where the 
?cience of transportation 
IS now. 
Today, thanks to the inventiveness of people 
like Monsieur Cugnot, transportation is a 
science. A science that moves people and 
products from where they are to where they 
want to be. Efficiently. Economically. 

Rockwell International is very much a part 
of that science with products that range 
from undersea navigation systems to the 
world's first reusable spacecraft ... and many 
other forms of transportation in between . 

T he science of transportation is just one 
of the sciences of Rockwell, one of the ways 
we're putting science to work for man. 

Further information, including our Annual 
Report, is available by writing: Rockwell 
International, Department 8155, 600 Grant 
Street, Pittsburgh, PA 15219. 

• 

Over half of all on-highway Rockwell builds driveline 
heavy-duty trucks and trac- components and heavy-duty 
tors ride on Rockwell axles brakes for off-h ighway 
and stop with Rockwell equipment used in mining, 
brakes. Other Rockwell forestry, construction, agri­
components for America's culture and many other 
vital highway transportation fields. 
system include: suspension 
springs, U-joints and rein-' 
forced plastic assemblies. 
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Nicolas Joseph Cugnot, of France, 
built the world's first self-propelled 

road vehicle. When? Over 200 
years ago. It travelled at about three 

miles per hour with stops at 15-
minute intervals to build up steam. 

Monsieur Cugnot is credited with 
another first: While motoring through 

the streets of Paris, he took a sharp 
turn too speedily and became the 
world's first automobile accident 

statistic. His vehicle was impounded, 
never to be driven on public streets 

again. It has been preserved in 
the Conservatoire des Arts et 

Metiers in Paris. 

s 

All 300 cars of the Wash­
ington Metropolitan Area 
Transit Authority will ride 
on undercarriages from the 
broad Rockwell line of 
components for the mass 
transit industry. 

T he Space Shuttle, which 
we' re building for NASA, 
will become the space 
transportation system for 
the 1980s and beyond. Its 
pa yloads will help put 
space to work for man. 

• 

High-speed hydrofoil boats, 
such as this, have ac­
cumulated over 50-million 
passenger miles, powered 
by Powerjet® propulsors 
developed from Rockwell's 
rocket engine pump tech­
nology. 

Our Rockwell Turbo Com­
mander® 690B can take 
busy executives into un­
tapped markets - fast. It 
outperforms every other 
existing business propjet in 
its class. 

Rockwell International 
.. .where science gets down to business 
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High technology 
is our basic strength. 

We make it work. 

Power. Combining a gas turbine and all necessary controls, 
this truck-mpunted power unit from our Power Systems 
Division can be driven almost anywhere- and can produce 
enough electricity for a city of 25,000 people. 

Industrial. At the Charles de Gaulle International Airport in 
Paris, our Otis Elevator subsidiary helps take the walking out 
of flying. Moving walkways carry up to 10,000 passengers an 

Systems. Built to the rugged requirements of the army of the 
future, our Sikorsky Aircraft Division has developed the U.S, 
Army's troop carrying hel icopter of the 1980's and 1990's, 

SAlES IN 
BILLIONS 

$3.3 

52.3 
52.0 

$5.2 

53.9 

EARNINGS IN 
MILLIONS 

$1 57.4 

$117.5 

$104.7 

$58,1 
$50.6 

I 72 75 76 

crowning five years of achievement, our 1976 sales and 
earnings were at record highs. Since 1972, sales have 
increased by 155% and earnings by 211%. 

hour from curbside to seven satellite buildings. 

o . UNITED 
TECHNO LOGIES .. 

Pratt & Whitney Aircraft Group· Otis Group· Essex Group· Sikorsky Aircraft· Hamilton Standard 
Power Systems Division· Norden· Chemical Systems Division· United Technologies Research Center 

United Technologies Corporation, Hartford, Conn. 06101. 
Tune in Sundays to MEET THE PRESS on NBC-TV-sponsored by United Technologies Corp. 
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