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A three billion dollar name in quality products. 
Our $1.00 device can protect electronic equipment against 

damage from lightning and other voltage transients. 

Lightning strikes the earth about 100 

times each second. 
In a thunderstorm, the voltage potential 

between cloud and ground can build up to as 
much as 100 million volts. 

The direct damage caused by lightning is 
estimated to be in the neighborhood of 500 

million dollars a year. What cannot be easily 
measured are the additional losses resulting 
from equipment downtime. 

Lightning is just one of the many voltage 

transients that can affect 
, expensive electronic ' 

equipment. Some of the 
other sources are static 

discharges, internal 

switching of inductive 

components, short circuits, 
and inductive influences 

through grounded shorts. 

Before the use of 
semiconductors or other delicate components, 
voltage transients did not present a serious 
problem to the design engineer. Today, 
however, solid-state circuitry and a greater 

degree of electronic sophistication demands 
greater attention to voltage protection. 

To meet the need for transient protection, 
Siemens developed a line of miniature surge 
voltage protectors. These tiny, gas-filled 
devices react rapidly, reliably and repeatedly 
to voltage surges. 

Widely used today in communications 
equipment, surge voltage protectors are fast 
gaining acceptance in other electronics areas. 

Control systems, processing equipment, testing 
and measuring instruments, data processing 
and peripheral equipment are some of the new 
applications for surge voltage protection. 

Siemens has also developed a similar 
device which can be triggered to achieve fast 
bi-polar switching of high currents up to 
5,000 amps. This highly efficient device is 

'" designed to replace silicon 

controlled rectifiers (SCR's) 

in certain applications 
where the di/dt and dv/dt 
rating presents a problem. 
Energy required to trigger 

the Siemens spark gap is 
close to zero (10-6Ws). 

As a manufacturer 
and user of electronic 

components, Siemens has designed its surge 

voltage protectors with total circuit requirements 
in mind. They cover a dc striking voltage 
range from 90 volts to 6.5 kv (higher on request). 

Contact Gottfried Zappe, Siemens 

Corporation, 186 Wood Avenue South, Iselin, 
New Jersey 08830. 

Siemens. A worldwide company in 
telecommunications, instrumentation, 
medical equipment, power engineering, 
electronic components and data systems. 
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You've had four years in college, four more in grad 
school, several as a fellow, more gaining experience. 
Is waiting in line at the camp center the best possible 
use for your time? 
A PDP-IO right in the physics department may be 
the answer. PDP-lO is a big computer, with powerful 
data acquisition and reduction capabilities. It can 
run all the batch that the camp center can. 
But even better, you can hook it tip with your 
experiments. Monitor apparatus, control a network 

of small computers, interact with your results while 
they're happening, keep tabs on the most time
critical tasks. 
What's more, you can write and debug your own 
programs, right in your own office, with your own 
PDP-IO timesharing terminal, whenever you want. 
All without disturbing the batch processing or the 
on-line experiments. 
Chances are, your place in the camp center line has 
just moved up one. Think about what you'd rather 
be doing right now. And give us a call. 

momoama 
Digital Equipment Corporation, Maynard, Mass. 01754, (617) 897-5111 
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Every 
record you buy 
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• 

IS one more 
reason to own 

a Dual. 
If you think of your total 

investment in records -which may 
be hundreds or even thousands of 
dollars-we think you'll agree that 
those records should be handled 
with the utmost care. 

Which brings us to the turntable, 
the component that handles those 
precious records. Spinning them on 
a platter and tracking their fragile 
grooves with a diamond stylus, the 
hardest substance known to man. 

For many years, serious music 
lovers have entrusted their records 
to one make of automatic turntable 
- Dual. In fact, most professionals 
(who have access to any equipment) 
use a Dual in their own stereo 
component systems. And not 
always the highest priced model. 

So the question for you to 
consider isn't which Dual is good 
enough, but how much more than 
"good" your turntable has to be. 

This question can be answered 
in our literature, which includes 
complete reprints of independent 
test reports. Or during a visit to any 
of our franchised dealers. 

United Audio Products, Inc., 
120 So. Columbus Ave., Mt. Vernon, 
New York 10553. _ 

Dual 1209, $129.50. 
Other models from $99.50 to $175.00. 

THE COVER 

The picture on the cover is an image of blood cells that was formed by an 
automatic microscope, processed by a computer and displayed on an oscil
loscope in a research laboratory of the Perkin-Elmer Corporation. The large 
object at the center is a white blood cell-a "stab," or unsegmented neu
trophil-its bright irregular nucleus surrounded by cytoplasm. The smaller 
objects around it are red blood cells. Microscopic examination of blood cells 
is an important procedure for the diagnosis of disease. An automatic process 
has been developed that locates white cells in a blood smear, classifies them 
as to type and counts them, and also yields quantitative data on the char
acteristics of each cell (see "Automatic Analysis of Blood Cells," page 72). 
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Its more than a match 
for IBM. 

CalComp disk memories match 
up with the IBM 360 perfectly. 

But with an average access time 

of just 30 milliseconds, they're 

twice as fast as IBM's own disk 

memories. 

And cost considerably less. 

For example, our 11-disk CD12 

storage facility doubles the access 

speed of a 2314 for about a third 

less money. And comes with its 

own controller. 

Likewise, our 6-disk CD1 disk 

drive replaces the 2311 plug for 

plug. Saves you plenty. And does 

the work in much less time. 

Actually, the reason we're so 

much faster turns out to be the 

same reason we're so much more 

reliable. 

Electromagnetic positioning. 

No mechanical pawls, detents 

or gears to slow things 

down. Or foul things up. 

So call your CalComp disk 

drive man today. You'll find 
him located in 22 cities, 

along with matchless 

CalComp service. 

Ask him for a cost 

and performance 

comparison. 

He'll show you how little it takes 

to beat IBM. 

• •••••• 
California Computer Products, Inc. 

Dept. N-11 . 2411 W. La Palma Avenue 
Anaheim. California 92803 
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LETTERS 
Sirs: 

The article "Conversion to the Metric 
System," by Lord Ritchie-Calder [SCI
ENTIFIC AMERICAN, July], prompts me to 
make a suggestion as long as we are con
templating change. The awkward sys
tem of naming decimal multiples of a 
unit such as pico = 10.12 is really only 
necessitated by the cumbersome way 
we name numbers. "Ten to the minus 
twelve" is simply too long an expression, 
so we invent "pi co" to replace it. If we 
are going to do something like that, we 
should do it in the simplest manner pos
sible. The names of the units should 
agree with the way we name numbers, 
and the fundamental trouble lies there. 
The expression "times ten to the" is too 
long and should be simplified. I propose 
that we write and name numbers by the 
floating-decimal-point method. 

To make this idea explicit, suppose 
we write 1,690,000,000 as 1.69+9 (or in 
the case that a subscript is unavailable 
for printing, as 1.69; + 9, or as comput
ers already do, 1.69E + 9). The sub
script is a decimal indica tor telling how 
many digits to the right (to the left for 
negative subscripts) the decimal must be 
moved (adding zeros if necessary) to get 
the conventional form of the number. 
We can express this by appending the 
indicator to a single prefix, say "plo," so 
that our number is called "one point six 
nine plonine." Likewise, 0.000000136 = 

13.6-8, using the prefix "mi" (pro
nounced like the word "my") for nega
tive indices; this would be called "thir
teen point six mieight." A number with
out an indicator implies that the num
ber has indicator zero and is understood 
in the conventional way. 

The algorithms for arithmetic with 
such numbers are very simple. To add, 
numbers must first be changed so that 
they all have the same indicator. To mul
tiply, multiply the numerical parts and 
add the indicators. 

Conversion from the scientiHc system 
of writing numbers is, of course, imme
diate: 6.04· 1023 becomes 6.0423. Thus 
the single syllable "plo" replaces "ten to 
the plus" and "mi" replaces "ten to the 
minus." 

In such a system, the so-called multi
ple units have a natural name, no harder 
to say than the artificial prefixes such as 
nano, etc. Thus a million-meter unit is a 
plosixmeter, written + Gm. An angstrom 
is a mitenmeter, written -10m. A kilo-

6 

meter would have another name, plo
threemeter, and would be abbreviated 
as + am. Thus 45 angstroms would be
come 45-10 m. In the ambiguity about 
whether the -10 indicator belongs to 
the number or to the unit lies the real 
invention and improvement. Naturally 
it makes no difference and the notation 
arranges that. Similarly, the distance to 
the sun is 160 million kilometers or 160 

plosix plothreemeters = 160+GH m and 
the indicators are, of course, to be com
bined as written to 160 + 9 m. 

In this system "plosix" and "million" 
are synonymous and, as for any other 
synonyms in language, gradually usage 
will determine the most convenient ex
pressions. The same goes for such words 
as centimeter and mitwometer; either 
can be used interchangeably, but for the 
larger multiples and submultiples that 
are usually used in more technical situa
tions it would be hoped that the new and 
more universally understandable and 
useful system could become standard 
usage. 

RICHARD P. FEYK11AN 

California Institute of Technology 
Pasadena, Calif. 

Sirs: . 
In "Mercury and Mud" ["Science and 

the Citizen," SCIENTIFIC AMERICAN, 
September] it is stated, "As any chemist 
knows, the safest place to keep mercury 
is under water," etc. I am a chemist, and 
it is true that chemists know that about 
mercury. Unfortunately we appear to 
know something that isn't so. In the May 
1969 issue of Fusion, the publication of 
the American Scientific Glassblowers So
ciety, vVilliam Stein describes some ex
periments with mercury in water (page 
27). He found that a Beckman mercury 
detector would detect mercury vapor in 
air, even if the mercury was covered 
with water. 

\VALTER R. AYERETT 

Vicksburg, Miss. 

Sirs: 
Apropos of your discussion of palin

dromes in "Mathematical Games" [SCI
ENTIFIC A11ERICAN, August], I would 
like to offer an example of what I believe 
to be the most complex and exquisite 
type of palindrome ever invented. It was 
devised by the Sanskrit aestheticians, 
who termed it sarvatobhadra, that is, 
"perfect in every direction." The most 

famous exampl� of it is found in the epic 
poem entitled SisujJiilavadha. 

sa - kil - ra - nii - nil - ra - kii - sa -
ka - ya - sa - cia - cia - sa - ya - kii 

ra - sa - ha - viI va - ha - sa - ra

nii - cia - va - cia - cia - va - cia - nil. 

e na cia ya cia cia va cia na 
ra sa ha yr, vii ha sa ra 
ka ya sa cia cia sii ya kii 
sa ka ra na na l'u, ka sa) 

Here hyphens indicate that the next 
syllable belongs to the same word. The 
last four lines, which are an inversion of 
the first four, are not part of the verse 
but are supplied so that its properties 
can be seen more easily. The verse is a 
description of an army and may be trailS
lated as follows: "[That army], which 
relished battle [rasiiha vii], con tained al
lies who brought low the bodes and gaits 
of their various striving enemies [sakara

nlmiirakasakiiyasacladasii.yakii], and in it 
the cries of the best of mounts contend
ed with musical instruments [dhasara

niiclavaciaclaYiidanii]." 

GEORGE L. HART III 

University of \Visconsin 
Madison, Wis. 
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�� a second car at a price ($1,875),* 
the Simca would be awfully hard, 

if not impossible, to beat:' Tom McCahill, Mechanix Illustrated 

"The Simca 1204 is really what the Maverick should have been: an in
expensive, quality-built, soundly-engineered, good-performing, fun-to
drive machine that is relevant to an ever uptightening metropOlitan 
America." Motor Trend magazine. If all this praise sounds a little unbe-

lievable-brace yourself, there's more good news. Like front-wheel drive. 
Torsion-bar suspension. Front disc brakes. Rack and pinion steering. 
A fold-down rear seat. Unibody construction. And, for good measure, 
Simca's economy-getting 25 to 35 mpg. 

"The storage space inside the rear uplift panel 
was large enough to carry the vittles for a 
family of gorillas for at least a month." Me
chanix Illustrated. 41 cubic feet to be exact. 

"It treats passengers better than anything in 
the under $2,000 class." Car & Driver. With 
a roomy interior, fully-reclining front buckets 
and soft-vinyl seating throughout. 

·Based on manufactufer's suggested retail price for the standard 1970 Simca 1204 2·door sedan, P.O.E., excluding dealer new
car preparation charges, destination charges, and slate and local taxes. Racing slr-ipe shown is $17.95 plus dealer installation. 

Simca. From the Chrysler-Plymouth people. 
For the name of your nearest Simca Dealer,call (800) 243-6000; we pay for the call. In Connecticut, call (800) 942-0655. 
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50 AND tOO 
YEARS AGO 

NOVEMBER, 1920: "Much interest 
has recently been aroused by the an
nouncemen t of the Gelman physicists 
L. Grebe and A. Bachem that they have 
found the shift of the lines in the solar 
spectrum that was the third test of the 
Einstein theory, the others being the 
motion of the perihelion of the orbit of 
Mercury and the apparent displacement 
of stars due to the gravitational field of 
the sun. The predicted shift is toward 
the red and is in the spectrum of the 
sun's edge, or limb. By making a care
ful microphotometric study of three 
spectrograms of solar absorption lines, 
the source of which is now ascribed to 
nitrogen, Grebe and Bachem were able 
to select nine lines in the ultra-violet that 
are free from the contaminating influ
ence of superposed lines of metallic ori
gin. Expressed in terms of the equiva
lent Doppler effect, the final result was a 
displacement of .56 kilometer per sec
ond, which agrees very closely with that 
predicted by Einstein (.6 kilometer per 
second)." 

"The production of helium on an ex
tensive scale, which began during the 
war when it was proposed to use the gas 
for fillin g balloons and dirigibles, has led 
to considerable discussion as to other 
ways in which helium can be used. It 
can be used as a filling for thermionic 
amplifying valves of the ionization type, 
for filling tungsten incandescent lamps, 
espeCially for signal purposes where rap
id dimming is essential, and for produc
ing gas arc lamps with tungsten termi
nals. Nutting has shown that Geissler 
tubes filled with helium are suitable un
der certain conditions as light standards 
in spectrography. Elihu Thomson has 
suggested that if divers were supplied 
with a mixture of oxygen and helium, the 
rate of expulSion of carbon dioxide from 
the lungs might be increased, and thus 
the period of submergence might be con
siderably lengthened. The widest appli
cation of helium, however, appears to be 
in the field of low-temperature research, 
as liquid helium-and perhaps eventual-

8 

ly solid helium-enables one to reach the 
lowest temperatures attainable by any 
Hleans." 

"The last figures that haye come to 
hand with regard to the London-Paris 
air service indicate the steadily increas
ing popularity of that route. During July 
933 persons so traveled, making a daily 
average of 30 passengers." 

"More than once since the armistice 
SCIENTIFIC AMEHICAN has drawn public 
attention to the fact that, although in 
agreement with our history and tradi
tions we are protagonists of disarma
ment and have proclaimed ourselves to 
be the champions of right and liberty 
as against might and ·enslavement, yet 
these same United States are today the 
only country in the world, with the ex
ception of Japan, that is engaged in war
ship construction. Moreover, our plans 
for development are upon such a stupen
dous scale that we have no fewer than 
18 capital ships under construction, all of 
which are of far greater fighting power 
than those of any other nation. SCIEN
TIFIC AJ\1EHICAN can never be accused of 
favoring a weak-kneed naval policy, or 
one that carries any color of pacifism. 
For a quarter of a century we have 
urged that the United States should pos
sess a navy sufficient for her security and 
commensurate with her dignity; but we 
possess some sense of proportion, we 
hope, and the present situation, that this 
country of all free countries should be 
engaged in huge military constructions 
at a time when others have abandoned 
them, seems to be both illogical and in
consistent with our own national princi
ples." 

NOVEMBER, 1870: "Dr. Lyon Play
fair, M.P., the new president of the Mid
land Institute in Bilmingham, in suc
cession to the late Mr. Charles Dickens, 
has given an eloquent and thoughtful 
address on the union of science and la
bor. Ridiculing the idea that advances in 
science have been the result of accident, 
he points out that man's wants led to the 
industrial arts, and that the practice of 
these arts and long-continued experience 
gave birth to science. Such advances 
were not promoted by a leisured aristoc
racy but as a rule by men rising from the 
industrial classes. Stephenson was a col
lier, Davy and Dalton were druggists, 
Faraday was a bookbinder, Harrison a 

carpenter, \Vatt an instrument maker 
and Arkwright a barber." 

"The surrender of Metz together with 
the anny of Bazaine, amounting to 173,-
000 men, has left the French without an 
organized army. Paris is so closely be
Sieged that no supplies can reach its in
habitants, and the cry of distress is al
ready heard. The case of France is utter
ly hopeless, yet notwithstanding all this 
Gambetta and his associates, who are 
unable to stay anywhere very long for 
fear of being caught by the Prussians, 
are urging the people to rise en masse 

to expel the invaders; but when asked 
for arms these crazy leaders are obliged 
to confess that they have none." 

"In front of Krupp's establishment 
shells of the largest caliber are to be 
seen lying. They are in the form of a 
pOinted cylinder and are three feet long 
and 14 inches in diameter. When filled 
with their charge (76 pounds of pow
der), they weigh 739 pounds. A hundred 
of these explOSive projectiles have been 
ordered to be forwarded to the siege of 
Paris as speedily as possible." 

"Iron for ships is rapidly superseding 
wood in English ship yards. In 1865 
there were 806 wooden ships built in 
England, in 1869 but 324. In 1868 the 
tunnage of iron ships built was 235,937, 
against 66,977 wooden and 24,121 of 
composite. Iron ships are more durable, 
require fewer repairs and stand heavier 
stOlms than those of wood, and it will 
not be long till the latter must be entire
ly superseded." 

"Professor Young of Dartmouth Col
lege has succeeded in obtaining photo
graphs of protuberances on the sun's 
limb, of which copies were exhibited at 
the Lyceum of Natural History. They 
were made by attaching a small camera 
to the eye-piece of the telescope and 
opening the slit somewhat widely and 
working through the hydrogen line C. If 
this apparatus can be made to work, we 
can obtain such pictures without an 
eclipse." 

"To enable the earth to resist the tide
generating force of the sun and moon, 
so as to leave the phenomena as they are 
actually found, Professor Thompson con
siders that its crust must have a thick
ness not less than 2,000 or 2,500 miles. 
Such a conclusion is of course quite in
consistent with the hypotheSis that the 
earth is a mass of molten matter inclosed 
by a thin, solid shell." 
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Manpower, Inc. supplies technical 
help for projects of all orders. 

In short order. 
We've got over 450 local offices 

around the country. So when an aero
space company in Buffalo needed a 
thermodynamicist, they just called our 
Buffalo office. 

And our office wasn't buffaloed. 
They sent the request to the Monster, 

our Central EDP file. In it is inforrllation 

about our 15,000 available specialists. 
(Not just thermodynamicists and physi
cists. Architects, engineers, designers 
and draftsmen too.) 

Then the Monster acted like a dating 
service. It matched the assignment with 
our most suitable thermodynamicist. 

He worked for the aerospace com
pany for two years, till the assignment 
was over. But all that time Manpower 
was his employer, and we paid him. 

Every week, right on time. We're a big, 
solid company and we can afford to be 
efficient about things like that. 

But even we can run into trouble. 
When a toy company called us for a 

teddy bear engineer, the Monster drew 
a blank. But we put all our offices on 
the alert. And in three weeks, Milwau
kee had tracked our man down. 

Nothing's too tough for Manpower, 
Inc. 

Even teddy bears. 

Manpowe�:'hn;,al Se,.;re, D;v;,;on 

In Canada, Manpower Services Ltd. 

If we could come up with a teddy bear engineer, 
we can come up with the man for your project. 
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D I am interested 
in special 
compounds of 
the 
rare earths. 

D I am not 
interested. 

D None of 
the above. 

The dilemma defined. You might be 
able to do something with one or more 
"special" compounds of the rare earths 
-if you knew what was available. Or 
where you could get modest quantities 
for small-scale evaluation of their prop
erties. 

The dilemma resolved. We of Lind
say Rare Earths now offer an extraordi
n a r i l y  wide r a n g e  of w h a t  we c all 
"Special Products." These include some 
uncommon compounds of the elements 
57 to 71 (lanthanum through lutetium) 
plus compounds of yttrium and thorium. 
We offer them in starter quantities-from 
grams up to a pound or so. 

And now we've prepared a concise 
listing (including quantity, purity, and 
price) of these "rarer" rare-earth com
pounds. The listing is yours for returning 
the coupon. 

By the way, do you have the feeling 
that you've heard of Lindsay Rare Earths 
before? You have. Lindsay is the name 
we began with back in 1902. We've de
cided to revive it. Which is of no great 
concern to you, perhaps, except to show 
you that we know what we're about. 

Over the years, we've watched the 
rare earths become indispensable as the 
basics of catalysts, ceramics, lasers, su
perconductors, CRT phosphors-and the 
list grows. 

You, too, may be able to coax some
thing special out of one of our special 
compounds of the rare earths. But first, 
find out What's available. Here's our 
coupon: 0·'" 

Lindsay Rare Earths 
American Potash & 
Chemical Corporation 

@ A SUBSIDIARY OF KERR·McGEE CORPORAnoN 

West Chicago, Illinois 60185 

D I have an open mind. Send me your 
"Special Products Catalog." 

Name 

Organization 

Address 

City State Zip 
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GLENN T. SEABORG and JUSTIN 

L. BLOOM ("Fast Breeder Reactors") 
are respectively chairman of the U.S. 
Atomic Energy Commission and staff as
sistant to the chairman. Seaborg is best 
known for his work on synthesizing ele
ments heavier than uranium; he is co
discoverer of nine of the 13 generally 
recognized transuranium elements. For 
his work on the chemistry of the trans
uranium elements he shared with his col
league E. M. McMillan of the Univer
sity of California at Berkeley the Nobel 
prize for chemistry in 1951. Seaborg, 
who was graduated from the University 
of California at Los Angeles in 1934, 

took his Ph.D. at Berkeley in 1937 and 
remained there for a number of years; 
he is still on leave as professor of chem
istry at Berkeley. During World War II 
he was chiefly responsible for the devel
opment of the chemical-separation pro
cedures used in the manufacture of plu
tonium. Returning to Berkeley in 1946, 

he was chancellor of the university from 
1958 until his appointment as chairman 
of the AEC in 1961. Bloom, who was 
graduated from the California Institute 
of Technology in 1948, has served in 
several technical and managerial capaci
ties on the AEC staff since 1956. 

URSULA W. GOODENOUGH and 
R. P. LEVINE ("The Genetic Activity of 
Mitochondria and Chloroplasts") are at 
Harvard University: Mi"ss Goodenough, 
who is also Mrs. R. P. Levine, is a post
doctoral research fellow in biology and 
Levine is professor of biology. Miss 
Goodenough was graduated from Bar
nard College in 1963 and obtained her 
Ph.D. at Harvard in 1969. Her work has 
focused on the ultrastructure of the uni
cellular green alga Chlamydomonas rein
hardi. Levine was graduated from the 
University of California at Los Angeles 
in 1949 and received his Ph.D. there in 
1951. At that time his research was con
cerned with the genetics and phYSiology 
of Drosophila from natural populations. 
Later he turned to the study of gene 
recombination in Drosophila. vVhen he 
went to Harvard in 1953, he continued 
this work on C. reinha1'di. Recent re
search in his laboratory is centered on 
the genetic functions of the DNA and 
ribosomes of C. reinhardi chloroplasts. 

GEOFFREY WAINWRIGHT 
("Woodhenges") is Inspector of Ancient 
Monuments for the Ministry of Public 

Building and vVorks in Great Britain. He 
writes that his work involves "excavation 
of prehistoric sites in Britain in advance 
of their destruction by industrial or agri
cultural agencies." Born in Wales, he 
was graduated from the University of 
Wales in 1958 with a degree in archaeol
ogy. In 1961, after obtaining his doctor
ate from the University of London, he 
became visiting professor of environmen
tal archaeology at the University of Ba
roda in India, where he specialized in 
problems of Pleistocene archaeology in 
the Indian subcontinent. He took up his 
present work in 1963. 

BORIS V. DERJAGUIN ("Super
dense Water") is founder and director of 
the Department of Surface Phenomena 
in the Institute of Physical Chemistry of 
the U.S.S.R. Academy of Sciences. He 
has held the title of Academician since 
1946. From 1935, when he founded the 
laboratory, until 1941 he worked with 
Academician M. M. Kusanov investigat
ing the forces involved in the coagulation 
of material suspended in solution. His 
studies have also included the molecular 
theory of friction and the theory of ad
hesion of particles. 

MARYLOU INGRAM and KEN
DALL PRESTON, JR. ("Automatic 
Analysis of Blood Cells"), are respec
tively associate professor at the Univer
sity of Rochester and senior staff scien
tist with the Perkin-Elmer Corporation. 
Miss Ingram's professorship is in radia
tion biology and biophysics at the uni
versity's School of Medicine and Den
tistry, of which she is a graduate and 
where she also is senior instructor in 
medicine. This year she is on leave at the 
Jet Propulsion Laboratory of the Cali
fornia Institute of Technology to partici
pate in a program designed to apply 
technology developed for the analysis of 
photographs from space vehicles to the 
analysis of medically interesting micro
scopic images. Preston, who received 
both his bachelor's and master's degrees 
from Harvard University, was involved 
in computer research and development 
at the Bell Telephone Laboratories for 
seven years until he joined Perkin-Elmer 
in 1960. His work entails research in 
automatic image processing, acoustic 
holography, solid-state light modulators 
and detectors, and coherent optics. 

W. L. N. TICKELL ("The Great Al
batrosses") is lecturer in zoology at Ma
kerere University College in Uganda. 
After his graduation from the University 
College of North Wales in 1954 he 
worked for several years in the Antarctic 
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as a meteorologist and biologist. Obtain
ing his master's degree from Wales in 
1959, he then spent six years at Johns 
Hopkins University, again undertaking 
periods of fieldwork in the Antarctic. He 
received his doctorate from Johns Hop
kins in 1967. From 1966 to 1968 he was 
with the Nature Conservancy in Great 
Britain, serving as a warden-naturalist 
and studying seals and seabirds. His oth
er interests include mountaineering and 
film-making. 

HENRI TAJFEL ("Experiments in 
Intergroup Discrimination") is professor 
of social psychology at the University of 
Bristol. "My biography," he writes, "is 
by no means a simple one, as you might 
perhaps expect of a Jew born in Poland 
in 1919. When the war broke out, I was 
in Paris as a student at the Sorbonne. To
gether with two million others I was tak
en prisoner of war in June, 1940, and 
spent the next five years in prisoner-of
war camps in Germany, France and Aus
tria. After the war I worked for interna
tional organizations of relief for victims 
of war, successively in France, Belgium 
and "Vest Germany. Then and later I 
studied psychology at the universities of 
Paris, Brussels and finally London, where 
I took my doctorate. As you might ex
pect, all of this left me with an intense 
interest in all aspects of intergroup rela
tions." Tajfel taught at the University of 
Durham and the University of Oxford 
before going to Bristol in 1967. 

FERREN MACINTYRE ("Why the 
Sea Is Salt") is research associate in the 
Marine Science Institute of the Univer
sity of California at Santa Barbara. He 
writes: "I worked for eight years in the 
real world-as lumberman, machinist, 
machipe designer, loftsman-before re
tiring to college. Turned chemist be
cause Ambrose Nichols, then at San Di
ego State, was the best teacher I've ever 
met. B.A. in chemistry from the Univer
sity of California at Riverside, 1960; 

Ph.D. in phYSical chemistry from the 
Massachusetts Institute of Technology 
in 1965. Spent three years at the Scripps 
Institution of Oceanography, where my 
specialty was the 'top half' of the ocean 
(on a logarithmic scale), examining the 
physicochemical hydrodynamics of the 
top few millimeters of the sea and the 
interchange of chemicals between sea 
and air. But anyone can be a specialist; 
the problem is to generalize sufficiently 
to find our way back to a human habitat 
that reflects our claim to intelligence. 
My other interests include folk music, 
building musical instruments and rock
climbing." 
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Fast Breeder Reactors 

Nuclear reactors that use .fast neutrons to produce more .fuel than 

they consume are a prontising approach to producing electric power 

with a minimum of strain on enersy resources and the en(iironment 

by Glenn T. Seaborg and Justin L. Bloom 

T
he need to generate enormous ad
ditional amounts of electric power 
while at the same time protecting 

the environment is taking form as one of 
the major social and technological prob
lems that our society must resolve over 
the next few decades. The Federal Pow
er Commission has estimated that dur
ing the next 30 years the American pow
er industry will have to add some 1,600 
million kilowatts of electric generating 
capacity to the present capacity of 300 
million kilowatts. As for the environ
ment, the extent of public concern over 
improving the quality of air, water and 
the landscape hardly needs elaboration, 
except for one point that is often over
looked: it will take large amounts of elec
trical energy to run the many kinds of 
purification plants that will be needed to 
clean up the air and water and to recycle 
wastes. 

A related problem of equal magnitude 
is the rational utilization of the nation's 
finite reserves of coal, oil and gas. In the 
long term they will be far more precious 
as sources of organic molecules than as 
sources of heat. Moreover, any reduction 
in the consumption of organic fuels 
brings about a proportional reduction 
in air pollution from their combustion 
products. 

Nuclear reactors of the breeder type 
hold great promise as the solution to 
these problems. Producing more nuclear 
fuel than they consume, they would 
make it feasible to utilize enormous 
quantities of low-grade uranium and 

thorium ores dispersed in the rocks of 
the earth as a source of low-cost energy 
for thousands of years. In addition, these 
reactors would operate without adding 
noxious combustion products to the air. 
It is in the light of these considerations 
that the U.S. Atomic Energy Commis
sion, the nuclear industry and the elec
tric utilities have mounted a large-scale 
effort to develop the technology where
by it will be possible to have a breeder 
reactor generating electric power on a 
commercial scale by 1984. 

Nuclear breeding is achieved with the 
neutrons released by nuclear fission. 

The fissioning of each atom of a nuclear 
fuel, such as uranium 235, liberates an 
average of more than two fast (high-en
ergy) neutrons. One of the neutrons must 
trigger another fission to maintain the 
nuclear chain reaction; some neutrons 
are nonproductively lost, and the re
mainder are available to breed new fis
sionable atoms, that is, to transform 
"fertile" isotopes of the heavy elements 
into fissionable isotopes. The fertile raw 
materials for breeder reactions are thori
um 232, which is transmuted into ura
nimH 233, and uranium 238, which is 
transmuted into plutonium 239 [see il
lustrations on next page J. 

We have mentioned that breeding oc
curs when more fissionable material is 
produced than is consumed. A quantita
tive measure of this condition is the 
doubling time: the time required to pro
duce as much net additional fissionable 

material as was originally present in the 
reactor. At the end of the doubling time 
the reactor has produced enough fission
able material to refuel itself and to fuel 
another identical reactor. An efficient 
breeder reactor will have a doubling 
time in the range of from seven to 10 
years. 

Two different breeder systems are in
volved, depending on which raw mate
rial is being transmuted. The thermal 
breeder, employing slow neutrons, oper
ates best on the thorium 232-uranium 
233 cycle (usually called the thorium cy
cle). The fast breeder, employing more 
energetic neutrons, operates best on the 
uranium 238-plutonium 239 cycle (the 
uranium cycle). Nonproductive absorp
tion of neutrons is less in fast reactors 
than it is in thermal reactors, resulting 
in a decrease in the doubling time. 

The concept of the breeder reactor is 
almost as old as the idea of the nuclear 
chain reaction. In the early stages, soon 
after World War II, many types of 
breeder reactor were visualized. Some 
were thermal and some were fast. An
other important differentiation involved 
the type of coolant employed to carry 
off the heat of fission and deliver it to 
a power-generating system. Among the 
coolants proposed were water and mol
ten salts for thermal breeding and inert 
gas (such as helium), liquid metal (such 
as sodium) and steam for fast breeding. 

In the U.S. and several other coun
tries decisions were made rather early 
that a fast breeder reactor cooled with 
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liquid metal was the most attractive con
cept to pursue. This concept is known to 
atomic energy workers as the LMFBR 
(liquid-metal-cooled fast breeder reac
tor). Since the greater part of breeder
reactor development is now proceeding 
on the basis of this concept, this article 
is mainly devoted to the liquid-metal 
fast breeder. A serious alternative effort 
is being pursued, chiefly by utility com
panies, to develop the technology of a 
gas-cooled fast breeder reactor using 

pressurized helium as the coolant. In the 
U.S. two thermal-breeder-reactor con
cepts operating on the thorium cycle are 
being developed: the light-water breed
er reactor at the Bettis Atomic Power 
Laboratory and the molten-salt reactor 
at the Oak Ridge National Laboratory. 

In the design of a liquid-metal-cooled 
fast breeder reactor several features 

are noteworthy. The core of a fast reac
tor can be quite small. For economic 

reasons the reactor must be operated at 
a much higher power density than ordi
nary fission reactors are. The active core 
volume is therefore only a few cubic 
meters and is roughly proportional to 
the power output. The power density is 
about .4 megawatt per liter. 

To carry off the heat while maintain
ing the fuel at a reasonable temperature 
sodium must flow through the core at a 

rate of tens of thousands of cubic meters 
per hour. In order to provide channels 
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URANIUM CYCLE for breeding in a fast breeder reactor relies on 

fast, or highly energetic, neutrons. In the cycle an atom of fertile 

uranium 238 absorbs a neutron and emits a beta particle to be

come neptunium, which then undergoes beta decay to become fis

sionable plutonium 239. When an atom of plutonium 239 absorbs 

a neutron, it can fission, releasing energy, fission products (FP) 
and at least two neutrons. One of the neutrons is needed to con

tinue the chain reaction, but the others are available to transform 

a fertile isotope into a fissionable one, thereby "breeding" fuel. 

Within a few years a breeder doubles its original fuel inventory. 
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THORIUM CYCLE of breeding is similar to the uranium cycle 

except that it works best in a thermal breeder reactor, where it 

relies on thermal, or relatively slow, neutrons. Thorium 232 is the 

fertile isotope that becomes protactinium and then uranium 233. 
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for the flow of sodium the fuel is divided 
in to thousands of slender vertical rods, 
which are usually referred to as pins. 
Each pin is sealed in stainless steel or 
another high-temperature alloy. 

The fuel is preferably in a ceramic 
form such as oxide or carbide, since 
these ceramics are stable during long 
exposures to heat and radiation, have 
very high melting points and are rela
tively inert in liquid metal. The fission
able component of the fuel can be en
riched uranium 235, plutonium 239 or 
a mixture of the two. Typically the fuel 
is diluted with uranium 238, so that part 
of the breeding takes place within the 
core. The uranium 238 also serves a 
safety function in the core, which we 
shall explain in more detail below. For 
maximum economy and performance the 
fuel must be able to accept neutron ir
radiation at many times the rate common 
in present nuclear reactors of commer
cial scale. Furthermore, the consump
tion of fuel between reprocessing steps 
is to be at least twice that of thermal 
reactors. The development of a fuel 
meeting these stringent criteria requires 
the testing of numerous fuel combina
tions in reactors and accounts for a major 
element of the breeder development 
program. 

A second major feature of a fast breed
er reactor is the "blanket" that surrounds 
the core. Much of the breeding takes 
place here, and so the blanket consists of 
uranium 238 in stainless-steel tubes. (It 
can be uranium that is depleted in the 
isotope uranium 235 as a result of en
richment procedures designed to make 
uranium 235 as a fuel for nuclear reac
tors; large stocks of such depleted ura
nium are now available.) Since there is a 
certain amount of fission in the blanket, 
it too must be cooled by the flow of so
clium. The blanket also has an important 
nuclear function. Not all the neutrons 
entering the blanket are captured; a 
fairly large proportion are reflected back 
into the reactor core, enhancing the neu
tron economy there. 

The sodium coolant has excellent heat
transfer characteristics. Moreover, it can 
be used at a fairly low pressure even 
though it emerges from the reactor at a 
temperature (above 500 degrees Celsius) 
that with water would give rise to high 
pressures. Indeed, the sodium pressure 
arises solely from the force required to 
maintain the high rate of flow through 
the maze of tubes in the core and the 
blanket. Compared with coolants such as 
water and gas, sodium requires low 
pumping power. It is not particularly 
corrosive to the reactor. 

Sodium does, however, have certain 

CORE AND BLANKET of a fast breeder reactor, Experimental Breeder Reactor II, are the 

heart of the breeding operation. The dark hexagonal area is the core, where fuel elements 
can be installed and removed by the gripper mechanism at right center. Rods clustered at 

left center are connected to control rods in the core. Around the core is the blanket, con· 

sisting of rods containing uranium 238, which is converted to plutonium during the breeding. 

EXPERIMENTAL BREEDER REACTOR II is operated hy the U.S. Atomic Energy Com

mission at the National Reactor Testing Station in Idaho. The primary components of the 

nuclear reactor are under the floor in a tank that is 26 feet high and 26 feet in diameter and 

contains liquid sodium, which is the coolant. Vertical assembly at right center contains 

mechanisms for operating the control rods and for handling fuel elements within the reactor. 

The reactor is used to test fuels and materials for hreeder reactors of commercial scale. 
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LIQUID-METAL REACTOR of the fast-breeder type is depicted 

on the basis of a design for a demonstration plant that would 

produce some 500 megawatts of electricity_A full-scale commercial 

plant, scheduled for operation by 1984, would be of 1,000-mega-
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watt capacity. This design is of the loop type, meaning that the re

actor proper, which is contained in a large tank of liquid sodium, 

is separated from the primary heat exchangers and the associated 

pumps by loops of piping through which sodium coolant flows_ 
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disadvantages that markedly influence 
the design of a reactor. Since sodium is 
opaque, provision must be made for the 
maintenance and refueling of the reactor 
without benefit of visual observation. 
Sodium is of course highly reactive 
chemically, and it becomes intensely 
radioactive when it is exposed to neu
trons, even though its "cross section," or 
neutron-absorption capacity, is relative
ly low. Hence the sodium must be kept 
out of contact with air or water, and 
radiation shielding must be used to pro
tect workers who are near sodium that 
has been through the core and blanket 
of an operating reactor. 

Interspersed through the core region are 
numerous rods with safety and control 

functions. They maintain the power out
put at the desired level and provide the 
means for starting and stopping the re
actor. The rods are filled with neutron
absorbing material such as boron carbide 
or tantalum metal. 

All materials have markedly lower 
neutron-absorption probabilities for fast 
neutrons than for thermal ones. The 
lower cross sections reduce the effective
ness of fast-reactor control rods of sizes 
comparable to those in thermal reactors. 
On the other hand, a large amount of 
excess fuel is present in the core of a 
thermal reactor to compensate for the 
fuel that will be consumed by fission and 
to counteract the poisoning effect of the 
fission products. (The fission products 
capture neutrons without yielding sig
nificant amounts of energy.) With extra 
fuel there must be extra controls. Fast 
breeder reactors require fewer control 
rods because their greater effectiveness 
in converting uranium 238 to fissionable 
plutonium 239 compensates for deple
tion of the initial fuel charge and be
cause fast neutrons are not absorbed by 
fission products as much as thermal neu
trons are. 

During a fission reaction not all the 
neutrons are released at the precise in
stant that each nucleus diSintegrates. A 
small proportion of the neutron popula
tion is created by the decay of fission 
products. One thus distinguishes delayed 
neutrons from the "prompt" neutrons 
emitted directly by the fissioning nu
clei. It is the delayed neutrons that keep 
the chain reaction from escalating into 
an essentially instantaneous propagation 
of one generation of neutrons to the 
next. 

The fraction of delayed neutrons de
pends appreciably on which nucleus is 
fissioning. Most thermal reactors are 
fueled with uranium 235, whereas the 
fast breeder will be fueled with plutoni-
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FLOW PLAN for a liquid·metal fast breeder reactor entails pumping the sodium coolant 

(color) through the reactor, where it becomes radioactive, and then to an intermediate heat 

exchanger, where heat is transferred to a separate stream of sodium (dark gray) that is not 

radioactive. The heat of that stream is put into a water and steam cycle (light gray) that is 

employed to generate electricity. The numerals give temperatures in degrees Fahrenheit. 

um 239. The fraction of delayed neu
trons produced by the fission of uranium 
235 is about .0065 and by plutonium 239 
fission about .003. The smaller fraction 
of delayed neutrons present in a fast re
actor is not of major concern under 
normal operation. It does increase the 
sensitivity of the reactor to adjustments 
of the control rods and to other inputs 
that affect reactivity, such as tempera
ture variations in the core. 

Two different designs of containers for 
the core-and-blanket assembly and 

the primary heat-transfer system are 
under consideration: the pot type and 
the loop type [see illustmtions on next 
page]. In the pot type a large tank filled 
with sodium encloses (1) the reactor 
vessel, (2) .sodium pumps that take sodi
um from the pool and move it through 
the core and blanket and (3) intelmedi
ate heat exchangers that transfer heat 
from the radioactive sodium to another 
sodium stream. In the loop type only 
the reactor vessel is filled with sodium; 
the liquid metal is circulated by pumps 
through heat-exchange loops mounted 
outside the reactor container. The pot 
type has the advantage of a much great
er heat capacity in the event of pump 
failure, but it also requires a much larg
er inventory of sodium. 

In both the pot and the loop design 
the liquid-metal fast breeder reactor em
ploys a complex heat-transfer arrange
ment to isolate the sodium that flows 
through the core from the steam-gener
ating equipment. This is the role of 
the intermediate heat exchangers. They 
transfer heat from the radioactive so
dium to nonradioactive sodium, which 
then Bows through the steam generator. 
Subsidiary streams of sodium are re
quired to superheat the steam and to 
reheat it from time to time as it works 
against the blades of the turbine. 

Both the pot and the loop design re
quire sealing of the part of the structure 
that is in direct contact with the radioac
tive core and blanket. In routine opera
tion there would be no release of radio
active fission products to the environ
ment. Because of the inherently low 
pressure of the sodium coolant, the reac
tor vessel and its associated piping need 
be designed to withstand only moderate 
operating stresses, in marked distinction 
to the pressure vessels and other pri
mary-system components of a pressur
ized-water reactor, a boiling-water reac
tor or a gas-cooled reactor. 

At present the pot design seems to ?e 
attracting the most interest. It is inher
ently a less complicated arrangement 
than the loop design. Nonetheless, it 
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does present certain problems, notably 
P in gaining access to the reactor for main

tenance. 
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actor and the primary heat-transfer system_ The pot is a tank that is filled with sodium and 

also contains the reactor, pumps that take sodium from the pool and move it through the reo 
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LOOP SYSTEM has most of its heat-exchange apparatus outside the reactor. Only the re

actor vessel is filled with sodium, which is circulated by pumps through heat-exchange 

loops mounted outside the reactor vesseL In the present state of breeder·reactor technology 

both of the designs in the schematic illustrations on this page are being pursued_ 
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The gas-cooled fast breeder reactor is 
receiving attention (comparatively 

modest so far) as a parallel and comple
mentary concept to the liquid-metal fast 
breeder. Gas-cooled thermal reactors are 
already in operation, and a gas-cooled 
fast breeder would not represent a large 
step in terms of coolant technology. The 
design and testing of the fuel for a gas
cooled fast breeder have much in com
mon with the work on fuel for the liquid
metal fast breeder. 

The essential difference between the 
two fast breeders is that the gas-cooled 
one uses helium gas at a pressure of from 
70 to 100 atmospheres rather than mol
ten sodium to transport the heat from the 
reactor core to the steam generators. 
Since the gas does not become radio
active and cannot react chemically with 
the water in the steam generator, there is 
no need for an intermediate heat ex
changer. The resulting simplification of 
the system is a helpful offset against the 
need to design for a higher coolant pres
sure with gas. 

The use of helium as a coolant has 
other special advantages for a fast breed
er reactor. Helium does not interact with 
the fast neutrons in the reactor core, re
sulting in both Simplified control of the 
reactor and enhanced breeding of new 
fissionable fuel from fertile material. In 
addition helium is transparent and chem
ically inert, proViding visibility during 
refueling and maintenance operations, a 
Simpler engineering design and freedom 
from corrosion problems. 

In a gas-cooled fast breeder the re
actor core, helium circulators and steam 
generators are all contained in a pre
stressed-concrete reactor pressure ves
sel. These major components and their 
arrangement are almost the same as in a 
thermal gas-cooled reactor. 

The development of a gas-cooled fast 
breeder reactor could result in substan
tial additional savings beyond those that 
would be achieved by liquid-metal fast 
breeders. Neutrons are moderated, or 
slowed, less in helium than they are in 
sodium. Hence the doubling time is 
short. It is also possible to foresee the 
development of a gas-cooled fast breeder 
with a direct power cycle wherein the 
gas coolant flows from the reactor di
rectly to a gas turbine that drives the 
electrical generator. Such a cycle should 
help to reduce the capital cost of fast 
breeder reactors_ 

Three major reactors will carry the 
burden of the Atomic Energy Com-
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mission's program to develop a liquid
metal fast breeder reactor. Two of them 
are already in operation: the Experimen
tal Breeder Reactor II (EBR-II) and the 
Zero Power Plutonium Reactor (ZPPR). 

EBR-II is a fast-neutron test reactor 
operated by the Argonne National La
boratory at the commission's National 
Reactor Testing Station in Idaho. This 
reactor, which as of July 1 had a cumu
lative record of more than 35,000 mega
watt-days of operation, is the focal point 
of the program of testing fuels and ir
radiating materials for the liquid-metal 
fast breeder reactor. At present almost 
800 experimental fuel pins and more 
than 100 capsules containing hundreds 
of structural, control-rod and shield-ma
terial specimens are being irradiated in 
the reactor. EBR-II achieved its design 
power of 62.5 megawatts (thermal) last 
year. 

The Argonne National Laboratory is 
also operating the ZPPR, which went 
into operation last year. (Zero power in 
this context means that the reactor does 
not generate a significant amount of 
heat.) It is the nation's largest zero-

NAME 

OPERATING BR-5 

DFR 

EBR-II 

FERMI 

RAPSOD IE 

SEFOR 

BOR-60 

UNDER BN-350 

CONSTRUCTION 
PFR 

PHENIX 

BN-600 

FFT F 

PLANNED KNK- II 

JEFR 

PEC 

SNR 

D EMO #1 

JPFR 

DECOMMISSIONED C LEMENTlr-..JE 

EBR I 

BR2 

LAMPRE-I 

power fast reactor and the only one in 
the world that is big enough and has a 
large enough inventory of plutonium (at 
least 3,000 kilograms) to allow full-scale 
mock-ups of the plutonium fuel arrange
ments that will be used in the large com
mercial breeders envisioned for the 
1980's and beyond. The reactor will pro
vide important information on the be
havior of neutrons in breeder-reactor 
cores. 

The third reactor is now being de
signed on the basis of data obtained 
from EBR-II, the ZPPR and smaller fa
cilities. Called the Fast Flux Test Facil
ity, it will operate at a very high neutron 
flux (defined as the number of neutrons 
passing through a square centimeter of 
area per second) to produce the radia
tion effects on fuel and structural materi
als that will take place in a commercial 
breeder reactor. The reactor, which will 
cost about $100 million, will operate at a 
power level of 400 megawatts (thermal) 
with no conversion to electric power. It 
will be built at the Atomic Energy Com
mission's site in Richland, Wash.; con
struction should start next year and full 

POWER 

power should be achieved by the middle 
of the decade. 

Following the lessons learned in the 
development of thermal reactors, the 
commission has taken the first steps 
toward construction of one or more 
liquid-metal fast-breeder demonstration 
plants. The cost will be shared by the 
Government and industry. The first such 
plant, with a capacity of from 300 to 500 
megawatts (electric), will accumulate 
valuable operating experience with both 
the reactor and the power-conversion 
equipment. Such a plant will not com
pete economically with existing nuclear 
or conventional plants because of its 
relatively small size and early stage of 
development. The full-scale liquid-metal 
fast breeder reactor of the 1980's will be 
rated at 1,000 megawatts (electric) or 
more. 

Much consideration is being given to 
safety in the fast breeder develop

ment program. The waste products of 
fission are the elements in the middle of 

. the periodic table that represent the split 
nuclei of the fuel atoms. Many isotopes 

INITIAL TYPE COUNTRY MEGAWATTS MEGAWATTS OPERATION (POT OR LOOP) (THERMAL) (ELECTRICAL) 

U.Ss.R. 5 - 1959 LOOP 

UK 60 15 1959 LOOP 

U.S. 62 .5 20 1964 POT 

U.S. 200 66 1963 LOOP 

FRANC E 40 - 1967 LOOP 

U.S. 20 - 1969 LOOP 

U S S.R. 60 12 1970 LOOP 

U.S.S.R. 1,000 150 1971 LOOP 

UK 600 250 1972 POT 

FRANC E 600 250 1973 POT 

U S S R. 1.500 600 1973175 POT 
-

U.S_ 400 - 1974 LOOP 

WEST GERMANY 58 20 1972 LOOP 

JAPAN 100 - 1973 LOOP 

I TALY 140 - 1975 MODIFIED POT 

WEST GERMANY 730 300 1975 LOOP 

U.S_ 750-1.250 300-500 1976 NOT DEC IDED 

JAPMJ 750 300 1976 LOOP 

U.S. .025 - 1946 LOOP 

U.S. 1 _2 1951 LOOP 

U.S.S.R. .1 - 1956 LOOP 

U.S. 1 - 1961 LOOP 

LIQUID.METAL FAST REACTORS built or planned are sum

marized. Those that produce electricity have far less capacity than 

the 1,OOO-megawatt commercial fast-breeder plant that the develop. 

ment program of the U.S. seeks to have in operation by 1984. 
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of these elements are radioactive. The 
permanent control of the fission products 
has been recognized as essen tial from 
the early stages of reactor development 
and is routinely achieved in the fuel 
cycle. In addition to making fission prod
ucts, fast breeders will also contain large 
amounts of plutonium, which in certain 
forms is radiologically toxic. The stan
dard procedure in both thermal and fast 
reactors is to ensure the confinement of 
all potentially hazardous substances un
der all foreseeable conditions, including 
earthquakes. 

Perhaps the most Significant safety 
feature of commercial nuclear reactors is 
that they are self-regulating, that is, they 
are designed to compensate inherently 
for any incident that could lead to an un-

"intentional increase of power output. In 
water reactors the compensation is usual
ly achieved through the decrease in re
activity caused by the decrease in the 
density of water as its temperature in
creases. In a fast reactor the change in 
density of the coolant with temperature 
may lead in the opposite direction. 

Compensation is provided in a fast 
breeder by the Doppler effect, which re
sults from the increase in the rate at 
which neutrons are absorbed by uranium 
238 as the temperature of the fuel in the 
core rises. Since a sudden power increase 
will necessarily be accompanied by in
creased fuel temperature, there will be 
increased neutron absorption and a con
sequent tendency toward reduction of 
power. A small sodium-cooled fast reac-

tor has been built in Arkansas with pri
vate funds to measure this effect under 
conditions analogous to those in a large 
power reactor. It is called the Southwest 
Experimental Fast Oxide Reactor. 

The fact that a decrease in coolant den-
sity or coolant content can result in 

an increase in reactivity leads to other 
safety considerations for sodium-cooled 
fast reactors. For example, if one postu
lates a bubble of gas or another void 
whereby an area of the core might over
heat without detection, some of the fuel 
pins in the area would be expected to 
fail. Further disturbances of flow might 
ensue. A continued sequence of such 
events would not necessarily result in an 
automatic shutdown of the reactor. Thus 

c::::::v 
PRESTRESSED 

CONCRETE 
REACTOR 

VESSEL 

TENSION CABLE 

AUXILIARY _---��I--jnOO 
CIRCULATOR 

GAS DUCTS� _______ I 

CIRCUMFERENTIAL 
TENDONS 

GAS-COOLED REACTOR is depicted in the form it might take for 

a demonstration breeder plant with a capacity of 300 megawatts of 

electric power. The chief difference between such a reactor and a 
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VERTICAL·TENSION 
CABLE ANCHORS 
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liquid-metal one is that the coolant here is helium at high pressure 

instead of liquid sodium at low pressure. Because of the pres

sure the reactor is contained within a prestressed·concrete vessel. 
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it is necessary to preclude by design the 
propagation of fuel-pin failures. 

This control can be achieved by a 
number of techniques. The addition of a 
moderator such as beryllium oxide in
creases the magnitude of the neutron 
Doppler effect. A change in the ratio of 
coolant to fuel can reduce the void ef
fect. Other methods include distributing 
the fuel in such a way that the potential 
reactivity of coolant voids is decreased 
by increasing the number of neutrons 
leaking from the core. 

In a gas-cooled fast reactor there is no 
problem with voids because a bubble 
cannot form in gas. There is, however, 
another condition to be guarded against: 
a sudden loss of coolant pressure result
ing from an event such as rupture of the 
pressure vessel. This possibility is mini
mized by the use of the prestressed-con
crete type of reactor vessel. 

Having made sure that perturbations 
in normal operating conditions do not 
escalate, one looks to the possibility of 
other problems. One is a loss of cooling 
by mechanical blockage. Such accidents 
have occurred, but they will become 
less likely as engineering experience is 
gained. In this type of accident any sig
nifican t release of fission products is pre
cluded by providing several layers of 
structural containment for the entire re
actor system. 

Another possibility is an increase in 
power to the point where heat is being 
generated faster than it can be carried 
away by the coolant. Such an accident 
took place in EBR-I some years ago. 
Here again the answer has been found in 
improved design. Even beyond this, 
structural containment sufficient for any 
foreseeable accident will be provided. 

Much consideration is also being given 
to environmental factors in the design 
of fast breeder reactors. Because fast 
breeder reactors will operate at far high
er temperatures than are encountered in 
contemporary water reactors, they will 
have greater thermodynamic effiCiency. 
Today's water reactors operate at an 
overall efficiency of about 32 percent, 
meaning that 32 percent of the thermal 
energy produced is converted to electri
cal energy. Modern fossil-fueled plants 
operate at about 39 percent efficiency. 
Hence water reactors add more waste 
heat to the environment per unit of elec
trical energy produced than fossil-fueled 
plants do. Fast breeder reactors will 
probably attain efficiencies equal to that 
of the most modern fossil-fueled plant, 
thereby reducing the nuclear waste-heat 
problem. 

The release of radioactivity to the air 
from fast breeders will be near zero. 

HI GH·PRESSURE LOW·PRESSURE 

REACTOR TURBI NE TURBINE 
5950 

11,0100 

GENERATOR 

9200 i 
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HEATER 

GENERATOR 

COND ENSER 

CONDENSATE 
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PATTERN OF FLOW in a gas·cooled fast breeder reactor entails the transfer of the heat 

from the helium coolant (color) to a water·steam cycle (gray). The system operates without 

an intermediate heat·exchange cycle. Numerals give temperatures in degrees Fahrenheit. 

Even the small amounts of radioactive 
fiSSion-product gases (primarily krypton 
85 and tritium) now released under con
trolled conditions from water-moderated 
reactors will be eliminated because the 
necessity of hermetically sealing the core 
area will give an inherently effective 
method for collecting and disposing of 
the gases, which can then be rendered 
harmless. Moreover, since the coolant in 
a fast breeder is kept in a closed system, 
and since the water used to generate 
steam is never exposed to neutrons, there 
should be no formation of radioactivity 
in aqueous efHuents from the plant. 

The economic potential of fast breeder 
reactors lies mainly, but not entirely, 

in the fact that they would conserve re
sources of nuclear fuel. Over the next 50 
years the use of breeders as planned can 
be expected to reduce by 1.2 million tons 
the amount of uranium that would be 
consumed without breeders. That is the 
energy equivalent of about three billion 
tons of coal. 

The development of a breeder econo
my also appears to offer a direct dollar 
gain of large proportions. Studies have 
indicated that the cost of research and 
development of the liquid-metal fast 
breeder will be more than $2 billion 
through the year 2020 for the Atomic 
Energy Commission alone, with large in
dustrial expenditures added. If the first 
commercial breeder is introduced by 
1984 as planned, however, reductions in 
the cost of electrical energy thereafter 

(to 2020) are estimated at $200 billion 
in 1970 dollars. 

The present cost of producing elec
tricity in the U.S. ranges from five to 10 
mills per kilowatt-hour delivered to the 
transmission system, depending on the 
type, age and location of the plant. This 
range covers most plants, although there 
are a few outside of either extreme. The 
liquid-metal fast breeder reactor is pre
dicted to produce power at a saving of 
from .5 to one mill per kilowatt-hour. 
Large breeder-reactor systems that even
tually bring the cost of electricity down 
by as much as two mills per kilowatt
hour will make it possible to extract, use 
and reuse resources in ways that cannot 
be afforded today. It will be possible to 
tap substantial resources in the oceans 
and on land and to use land not now 
habitable or productive. 

Indeed, we believe breeders will re
sult in a transition to the massive use of 
nuclear energy in a new economic and 
technological framework. The transition 
may be slow, and it will require the in
troduction of a series of innovations in 
the technologies of industry, agriculture 
and transportation. The innovations will 
include large-scale, dual-purpose de
salting plants; electromechanization of 
farms and of means of transportation; 
electrification of the metal and chemical 
industries, and more effective means for 
utilizing wastes. The key to these possi
bilities is abundant low-cost electrical 
energy, and the route to that is by way 
of the breeder reactor. 
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The Genetic Activity 
of Mitochondria and Chloroplasts 

These organelles of cells contain DNA, RNA and their own apparatus 

for synthesizing proteins. Their resemblance to bacteria suggests 

that they may be descended from free-living bacteria-like organisms 

by Ursula W. Goodenough and It P. Levine 

T
he genetics of the living cell is 
more remarkable than capsule 
statements allow. Thus it is com

monly said that the DNA-the molecular 
double helix-found in the nucleus of 
each cell of a plant or animal contains 
the complete genetic blueprint for recon
struction of the total organism. Geneti
cists have recognized for some time, 
however, that this statement cannot be 
rigorously true, since the cytoplasm (the 
nonnuclear region) of all plant and ani
mal cells contains certain organelles, or 
subcellular structures, that have DNA of 
their own. One such organelle, the mito
chondrion, is found in the cells of all 
plants and animals; mitochondria are re
sponsible for packaging energy in the 
form of adenosine triphosphate (ATP) 
and for producing a variety of other es
sential small molecules. Another DNA
containing organelle, the chloroplast, is 
found only in algae and higher plants. 
Chloroplasts contain chlorophyll and re
lated pigments for capturing the energy 
of sunlight and for producing carbohy
drates by photosynthesis. In the process 
chloroplasts also produce ATP. There 
are occasional reports of DNA in other 
organelles as well, but even if such re
ports are substantiated, mitochondria 
and chloroplasts will probably remain 
unique in that they contain not only nu
cleic acids (DNA and RNA) but also a 
complete apparatus for the synthesis of 
proteins. One attractive hypothesis is 
that the mitochondria and chloroplasts 
present today in plant and animal cells 
once were free-living organisms, distant
ly related to present-day bacteria, that 
were incorporated into larger cells and 
became endosymbionts during the sub
sequent course of evolution. 
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When cell biologists of the 19th cen
tury first studied mitochondria and chlo
roplasts with the light microscope, they 
were struck by their apparently inde
pendent behavior within the cell. The 
organelles often reproduce themselves 
by fission at times when the cell itself is 
not dividing, and they commonly devel
op in size and in functional complexity. 
For example, the precursors of chloro
plasts in plant seedlings are tiny colorless 
bodies known as proplastids. Certain 
proplastids remain in the plant roots 
and become differentiated into colorless 
amyloplasts, starch-filled particles that 
predominate in such vegetables as pota
toes. Other proplastids, when exposed to 
light, mature into chloroplasts by acquir
ing a complex system of membranes and 
the chlorophyll and carotenoid pigments 
essential for photosynthesis [see illustra
tion on page 24]. Chloroplasts in toma
toes and similar fruits ultimately differ
entiate into chromoplasts by accumulat
ing large amounts of red carotenoids [see 
illustration on page 25]. The structural 
development of mitochondria is usually 
less dramatic than that of chloroplasts, 
but with the electron microscope one can 
trace the transformation of the small mi
tochondria of embryonic cells into such 
large, membrane-filled organelles as 
those found in heart muscle [see top il
lustration on page 26]. Many factors in
fluence the growth and development of 
chloroplasts and mitocllondria. Our prin
Cipal concern in this article, however, is 
how the DNA of these organelles influ
ences their structure and function and to 
what extent the organelles may be under 
the control of the DNA in the cell nu
cleus. 

Deoxyribonucleic acid (DNA) and ri-

bonucleic acid (RNA) are the only two 
types of molecule known to be capable 
of encoding and transmitting genetic 
information. In addition to DNA mito
chondria and chloroplasts contain DNA
dependent RNA polymerases, enzymes 
that carry out the synthesis of several 
kinds of RNA. One kind, known as mes
senger RNA, transcribes genetic infor
mation from DNA. Other kinds are 
called transfer RNA's (tRNA's) because 
they "recognize" individual amino acids 
and deliver them in their proper se
quence, as dictated by messenger RNA, 
for the synthesis of a specific protein. 
To effect this synthesis mitochondria 
and chloroplasts also possess ribosomes, 
small but complex particles made up of 
at least two kinds of RNA and some 30 
to 50 kinds of protein. Ribosomes act as 
"jigs" for holding messenger RNA while 
tRNA's deliver amino acids to their as
signed places. Indeed, if mitochondria 
and chloroplasts are isolated from the 
rest of the cell and are provided with 
the proper substrates, they can replicate 
their own DNA, synthesize new RNA 
and incorporate amino acids into pro
teins. No comparable genetic capacities 
have been reported for other cell organ
elles, such as the endoplasmic reticulum, 
the Golgi apparatus, centrioles, basal 
bodies and glyoxysomes [see illustrations 
on opposite page]. 

The ability of mitochondria and chlo
roplasts to carry out genetic functions 
would not be considered very interesting 
if they simply compartmentalized pieces 
of DNA from the cell nucleus along with 
ribosomes and enzymes from the cyto
plasm. This is not the case, however. 
The genetic apparatus of these organ
elles is distinctly different from that 
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UNICELLULAR GREEN ALGA
� 

Chlamydomonas reinhardi is 

endowed with both chloroplasts and mitochondria. two organelles 

known to contain deoxyribonucleic acid (DNA), as well as ap· 

paratus for the synthesis of proteins. The cell is enlarged 15,500 

diameters in this electron micrograph made by one of the authors 

of this article (Goodenough). Cell features are identified below. 

(CONTAINS RIBOSOMES) ENDOPLASMIC RETICULUM 
(RIBOSOMES ATTACHED) 

NUCLEOLUS 

CHLOROPLAST IN C. REINHARDI (area in colod consists of 

many folded membranes surrounded by an envelope. Chloro· 

plast ribosomes, the particles on which proteins are synthesized, 

are found in the stroma, the chloroplast's soluble phase. Cyto· 

plasmic ribosomes, synthesized in the nucleolus, are found in the 

cytoplasmic ground substance and attached to the endoplasmic 

reticulum. Only two of several mitochondria are labeled. "Vac

uole" describes a cytoplasmic vesicle surrounded by a membrane. 
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MATURE CHLOROPLAST, at an enlarge· 

ment of 22,000 diameters above, is from a leaf 

of timothy grass. Such chloroplasts develop 

from proplastids, two of which are shown 

magnified 38,000 diameters at left. Although 

the proplastids are from a root ti p of the 

common bean, their simple structure is 

characteristic. They contain a few scattered 

ribosomes and, in one case, the start of a 

folded membrane. In the mature chloroplast 

the membranes are organized into numer· 

ous stacks called grana. The grana are con· 

nected by other membranes called stroma 

lamellae. Within the stroma one can see 

many chloroplast ribosomes (small black 

dots). The function of the large black drop. 

lets, "osmiophilic granules," is unknown. 

The micrographs were taken by William P. 

Wergin in the laboratory of Eldon H. 

Newcomb of the University of Wisconsin. 

present in the nucleus or the cytoplasm. 
One indication of this difference is found 
by comparing the chemical composition 
of nuclear DNA with that of mitochon
drial DNA. The DNA molecule con
sists of two intertwined strands whose 
subunits, called nucleotides, are always 
complementary. Thus a nucleotide con
taining the base adenine (A) always pairs 
with one containing thymine (T); the nu
cleo tides of guanine (G) and cytosine (C) 
are similarly always paired. Although it 
is extremely difficult to establish the ac
tual sequence of nucleotides in a speci
men of DNA, it is fairly easy to deter
mine the ratio of the nucleotide pairs. 
It has been found that the percentage of 
G plus C in mitochondrial DNA is usual
ly quite different from that in nuclear 
DNA from the same cell. In a plant cell 
the G plus C content is often different for 
the three DNA species-nuclear, mito
chondrial and chloroplast-so that the 
three can be separated from one another 
by high-speed centrifugation in a gradi
ent of cesium chloride [see top illustra
tion on page 28]. 

Unlike nuclear DNA, organelle DNA 
does not associate with proteins known 
as his tones, and thus it exists within the 
organelle as a naked fiber. In mitochon
dria the naked DNA fibers usually close 
on themselves, forming circular mole
cules of DNA. Such loops have not yet 
been iden tified in chloroplasts; instead 
the DNA appears as masses of long 
strands [see bottom illustration on page 
26]. 

Naked DNA fibers, devoid of histones 
and often existing as ring-shaped mole
cules, are apparently unique to chloro
plasts and mitochondria in cells having 
nuclei, but they are not unique in the 
biological kingdom. All known bacteria 
and blue-green algae contain chromo
somes that exactly fit this description. Is 
this a coincidence? Many biologists think 
not. It has been proposed that mitochon
dria and chloroplasts are modern de
scendants of primitive forms of bacteria 
and/or blue-green algae that took up 
residence within primitive cells and 
there enjoyed an independent evolution. 
It is supposed that the primitive cells 
that possessed such "resident" bacteria 
and blue-green algae were provided 
with additional means for the genera
tion of energy and were thus "fitter" than 
those without them. 

Bacteria and blue-green algae are 
known as prokaryotes, meaning they lack 
the membrane-limited nucleus possessed 
by nucleate organisms, or eukaryotes. 
(Kar!Jon is Greek for nucleus.) The DNA 
of bacteria and algae is confined to "nu-
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cleoids," a term that describes certain 
regions not enclosed by membranes. 
Such nucleoids are also found in mito
chondria and chloroplasts [see illustra
tion on page 29], which lends additional 
support to the hypothesis that they were 
once free-living prokaryotes. 

perhaps the most striking resemblance 
between mitochondria and chloro

plasts and present-day prokaryotes is in 
their apparatus for synthesizing proteins. 
For example, the ribosomes in all three 
are very similar: when they are centri
fuged, they have a sedimentation co
efficient of 70 Svedberg units (70 S). The 
sedimentation coefficient is a relative 
measure of the size of a ribosome: the 
larger the coefficient, the larger the par
ticle. The ribosomes found in the cyto
plasm of eukaryote cells have a sedimen
tation coefficient of 80 S. Thus if one pre
pares a total homogenate of plant or ani
mal cells and centrifuges it in a gradient 
of sucrose solutions of differing densities, 
the ribosome population separates into 
two fractions, one large peak corre
sponding to 80 S and a smaller one to ap
proXimately 70 S [see bottom illustration 
on page 28]. As one exception to this 
general rule, certain fungi such as yeast 
and the red bread mold N ettrospora have 
mitochondrial ribosomes with a coeffi
cient of 77 S. 

If ribosomes are dissociated into their 
two major RNA constituents, the resem
blance between prokaryote Iibosomes 
and the ribosomes of mitochondria and 
chloroplasts persists. All three contain a 
heavier RNA species with a sedimenta
tion coefficient of 23 S and a lighter spe
cies of 16 S. In contrast, in cytoplasmic 
ribosomes the heavier RNA species has 
a coefficient of 25 to 28 S and the lighter 
species a coefficient of 18 S. 

The types of protein contained in 70 
S and 80 S ribosomes also appear to fall 
into two distinct families, as one can 
demonstrate by their response to certain 
drugs. A variety of antibiotics (including 
streptomycin, chloramphenicol and tet
racycline) are thought to kill bacteria by 
reacting with specific proteins in bac
terial ribosomes, thus preventing the 
synthesis of other bacterial proteins. 
These same antibiotics effectively inhibit 
the 70 S ribosomes of mitochondria and 
chloroplasts from synthesizing proteins 
but have no effect on the 80 S ribosomes 
of plant and animal cells. Conversely, 
the fungicide cycloheximide inhibits pro
tein synthesis by 80 S ribosomes but has 
no effect on the 70 S ribosomes of pro
karyotes or organelles. 

Antibiotics offer other clues to the 

similarities between the genetic apparat
us of prokaryotes and organelles. Rif
ampicin, a recently discovered antibiot
ic, will bind to (and thus inactivate) the 
DNA-dependent RNA polymerase found 
in bacteria but will not bind to the poly
merase in the nucleus of eukaryote cells. 
The antibiotic also inhibits RNA syn
thesis in chloroplasts and mitochondria, 
indicating that the RNA polymerase in 
these organelles resembles that in bac
teria. 

The observation that mitochondria 
and chloroplasts have genetic systems 

similar to those in bacteria, and the 
supposition that they share common an
cestors, is not to say they are alike in 
all respects. Modern prokaryotes, and 
presumably primitive prokaryotes as 
well, contain all the genetic information 
needed for their self-reproduction. Given 
a suitable environment and a supply 
of carbon, nitrogen and minerals, they 
will synthesize everything they need 
for growing and dividing. Mitochondria 
and chloroplasts, on the other hand, are 
unable to synthesize most of their com
ponent proteins and would soon die if 

TOMATO CHROMOPLAST represents a chloroplast that is hecoming differentiated by the 

accumulation of large amounts of red carotenoid pigment. The grana-like architecture of 

the chloroplast membrane is lost in the differentiation process. This electron micrograph, 

enlarged 45,000 diameters, was made by William M. Harris of the University of Arkansas_ 
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DEVELOPMENT OF MITOCHONDRIA is illustrated in these two 

electron micrographs, both at an enlargement of 35,000 diameters. 

The picture at left shows immature mitochondria in a muscle cell 

taken from the regenerating tail of a tadpole. The mitochondria in 

this young cell exhibit few cristae, the shelflike infoldings of the 

inner membrane. The mature mitochondria at the right, densely 

CHLOROPLAST DNA obtained from spinach leaves appears as a 

meshwork of fibers in this electron micrograph made by Christo· 

pher L. F. Woodcock of Harvard University. The enlargement is 
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packed with cristae, are in a muscle cell obtained from the heart of 

a bat. In this mature cell muscle filaments are neatly arrayed where

as in the tadpole cell they appear as disorganized bundles. The 

electron micrograph of the tadpole cell was made by Robert War· 

ren of the University of Texas. The micrograph of the heart mus· 

cle cell was made by Keith R. Porter of the University of Colorado. 

32,000 diameters. Bulk of chloroplast appears at upper right. The 

purified chloroplasts were burst osmotically on a water surface, reo 

leasing DNA fibers along with granal and intergranal membranes. 
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they were isolated from the rest of the 
cell. The organelles lack many of the en
zymes necessary for the biosynthesis of 
nucleotides, amino acids and other es
sential molecules. The required enzymes 
are located exclusively in the cytoplasm 
of the host cell. Thus the organelles are 
true endosymbionts, dependent on their 
host for key metabolic services. 

That mitochondria and chloroplasts 
are, or have become, so dependent on 
their hosts is hardly surprising. In the 
interest of economy and efficiency it 
seems reasonable that molecular build
ing blocks needed in various parts of the 
cell should be synthesized in the cyto
plasm where they are freely accessible to 
all the organelles. What is surprising to 
discover is that the great majority of the 
enzymes and components found exclu
Sively within mitochondria and chloro
plasts are synthesized under the direc
tion of genes located in the DNA of the 
cell nucleus. 

Many examples are available. The 
most clear-cut is provided by cyto
chrome c, an essential component in the 
respiration process by which mitochon
dria oxidize carbohydrates and store en
ergy in ATP. In the eukaryote cells of 
plants and animals cytochrome c is 
found only in mitochondria. In yeast, a 
much studied eukaryote, many gene mu
tations have been found that prevent the 
formation of cytochrome c and thus 
block respiration. Such mutant strains 
can grow only by fermentation. It has 
been shown (largely through the work of 
Fred Sherman and his colleagues at the 
University of Rochester School of Medi
cine and Dentistry) that most of the mu
tations alter a nuclear gene that contains 
the code for the primary amino acid se
quence in the protein portion of the cyto
chrome c molecule. Another nuclear 
gene codes for a minor species of the 
molecule, cytochrome Cl' If a strain of 
yeast carries mutations in both of these 
genes, no c-type cytochrome can be de
tected anywhere in the cell, including 
the mitochondria. One can conclude, 
therefore, that the DNA in the mitochon
dria does not store the information for 
the synthesis of this mitochondrial pro
tein. Bernhard Kadenbach of the Univer
sity of Munich has demonstrated further 
that the cytochrome c protein is synthe
sized on 80 S ribosomes in the cytoplasm 
and then imported into the mitochon
drion. Cytochrome c is not an isolated 
case. For example, nuclear genes control 
the soluble enzymes of mitochondria 
that are involved in respiration. Other 
nuclear genes are responsible for the 
chlorophyll, carotenoids, cytochromes 

and many photosynthetic enzymes of the 
chloroplast. 

Nuclear genes are distinguished from 
organelle genes in most organisms by 
the way they are inherited during the 
sexual process. Male and female germ 
cells contain equal amounts of nuclear 
DNA, and thus the offspring will inherit 
an equal number of nuclear genes from 
each parent. Such a pattern of inheri
tance is called Mendelian after its dis
coverer, Gregor Mendel. The female 
germ cell, or egg, however, has a sub
stantial amount of cytoplasm, including 
mitochondria and proplastids, whereas 
male germ cells and pollen contribute al
most no cytoplasm to the zygote at fer
tilization. As a consequence offspring in
herit their organelle DNA almost entire
ly from the female parent. This pattern 
of inheritance is telmed non-Mendelian 
or maternal. 

What kinds of non-Mendelian gene 
mutation have been identified that 

affect organelle functions? The most ex
tensively studied class of such mutations 
is found in yeast. These mutations, col
lectively termed p-, turn out to be quite 
complex. First described in the early 
1950's by Boris Ephrussi of the Centre 
de Genetique Moleculaire in Gif-sur
Yvette, they are currently being studied 
in many laboratories, notably that of 
Piotr P. Slonimski, also in Gif. 

Yeast cells that are p- cannot respire 
and can only grow slowly by the process 
known as glycolysis. Because they form 
small colonies they were termed "pe
tites" by their French-speaking discov
erers. The mitochondria in p- cells are 
characteristically rudimentary, but dif
ferent strains of p - cells differ widely in 
the severity of such defects. Moreover, 
in some mutants the nucleotide compo
sition of the mitochondrial DNA is sim
ilar to that found in normal strains; in 
other mutants the G-plus-C content is 
dramatically altered. Such disruptions in 
the genetic infOimation of yeast mito
chondria occur spontaneously but can 
also be induced by a variety of muta
gens. 

Unlike the "point" mutations that of
ten occur in DNA, the more general 
disruptions caused in p- mitochondrial 
DNA are perplexing to analyze. A point 
mutation, since it affects only one gene in 
the genome, or complete set of genes, 
will typically lead to the absence of a 
single enzyme. When the entire mito
chondrial genome is rendered nonfunc
tional and the resultant mitochondrion is 
deficient in many enzymes and many ac
tivities, it is difficult to know what has 

happened. Possibly the p- state simply 
prevents the synthesis of one or two criti
cal proteins, perhaps important to the 
integrity of certain structures, which 
then leads to a variety of secondary de
fects. Or perhaps the p - state involves 
such an extensive disruption of mito
chondrial DNA that many proteins fail 
to be syn thesized. 

Similar problems beset the study of 
non-Mendelian mutations that affect 
chloroplasts. In most cases these muta
tions do not lead to a tidy, readily ana
lyzed loss of a single protein or enzyme. 
Instead one observes a generally un
healthy organelle, commonly deficient in 
chlorophyll or carotenoids, highly disor
ganized in structure and devoid of pho
tosynthetic activity. In such cases, what 
is the primary effect of the mutation and 
what is due to a secondary breakdown 
of the organelle's integrity? It may be 
extremely difficult to discover. One fact, 
at least, is clear: the presence of normal 
organelle DNA is essential for the forma
tion of a normal organelle; the DNA is 
by no means a superfluous holdover from 
a former prokaryotic existence. 

Recently a few maternally inherited 
mutations have been induced that 

are more amenable to biochemical analy
sis. These enable yeast to resist the ef
fects of antibiotics, such as those listed 
above that specifically inhibit protein 
synthesis on 70 S ribosomes. The exis
tence of these mutations suggests that 
mitochondrial DNA contains genes that 
control the synthesis of certain proteins 
that make up the 70 S ribosomes of mito
chondria; the normal proteins are evi
dently inactivated by the antibiotics 
whereas the mutant proteins are not. 
Ruth Sager of Hunter College and oth
ers have studied similar mutations that 
confer drug resistance on the unicellular 
green alga Chlamydomonas reinhardi, 
but they have not yet established wheth
er the mutations reside in the DNA of 
the alga's mitochondria or in chloro
plasts. 

The existence of mutations to antibi
otic resistance would suggest that one 
of the functions of organelle DNA is to 
contain infOlmation for the construction 
of the organelle's protein-synthesizing 
apparatus. That organelle DNA is in
deed responsible for the synthesis of the 
organelle's ribosomal RNA has been 
demonstrated in a number of organisms. 
A widely used technique is to isolate 
ribosomal RNA from organelles grown 
in a radioactive culture and incubate 
them with nonradioactive organelle 
DNA to see if a stable complex, or hy-
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DENSITY (GRAMS PER CUBIC CENTIMETER) 

THREE KINDS OF DNA form separate peaks according to their buoyant density when 

extracted from the single·celled alga C. reinhardi and centrifuged in a cesium chloride 

gradient. Peak R is a reference peak of synthetic DNA of known density. The most abun· 

dant DNA in the cell (A) presumably comes from the cell nucleus. The next most abun· 

dant fraction (B) is probably derived from chloroplasts. The small peak (C) is thought 

to represent DNA from mitochondria, but this has not been proved. The experimental 

results presented here were obtained by Kwen·sheng Chiang of the University of Chicago. 
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BOTTOM POSITION ON GRADIENT TOP 

RIBOSOMES OF C. REINHARDI form two peaks when centrifuged in a sucrose gradient. 

The larger consists of cytoplasmic ribosomes with a sedimentation coefficient in Svedberg 

units of 80 S. The smaller peak consists of lighter ribosomes (68 S), presumably from 

the chloroplasts of C. reinhardi. The wide absorption band at the far right is produced 

by chlorophyll. The curve was obtained by Stefan J. Surzychi of the University of Iowa. 
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brid, forms between them. Successful 
hybridization indicates that the DNA 
contains sequences of nucleotides that 
are complementary to the sequences in 
the RNA, and thus the RNA is presum
ably synthesized from the DNA tem
plate. Such experiments have demon
strated a complementarity between 
both mitochondrial and chloroplast 
DNA's and their corresponding ribo
somal RNA's. Another approach to the 
same question, taken by Stefan J. Sur
zychi of the University of Iowa, makes 
use of rifampicin, the antibiotic that in
activates the variety of DNA-dependent 
RNA polymerase found in bacteria and 
blue-green algae. In the presence of 
rifampicin, C. reinhardi is unable to syn
thesize the 16 S and 23 S species of 
ribosomal RNA found in chloroplasts, 
indicating that these RNA's are synthe
sized from a chloroplast DNA template. 

\Vhat ahout the rest of the protein
synthesizing apparatus of organelles? 
Both mitochondria and chloroplasts con
tain at least certain species of tRNA that 
exhibit properties different from those of 
their cytoplasmic counterparts. Are these 
also transcribed from organelle-located 
genes? Perhaps, but not necessarily. Un
til it is proved otherwise by hybridiza
tion experiments or other means, the ex
istence of a unique type of RNA in an 
organelle does not mean it must have 
been transcribed from organelle DNA. 
Cytoplasmic IRNA, for example, may 
migrate into the chloroplast or mitochon
drion and there be modified in some crit
ical way so that its biochemical proper
ties are adapted to the protein-synthesiz
ing system of the organelle. 

We have already seen that certain 
nuclear genes code for proteins that 

are eventually localized exclusively 
within organelles and that, for the well
documented case of cytochrome c in 
yeast, the cytochrome's protein compo
nent is entirely synthesized on the 80 
S ribosomes present in the cytoplasm 
and transported into the mitochondrion. 
There is no reason to assume, however, 
that this route must be followed by the 
messenger RNA derived from all nuclear 
genes that speCify organelle proteins. 
Since ribosomes are apparently able to 
translate any messenger RNA that is 
supplied to them, it is possible, although 
it has not yet been demonstrated, that 
messenger RNA from the nucleus is im
ported into an organelle and translat
ed on the organelle's 70 S ribosomes. 
Conversely, organelle-derived messenger 
RNA might he translated either in the 
chloroplast or in the cytoplasm. 
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BACTERIA, CHLOROPLASTS AND MITOCHONDRIA have cer· 

tain features in common, suggesting that these modern organelles 

and bacteria may have common ancestors. The cylindrical bacte· 

rium (left) is surrounded by a cell wall and a cell membrane but 

contains no membrane·bound organelles. It does, however, con· 

tain densely packed ribosomes and nucleoids, in which one can see 

strands of DNA. The chloroplast of C. reinhardi (middle) also con· 

tains densely packed ribosomes and nucleoids with threads of DNA. 

Two mitochondria from C. reinhardi (right) are shown embedded 

in cytoplasm. They contain very few ribosomes, and mitochondrial 

DNA is not visible. The three electron micrographs, all at an en· 

largement of 50,000 diameters, were made by Miss Goodenough. 

These considerations are important in 
giving the proper interpretation to cer
tain types of experiment. For example, 
isolated organelles have been shown to 
incorporate amino acids into relatively 
insoluble proteins that are thought to 
be components of organelle membranes. 
Such experiments indicate that the iso
lated organelles contain messenger RNA 
that carries information for membrane 
proteins, but they cannot in themselves 
tell us the location of the genes for these 
proteins. Similarly, it has been shown 
that the synthesis of certain organelle
specific proteins is inhibited by antibi
otics specific for 70 S ribosomes, whereas 
the synthesis of other proteins is not in
hibited. 

Bearing these considerations in mind, 
we can summarize what is currently, 

and tentatively, believed to be the genet
ic capacity of organelles. Mitochondrial 
DNA probably contains information for 
mitochondrial ribosomal RNA, for at 
least a few mitochondrial ribosomal pro
teins and for at least a few proteins nec
essary for the structural and functional 
integrity of mitochondrial membranes. 
Mitochondrial ribosomes are involved in 
the synthesis of a few proteins, probably 
but not demonstrably those coded for 
by mitochondrial DNA. Most of the en
zymatic apparatus of mitochondria is ap-

parently encoded in nuclear DNA and 
synthesized in the cytoplasm. Hence the 
mitochondrial genome does not appear 
to contain many genes, which is not sur
prising when one considers its size. A 
typical DNA molecule ("chromosome") 
found in the mitochondria of animal 
cells has a molecular weight of about 11  
million, or  somewhat less than that of 
the smaller viruses. That is enough DNA 
to represent perhaps 10 to 25 average
sized genes. 

The average molecular weight of 
chloroplast DNA is more difficult to de
termine, but it appears to be some 300 
times greater than that of mitochondrial 
DNA and should therefore be able to 
carry a great deal more information. 
This information probably includes sev
eral genes for chloroplast ribosomal 
RNA, at least a few for chloroplast ribo
somal proteins, several genes for the 
proper organization of chloroplast mem
branes and one or more genes for the 
synthesis of a functional photosynthetic 
apparatus. Chloroplast ribosomes are 
probably involved in the synthesis of 
most of these proteins. In C. reinlwl'di 
the chloroplast ribosomes participate in 
the synthesis of ribulose-l,5-diphosphate 
carboxylase, an enzyme involved in the 
photosynthetiC fixation of carbon diox
ide. Apparently, l,olvever, the DNA of 
the C:ilorop:a:it does not encode infor-

mation for the synthesis of this enzyme. 
We have studied a mutant strain of 

C. l'einhal'cii called ac-20 that can make 
very few chloroplast ribosomes under 
certain growth conditions. The photo
synthetic and structural lesions sufFered 
by such cells are quite similar to cells 
whose protein synthesis is blocked by 
chloramphenicol, as one might expect. 
Significantly, the ac-20 gene is inherited 
in a Mendelian fashion, suggesting that 
the nucleus may exert control over the 
synthesis of organelle ribosomes. Nu
clear control over the synthesis of or
ganelle DNA has also been reported. If 
it proves to be a general case that the nu
cleus has acquired substantial control 
over the production of organelle genetic 
systems, then it becomes difficult to un
derstand why these genetic systems con
tinue to be produced at all-why mi
tochondria and chloroplasts have not, 
regardless of their origins, evolved into 
ordinary enzyme-containing organelles 
whose perpetuation is entirely controlled 
by the nucleus. It can only be assumed 
that this has not happened because the 
organelle DNA contains essential genes 
whose functions, for whatever reason, 
cannot be taken over by nuclear genes 
and that at least certain of these genes 
must be transcribed and translated by a 
primitive, bacteria-like protein-synthe
sizing apparatus. 
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WOODHENGES 

The celebrated Stonehenge is only one of 80 henge n1onUI11ents kno·wn 

in Britai n. Recent excavat ions at two of the largest h enges sho\v that 
t hey enclosed structures th at \vere J11ad e not o f stone but of \vood 

T
he circular array of massive stones 
on Salisbury Plain known as 
Stonehenge is so well known that 

it has given most people a distorted view 
of the other monuments of the same kind 
that were raised in Neolithic Britain. All 
henge monuments consist primarily of 
a circular embankment surrounding a 
ditch. In a few instances, as at Stone
henge, the earthwork encloses a group of 
stone uprights. Recent archaeological 
work at two of Britain's largest henge 
monuments has revealed, however, that 
their huge earthworks enclosed struc
tures built not of stone but of timber. 
This finding increases the number of 
henge monuments known to have con
tained timber structures from two to 
four, and the number of timber struc
tures known to have existed within 
henge enclosures to eight. What is more 
important, the \\'ood structures suggest 
something of the function served by 
these vast constructions of the second 
millennium B.C. 

The Neolithic inhabitants of the Brit
ish Isles built at least 80 henges during a 
period from the end of the third millen
nium B.C. to about the middle of the sec
ond millennium. In terms of human la
bor the effort was genuinely monumen
tal. For example, the construction of one 
of the four largest henges, the enclosure 
at Avebury in Wiltshire, required that a 
ditch 30 feet deep and 70 feet wide be 
dug to form a circle more than three
quarters of a mile in circumference. The 
excavated earth was used to raise a bank 
outside the ditch that was 18 feet high 
and 75 feet wide. The entire task is esti
mated to have taken more than 1.5 mil
lion man-hours. 

There has been much speculation 
about the function of the henges. 

Their cumulative cost in human energy 
implies a society sufficiently stable to al-
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low the diversion of manpower from the 
primary task of food production to major 
construction projects. Our knowledge of 
Neolithic domestic settlements in Brit
ain, although it is sketchy, would scarce
ly lead us to believe that a society pros
perous enough to permit such corporate 
efforts then existed. The excavation of 
the two new '\voodhenges " has sharp
ened our appreciation of this apparent 
paradox. It will be useful, before giving 
an account of our findings there, to place 
these henges in their proper perspective. 

The four largest of Neolithic Britain's 
henges are all in an area of southern En
gland notable for the number of henges 
of all sizes found in it. One of the four, 
Mount Pleasant, lies near the Dorset 
coast some 60 miles southwest of Stone
henge. The other three, from north to 
south, are Avebury, Marden and Dur
rington Walls in Wiltshire. All are ad
jacent to the River Avon and none is 
niore than 30 miles from any other. Work 
on roads in the area led the Department 
of Ancient Monuments, a division of the 
Ministry of Public Building and Works, 
to undertake salvage archaeology at 
Durrington Walls in 1966-1967. The 
findings made there led to further work 
at Marden in 1969. 

Over more than two centuries of ama
teur and profeSSional investigation only 
a quarter of the many henges excavated 
in Britain have yielded remains that 
could be dated. The tradition of building 
circular earthworks, however, appears to 
have been fitmly established in the Brit
ish Isles sometime during the third mil
lennium B.C. At first the ditChes around 
the central enclosures were not continu
ous; these interrupted circles came to be 
known as "causewayed camps." Archae
ological evidence indicates that the ear
ly earthworks were not, as was first sug
gested, either dwelling sites or cattle 
pens. The abundance at many of the sites 

of the remains of slaughtered animals, of 
grain-grinding tools and of different 
types of pottery implies that causewayed 
camps were more probably centers 
where people from miles around gath
ered from time to time in large numbers. 
Even today one cannot visit a well-pre
served henge monument without feeling 
that it was designed for public gather
ings of some kind. The bank, raised high 
above the area it encloses and seeming 
even higher because of the deep ditch 
inside it, makes an ideal grandstand for 
viewing the activities in the interior 
precinct. 

No such prospect greets the visitor to 
Durrington Walls, although the dimen
sions of the monument are impressive 
enough. Its outer bank, originally 90 feet 
wide, averages more than 1,550 feet in 
diameter; the top of the bank once stood 
some nine feet above ground level. In
side the bank a level zone from 20 to 140 
feet wide extends to the edge of the 
ditch, which was originally 50 feet wide 
and nearly 19 feet deep. I have esti
mated that construction of the ditch 
and bank at Durrington 'Valls required 
about 900,000 man-hours. Some 30 acres 
of a dry valley descending to the River 
Avon are enclosed by the earthwork. Lit
tle of the monument's former grandeur 
is now perceptible; generations of plow
ing have all but obliterated the bank, the 
ditch and evidence of the two causeways 
that formerly provided access to the 
enclosure from the northwest and the 
southeast. One can nonetheless imagine 
the view of the valley that was once to be 
had from the top of the bank and even 
speculate that the site was selected with 
this objective in mind. 

In 1966 permission to build a road 
across the eastern half of the Durring

ton Walls enclosure was granted subject 
to a prior archaeological investigation 
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STRIP EXCAVATION seen in this aerial photograph crosses the 

ditch that once surrounded the great henge monument at Durring· 

ton Walls in Wiltshire. Some 90 feet inside the enclosure (right 
center), the diggers unearthed traces of a former timber structure. 
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along the proposed route. Fieldwork, be
gun in 1966 and completed in 1967, en
tailed excavating a strip that followed 
the line of the proposed road and in
cluded a part of the ditch and the south
west causeway. Where the ditch and the 
causeway met we unearthed large quan
tities of broken pottery, animal bones, 

a 

BANK DITCH 

(ELEVATION) 

Rint tools and picks made from the ant
lers of deer. The objects had evidently 
been thrown into the ditch by people 
crossing the causeway to enter or leave 
the enclosure. 

Some 90 feet inside the enclosure our 
excavation uncovered the postholes of 
a complex circular structure. They lay 

N 

under a protective mantle of plow soil 
nearly five feet thick on a comparatively 
Rat piece of ground at the bottom of the 
valley. As digging progressed, it became 
apparent that there had been not one 
but two structures at the site, which 
we named the Southern Circle. The evi
dence of the earlier structure was a se-

FOUR LARGEST HEN GES in the British Isles are seen in plan 

view above. They are Mount Pleasant (a), Avebury (b), Durring

ton Walls (e) and Marden (d). Plans show the present or recoll-

structed dimensions of each enclosure's bank and ditch. The out

lines of timber structures unearthed at Durrington Walls and at 

Marden are shown in black, the array of stones at Avebury in color. 
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ries of four almost concentric circles of 
holes that had supported slender timber 
uprights; the outermost circle was 99 
feet in diameter and the innermost one 
seven feet in diameter. The earlier struc
ture had been replaced by a larger one 
consisting of six nearly concentric rings 
of upright posts. Many of the postholes 
of the larger structure intersected or al
together obliterated the postholes of the 
earlier one. 

The outer circle of posts associated 
with the later structure was 127 feet in 
diameter. The postholes increased in size 
from the outer circle, which we labeled 
Ring A, to the next to innermost, labeled 
Ring E. The holes of Ring E averaged a 
little less than six feet in diameter and 
were some seven feet deep; they had 
evidently held posts about two feet in 
diameter. The structure had a single en
trance that opened to the southwest, fac
ing the adjacent causeway. The entrance 
was marked by two postholes larger than 
any of the others in Ring A. One hole 
was six feet in diameter and the other 
five feet; they had supported posts re
spectively 3.5 feet and three feet in di
ameter. 

Outside the entrance to the structure 
stood a platform built of blocks of chalk 
and a rubble of Hint gravel. A succession 
of fires had burned on the platform, and 
the earth around it contained quantities 
of broken pottery, Hints, bits of antler 
and animal bones. To the north of the 
structure a hollow had been scooped in 
the chalk bedrock and then partially sur
rounded by a fence of small stakes. The 
hollow was filled with a black ashy soil 
that contained more broken pottery, 
Hints and animal bones. 

As excavation continued we found the 
remains of a second circular structure 
some 400 feet to the north of the first. 
We named it the Northern Circle; it 
proved to be much Simpler and smaller 
than its neighbor. Four large postholes 
outlined an inner circle 25 feet in diame
ter. Concentric with the inner circle was 
a circle of smaller postholes, some 48 
feet in diameter. The single entrance to 
the structure faced almost due south; it 
evidently had been approached along an 
avenue irregularly marked by freestand
ing timber uprights and had been 
screened from view at a distance of 20 
feet by closely spaced uprights set on 
both sides of the avenue roughly per
pendicular to tlle line of approach. 

Visitors apparently came to Durring
ton 'Walls for more than 500 years. Car
bon-14 analysis of charcoal samples 
found at the bottom of the ditch indi
cates that it was dug into ilie chalk bed
rock somewhat before 2000 B.C. One of 

SHALLOW DITCH at Marden is seen in process of excavation; the view is outward from 

the enclosure. The level area at left, a few feet below the present surface, is the northern 

causeway that gave access to the interior. The collection of cobbles at upper right is the 

only remnant of the bank that once formed a partial perimeter around the 35·acl'e precinc.t. 

the postholes in the Southern Circle con
taiJled charcoal and fragments of animal 
bone and antler; carbon-14 analyses of 
these remains indicate that the later of 
the two structures was erected between 
2000 and 1900 B.C. Charcoal from two 
hearths in the ditch showed on analysis 
that fires were being kindled at Durring
ton Walls as late as 1600 B.C. 

The most fundamental question about 
the structures at Durrington 'Walls is 

whether the timber uprights comprised 
some kind of open-air display or wheth
er they supported roofs. My colleague 
C. R. Musson has considered this ques
tion. The only form of building he finds 
appropriate to the pattern of later post
holes at the Southern Circle is a ring
shaped, roofed enclosure, covered with 
a thatch that sloped downward and out
ward from a high ridge at Ring E. The 
building would have surrounded an open 
central court, and the sloping roof would 
have ended at an outside wall repre
sented by Ring A [see illustration on 
next page]. Assuming a roof pi tch of 25 
degrees and an outside height of about 
nine feet, the roof would have been a lit
tle more than 30 feet high at Ring E. 
The uprights that formed Ring F can be 
interpreted as a circle of freestanding 
poles in the central court that provided 
the focus of the building. Musson takes 
the postholes of the Northern Circle to 
be the remains of the frame for a less am-

bitious roofed building, with a conical 
outer ring-roof of thatch and a separate 
"lantern roof" at the center, supported 
by the four large uprights there. 

The material remains from all parts of 
the Durrington Walls excavation come 
to an impressive total, particularly in 
view of the fact that most henge monu
ments have yielded very little. The abun
dant pottery belongs in general to a late 
Neolithic ceramic tradition known as 
Grooved Ware. A careful piecing to
gether of individual sherds shows that 
fragments from the same pot were some
times depOSited with care in different 
places. For example, pieces of a single 
vessel were put next to various posts in 
the Southern Circle; in one instance a 

fragment of a pot was rested against a 
post within the structure there and an
other fragment was placed in the mid
den outside. We shall return to the pos
sible significance of these actions. 

The ditch, the postholes, the platform 
and the midden yielded a total of some 
12,000 struck Hints, including 360 fin
ished implements; among them were 
200 scrapers and 60 arrowheads, mostly 
of the transverse type [see illustration on 
page 35]. The 30 bone implements 
found at the site included both awls and 
pins. The majority of the animal remains 
iliat have been identified are pig bones. 
The complete or fragmentary remains of 
440 picks made of deer antler-the prin
cipal digging implement of tlle period-
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give some indication of the effort in
volved in constructing the henge and 
erecting its interior buildings. 

O f the 29 henge monuments in En
gland, Wales and Ireland that have 

been excavated since 1951, only nine 
have produced evidence of human ac-

tivity in the interior precinct. It was 
therefore with some pessimism that last 
year we approached Marden, the biggest 
of the four large henges. Situated in 
the Vale of Pewsey on flat, low-lying 
ground close to the headwaters of the 
Avon, the Marden earthworks are some 
10 miles from Durrington Walls and 

eight miles from Avebury. They enclose 
an area of 35 acres. Centuries of plowing 
have almost obliterated the mound and 
the ditch, which in any case do not form 
a circle; all of the southern boundary of 
the enclosure and half of its western 
quadrant are fOlmed instead by the me
anderings of the Avon [see illustration 
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FE D C BA 
MAJOR STRUCTURE at Durrington Walls is reconstructed at top 

left. The plan view of the rin gs of postholes at right center ind i· 

cates that the excavation did not expose the entire structure. The 

elevation view at bottom right shows how the length of the uprights 

probably increased from ring to rin g  in an inward direction. This 

is the later of two buildings at the henge's Southern Circle. 
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on page 32]. Marden is unique among 
British henge monuments not only in this 
respect but also because its two en
trances, rather than being diametrically 
opposed, lie at right angles, one on the 
north and the other on the east. 

With 35 acres to choose from and only 
a limited time to work, the question we 
faced was where to begin. Owing to the 
nature of the subsoil and millenniums of 
mole burrowing, remote sensing devices 
were of no use to us in searching for evi
dence of timber structures. Eventually it 
was decided to excavate the northern en
trance to Marden and in addition to clear 
two 30-foot squares within the enclo
sure, located roughly 100 feet inside the 
entrance. We chose this course on analo
gy with our success at Durrington Walls. 
The Southern Circle there had been dis
covered some 100 feet inside the south
east entrance. We hoped there might be 
a similarity between the sites. 

The ditch at Marden turned out to 
have been more than 50 feet wide but 
only six feet deep. The original dimen
sions of the mound surrounding it are 
uncertain. As at Durrington Walls, the 
part of the ditch we uncovered adjacent 
to the entrance causeway contained 
quantities of potsherds, flint tools, antler 
picks and animal bones left there by peo
ple entering or leaving the enclosure 
[see illustration on next page]. When 
work began on the two selected areas in
side the enclosure, we found that the 
analogy between Marden and Durring
ton Walls applied here as well. Our ex
cavation uncovered a circle of postholes 
roughly 32 feet in diameter; three more 
postholes were set in a row at about the 
center of the circle. Centuries of plowing 
had removed so much of the soil above 
the remains that only the very bottom of 
each hole was preserved. A few more 
years of deep plowing at the site would 
have obliterated all traces of the struc
ture. 

The Marden postholes contained some 
flint tools and sherds of pottery. Like the 
pottery found in the ditch, the posthole 
sherds belong to the Grooved Ware ce
ramic tradition we had already found at 
Durrington Walls. This suggests that the 
two sites, only 10 miles apart, had once 
served their public function contempo
raneously, perhaps over a period of cen
turies. The Durrington Walls henge, 
however, may have had a greater lon
gevity. Some of the pottery fragments 
unearthed there show the stylistiC influ
ence typical of a group of emigrants from 
Europe known as the Beaker people. 
These newcomers to Britain made imple
ments of copper and bronze, and their 
arrival marks the beginning of the end of 

e '\ I \ I \ 
I \ I \ I \ I \ I \ 
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ARTIFACTS unearthed at Durrington Walls included 440 intact or fragmentary picks 

made of antler; two are shown, one·fourth actual size (a, b). Among the flint artifacts at the 

site were 60 arrowheads, most with unstemmed bases; four are shown, two-thirds actual 

size (c, d, e, j)_ Most of the pottery fragments were of Grooved Ware, common in the British 

Isles during late Neolithic times; two examples are shown, one-fourth actual size (g, h). 

35 

© 1970 SCIENTIFIC AMERICAN, INC



the British Neolithic period. No sherds 
of the Beaker type are found at Marden, 
which suggests that people were visiting 
Durrington Walls at a later date. The 
point may well be clarified when the 
carbon-14 analyses of the organic re
mains from the Marden site become 
available. 

UP to now no archaeological work has 
been done at Mount Pleasant, the 

large henge monument in Dorset. There 
both the bank and the ditch have been 
heavily eroded by plowing; about all 
that remains evident is that the enclo
sure, an oval measuring 900 by 1,200 
feet, had a single causeway entrance, lo
cated in the southeast quadrant. The 
fourth of the large henges, Avebury, has 
been studied intensively. I have already 
mentioned its bank and ditch. Between 
the two lies a strip of level ground that 
varies in width; access to the enclosure 
is afforded by four separate entrances, 
spaced roughly at 90-degree intervals. 
Avebury is the only henge monument in 
Britain with so many entrances. 

As at Stonehenge, the earthwork at 

Avebury encloses an array of stones, but 
there the similarity ends. Stonehenge es
sentially consists of four ranks of stones: 
two outer concentric circles within which 
lie two concentric semicircles, or "horse
shoes." The outermost circle, which 
originally included 30 stone uprights, is 
100 feet in diameter and the surrounding 
earthwork has a diameter of 300 feet. In 
contrast, the great stone circle at Ave
bury, just inside the ditch, is some 1,100 
feet in diameter and may originally have 
included a total of 98 large monoliths. 
''''ithin this array of stones stood two 
stone circles, each 

'
of them larger than 

Stonehenge. The northern circle is 160 
feet in diameter; the southern, 170 feet. 
The monoliths at Avebury are blocks of 
native sandstone that are naturally 
shaped and were not quarried. For cen
turies the local people have taken one 
after another and broken them up for 
building purposes, so that now less than 
half of the original array remains. 

Portions of the A vebury enclosure 
were excavated in the 1930's by a 
wealthy amateur archaeologist, Alexan
der Keiller. The silt in the Avebury ditch 

yielded so few objects that it has been 
suggested that Avebury was deliberately 
kept clean by its Neolithic visitors. On 
the original surface, buried under the 
bank, Keiller found sherds that included 
some pieces of Grooved Ware and two 
flint arrowheads of the transverse type, 
which suggest that the site may be con
temporaneous with Durrington Walls 
and Marden. No further excavation of 
the A vebury enclosure has been under
taken since Keiller's time. 

What can one conclude from the re-
sults of investigating, however ten

tatively, three of Britain's four largest 
henge monuments? Let us first consider 
some additional facts about the Avebury 
henge and its surroundings. An "avenue" 
of stones leads from the henge to a point 
nearly 1.5 miles away. There stands a 
small stone henge known as "the Sanc
tuary," consisting of concentric circles 
of upright stones. Excavation in 1930 re
vealed, however, that the Sanctuary had 
not always been a stone structure. It was 
originally made of timber, and it was 
rebuilt in wood at least twice before it 

ARTIFACTS AT MARDEN were most abundant where the north· 

ern causeway crossed the ditch. Several antler picks and fragments 

of animal bone, including the partial mandible of a pig, are seen in 

the photograph, still lying where they w ere abandoned by visitors. 
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was finally replaced by stone. The first 
structure at the Sanctuary, possibly a 
hut, is represented by a posthole circle 
some 14 feet in diameter. This was re
placed by a second timber structure 35 
feet in diameter, and that in turn was 
superseded by a third timber structure 
more than 60 feet in diameter. 

Stone monuments, then, can have 
timber ancestors. This being true for the 
Sanctuary, only investigation will show 
whether or not it is true of the Avebury 
henge itself. In this connection, it isjn
teresting that, although the greater part 
of the central enclosure at Stonehenge 
remains unexcavated, work there in the 
1920's by William Hawley of the Society 
of Antiquaries revealed a large number 
of timber postholes, some of which may 
be ancient. Stonehenge has also yielded 
sherds of Grooved Ware. 

At Durrington Walls there is a small 
henge monument only 60 yards outside 
the main enclosure. Known as vVood
henge, it was excavated between 1926 
and 1928. As its name indicates, it had 
been a timber structure. Its remains are 
six concentric rings of postholes. The 
rings are oval in outline and have a maxi
mum diameter of nearly 135 feet. Stuart 
Piggott of the University of Edinburgh 
suggested in 1940 that the postholes rep
resent a single large structure, probably 
with an open central court and a roof 
that sloped both inward and outward 
from a high central ridge. My colleague 
Musson suggests as an alternative that 
the Woodhenge postholes are the re
mains of two successive timber struc
tures, each with a central court but an 
outward-sloping roof, as at Durrington 
Walls. No evidence exists to suggest 
which of the two reconstructions may be 
the righ t one. 

It is thus clear that the three struc
tures at Durrington vValls and the one 
unearthed at Marden, although they are 
the most recently discovered, are far 
from being the only timber structures 
that are known from Neolithic British 
henges. Three were erected consecutive
ly at the Sanctuary, one or two (depend
ing on the preferred reconstruction) at 
Woodhenge, probably one at Stone
henge and possibly others at Avebury 
and still others at Mount Pleasant, Dur
rington Walls and Marden. Before con
sidering the purpose these timber struc
tures may have served, let us see what 
the remarkable preservation of the re
mains at Durrington vValls has revealed 
about the main building there. 

I den tifica tion of charcoal from the post
holes at the Southern Circle shows that 

the structural material of the later build-

PARTIAL SKELETON of an adult human was found among the refuse in the ditch next 

to the northern causeway at Marden. Weight of the overlying soil has crushed the skull. 

ing was oak. The diameter of the up
rights can be estimated from the size of 
the holes they occupied; in what follows 
their length has been calculated on the 
basis of Musson's reconstruction. In ad
dition to the uprights a quantity of 
smaller timbers would have been re
quired for cross bracing and for the 
framework that supported the thatch. 
Calculations indicate that more than 
3,000 running feet of timber of vari
ous substantial sizes would have been 
needed for the uprights of the structure 
and more than 4,500 running feet of 
smaller timbers for the beams, rafters 
and other elements. The two entrance 
posts, the largest in the structure, 
weighed five tons and 3.5 tons; the total 
weight of timber must have been more 
than 260 tons. It would take the felling 
of nearly nine acres of oak forest to sup
ply so much wood, yet this was only one 
of several timber structures in the neigh
borhood. It is not too much to say that 
the rate of destruction of natural forest 
cover in southern England must have 
gathered considerable impetus at the 
start of the second millennium B.C. 

Although many variables need to be 
considered, it is possible to estimate the 
length of time the building lasted. Re
search at the Forest Products Research 
Laboratory shows that the service life of 
a. timber set upright in the soil is directly 
proportional to the timber's diameter. 
Oak posts like those used at Durrington 
Walls have a service-life expectancy of 
about 15 years for each inch of heart-

wood radius. On this basis the later 
building at the Southern Circle would 
have lasted a minimum of 100 years and 
probably for the best part of 200. The 
massive entrance posts would have stood 
for 270 and 315 years respectively, but 
since they are not key structural ele
ments their endurance is irrelevant to the 
longevity of the building as a whole. 
Amortized over a span of conSiderably 
more than a century, the probable in
vestment in man-hours necessary to fell 
the timber and erect the structure does 
not seem excessive. 

What purpose did the woodhenges 
serve? The first question is whether their 
buildings were domestic dwellings or 
structures designed for communal func
tions. The open court at the center of 
the building at Woodhenge and the 
central court decorated with freestand
ing uprights at Durrington Walls both 
seem more suited to ceremonial purposes 
than to domestic use. The timbered ave
nue of approach and the protective fa-
9ade screening the northern structure at 
Durrington Walls are other features one 
would not expect to encounter in a do
mestic context. One must also consider 
that the last timber structure at the 
Sanctuary was replaced with circles of 
stone uprights, linked to the great enclo
sure at Avebury by an avenue. The final 
arrangement in stone seems undeniably 
ritualistic. May not the same have been 
true of the earlier timber structures? 

A further fact suggestive of communal 
rather than domestic activities at the 

37 

© 1970 SCIENTIFIC AMERICAN, INC



woodhenges is the nature and condition 
of the artifacts found in them, the pot
tery fragments in particular. Although 
the refuse at Durrington Walls, in the 
ditch and elsewhere, included hundreds 
of potsherds, and although a few of these 
-found in separate locations-could be 
pieced together, not one complete pot 
can be assembled out of the entire col
lection. It is not possible to distinguish 
the refuse of a domestic occupation from 
the debris of ceremonial practices; the 
evidence of the pottery at Durrington 
Walls, however, strongly argues against 
a domestic role for these sites. 

An ethnographic parallel to the wood
henges of Neolithic Britain exists in the 
17th- and 18th-century council houses of 
the Creek and Cherokee Indians, which 
were described by a number of early 
travelers in the American Southeast. The 
parallel is particularly rewarding be
cause, in addition to eyewitness descrip
tions, there exists a detailed archaeologi
cal record of one these structures. It had 
been built between A.D. 1550 and 1600 
on a bluff of the Savannah River, and it 
was excavated by workers from the Uni
versity of Georgia between 1937 and 
1940. One is able to turn from ethno
graphic to archaeological evidence and 
back again, taking information from both 
to fill the gaps that exist in each record 
considered singly. 

The naturalist William Bartram, de
scribing a Creek council house of the 
1700's, wrote: "The great .. . house or ro
tunda ... is a vast conical building or cir
cular dome, capable of accommodating 
many hundred people. There is but one 

large door, which serves at the same time 
to admit light from without and [to al
low 1 the smoke to escape when the fire is 
kindled." Discussing the construction of 
such a building, Bartram states: "They 
first fix in the ground a circular range of 
posts or trunks of trees about six feet 
high, at equal distances, which are 
notched at top to receive into them, from 
one to another, a range of beams or wall 
plates; within this is another circular 
order of very large and strong pillars, 
about twelve feet high, notched in a like 
manner at top to receive another range 
of wall plates. " One of the activities that 
took place within the council house, ac
cording to Bartram, was the imbibing of 
a "sacred" drink known as "cassin e. " Be
cause the drink was sacred, the vessels 
used on the occasion may also have taken 
on a special character. 

The council house excavated in Geor
gia was part of the Irene Mound site. In 
addition to the remains of the circular 
building, which had a single entrance, a 
central hearth and an outside diameter 
of more than 110 feet, the excavators un
covered a number of square and rec
tangular domestic dwellings. The shape 
of the main structure was evident from 
a pattern of six concentric circles of pali
sade trench. The outermost circle was 
the wall of the council house; the five 
inner circles were partitions that incor
porated the supports for the roof. Just 
outside the wall was found a rubbish pit 
containing only the fragments of several 
pottery vessels contemporaneous with 
the structure itself. The excavators spec
ulate that the vessels may have been 

CIRCLE OF POSTHOLES, roughly 32 feet in diameter, was found 100 feet inside the 

north entrance at Marden. Centuries of plowing had destroyed all but bottom of the holes. 
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used for drinking cas sine and then been 
placed together in the pit, broken either 
intentionally or by accident. The parallel 
between this ceremonious disposal of 
pottery by New World Indians and the 
painstaking distribution of some of the 
Neolithic potsherds at Durrington Walls, 
while scarcely exact, is nonetheless sug
gestive of ritual in both contexts. 

In spite of a difference in time of more 
than 3,000 years, Bartram's description 
of a Creek council house of the 18th 
century could be applied to the wood
henges of Britain without putting too 
much strain on credibility. It would be 
tempting to offer the known uses of the 
one in answer to our questions about the 
unknown uses of the other. This, of 
course, is impossible. Not only the dif
ference in time but also geographical dis
tance and immeasurable disparities in 
culture prevent it. Nevertheless, where 
the evidence is at all comparable, it tends 
to confirm the hypothesis that the wood
henge structures served a communal 
function and not a domestic one. 

ksuming that the hypothesis is correct, 
further questions immediately arise. 

'Were these structures "temples"? Did 
they serve some more secular purpose? 
Or was their function a combination of 
the religiOUS and the secular? Surveys 
with magnetometers, which indicate dis
continuities in the soil, suggest that many 
more timber structures once stood within 
the enclosure at Durrington Walls; this 
may also be true at Marden and else
where. If that is the case, are all the 
structures communal ones, visited on oc
casion by people from domestic settle
ments as yet undiscovered? Or do the 
woodhenges, like the Irene Mound site, 
include both communal and domestic 
buildings? The character of British do
mestic settlements in the Neolithic peri
od is virtually unknown, yet such settle
ments must have existed to provide the 
labor needed to raise the great earth
works of the period and to erect the 
structures they enclosed. In the absence 
of evidence that domestic settlements 
are to be found elsewhere, the first 
search for them must surely begin with
in the enclosures of Durrington Walls, 
Marden, Mount Pleasant and Avebury. 
The four largest henge monuments-two' 
of them surrounding timber structures
are properly regarded as some of the 
finest examples of Britain's late Neolithic 
tradition of the ceremonial circle. They 
may also turn out to be the first places 
where we can study the British domestic 
settlements of the second millennium 
B.C. 
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We want to be useful 
... and even interesting 

Sticking to it 
Some mud sticks more than other mud. Sticky pitch bleeds 
from some trees. Such facts were noticed 100,000 years ago. 
As men grew cleverer they learned to use stickiness. You were 
younger than 3 when you first understood clearly that one 
thing can be made to stick to another. Can you explain how 
it happens? '.' '.' '.' 

In 1943 sharp-seeing aerial reconnaissance lenses were 
coming apart. Canada balsam, the only optical cement any
body had ever heard of, had generally been used on smaller, 
more pampered optics. Bob Dann, a Kodak chemist anxious 
to do his bit, worked hard and found something better. Now 
there are six KODAK Optical Cements, none of them Canada 
balsam, all known to those who need to know about them, 
probablyl We find it hard to make money selling optical 
cement, but our lenses hold together well. 

EASTMAN 910 Adhesive has become very well known but 
not as an optical cement, though it was discovered when an 
attempt to measure the refractive index of methyl cyano
acrylate permanently stuck together the prisms of one of 
our refractometers. Now we feel strong excitement at the 
prospect of how much of the world's goods":"even its clothing 
-might be put together with EASTMAN Adhesives, which 
don't all have to be cyanoacrylates and indeed are not. Mean
while we have announced improved versions of cyanoacrylate 
EASTMAN 910 Adhesive.2 

Adhesion matters to us for more than industrial adhesives. 
Why do our photographic emulsions stick so nicely to our 
film base? "Why?" like "how?" can be a deep question. J. R. 
Dann's work and thought on adhesion have developed to the 
point of asserting on p 321 of the February, 1970 issue of 
Journal of Colloid and Interface Science:o 

A modification of the Good.Gira.falco-Fowkcs-Youug equation is used to calculate 

nondispersioll interactions If/. at. the interface for nine polymeric solids and four 

polar series of liquids. The relationship of l�·l. to work of adhesion 1I'.1 and the spread
ing coefficient Sc is shown. A linear relationship is found to exist between IfL and i'LP, the nondispersion energy component of the liquids, for the series of polar liquids 

and the solids studied. The slopes of the 1ft. VS. 'Yt.P curves vary depending upon the 

polymer surface. Intercepts of the curves may be a measure of 1f's , the reduction in 
the surface energy of the solid resulting from adsorption of vapor from the liquid. 

Dann is asked why this appears under the title "Forces 
Involved in the Adhesive Process." He steps to the black
board and draws: 

�-+o 
� � 8-- B --Ej--o 

-<.� ���� 
That's the history of a bond, he explains. Surface ener

getics of wetting and spreading are what the paper is about. 
It examines the significance of the cosine of the angle of 
contact as a measure of work required to form interface. 
Misconceptions, if any, will be cleansed in the flames of con
troversy. Then it will be necessary to tackle the rheology of 
the system: kinetics of spreading, viscoelastic behavior of 
Ilf we have missed you, complain to Special Products Sales, Kodak Ap
paratus DIVISion, Rochester, N.Y. 14650. 
2Details from Industrial Chemicals Division, Eastman Chemical Products 
Inc., Kingsport, Tenn. 37662. 

' 

3Reprint on request from Kodak, Department SSW, Rochester, N.Y. 14650. 

both the adhesive and the substrate. Solidification follows
by polymerization, freezing, or solvent evaporation. Some 
of the best of chemists will continue to study degree and 
orientation of crystallinity, glass transition temperatures, 
melting points, moduli, and their relation to molecular archi
tecture. Fracture mechanisms constitute, of course, still an
other discipline. 

It has been a long haul since 1943. There is still a long 
way to go. '.' '.' '.' 

Dann is asked to explain "nondispersion" in his subtitle 
"Nondispersion Forces at Solid-Liquid Interfaces." Does it 
refer to dispersing the liquid from the solid? Does it relate 
to a paint-maker's conception of the term, or a smokestack 
inspector's? No, no, "dispersion" comes in from a 1936 treat
ment by F. London of intermolecular forces arising from 
correlated electron motion in closely spaced molecules rather 
than from polarity. One of his equations resembled one for 
wavelength dispersion of refractive index. The term has 
stuck. Stuck like pitch. 

Is work good for people? 
Rather few of us 113,000 souls here spend our working hours 
thinking beautiful patterns of thought. The rest of us live 
by a more literal concept of work. Of our many thousands 
of products and services, not many flow in such majestic tor
rents that the only human help possible must come from 
the brain's topmost centers. Some of us-archaic though it 
may seem-are actually paid to use our hands, eyes, and feet. 
This in turn provides employment for 15 of us drawn from 
the disciplines of engineering, medicine, psychology, and 
physiology to grapple with such questions as: 
• Despite appearances, are some jobs too taxing to the body 

or the human spirit to do day-in and day-out? 
• Despite appearances, which jobs are insufficiently taxing 

to keep the jobholder vigilant? 
• How would workers benefit by variations in work methods, 

changes in rest periods, or job rotation? 
• What kind of tests would best match people tb difficult 

jobs? 
• Where can redesign of equipment and work environment 

help productivity and quality through worker comfort? 
• How much should production workers and inspectors 

know about the use of the product? 
• How can these human-factors studies guide design of the 

products to help the humans who use them? 

Is it true that irregularity in 
foot·ta pping i nd icates psy
chomotor stress? 

What kind of window glass in the 
work·break rooms of our new film 
manufacturing plant on the Front 
Range of the Rockies will least af· 
fect time for return of dark adap
tation? 
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:e�fmlnates the great cormputer 

U n t i l  n o w  y o u ' v e  h a d a 
c h o i ce .  

E ither you got a computer 
large enough to hand le your 
peak loads (and absorbed the 
costs fo r idle time) , or you got 
one fo r average through-put 
(and sweated out t h e  pea k 
per i o d s )  .. 

Some cho ice. I t  gave you the option of upsetting 
your financial. manager or the people with the hot data 
p rocessing problems. , 

Today CDC has eli m i nated the need for the great 
com puter com promise. You can get the best of both 
size systems - pl us some other advantages you may 
not have conside red - with the CYBERNET System. 

Control Data's CYBERNET System is a network of 
com puter centers located in 33 c it ies across the United 
States and worldwide. With CDC 6600 and 3300 com
puter systems, these cente rs prov ide a perfect combi
nation of comput ing powe r �nd h igh capacity da..ta 

processing capability. Problems that would ta ke hours 
or days on medium-sized computers are solved in 
seconds or m i nutes with the 6600 supercom puter - a 
facto r  that means sub
stantial savings in  both 
time and costs. 

And, there's no mini
m u m  c h a r g e  f o r  
computer time with 
t h e  C Y B E R N E T 
System - you pay 
just for the resou rce 
you use for the time 
which you actually use it. All the computer capacity 
you need for peak l oads is i n this netwo rk, and it's only 
as far away from you as you r  telephone outlet. 

CDC's MARC terminals can be used to augment 
your present com puter  system, for testing and de
bugg ing p rograms, or as a primary data processing 
sou rce. There's a complete l ine of systems and pe
ripherals to choose from - with i nput/output capaci
t ies ranging from 1 0  to 6pOO bytes-per-second. 

Pick out the te rm i n al that fits you r  needs, select the 
peripherals you want, and i nstall the system without 
the usual prob lems of environ mental cOl)trol ,  false 
ffooring, etc. Most systems are ready to run the day 
they' re i nstalled. Yo u r  terminal wi ll b e  tied into the 
CYBERNET center nearest you-e ither by voice-grade 
or w ideband telephone l ines. Softwa re includes the 
most complete ve rs ions of FORTRAN and COBOL, 
as well as a comprehensive l ibra ry of s pecial programs 
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comprom ise . 

-ALGOL, SIMSCRIPT, OPHELIE II, and systems for 
assignil)g zip codes to street addresses, for structural 
analysis, for analys is of rando m data, for tabu lating 
and analyzing survey data, to name a few. 

And now we have two new software systems that 
help you use the ful i  potential of the CYBERNET Sys-

tem-SHADOW and SHADE. SHADOW is a system that 
allows you to select any 3300 or 6600 in the CYBERNET 
System ,  or a combinat ion of both, to so lve your  problem 
with optim u m  efficiency and economy. In addition, the 
powerful command and control featu res of SHADOW 
allow you to d i rect the scheduling and routing of your 
work flow. SHADE is a system that provides you, from 
your own site, the capabi lity to store data fi les at the 

CYBERNET center so all you 
have to transm it for any prob
l em is new i nput or changes. 
You can alte r, update, search 
or copy fi les from your  own 

term i nal. 

Take a few minutes to 

MARC-V 

system 

find out exactly what the CYBERNET System and 

MARC term inals can offer your  fi rm. Call your nearest 
CDC Data Center, or contact us d irectly. 

INTERNATIONAL DATA CENTERS 
STOCKHOLM ROME 
FRANKFURT MILAN 
STUTT'GART MElBOORNE 
THr HAGlJt SYONEY 

CONTROL DATA 
. - . .  - . • 

Call us "collect" from 
anywhere in the U.S . 
on o u r  Hotline (61 2) 884-81 95. 

For fu rther information, call or write : 
In the United States : In Europe : 
Data Services Division CDC Data Services, Dept. 41 1 
Dept. 41 1 ,  Room 346 Control Data GmbH 
Control Data Corporation 6 Frankfurt am Main 1 6  
4550 West 77th Street Niddastrasse 40 
M i nneapolis,  M i nnesota 55435 West Germany 
Phone:  61 2/884-81 95 Phone : 71 -231 

4 1  
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Ordinarily, he 
doesn't need 
the hands of 
a brain 
surgeon. 
The eye 
of a 
jewel-cutter .. 
The stamina 
of an astronaut. 
The patience of 
a psychiatrist. 
Unless, of course, 
JATI*-a tricky 
Puzzler with mag
netism that 
draws 
everyone's 
attention. 

She's frustrated by HECTIX*
a 3-dimensional Puzzler. Once 
it's apart there are 3 different 
ways to put it back together. But 
she can't even figure out one. 
Should she 'et her lO-year-old 
show her how or pretend she 
doesn't care? 

*These maddening little "3M" 
Puzzlers can help you forget 
your other puzzling problems. 
Even i f  you have plenty of 
patience, they'll give your ner
vous system a workout. New 
"3M" Puzzlers join 26 ex
ci ting "3 M" Brand Games, 
including Bookshelf Games, 
action-packed Sports Games 
and new, compact Gamettes. 
who's your nearest dealer? Dial 
800-243-6000 Free. In Con
necticut dial 800-942-0655. 

3m © 1970, 3M COMPANY 

Advice and Dissent 

D
oes pornography cause criminal 

or deviant behavior or adversely 
affect public or individual moral

ity? The answer is no, according to the 
Federal Commission on Obscenity and 
Pornography. After two years of research 
employing a variety of social science 
techniques the commission last month 
recommended the repeal of all legisla
tion prohibiting the sale, exhibition or 
distribution of sexual materials to con
senting adults. Fourteen of the commis
sion's 18 members concurred in its basic 
findings and 12 subscribed to the ma
jor recommendation. Others dissented 
sharply. So did spokesmen for the Ad
ministration, members of Congress and 
much of the nation's press. 

The commission was established by 
Congress and its members were appoint
ed by President Johnson in 1968. Its in
vestigation was conducted by staff mem
bers and through 50 contracted research 
projects. On the basis of its own study 
and surveys of the literature the com
mission reported: "Extensive empirical 
investigation . . .  provides no evidence 
that exposure to or use of explicit sexual 
materials plays a Significant role in the 
causation of social or individual harms 
such as crime, delinquency, sexual or 
nonsexual deviancy or severe emotional 
disturbances." Such exposure may in
deed affect behavior, the majority said: 
"Many persons become temporarily sex
ually aroused .. . and the frequency of 
their sexual activity may increase for 
short periods"-but only "the type of sex
ual activity already established as usual 

SCIENCE AND 
activity for the particular individual." 

In support of its major recommenda
tion the commission cited its finding that 
"a majority of the American people pres
ently are of the view that adults should 
be legally able to read or see explicit sex
ual materials if they wish to do so." It 
found, on the other hand, that "a large 
majority of Americans believe that chil
dren should not be exposed to certain 
sexual materials." For this reason, as well 
as for lack of conclusive research data 
concerning children and because of a 
feeling that parents should be able to 
control their children's exposure to sex
ual materials, a majority recommended 
legislation prohibiting the distribution or 
sale "of certain sexual materials to young 
persons." And to prevent "unwanted in
trusions upon individual sensibilities" a 
majority asked for laws against "public 
displays of sexually explicit pictorial ma
terials "  and approved of postal regula
tions restricting unsolicited sexually ex
plicit advertisements. Three members 
disagreed with this proposal, one be
cause he opposed any repeal of restric
tive legislation and two because they op
posed any "specific statutory restrictions 
on obscenity or pornography" as being 
ambiguous, unenforceable and inferior 
to "informal social controls." 

In addition to making its legislative 
recommendations the commission ma
jority called for "a massive sex education 
effort ... aimed at achieving an accept
ance of sex as a normal and natural part 
of life." It also urged continued research 
to develop factual information about the 
effects of obscenity and pornography, 
noting that "some of the facts developed 
by the commission are contrary to widely 
held assumptions." 

The dissenters made it clear that this 
was indeed the case. One member said: 
"To deny the need for control is liter
ally to deny one's senses .. " Credit the 
American public with enough common 
sense to know that one who wallows in 
filth is going to get dirty. This is intuitive 
knowledge .... The report of the majori
ty of the commission does not reflect the 
will of Congress, the opinion of law en
forcement officials . .. and, worst of all, 
flaunts the underlying opinions and de
sires of the great mass of the American 
people." 

The prospects for the legislation rec-
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THE CITIZEN 
ommended by the commission are con
sidered poor. The body of research com
piled by the commission may neverthe
less eventually have a significant effect 
on future judicial decisions concerning 
alleged obscenity and pornography. 

Giant Step for Robotkind 

J\l.though the U.S.S.R. has not attempt
. ed to put men on the moon, it now 
seems there was a race to the moon after 
all. The race was to see which nation 
would bring back the first sample of 
moon dust. On July 13, 1969, three days 
before the launching of Apollo 11, the 
U.S.S.R. dispatched an unmanned craft, 
Luna 15, toward the moon. A day after 
Apollo l1's safe descent on the Sea of 
Tranquillity, Luna 15 crashed into the 
surface not far away, its mission never 
specified. There was speculation at the 
time that its goal was to scoop up some 
lunar material and bring it back to the 
earth before Apollo 11 could return with 
its own treasure. 

The speculation seems to be con
firmed by the successful flight of Luna 
16, the "automatic station" that landed 
on the Sea of Fertility, obtained a core 
of soil (reportedly about 35 centimeters 
long) and relaunched itself toward the 
earth, arriving safely in Kazakhstan late 
in September. The lunar landing site 
was closer to the eastern limb of the 
moon than any of the sites planned for 
Apollo. The actual weight of sample ob
tained has not been disclosed, but it can 
hardly be less than a few kilograms. This 
should be enough for extensive studies, 
considering that many U.S. laboratories 
had to ,,\Cork with Apollo samples weigh
ing less than a gram. Unless the sample 
includes a sizable fragment of rock, how
ever, it may be difficult to run a good age 
determination. All dating of Apollo sam
ples was done with rocks. 

"The message of the whole Luna se
ries," says one U.S. space physicist, "is 
that the Russians have undertaken a very 
big lunar program as well as a big plane
tary program. The Luna 16 rocket was 
larger than anything we have ever used 
for an unmanned spacecraft. Their effort 
curve is still going up while we're liqui
dating Apollo as fast as pOSSible. After 
four more Apollo flights we have abso
lutely nothing. By 1976 we hope to have 

QUEST AR PHOTOGRAPHS 

HIGH-PRESSURE DIAPHRAGM OPENINGS 

At NASA's Ames Research Center, three 
research scientists teamed up a Questar 
with an image converter camera to view a 
diaphragm through a window in the end wall 
of a shock tube. The image of the dia
phragm is reflected into the telescope by 
an optically flat mirror at the end of the 
tube. The telescope's long focal length 
permits it to photograph the action and 
provide a relatively large image (about 
V2-inch diameter) of the 4-inch target 
located 40 feet away. The ICC transforms 
the optical image into an electron image, 
recreates the image at high intensity, and 
projects it onto photographic film. 

Metal diaphragms act as quick-opening 
valves in shock-driven facilities, and the 
time of the opening is significant in the 
formation of the shock waves in the tube. 

The Questar 7 with Rolleiflex FL-66 attached, 
mounted on the smooth-as-silk Miller Fluid 
Head with Lindhof Heavy Duty Tripod. 

The method for viewing an opening dia
phragm was developed in the Ames 30-
inch electric arc shock tunnel, and the 
most satisfactory way to study the per
formance of a diaphragm is to photograph 
the actual process within the shock tube. 
However, with previous methods used, in
sufficient lighting, small size of image, 
and inadequate resolution could not pro
duce a usable picture. 

The arrangement devised by Robert E, 
Dannenberg, Dah Yu Cheng, and Walter E. 
Stephens, utilizing the 31i2-inch Questar 
with its focal length of 1600 mm, and over
all length of 8 inches, was employed for 
this application. The camera could record 
three frames of the event in rapid se
quence with an adjustable, programmed 
delay between each frame. 

The entire process is described in an 
article in the June AIAA JOURNAL. 

This is only one of the many special 
applications for which Questar is the in

stant answer, because this telescope, with 
the finest possible resolution for every 
optical need, is on the shelf ready to go 
the day you need it. 

The Questar seven-inch is very big with 
research and development, too, yet is so 
easily portable that you can carry it around 
with you wherever you need it. Those who 
use it for laser sending or receiving, for 
rocket-borne instrumentation, for closed
circuit television, or just for taking pic
tures of nature, marvel at the performance 
which easily doubles that of the 3Vrinch. 
And it, too, is immediately available. 

QUESTAR, THE WORLD'S FINEST, MOST VERSATILE SMALL TELESCOPE, PRICED FROM $865, IS 

DESCRIBED IN OUR NEWEST BOOKLET WHICH CONTAINS MORE THAN 100 PHOTOGRAPHS BY 
QUESTAR OWNERS SEND $1 FOR MAILING ANYWHERE IN NORTH AMERICA BY AIR TO 
REST OF WESTERN HEMISPHERE, $2.50; EUROPE AND NORTH AFRICA, $3.00; ELSEWHERE, $350 

CQUlE§IA� 
BOX 20, NEW HOPE, PENN, 18938 

43 

© 1970 SCIENTIFIC AMERICAN, INC



a robot on Mars, but we have no plans 
for bringing back a sample. It now seems 
possible that the Russians will have one 
before 1980." 

Discrimination by I. Q. Test 

C iting the guarantee of equal treat-
ment contained in the Civil Rights 

Act of 1871, a group in Boston has en
tered suit against city and state school 
officials in Federal District Court, charg
ing that misclassification of pupils on the 
basis of I.Q. scores does irreparable 
harm to those of nOlmal intelligence who 
are placed in "special" classes for the re
tarded. The action follows an incident in 
1969 when 21 children from Boston's 
predominantly black and Puerto Rican 
South End, classified as retarded on the 
basis of I.Q. scores, were tested a second 
time. More than half of the children had 
been misclassified. The present suit is 
filed on behalf of seven Boston school
children and their parents by interested 
organizations in the area and is being 
handled by attorneys of the Boston Le
gal Assistance Project and the Harvard 
Center for Law and Education. 

Encouraged by a recent court deci
sion in California that has halted the use 
of I.Q. tests in English for Spanish
speaking pupils, the Boston plaintiffs 
claim that the Stanford-Binet and 
Wechsler tests, used in the Boston 
schools, are not sufficiently sensitive to 
distinguish between retardation or emo
tional disturbance on the one hand and 
lack of facility in English or similar cul
tural differences on the other. These 
comparatively insensitive tests are used, 
the suit charges, because the "minimally 
trained " psychologists in the Boston 
school system are incompetent to ad
minister more refined ones. A nearly in
escapable result of assignment to a spe
cial class noted by a spokesman for one 
party to the action, the Research Insti
tute for Educational Problems, is that 
"when you tag a kid as a dummy, every
one understands he's a dummy, and he 
never again has a chance to show what 
he can do." 

How to Exhaust Exhaust 

Seven automobiles that were declared 
winners in a "clean-air car race" put 

on by college students this summer will 
be tested further by the National Air 
Pollution Control Administration. The 
seven were among 43 automobiles that 
started the race on August 24 at the 
Massachusetts Institute of Technology; 
37 of them made it across the finish line 
at the California Institute of Technology 
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within the time limit set by the organiz-
. ers. On the basis of points derived by 

means of a formula taking into account 
performance, race time, fuel consump
tion per mile and pollution emission, a 
car designed and built by students at 
Wayne State University in Detroit was 
named the overall winner. Winners were 
also chosen in five of the six categories 
established for the race. The categories 
were internal combustion (gaseous fuel), 
internal combustion (liquid fuel), hybrid 
electric, electric, turbine and steam. 
Two cars were designated as co-winners 
in the hybrid-electric class; none of the 
steam cars finished. 

The object of the competition was to 
design and build a car that would meet 
or exceed exhaust-level standards set by 
the Federal Government and due to be 
in effect by 1975: .5 gram of hydrocar
bons, 11 grams of carbon monoxide and 
.9 gram of nitrogen oxides per mile 
driven. The winning car was a 1971 
Ford Capri powered by a gasoline-burn
ing internal-combustion engine. The car 
used unleaded gasoline and had a fuel
injection afterburner, an exhaust-gas re
circulator and four catalytic muffiers to 
clean the exhaust. This car and the win
ners in the five classes will be incorpo
rated into the National Air Pollution 
Control Administration's Clean Car In
centive Program. Each winning team 
will receive a $5,000 lease from the 
agency, which will then make additional 
tests of the car's potential for redUcing 
the emission of pollutants. 

Undogmatic Dogma 

I n living cells the normal direction for 
the transmission of genetic infor

mation is from deoxyribonucleic acid 
(DNA) to ribonucleic acid (RNA) to pro
tein. Thus a linear and sequential molec-' 
ular code in DNA is transcribed into a 
closely similar code in RNA and then 
translated into the specific sequence of 
amino acids constituting a protein. It 
was discovered several months ago that 
a number of tumor-producing viruses 
make an enzyme that constructs DNA 
on an RNA template, thereby reversing 
the normal direction of flow of genetic 
information. This was regarded in some 
quarters as a damaging blow to the fa
cetiously named "central dogma" of mo
lecular biology, attributed to Francis 
H. C. Crick of the University of Cam
bridge, codiscoverer of the double-helix 
structure of DNA. In a recent issue of 
Nature Crick explains the "true mean
ing" of the central dogma and why he 
believes "it is still an idea of fundamen
tal importance." 

"The two central concepts," he writes, 
"were those of sequential information 
and defined alphabets." On this hypothe
sis one tried to formulate "the general 
rules of information b'ansfer from one 
polymer with a defined alphabet to an
other." Two of the polymers, DNA and 
RNA, use four-letter alphabets; the 
third, protein, uses a 20-letter alphabet. 
Crick reproduces an information-flow 
triangle ("actually drawn at that time 
[1958]") with DNA at the apex and 
RNA and protein at the other two cor
ners. Arrows show that information 
might flow from the molecule in any cor
ner to any other, and also that each 
molecule might reproduce itself, thus 
exhausting all possible transfers. 

Crick explains that the transfers can 
be divided into three classes. Class I, 
the most likely, consisted of four trans
fers: DNA to DNA, DNA to RNA, RNA 
to protein and RNA to RNA. Class II 
consisted of two transfers "for which 
there was neither any experimental evi
dence nor any strong theoretical require
ment": RNA to DNA and DNA to pro
tein. Class III, the least likely transfers, 
consisted of protein to protein, protein 
to RNA and protein to DNA. "There 
were good general reasons against all 
three possible transfers in Class III. ... I 
decided, therefore, to play safe, and to 
state as the basic assumption of the new 
molecular biology the nonexistence of 
transfers of Class III . ... The central 
dogma could be stated in the form 'once 
(sequential) information has passed into 
protein it cannot get out again.' About 
Class II, I decided to remain discreetly 
silent." 

The recently discovered transfer from 
RNA to DNA falls in Class II. Its exis
tence may explain how RNA viruses can 
infect a cell and seemingly disappear, 
yet leave a covert "blueprint" of itself to 
destroy the cell later. The blueprint may 
be a fragment of DNA (transcribed from 
viral RNA) that becomes attached to the 
cell's normal DNA and is thus passed on 
to the cell's descendants. 

"In looking back," Crick writes, "I am 
struck not only by the brashness which 
allowed us to venture powerful state
ments of a very general nature, but also 
by the rather delicate discrimination 
used in selecting the statements to make. 
Time has shown that not everybody ap
preciated our restraint." 

The Chips Are Down 

The International Business Machines 
Corporation, which lagged behind 

the rest of the computer industry by not 
adopting monolithic integrated circuits 
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in early models of its third-generation 
computers, is now the first major compa
ny to introduce a computer with a main 
memory composed entirely of such cir
cuits. For more than 15 years the stan
dard high-speed computer memory has 
been tiny magnetic "cores" strung on a 
mesh of fine wires. The new memory 
system appears in IBM's System 370 
Model 145, a medium-sized machine de
signed to take the place of Model 40 in 
the 360 series. 

The circuit "chips" in Model 145 can 
provide 512,000 characters of high
speed storage in the same space re
quired by the core memory in the 360/ 
Model 40, which had only half the ca
pacity. The operating speed of the 
370/145 is up to five times that of the 
360/40. The 145 can store a character 
in its main memory in 608 nanoseconds 
(including the time needed to generate 
error-correcting codes) and retrieve it in 
540 nanoseconds. 

The main memory is assembled from 
silicon chips, each less than an eighth of 
an inch square, comprising 788 transis
tors and 646 other circuit elements. The 
1,434 elements are linked to form 128 
memory circuits and 46 support circuits, 
or 174 circuits in all. A complete mem
ory system for 512,000 characters re
quires a total of some 47,000 individual 
chips, which occupy a total of 5.3 cubic 
feet. 

Circumcision v. Circumspection 

Over the past few decades the cir-
cumcision of newborn male infants, 

once a traditional ritual performed large
ly among Jews and Moslems, has be
come almost routine in the U.S. Lately 
the procedure has been coming into 
question. A number of physicians have 
cast doubt on its presumed medical 
benefits, have called attention to its risks 
and disadvantages and have even sug
gested that it is in a class with routine 
tonsillectomy. In an article in The Jour
nal of the American Medical Association 
E. Noel Preston, formerly of the Vanden
berg Air Force Base Hospital in Cali
fornia, reviews the literature and con
cludes that routine circumcision is "an 
unnecessary procedure." 

Preston cites the advantages that are 
attributed to circumcision. They range 
from the medical (prevention of venereal 
diseases, cancer and other conditions) to 
the aesthetic (one authority asserted that 
"circumcision is a beautification com
parable to rhinoplasty," or nose-straight
ening) and psychological (to ensure 
against locker-room embarrassment). He 
depreciates these arguments. He finds 

only equivocal' statistical evidence in 
favor of circumcision as a protection 
against venereal disease and cancers of 
the penis, prostate and cervix; any such 
effect, he says, is from an increase in 
cleanliness-something he insists can be 
brought about in most populations by 
proper personal hygiene. As for the aes
thetic argument, "beauty is in the eye of 
the beholder, and ... most Renaissance 
works of art show the male organ 
draped, if not with a fig leaf, at least with 
a foreskin." As for psychological bene
fit, this is a time "supposedly to celebrate 
individuality and freedom of choice . .. 
independence and originality of expres
sion." 

There are complications of circum
cision: hemorrhage, infection and surgi
cal accidents. Preston concludes that the 
"questionable benefits" are outweighed 
by the "small but definite incidence of 
complications and hazards. These risks 
are preventable if the operation is not 
performed unless truly medically indi
cated. Circumcision of the newborn is a 
procedure that should no longer be con
sidered routine." 

Exotic Atoms 

One of the most useful techniques em-
ployed in recent years by high-ener

gy physicists to probe the subtleties of 
nuclear structure involves the creation 
of "exotic" fOlms of an atom by substi
tuting one or another of a variety of neg
atively charged subnuclear particles for 
one of the electrons in the atom's usual 
structure. After "orbiting" the nucleus of 
the atom for some time, the compara
tively heavy substitute particle loses 
some of its energy and falls through a 

succession of lower energy levels toward 
the nucleus; in most cases it ends up 
being absorbed by the nucleus. As the 
particle falls it emits its excess energy in 
the fOlm of X rays, whose characteristic 
spectrum of wavelengths corresponds to 
the set of quantized energy-level differ
ences for that particular atom. It is by 
studying the emerging X rays that one 
learns about the nuclear phenomena un
der investigation. 

The existence of such exotic atoms 
was predicted on theoretical grounds as 
early as 1 947. Five years later the first 
ones were observed; because negative pi 
mesons, or pions, were used to take the 
place of the electrons in this case, the 
resulting exotic atoms were called pionic 
atoms. Subsequently both muonic atoms 
and kaonic atoms were discovered. 

Now two more exotic atoms have been 
added to the list. In an experiment per
formed recently at the Meyrin Labora-

tory of the European Organization for 
Nuclear Research (CERN) a team of 
German phYSicists from the UniverSity 
of Karlsruhe and the Max Planck Insti
tute in Heidelberg have succeeded in 
producing antiprotonic atoms (using the 
antimatter equivalent of the proton) and 
sigmic atoms (using a particularly mas
sive subnuclear particle called the sigma 
hyperon). Both discoveries were made 
with the help of the 28-GeV proton syn
chrotron at the CERN accelerator center. 

Since the masses of both the antipro
ton and the sigma hyperon are much 
greater than that of the electron, the 
lower energy levels of these substitute 
particles actually correspond to "orbits" 
below the "surface" of the nucleus; 
hence such systems can in effect be used 
as subsurface probes of nuclear struc
ture. In addition to demonstrating the 
existence of antiprotonic and sigmic at
oms, the current experiments at CERN 
are expected to produce more accurate 
information about the mass of the anti
proton, the structure of the surface of 
the nucleus and the distribution of par
ticles within the nucleus. 

Blowholes 

The hypothesis that at least some of 
the surface features of the moon have 

resulted from processes that are en
dogenic (internally caused) rather than 
exogenic (externally caused) has been 
strengthened by the outcome of a series 
of "table top" experiments carried out by 
investigators at Colorado State Univer
sity. The experiments, which were de
signed to determine the types of land
forms that develop when varying thick
nesses of granular material are fluidized 
by the emission of gas through an as
sortment of underlying vents, are de
scribed in a recent issue of the Geologi
cal Society of America Bulletin by S. A. 
Schumm, a geologist at Colorado State. 

The experimental apparatus used for 
the tests consisted of a flume 2.4 meters 
long, 30 centimeters wide and 27 centi
meters deep; built into the floor of the 
flume was a roofed trough, five centime
ters wide and 2.5 centimeters deep, 
which was connected to a compressed
air line at one end. By boring holes or 
cutting slots in the roof of the sealed gas 
chamber, various sizes and patterns of 
gas vents could be formed at the bottom 
of the flume. The test material placed in 
the flume to simulate the lunar regolith, 
or soil layer, was a mixture of sand and 
fine marble dust. 

In general it was found that two types 
of crater formed above single vents: 
"explOSion craters" with steep sides and 
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THIS YEAR, 
STONE SANTA. 

Well, maybe not literally. But 
consider the aggravation of Find
ing truly meaningful gifts for those 
adults and children who have the 
necessities of life. We have several 
suggestions for tranquilizing An
nual Christmas Madness ... 

STUFF SOX WITH ROCKS? 
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Of course. We recommend GE
ODES. A geode is a ball-shaped 
hollow rock lined with glittering 
quartz and other crystals. They 
are positively lovely, totally nat
ural-cannot be made in Taiwan 
out of plastics-about 40 million 
years old, and no verbal descrip
tion or flat photograph does them 
justice. Hence, our calm guaran
tee: return if unhappy for full and 
prompt refund. Since no two ge
odes are ever alike they make 
truly special gifts. 

HOW YOU CAN SOLVE 
YOUR PROBLEM AND 

OURS. 
#1. For $5. we'll ship you a 3 to 
4" diameter SPLIT MATED 
GEODE PAIR (the halves Fit back 
together quite neatly). We per
sonally pick these for sparkle and 
beauty. 
#2. HAND-POLISHED SELECT 
GEODE HALF, about 4" diam
eter at $10. each. These have 
been skillfully diamond-saw cut 
and mirror polished. 
#3. A baker's dozen UNOPEN
ED MEXICAN GEODES, just as 
they come from the mines, aver
age 2" dia. for $6. May or may 
not be hollow. Solid types fre
quently contain swirled gray / 
blue/white agate; hollows may be 
lined with smoky, clear or purple 
amethyst crystals. Break 'em with 
chisel and hammer. Incredible 
unique stocking stuffers. May also 
be used (with sling) to slay large 
Philistines. 
#4. A box containing our famous 
assorted, identiFied small spar
kling CRYSTAL SPECIMENS. If 
you like pleasant surprises. $5. 
#5. One of all of the above for 
$25. Ordering any of this will 
help solve our problem of paying 
for this advertisement. 

All Prices Include Postage 

Your first order places you on our 
mailing list for periodic bulletins 
listing splendid mineral specimens 
and other nifty stuff. 

ROTHMAN'S 
RD#2, HILL HOUSE 

DOWNINGTOWN, PA. 
19335 

little or no floor and "fluidization craters" 
with low rims and flat floors. Crater 
chains were observed to form above 
multiple vents. Under certain conditions 
a "fluidization trough" was produced by 
the coalescence of a chain of craters 
above a series of vents or by the emis
sion of gas along a linear or sinuous 
vent. Within such a trough the fluidized 
granular material tended to migrate not 
only downslope but also from areas of 
thick material to areas of thin material. 
The result was a channel with a well
defined head that decreased in depth 
away from the head. 

When these experimental observations 
are compared with selected Ranger, 
Lunar Orbiter and Surveyor photo
graphs of the lunar surface, a number of 
striking similarities appear. Of particular 
interest is the close correspondence be
tween the sinuous fluidization troughs 
produced in the laboratory and the long, 
narrow channels known as rilles that me
ander across the lunar surface. The ori
gin of these puzzling features has been a 
subject of much speculation, especially 
since the publication of the first high
resolution Lunar Orbiter photographs. 

The results of the Colorado State ex
periments, concludes Schumm, "leave 
little doubt that some crater chains, 
crater clusters, and sinuous rilles are the 
result of endogenic processes and prob
ably are the result of fluidization of lunar 
regolith by gases venting from fractures 
in the lunar crust." 

Closed Cycle 

Eutrophication literally means "nour-
ishing well," but in current usage it 

refers to the inadvertent nourishing of 
algae in lakes to the detriment of other 
living things. Now it seems that eutroph
ication can be applied in its original 
beneficent sense-to chicken farming. A 
considerable problem in modern chicken 
factories, where chickens are automat
ically maintained in wire cubicles, is the 
disposal of chicken manure. A group of 
workers at the University of California 
at Berkeley has devised a scheme where
by the manure is used to grow algae that 
are then recycled to feed the chickens. 

The scheme has worked well for two 
years with a flock of 100 chickens, and 
the developers are planning to test it 
next in a 4,000-chicken installation. 
They point out that a rather small chick
en farm of 10,000 birds produces more 
than two tons of waste per day, making 
the disposal of manure a substantial part 
of the cost of operation. A traditional 
method of disposal involves spreading 
the manure on fields, but that method is 

becoming less feasible as land values 
rise and the demand for organic fertil
izers decreases. The Berkeley scheme 
works as follows. Wastes are flushed 
hourly from below the chickens to a 
holding tank, where liquids are sepa
rated from solids. The liquid portion is 
sent to an algae pond; the solids are 
processed in a digester that turns most 
of them into fluid or gas. The fluid is sent 
to the pond and the gas is available as a 
fuel. Algae grow rapidly in the pond. 
They also provide oxygen for the micro
organisms that feed on the waste matter 
that has been delivered to the pond. Har
vested algae in dry fOlm yield a protein
rich animal feed, which can be given to 
the chickens in amounts of up to about 
10 percent of their diet. 

Cool Pants 

When a dog cools itself by panting, it 
appears to be rapidly breathing in 

and out through its mouth. This, it turns 
out, is not the case. Knut Schmidt-Niel
sen, William L. Bretz and C. Richard 
Taylor of Duke University reasoned that. 
if it were, the cooling effect would be in
sufficient. The mouth is not well shaped 
for evaporative cooling, so that the meta
bolic effort required to circulate an ade
quate volume of air through it would 
outweigh the cooling effect. On the oth
er hand, Schmidt-Nielsen and his col
leagues write in Science, the moist sur
faces of the nasal cavity provide a highly 
efficient evaporative surface. In-and-out 
breathing through the nose, however, 
would mean that much of the water va
por taken up by the air on inhalation 
would be recondensed on exhalation, so 
that here too the reduction of the heat 
load would be inadequate. The ideal sys
tem, the investigators concluded, would 
be inhalation primarily through the nose 
and exhalation primarily through the 
mouth. 

To test their conclusion Schmidt-Niel
sen and his colleagues trained dogs to 
wear fiber-glass masks that divided the 
nasal air flow from the oral and then 
wrapped the dogs in an electric blanket 
to induce panting. Measuring the sepa
rate air flows, they found that the nasal 
inhalation was much greater than the na
sal exhalation, and that the oral exhala
tion far outweighed the oral inhalation. 
Reflecting on how a dog's nasal mucosae 
are supplied with the quantities of mois
ture needed for long periods of evapora
tive cooling, Schmidt-Nielsen and his 
colleagues point out that dogs possess a 
special nasal gland with no known spe
cific function; they suggest that it may 
provide water for cooling. 
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The inside story of electron behaviour 
In 1831, Faraday "discovered" electromagnetic in- for a "sizeable" number of conduction electrons, 
duction. Closing an electrical circuit containing a the orbits just fit within the box wall. According 
coil, he detected a current transient in a second to the laws of quantum mechanics, this number 
coil coupled with it. can only be provided by those electrons which 

Last year, Dr. W. F. Druyvesteyn of Philips Re- occupy states near the Fermi surface - i.e. the sur
search Laboratories, Eindhoven, the Netherlands, face of constant energy in momentum space which 
carried out a related experiment. His purpose was separates the occupied (lower energy) states from 
to study the properties of conduction electrons in the empty states. 
extremely pure metals at very low temperatures. By his experiment Dr. Druyvesteyn could deter
The experiment also verified a theoretical statement mine the shape and dimensions of the Fermi surface. 
which has appeared in Solid State Physics text Others had done this previously, using single plates, 
books for more than thirty years. but the box technique allows improved accuracy 

Harking back to Faraday and Maxwell, he knew of measurement.The additional opportunity to orien
that if he "screened" one coil from the other by tate the secondary coil for maximum coupling also 
enclosing the second in a metal box, he would nor- enabled him to determine the direction in which the 
mally beunableto detect any signals .-------------, "coupling" electrons skimmed the in-
if the walls ofthe box were much thick- ner surface of the wall,and hence their 
ert'lanthe skin depth at the measur- thermal velocity in three dimensions. 
ing frequency. However, under cer- The results provided the first 
tain conditions he could still show direct experimental proof that the 
mutual inductance: - one wall of the thermal velocity of conduction elec-f 130 ..... 

box had tobepure metal at low temper- trons in solids is perpendicular to LSnorln / 
ature (e.g. tin or indium at 40 K), in the Fermi-surface - at least, within 
order to have a long mean free path the experimental error of 2 degrees! 
for electrons and it had to be placed 
in a constant magnetic field Bo paral
lel to this wall. Because of the field, 
the thermal motion of electrons is 
along cyclotron orbits. Those elec
trons that skim both the outer and 
inner surfaces of the wall may car
ry a signal from the outside to the 
inside. Appreciable mutual induc 
tance only occurs when the direction 
and magnitude of Bo, the thickness 
of the wall and its crystal orienta
tion combine in such a way that, 
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PHILIPS 

In the Research Laboratories of the 

Philips group of companies, scien

tists work together in many fields of 

science. Among these are: Acoustics, 

Cryogenics, Information Processing, 

Mechanics, Nuclear Physics, Percep

tion, Solid State, Telecommunica 
lions and Teley's'on. Ie 
This work was carried out at 

the Philips Research Labora-

tories, Eindhoven, the Nether- e 
lands. 
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We found Australia's biggest 
They've been searching for oil in Australia 

for over seventy years . Without much luck. 
They drilled over a thousand holes. Spent 

nearly half-a-billion dollars. And found less 
than one-tenth of the oil they needed. They've 
had to import the rest. 

Six years ago, Jersey's affiliate Esso Aus
tralia and its Australian partner decided to 
look elsewhere. They moved offshore. And 
started to drill between the mainland and .. 

Tasmania, in the stormy Bass Strait. 
It wasn't any picnic. Tempests whip up 

ninety-mile-an-hour winds and waves as high 
as a house. And we had to drill in over two 
hundred feet of water. One of our Bass Strait 
drilling platforms soars 625 feet from its foun
dation under the ocean floor to the top of its 
derrick. That's as tall as New York's Waldorf
Astoria. 

But the effort paid off. We've now struck 
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oil fields down under down under. 
oil and gas. Enough oil to supply more than 
half of Australia's current needs. Enough nat
ural gas to serve all of Sydney and Melbourne. 

In fact, our discoveries will save Australia 
about two hundred and fifty million dollars a 
year in foreign exchange. Not a bad bit of 
avoirdupois on her balance of payments. 

Yet the job has only begun. Australia's 
thirst for energy is growing by kangaroo leaps. 
To achieve and maintain self-sufficiency over 

the next twenty years, Australian oilmen will 
have to make strikes similar to our Bass Strait 
finds once every two or three years. 

Some challenge. That's why we're still 
drilling down under down under. 

Standard on Company 
(New Jersey) 

9 

© 1970 SCIENTIFIC AMERICAN, INC



\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
I 
I 
I 
I 
I 
J 
J 
J 
J 
I 
I 
I 
I 
I 

I 
I 

I 
I 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
J 
I 
I 
I 
I 
J 
, 
, 
I 
I 
I 
, 
I 
I 
I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

© 1970 SCIENTIFIC AMERICAN, INC



Circuits and synergy 
To fill a variety of communications needs, 

Bell Labs and Western Electric have worked to

gether to develop a special kind of integrated 

circuit. Based on two compatible and comple

mentary technologies-silicon and tantalum 

-this "hybrid integrated circuit" is hundreds 

of times smaller and more reliable than circuits 

using discrete solid-state components. 

The silicon portions of the circuit contain 

active components such as diodes and tran

sistors; some low-precision resistors and the 

necessary interconnections arealso formed on 

the tiny silicon chips. Hundreds of these chips 

are fabricated on one silicon slice. Tiny gold 

conductors-"beam leads" -are formed on 

each chip at the same time. Then the chips are 

separated and the beam leads bonded to tan

talum thin-film circuits. Typically no more 

than one or two square inches, tantalum cir

cuits contain precision resistors, capacitors, 

and interconnections etched into the metal 

fi 1m, previously deposited on glass or ceramic 

substrates. 

Hybrid integrated circuits open new op

portunities for circuit designers in many areas 

of communications systems engineering
telephoneequipment transmission, switching. 

In this hybrid integration technology, de

sign and manufacturing are intimately related. 

Designer and maker must work closely to

gether. The Bell System fosters this concerted 
action -this synergy -with Bell Labs, for 

research and development, and Western 

Electric for manufacturing and supply. At 

several plants Bell Labs and Western Electric 

engi neers work together in Process Capabi I ity 

Laboratories, speeding new designs into manu

facture. 

Here are a few examples of their team

work. 

The tantalum portion of a hybrid circuit 

starts as a 2OOO-Angstrom layer of tantalum, 

deposited on glass or ceramic. This process, 

invented at Bell Labs, was first carried out in 
a vacuum under bell jars. Western Electric 

designed and built "open ended" machines. 

Now, deposition takes place as the glass or 

ceramic chips move through the machine on 

a chain. 

For highest precision, newly formed tan
talum thin-film resistors require adjustment. 

This is done by removing, electrochemically, 

just the right amount of tantalum to raise the 
resistance to the required value. Bell Labs de

vised the process; Western Electric computer
ized and automated it. 

Silicon circuits are sensitive to impuri

ties such as sodium ions in the air. So, they 

used to be sealed into expensive evacuated 

cans. But now, a gold and si I icon-nitride shield 

gives the required protection at low cost. Ori

ginated by Bell Labs, it was put to work by 

Western Electric. 
Making connections to integrated cir

cuits once called for individual attachment 

of fine gold wires. Then Bell Labs came up 

with "beam leads": gold conductors plated 
into place on silicon circuits. In addition to 

bei ng conductors, the leads also give mechani

cal support. Western Electric developed meth

ods for bonding them to circuits. 

Beam leads are fabricated as part of the 

silicon circuit but their free ends must be at

tached to other circuitry. Bell Labs and 

Western Electric have developed thermocom

pression bonding techniques for this job. 

W ith the proper combination of time, tem

perature, and pressure all leads on the silicon 

circuit are bonded simultaneously to a thin

film circuit. 

In the future, we hope to get more cir

cuitry into less space and to find new func

tions for the technology. The circuit shown 

here, for instance, is one of some 200 logic 

"building blocks" for use in private branch 

exchanges, data sets, and other customer tele

phone equipment. It could not have been bui It 

with "discrete-component" technology. And 

we wi II not stop with si I icon and tantal um. For 

other jobs, other materials may be better. Bell 

Labs and Western Electric are working together 

. to find and apply them. 

Q§9 Bell labs 
Western Electric 
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SUPERDENSE WATER 

One of the codiscoverers of this ren1arkable substance takes 
up the question of whether it represents a new, polynleric 

forn1 of ,vater or is n1erely ordinary ,vater ,vith ilTIpurities 

T
here is an unwritten tradition 
among physical chemists to regard 
the properties of liquids as essen

tially invariant. In contrast to gases, liq
uids are only slightly compressible. In 
contrast to crystalline solids, liquids do 
not exhibit variability due to changes in 
crystalline s tructure . In contras t to glassy 
solids (which are sometimes considered 
to be highly viscous liquids) ,  liquids of 
normal viscosity appear to be incapable 
of existing for long in a state of nonequi
librium . 

These characteristic properties of liq
uids were the reason the commonest of 
them, water, was adopted as the basis 
for the definition of several international 
standards of measurement. The choice 
of a cubic centimeter of water as the in
ternational unit of m ass, for example, 
was motivated by the fact that any given 
sample of water has a maximum density 
at  a specific temperature (4 degrees Cel
sius ) ,  near which small changes in the 
temperature cause vanishingly small 
changes in the density and hence neg
ligible changes in the mass of the stan
dard volume. 

The time has come, however, to re
consider the universal recognition that 
has been accorded to the notion of the 
constancy of the properties of liquids, 
in the light of an accumulation of experi
mental facts indicating the opposite. For 
a number of years my colleagues and I 
at the Institute of Physical Chemistry of 
the U .S . S .R .  Academy of Sciences have 
been conducting an extensive series of 
experiments on the variability of the 
properties of liquids in a special set of 
laboratory conditions : under the influ
ence of forces generated by contact with 
the surfaces of other bodies, either solid 
or liquid. In general we have found evi
dence for two kinds of change brought 
about by such surface forces: reversible, 
or short-term, changes and irreversible, 
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or persistent, chan ges . In particular our 
investigations led to the truly astonishing 
discovery in 1962 of a new, stable form 
of water with a density almost one and a 
half times that of ordinary water and a 
molecular structure that can only be de
scribed as polymeric. We named this 
new form of water water II  to distin
guish it  from ordinary water, or water I; 
some workers in the U.S. call i t  poly
water. 

In view of the fact that our findings 
have generated considerable controversy 
and a certain amount of misunderstand
ing outside the U .S . S .R . ,  i t  seems worth
while to set down in as straightforward 
a way as possible an account of the in
vestigations leading to the discovery of 
water II, along with a summary of the 
studies we have undertaken sin ce 1962 
on the nature of this remarkable sub
s tance. 

Liquids in General 

A question central to much of our 
work from the very beginning has been 
this : How deep does the influence of a 
surface penetrate into a liquid, substan
tially changing its properties? We know 
that every substance creates near its sur
face an electromagnetic field whose in
tensity at each point fluctuates randomly 
in both magnitude and direction . On the 
average a force of attraction, directed at 
right angles to the interface, acts on the 
molecules of any liquid located within 
such a field. Since the law according to 
which this force decreases with distance 
is known, it  would seem to be a compar
atively simple matter to answer the ques
tion about the depth of penetration of 
the surface's influence into a liquid. 

The situation, however, is more com
plex than i t  first appears. First of all it 
is necessary to agree on what is to be un
derstood by the phrase "subs tan tial 

changes of the properties of a liquid ." 
For instance, under the influence of the 
surface field the liquid may become 
denser. Calculations relating the effect of 
such forces to a certain pressure, how
ever, show that an appreciable increase 
in density (of the order of a few percent )  
can occur only in layers whose thickness 
is of the order of a few molecules . On the 
other hand, we have observed in our 
laboratory changes in a number of prop
erties at  depths of up to hundreds of 
molecules . Clearly it is necessarv to seek 
an explanation for the effect  of the inter
face on the adjOining layers that is not  
reducible to a simple increase in denSity 
under the influence of molecular forces .  

That o ther mechanism, as we shall  see 
below, must involve changes in the struc
ture of the liquid. Again let us agree on 
definitions; the phrase "s tructure of a 
liquid" is used here to denote the mu
tual arrangement of the neares t mole
cules with respect to one another. This 
arrangement may resemble the regular 
distribution of molecules in a crystal over 
the sites of the crystal lattice, but the re
semblance and the regularity vanish if 
the arrangement of the neighbors farther 
away is considered. Thus the phrase 
"s tructure of a liquid" should be un
ders tood in i ts strictly limited sense of 
short-range ordering, not  in the sense 
of the long-ran ge ordering  characteristic 
of crystals . 

All of this leads naturally to the fol
lowing ques tion: If the presence of a 
molecule affects the arrangement of only 
its nearest neighbors ( that is, those sepa
rated by a distance of two or three mo
lecular diameters) ,  then does i t  not fol
low that an interface will also be able 
to impose some kind of special s tructure 
only on layers that are two or three mole
cules thick? Conversely, one might just 
as reasonably ask if the structural influ
ence of a flat surface might penetrate 
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much deeper than a few molecules, in 
analogy to the way the electric field of a 
charged surface is not subject to the in
verse-square law obeyed by the field of 
a unit charge . Obviously the final answer 
to these questions can be obtained only 
by experiment. 

Among the properties of liquids there 
are those that in general do not depend 
on the arrangement of the molecules but 
only on their species. Molecular refrac
tion belongs to such a class; it is, for ex
ample, the same for ice, water and water 
vapor. Such properties are called struc
turally insensitive. Properties that are 
structurally sensitive depend to a greater 
or lesser extent on the structure of the 
liquid; a typical property belon ging to 
this class is  viscosi ty. 

For a long time no suitable method 
existed for observing how a structurally 
sensitive property such as the viscosity of 
a liquid changes as one approaches a 
solid wall or moves away from it. Then 
about 30 years ago a method was devel
oped; it  is called the method of "blowing 
a way" [ see top illustration on next page J. 
A liquid film with a thickness of several 
microns is applied to the lower surface 
of a slotlike channel. An air current 
streaming through the slot creates a uni
form. tangential force, causing a flow of 
the layers of the film parallel to the sub
stratum, or lower surface, of the channel. 
The picture of this flow resembles a 
pack of playing cards pushed into a slop
ing pile. As a result of such sloping, in 
which neighboring layers are shifted by 
sliding over one another, the edge of the 
liquid film is changed into a mildly slop
ing wedge with a definite profile. 

It is  obvious that the larger the friction 
between any two neighboring layers, the 
shorter will be their relative slippage, 
and consequently the steeper will be the 
profile of the wedge at their level. Since 
this friction is proportional to the viscos
ity of the l iquid at the place of contact 
of both layers (in other words, at a given 
distance from the solid substratum), it 
follows that from the shape of the film's 
profile after "blowing away" one can 
judge the distribution of the values of 
the viscosity near the wall. The accuracy 
of the information obtained by this 
method depends primarily on the accu
racy with which the thicknesses of the 
finest nonuniform liquid films can be 
measured. This aspect of the problem 
was solved in 1948, largely through the 
efforts of V.  V.  Karasev and N. N. Zak
havaeva of our laboratory, who consid
erably improved an existing optical 
method based on the observation of the 
polarization of reflected light .  

For a vaseline o i l  that has  been thor-

SAMPLES OF SUPERD·ENSE WATER appear inside a pair of ultrathin quartz capillaries 

in these photo graphs made by S. B .  B rummer o f  Tyco Laboratories, Inc.  B rummer and his 

associates are engaged in an attempt to produce large enough quantities o f  this substance 

to help resolve the question of whether it indeed represents a new polymeric form of water, 

called by some workers "polywater." In this investi gation of  the two-phase freezing and 

melting behavior  of an anomalous water solution two capillaries containing different con

centrations o f  the anomalous component in  a solution of ordinary water are shown at 

various temperatures. The upper capillary in each case contains one part of  polywater to  20 
parts of  ordinary water ; the lower one has a concentration of one part in six. In the photo

graph at top both samples are shown frozen at -43 degrees C elsius. The evident turbidity 

o f  the samples can be shown to result not from the incorporation of  air bubbles but rather 

from a genuine phase separation. The next two photo graphs, made at -10 degrees C .  and -8 
degrees C. respectively, show that melting proceeds more rapidly in the more dilute sample. 

In the bottom photo graph, made at  -6 degrees C.,  both samples have become completely 

one·phase.  This behavior is  similar to that reported in 1966 by the author and his colleagues. 
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oughly purified of "polar" molecules 
(that is, molecules with chemically active 
groups on their ends) ,  the profile of the 
wedge turned out to be exactly a straight 
line [ see illustration at bottom left be
low J. This proved that the viscosity of 
such an oil, carefully rid of impurities, is 
the same both in bulk and at distances 
from the substratum of the order of a 
few millionths of a millimeter. In fact, 
values of the viscosity calculated from 
the s teepness of the film's profile exactly 
coincide with values for the bulk viscos
ity of the oil, measured in a conventional 
viscosimeter. This proves the reliability 
of the quantitative information obtained 
about viscosity by the method of blow
ing away and its independence of possi-

-AIR-------......::::.-

> 

> 

ble microscopic irregularities on the pol
ished surface. 

In the case of the blowing away of 
liquids whose molecules may specifical
ly in teract with the substratum, the pro
file of the film after blowing away never 
turns out to be a straight line. For exam
ple, the profile of a film consisting of 
long-chain polar molecules of an ether 
compound exhibits a region of greatest 
s teepness, and consequently of greatest 
viscosity, in immediate proximity to the 
wall [ see illustration at bottom right be
low J. With increasing distance from the 
wall the viscosity passes through a mini
mum, after which it rises until it reaches 
the "normal" value characteristic of the 
bulk of the sample. 

> 
CHANNEL 

METHOD OF "BLOWING A WA Y" was utilized by the auth or's group to study how the 
viscosity of a liquid varies in the vicinity of a solid wall.  A liqui d film several minons thick 

is applied to the lower surface of a slotlike channel. An air current, flowing through the slot, 

causes the layers of the film to flow over one another parallel to  the substratum. As a result 

the edge of the film i s  changed into a sloping wedge with a definite profile.  The steeper the 

profile a t  a given distance fro m  the wall, the greater the viscosity of the liquid at that point.  
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FOR A VASELINE OIL that has been puri. 

fied of "polar" molecules (that is, mole· 
cules with chemically active groups on their 

ends), the profile of the film after blowing 
away turned out to  be exactly a straight line. 

Thus the viscosity of such a liquid, when 
thoroughly purifi ed, i s  the same both in 

bulk and at di stances from the substratum 
of the order of a few microns. Such mea· 

surements proved the reliability of the 

quantitative information obtained about 

viscosity by the method of blowing away. 
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FOR AN ETHER COMPOUND, whose long. 

chain polar molecules may specifically in· 

teract with the substratum, the profile of the 

film after blowi n g  away exhibits a region 

of greatest steepness, and hence of greatest 

viscosity, in  immediate proxi mity to the 

wall. With increasing distance from the wall 

the viscosity passes through a min i mum, 
after which it rises until i t  reaches the value 

characterist ic  of a bulk sample. Such mea· 

surements can be explained only by chan ges 

in the structure of the liquid near the wall. 

It  is impossible to explain such mea
surements of viscosity by anything ex
cept changes in the structure of the 
liquid near the solid wall. There is rea
son to believe the increase of the viscos
ity near the wall is attributable to the 
fact that the molecules are aligned with 
their longitudinal axes perpendicular to 
the wall .  Conversely, a horizontal dis
tribution of the axes of the molecules ex
plains the minimum of the viscosity at a 
certain distance from the wall . The most 
important and unexpected result of such 
tes ts is the fact that the bulk value of 
the viscosity and consequently the nor
mal close ordering in a liquid are estab
lished only at dis tances from the wall of 
the order of half a micron, w1lich corre
sponds to hund,eds of molecular layers . 
Similar data have been obtained for 
many other polar liquids, and also for 
soluUons of polar molecules in nonpolar 
liquids, even solutions of low concentra
tion. 

In a number of cases the change in the 
viscosity with increasin g distance from 
the solid wall takes place with a jump at 
a certain distance. The possibility of an 
abrupt change of s tructure has already 
been demonstrated by the behavior of 
"liquid crystals," in which regions with 
a particular parallel dis tribution of the 
axes of the molecules may border on re
gions with a random distribution.  This 
makes it possible to conjecture that many 
other liquids, when in the vicinity of for
eign substrata, are in a s tate correspond
ing to a speCial boundary phase in which 
the molecules are distributed in a more 
high ly ordered s tate than they are in the 
bulk sample. In contrast to the state of 
affairs in  liquid crystals, however, such 
boundary phases would have a s trict 
boundary of small thickness (on the or
der of a fraction of a micron) ,  which uni
formly decreases with increasing tem
perature . 

Unfortunately the method of blowin g 
away cannot eaSily be applied to volatile 
liquids such as water. In such liquids 
information about changes of the struc
ture in boundary layers must be obtained 
by other methods, a large number of 
vvhich exist at. the present time.  One 
property that is extremely sensitive to 
the structure of a substance is thermal 
conductivity, which increases abruptly 
on crystallization .  

The thermal conductivity of a multi
layered sandwich formed by small sheets 
of mica, separated by interlayers of wa
ter or other liquids,  was measured by 
M . S. Metsik of Irkutsk University in 
1967 [ see illustration on opposite jJage J .  
In these measurements the heat flow 
was parallel to the mica sheets . By sub-
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THERMAL COND UCTIVITY of water and other liquids was de

termined by M. S. Metsik of Irkutsk University by measuring 
the heat flow across a multilayered sandwich formed by small 

sheets of  mica separated by interlayers of the sample liquid (dia
gram at left). By subtractin g the thermal conductivity of the mica 

sheets alone from the total thermal conductivity o f  the sandwich, 

Metsik was able to obtain the thermal conductivity o f  the liquid 

layers. When the resulting value for a sample of water, say,  

is plotted as a function o f  the thickness o f  the layers (graph at 
right), it becomes evident that sufficiently thin layers have a ther

mal conductivity up to  several tens of times larger than the normal 

bulk value.  Since thermal conductivity is an extremely structure· 

sensitive property, such measurements provide information about 

changes in the structure o f  such liquids near solid boundaries. 

tracting the contribution of the sheets 
from the total thermal conductivity, Met
sik was able to determine the thermal 
conductivity of the liquid layers. When 
the thermal conductivity of layers of 
water or alcohol is plotted as a function 
of the thickness of the layer, it  becomes 
evident that sufficiently thin layers have 
a thermal conductivity up to several tens 
of times larger than the normal bulk 
value. The increase of the thermal con
ductivity also vanishes when the temper
ature is raised to between 60 and 70 de
grees C. This means that the particular 
ordered structure of the liquid layers is 
destroyed by thermal motion. 

Just as in liquid crystals, the ordering 
of the molecular distribution assumed 
above (which consists of a definite orien
tation of the molecular axes) leads to the 
conclusion that the index of refraction of 
such thin films must depend on the di
rection of the light oscillations.  As is well 
known, a similar anisotropy of optical 
properties in certain crystals leads to the 
phenomenon of double refraction. 

Small crystals of a particular type of 
clay, montmorillonite, possess the special 
property of swelling dramatically in wa
ter or in an aqueous solution of sodium 
chloride, in some cases growing up to 
several dozen times their original thick
ness . The result is a multilayered sand
wich similar to those constructed by 
Metsik out of mica and water. The basic 

difference consists in the thinness of the 
layers ; in the process of swelling mont
morillonite splits into layers each of 
which is only 12 angstroms thick, where
as the interlayers of the aqueous solution 
have a thickness that increases with a 
decrease in the salt concentration, reach
ing at extreme dilution as much as 200 
to 300 angstroms or more. 

In a s tudy carried out by the British 
worker R.  Green-Kelly and myself dur
ing the time of his stay in Moscow it was 
observed that the aqueous films between 
the layers of montmorillonite are bire
fringent, the difference between the two 
indexes of refraction of the aqueous films 
being about .002 [see illustration at top 
left on next pagel. We were also able to 
calculate that it is impossible to attribute 
such a value for the double refraction to 
the influence of the electric field that 
exists in thin films as a result of the ac
cumulation on their surface of an excess 
of ions of one sign at the expense of a 
shortage of such ions in their interior. 
The electric field generated in this way, 
which tends to orient the axes of the 
molecules in one direction, is not enough 
in itself to account for more than a tenth 
of the observed difference in the indexes 
of refraction . The major portion of this 
difference can depend only on the orien
tation of the water molecules in the films 
under the specific influence of the sur
faces of the montmorillonite layers . 

The subsequent observation of a par
ticular structure in films of so nonpolar a 
liquid as benzene was completely unex
pected. This finding was first reported 
in 1963 by Z. M. Zorin of our laboratory 
on the basis of his measurements of the 
thickness of a benzene film on a flat sur
face of mercury in equilibrium with ben
zene vapor that was close to saturation 
[see illustration at top right on next 
page l. By carrying out the observations 
in oblique polarized light Zorin was able 
to judge the thickness of the benzene 
layers from their reflectance . For a cer
tain adjustment of the polarizing optics 
of the apparatus it was possible to extin
guish the light reflected from the ben
zene films, thereby making the field of 
view black. This did not always happen, 
however. Under certain conditions one 
could observe in the black background 
luminous "islands" of various irregular 
shapes, all of which had the same bright
ness and hence the same thickness [see 
bottom illustration on next pagel. By 
changing the position of the optical ele
ments standing in the path of the light 
rays to the eye it was possible to simul
taneously cancel the rays reflected from 
these islands, after which they appeared 
to be black in the reflected light. 

The thicknesses of the benzene film 
and of the islands were calculated by a 
rather simple procedure. When saturat
ed benzene vapor was above the films, 
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the thickness of the "background" turned 
out to be 70 angstroms, while that of the 
islands was 220 angstroms . 

Here a double contradiction of ortho
dox opinion was exposed. It had been 
assumed that in the process of saturation 
of a space by the vapor of some kind of 
liquid, the film that is formed from it on 

any substratum must thicken monotoni
cally and, on reaching saturation itself, 
acquire an indefinitely large thickness, 
in which case the properties of the film 
are no different from the properties of 
the bulk liquid. In fact the thickness of 
layers in equilibrium with completely 
saturated vapor is definitely limited. 

How does one account for this phe
nomenon, which appears to be rather 
common, having been observed by Zo
rin and the author during an earlier in
ves tigation of various liquid films (in
cluding water and several alcohols)  on 
both glass and mica? In the case of ben
zene on mercury the matter is compli-

LENS 
MONTMORILLONI TE 
SAMPLE 

COLLIMATING LENS 

DOUBLE REFRACTION of light rays by thin films of an aqueous 

solution trapped between layers of montmori llonite day was ob

served by the B ritish investigator R. Green.Kelly and the author 

at the author's laboratory in Moscow, using the experimental ar

rangement shown in this schematic diagram. The observed differ

ence between the two indexes of refracti on of the aqueous films 

(approximately .002) could be explained only in terms of the orien

tation of the water molecules within the thin aqueous films under 

the specific in fluence of the surfaces of the montmorillonite layers. 

LUMINOUS IRREGULAR "ISLAND S," all with the same bright

ness and therefore with the same thickness, were sometimes ob

served by Zorin ag ainst the black background normally seen 

through the microscope attached to his apparatus (lelt). When sat

urated benzene vapor was above the benzene films inside the ap

paratus, the thickness of the background measured 70 an gstroms, 
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POLARIZING 
PRISM 

TEMPE URE 
REGULATING 
FLUIDS 

BENZENE VAPOR 

BENZENE LIQUID 

BENZENE FILMS were unexpectedly found to have a well-defined 

structure by Z.  M . .  Zorin of the author's group, using the experi

mental arran gement shown here. With the aid of oblique polarized 

light Zorin was able to measure the reflectance and hence the 

thickness of the benzene layers formed on a flat surface of mercury 

in equilibrium with benzene vapor that was close to saturation. 

For a certain adjustment of the apparatus it was possible to ex

ti nguish the li ght reflected from the benzene film, thereby making 

the field of view black. This did not alw ays happen, however. 

but that of the islands turned out to be 220 an gstroms. Thi s puz

zling observation can be accounted for by assuming that the films 

that are 70 an gstroms thick are formed of benzene rings whose 

planes are parallel to the substratum, whereas the islands of ap

proximately three times that thickness are formed of benzene rings 

that are standing on edge on the surface o f  the mercury (right). 
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cated by the fact that in different re
gions of the film the two different thick
nesses (of either 70 or 220 angstroms) 
can occur in equilibrium with the satu
rated vapor. The very definiteness of 
this thickness is evidence that, in spite of 
the fact that the films have a thickness 
of the order of several tens of molecular 
monolayers, they retain clear differences 
between their properties and the prop
erties of the bulk liquid, the only excep
tion being the vapor pressure, which is 
of course the same for both .  Obviously 
this difference must be associated with a 
different ordering of the molecules. One 
can postulate, for example, that the films 
that are 70 angstroms thick are formed 
by benzene rings whose planes are par
allel to the substratum, whereas the is
lands of approximately three times that 
thickness are formed by benzene rings 
that are standing on edge on the surface 
of the mercury. Unfortunately at present 
there is no more direct information con
cerning the s tructure and properties of 
these films .  

The properties of  films of  nitroben
zene and its solutions in benzene on a 
glass surface have been studied much 
more thoroughly. Information about 
them is derived from measurements of 
the heat capacity of glass powders, 
whose particles are covered by uniform
ly thick layers of nitrobenzene. By mea
suring the heat capacity of the moist
ened powder with the aid of a sensitive 
calorimeter and subtracting from it the 
heat capacity of the powder when dry, 
one can determine the specific heat ca
pacity of the nitrobenzene film. These ex
periments showed that if the surface of 
the powder is treated in a glow discharge 
for the purpose of purification, then the 
heat capacity of the nitrobenzene films 
is sharply reduced compared with the 
normal value. When the thickness of the 
films is smaller than a certain value ( . 1  
micron a t  20 degrees C . ) ,  the reduction is 
equal to approximately 20 percent and 
does not change with a further decrease 
of the thickness. This undoubtedly shows 
that such films have a structure and 
structure-dependent properties that are 
different from the structure and proper
ties of a bulk sample. At the same time, 
to the extent that one can judge from the 
specific heat, these films are homoge
neous across their thickness. 

I f  the temperature-dependence of the 
specific heat of benzene films is mea
sured by raising the temperature, it  turns 
out that

' 
at a certain temperature the 

expenditure of heat abruptly increases. 
After a transition through a compara
tively narrow temperature interval the 
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HEAT CAPACITY of nitrobenzene films deposited on particles of glass powder was de· 

termined by measurin g the heat capacity of the moistened powder with a calorimeter and 

then subtractin g from it the heat capacity of  the powder when dry. It was found that when 

the thickness of  the films i s  below a certain value (.1 micron at 20 degrees C .), the 

heat capacity of the nitrobenzene films is much less than the normal bulk value. When the 

temperature of the films is raised, the expenditure of heat abruptly increases at a certain 

temperature. After a transition through a comparatively narrow temperature interval the 

amount of  heat consumed in heating by one degree decreases somewhat but remains above 

the value that corresponds to the initial reduced heat capacity of thin nitrobenzene films. 

UNDERSATURATED 
BOUNDARY FILM 

GLASS" 'i 

SUPERSATURATED 
BOUNDARY FILM 

BULK·PHASE lI0UI D 

EQUI LIBRiUM 
BOUNDARY FILM 

B OUNDARY·PHASE HYPOTHESIS was put forward by the author to account for the ob· 
served temperature·dependence o f  the specific heat capacity of nitrobenzene films on glass 

powder. The rise in the expenditure o f  heat associated with the attainment of a certain tern· 

perature is explained by an incipient transition of the boundary phase into the bulk phase 

(left, middle). The abrupt burst of  heat associated with the onset of "meltin g" of the 

peripheral layers of  the film is  explained by the fact that the transition of the boundary 

phase into the bulk phase is delayed somewhat. Once it has started, the phase transition ac· 

celerates rapidly and makes up for the delay, thus leadin g to a rapid decrease in thickness 

t o  its equilibrium value (right). After this stage is passed the film becomes two·phased: the 

boundary film is  located on the surface of the glass, and above it is  found the bulk phase. 
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THERMO DYNAMIC CHARACTERISTICS of the transition of a nitrobenzene film from 

the boundary phase into the bulk phase are summarized. The colored curve shows the latent 
heat of  the transition as  a function o f  the temperature. The black curve shows the thickness 

of the boundary phase as a function of the temperature. The latent heat of  the transition 

has an order of magnitude correspondin g to about 100 molecular layers of nitrobenzene. 
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THERMA L EXPANSION OF WATER was first proved to be dependent on proximity to a 

solid substratum in 1961 by the experiments of N. N. Fedyakin, then working at the Kostro· 

rna Poly technical Institute. When the expansion of columns of water in glass capillaries of 

various radii was plotted as a function o f  temperature, it became apparent that in capil· 

laries with a radius greater than one micron (A) the water expands as it  does in a bulk sam· 

pIe, displaying a maximum density at 4 degrees C .  As  the capillaries are made narrower 

(B, C) the expansion begins to proceed differently ; in ultranarrow capillaries (D) the min· 

imum of the volume vanishes and the coefficient of  thermal expansion becomes constant. 
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o OXYGEN 

o HYDROGEN 

- CHEMICAL BOND S 

___ HYDROGEN BONDS 

HYD ROGEN "B RIDGES" (broken gray lines) link each atom of oxygen appearin g  in the 

structure of any given water molecule with four other water molecules; two o f  these bridges 

involve the participation of the hydrogen atoms of the g iven water molecule, and the other 

two involve the participation of hydrogen atoms belon ging to other water molecules. The 

energy of such hydrogen bonds is intermediate between the energy o f  the usual chemical 
bond that exists between the atoms in a given molecule (solid black lines) and the energy 

o f  molecular attraction between neighboring molecules. In the form of the structure shown 

here the geometric arrangement of the atoms is that encountered in ordinary ice, or ice I.  
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amount of heat consumed in heating by 
1 degree C .  decreases somewhat but re
mains above the value that corresponds 
to the initial reduced heat capacity of 
thin nitrobenzene films [see top illustra
tiol1 on p1'eceding page J. 

These observations can be explained 
satisfactorily only by assuming that the 
thickness of films associated with re
duced specific heats depends in a definite 
manner on the temperature: the higher 
the temperature, the smaller the thick
ness . Thus films of nitrobenzene cover
ing a surface of glass possess the basic 
characteristic of a distinct phase of mat
ter: they are separated by an abrupt 
boundary from another phase, the bulk 
liquid . Accordingly the term "boundary 
phase" is used to describe them. 

In contrast to ordinary phases of mat
ter, whose volumes can be arbitrary, the 
thickness of such a boundary phase can
not exceed a certain value, which de
pends on the temperature .  In our experi
ments the rise in the expenditure of heat 
associated with the attainment of a cer
tain temperature could be explained by 
an incipient transition of the boundary 
phase into the bulk phase, a transition 
that leads to a gradual thinning of the 
boundary phase because of a "meltin g" 
of the peripheral layers . Consequently in 
contrast to ordinary melting, which oc
curs at a quite definite temperature (for 
example at zero degrees C. for ice), 
boundary phases melt gradually over a 
wide temperature interval, within which 
the temperature of the onset of melting 
depends on the thickness of the film . 

At the same time the abrupt burst 
of heat associated with the onset of melt
ing could be explained by the fact that 
the transition of the boundary phase into 
the bulk phase is delayed somewhat, be
ginning at a temperature when the equi
librium, or normal, thickness of the 
boundary phase has already become sub
s tantially smaller than the actual thick
ness. (Such a retardation is analogous to 
a retardation of boiling caused by the re
moval of the centers facilitating the for
mation of bubbles of vapor . )  

Once having started, the phase transi
tion accelerates vigorously and makes up 
for the delay, thus leading to a rapid de
crease in thickness to its equilibrium 
value. This rapid phase transformation 
also absorbs an increased amount of 
heat, which is consumed by the latent 
heat of the transition .  After this quick 
stage is passed the film becomes two
phase: the boundary phase is located on 
the surface, and in equilibrium with it 
is found the bulk phase with normal 
properties [see middle illustration on 
preceding page J. 
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The foregoing account, which deals 
only with the essence of the phenomena 
involved, demonstrates that calorimetric 
measurements performed with sufficient 
accuracy are able in principle to give 
not only the specific heat of boundary 
layers of nitrobenzene at different tem
peratures but also both the latent heat 
of its transition into the bulk liquid 
and the thickness of the boundary phase 
in equilibrium with the bulk phase . In 
actuality these measurements cannot be 
achieved as directly as this account sug
gests .  Since it is not feasible to go into 
the details of the measurements here, 
however, I shall present only the ob
tained dependences of the latent heat 
and the thickness of the boundary phase 
in the form of a graph [ see bottom illus
tration on page 57] . From the graph it 
is evident that the latent heat has an 
order of magnitude corresponding to 100 
molecular layers of nitrobenzene, a find
ing that undoubtedly must lead to a re
consideration of several orthodox views . 

As it happens, the latent heat is of the 
same order of magnitude as the heat of 
transition for a number of liquid crystals 
into the normal liquid state. Thus one is 
justified in pursuing the analogy be
tween the s tate of the boundary layers 
of nitrobenzene and the liquid-crystal
line state . The basic difference between 
these two states of matter consists in the 
fact that the volumes in which molecules 
of the liquid-crystalline phases may exist 
in a definite state of orientation are in
definite and frequently extend to thick
nesses of several millimeters , whereas 
the boundary layers of nitrobenzene 
films are definitely limited. In both cases, 
however, the special structure may be 
induced by a glass substratum and prop
agated from layer to layer over thick
nesses of up to many monolayers . 

The Anomalies of Water 

\Vater is distinguished from all other 
liquids by the fact that its structure 
(that is, the mutual arrangement of the 
nearest molecular neighbors) is very 
strongly and specifically reflected in its 
properties . Certain of these structure
dependent properties differ so much 
from the properties of other liquids that 
it  is justifiable to talk about the anoma
lies of water. Among them the best
known is the anomaly concerning the 
expansion of water, which (as was men
tioned above) is characterized by a maxi
mum density at 4 degrees C .  It is natural 
to expect as a result of this fact that if a 
solid substratum is capable of changing 
the s tructure of contiguous layers of 
water, then their thermal expansion 

must also be changed Simultaneously. 
This expected dependence was first 

detected experimentally in 1961 by 
N. N. Fedyakin, then working at the 
Kostroma Poly technical Institute, in the 
course of his observations of the expan
sion of columns of water in ultrafine cap
illaries [ see top illustration on opposite 
page ] .  When the increase in the length 
of a column of water was plotted as a 
function of the temperature in glass cap
illaries of various radii, it became appar
ent that in capillaries with a radius great
er than one micron the water expands in 
the expected way, displaying a maxi
mum density at 4 degrees C. (In sub
sequent experiments by the American 
physicist Joseph A. Schufle, in which the 
accuracy of the measurements of the 
lengths of the columns was much higher, 
deviations from the normal expansion of 
water were noticed even for radii of up 
to several microns . )  

For very narrow capillaries the ex
pansion proceeds differently, and in 
ultra narrow capillaries it  is changed to 
the point of unrecognizability. In the 
ultranarrow capillaries not only does the 
minimum of the volume disappear but 
also the coefficient of expansion is made 
cons tant over the entire temperature 
range studied; in short, the anomalous 
expansion of water completely vanishes !  

I t  is wel l  known that the anomalous 
expansion of water under normal con
ditions results from its loose s tructure. 
This porousness in turn is determined by 
the influence of the hydrogen bond, in 
which the hydrogen atom serves as a 
bridge connecting two oxygen atoms be
longing to two different water molecules, 
with an energy that is intermediate be
tween the energy of the usual chemical 
bond (such as the bond, say, between the 
oxygen and hydrogen atoms in an indi
vidual molecule of water) and the energy 
of molecular attraction between neigh
boring molecules . Each atom of oxygen 
appearing in the s tructure of any given 
water molecule is able to be jOined by 
hydrogen bridges with four other mole
cules ; two of these bridges involve the 
participation of the hydrogen atoms of 
the given water molecule, and the other 
two involve the participation of hydro
gen atoms belonging to o ther water mol
ecules [ see bottom illustration on oppo
site page] . Thus oxygen exhibits, in  addi
tion to its normal double valency, which 
is expended on the formation of the mol
ecule itself, an extra "quasi-valence" of 
two enabling i t  to be jOined with two 
more water molecules by hydrogen 
bonds . 

The most "pure" and complete form 
of such a system of hydrogen bridges is 

formed in a crystal of ordinary ice, or 
ice I. In ice I each molecule is joined by 
a hydrogen bond to its four nearest 
neighbors .  The crystal as a whole is a 
skeleton-like s tructure formed by a net
work of hydrogen bonds . It is precisely 
such a s tructure, in which each molecule 
has only four nearest neighbors, that de
termines the porousness of ice, thereby 
accounting for a number of its proper
ties, in particular its ability to float in 
water. One can say, taking the quasi
chemical nature of the hydrogen bond 
into account, that a crystal of ice es
sen tially represents a single polymer 
molecule in which the oxygen acts as 
if its valence were four. In this respect an 
ice crystal resembles a crystal of dia
mond, which is composed of a network 
of chemical bonds between carbon 
atoms with a valence of four. 

\Vhen ice melts, the perfect regularity 

LATER EXPERIMENT by the author's 

group showed that the expansion of water in 

the pores between particles of  quartz ( Si02 ) 

powder changes in the same way that it does 

in ultranarrow capillaries. After removing 

the water from the p owder its normal ex· 

pansion was reestablished. This tended to 

d iscount the possibility that the special 

properties of water observed in ultranarrow 

cap illaries were influenced by impurities 
leached out from the walls of the capillaries. 
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�'DAUGHTER" C OLUMNS were observed by Fedyakin to form in comparatively wide, 

sealed capillaries at a certain distance from the meniscuses of the initial  water column and 

to grow at the expense o f  the latter. He was later able to show that the pressure of the satu· 

rated vapors o f  the daughter columns was below the normal pressure existing for the 

"mother" column, an observation that led to the assumption that this e ffect results from 

some kind of  structural difference between the primary and the secondary columns. 

t 
PRESSURE DROP 

t 

EFFECT WAS FURTHER INVESTIGATED by Fedyakin and the author using the setup 

shown here, in which the viscosity o f  the water columns was measured by setting them 

in motion w ith a given drop of  the pressure. Since the velocity o f  a column's movement 

is  inversely proportional to its len gth and viscosity, one can calculate the viscosity by 

knowing these two quantities.  It  was found that the secondary columns observed earlier by 

Fedyakin had a viscosity that was several times larger than that of  the primary columns. 

TO VACU U M  P U M P  

t t 
QUARTZ CAPILLARIES 

-, 

CON DENSE R  Ll QUID ·NITROGEN TRAP 

EVAPORATOR 

IMPROVED METHOD for obtaining columns of anomalous water in w ider quartz capil

laries in the absence of  air  or any other contam inating gas was later developed in the au

thor's laboratory. It was designed primarily to reduce the possible in fluence of the leaching

out process.  The apparatus consists entirely o f  blown glass without any j o ints or stopcocks. 

The liquid-nitrogen trap serves to  prevent the entrance of oi l  vapors from the pump. 
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of the distribution of the water molecules 
and of the network of hydrogen bonds is 
destroyed, but not completely. With a 
subsequent increase of the temperature 
from zero degrees C . ,  the thelmal  motion 
of the molecules destroys an ever increas
ing number of the hydrogen bridges, a 
process favoring the occupation of the 
empty spaces in the structure of the 
liquid. Therefore water con tracts in 
spite of the fact that the thermal  motion 
simultaneously tends to increase the 
average distance between the molecules . 
Only above 4 degrees C. does the latter 
tendency take the upper hand, where
upon water begins to expand .  

Returning to  the experimen ts of Fed
yakin, it  is clear that we can now explain 
them by the fact that in very narrow 
capil laries , owing to the influence of the 
wal ls ,  the formation of the skeleton of 
hydrogen bridges between the water 
molecules is impeded, removing the re
s triction on the number of nearest neigh
bors and making it possible for the mole
cules to be arranged more densely. As a 
consequence, further con traction does 
not take place with an in crease of the 
temperature, as is the case for the or
dinary state of water near zero degrees 
C . ,  and water in narrow capillaries ex
pands as a normal liquid. 

The foregoing account raises an im
portant question : To what extent are the 
properties of water columns with special 
properties free from the influence of the 
products of dissolution,  or leaching out, 
of the walls of the capillaries? This pos
sibility was discounted by the experi
ments of Karasev, E. N. Khromova and 
the author, which showed that the ex
pansion of water existing in pores be
tween particles of quartz (SiO�) powder 
changes in the same way [ see illustration 
on 7)receding page ] .  Moreover, after 
removing the water from the powders 
i ts normal expansion was rees tablished, 
which would be impossible if everything 
were detelmined by a solution of Si02 in 
water. Simultaneously this result dem
onstrated that in pores near a surface of 
Si02 water experiences an unstable, re
versible change of its properties that 
vanishes after it  is removed from the 
surface. 

More Odd Behavior 

The curves shown in the top illus
tration on page 58 could be obtained by 
Fedyakin only thanks to a remarkable 
technique developed by him for pulling 
out and calibrating the very finest capil
laries, some with radii as small as 1 60 
angstroms. Curiously, an important ob
servation was made by him in com para-
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tively wide capillaries, with radii around 
one micron. By sealing columns of \\·ater 
and certain other liquids such as methyl 
alcohol, acetic acid and acetone in such 
capillaries Fedyakin kept the columns 
under prolonged observation.  In this sit
uation as a rule the creation of new 
"daughter" columns was observed [ see 
tOj! illustration on opposite page J .  They 
appeared at a certain distance from the 
meniscuses of the initial column and 
grew at the expense of a contraction of 
the la t ter. 

The systematic nature of this phe
nomenon required a rational explana
tion.  First of all Fedyakin concluded 
that the systematic growth of the daugh
ter columns at  the expense of the "moth
er" column indicated that the pressure of 
the saturated vapors of the daughter 
columns was below the normal pressure 
existing for the mother column.  In order 
to confirm this conclusion experiments 
were set up in which empty capillaries 
were placed in an atmosphere of some
what incompletely saturated vapor. The 
resulting columns grew gradually over a 
period of many days . 

The difference in the pressure of the 
saturated vapors associated with an 
identical chemical composition led to 
what appeared to be the only possible 
conclusion, that a difference of the s truc
ture in the secondary and primary nor
mal columns must serve as the origin of 
this effect. The assumption, which later 
turned out to be only half true, was first 
confilmed by Fedyakin by showing that 
on being heated by about 20 to 50 de
grees the secondary columns of water 
expanded one and a half times faster 
than the primary columns, in spite of the 
fact that the experiments were carried 
out in capillaries with a radius of ap
proximately one micron. 

I t  was at about this time that Fed
yakin and I joined forces to undertake 
further systematic investigation of this 
phenomenon at the Department of Sur
face Phenomena of the Institute of Phys
ical Chemistry in Moscow. We were soon 
able to report an important finding: The 
secondary columns observed earlier by 
Fedyakin had a viscosity that was sev
eral times larger than that of the primary 
columns . In order to measure the viscos
ity the columns were set in motion by a 
given decrease in pressure [see middle 
i llustration on opposite page J. The ve
locity of a column's movement is inverse
ly proportional to its length and viscos
i ty. Therefore by knowing the length of 
the liquid column and its velocity of 
motion one can readily calculate the 
viscosity. 

A t  the same time it was noted that the 

MICA 

EARLY EVIDENCE of the anomalons behavior of the condensed vapors of water on a 

solid substratum was obta ined by D. H. B an gham and his  collaborators in 193 7. He ob· 

served that when a freshly cleaved piece of  mica wa s  exposed to a jet  o f  supersaturated 

steam, thin liquid layers with abnormal propert ies formed on the surface o f  the mica.  

D rops of  ordinary water,  for example, did  not spread over a film of the condensate. 

increase of the viscosity might partially 
vanish after the columns were disturbed. 
Unfortunately too much weight was as
signed to this last resul t, and it gave rise 
to an unjustified conclusion that simple 
motion can eliminate from a secondary 
column any differences bebveen it and 
the normal liquid. In actual fact the re-
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duction of the viscosity only indicates a 
destruction of the secondary s tructure in 
these columns, whereas this s tructure is 
reestablished at rest .  

Our first  observations, which were 
published in 1962, gave rise to an at
tempt to reduce them to a rather trivial 
cause :  the leaching out of impurities 
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AT NEGATIVE TEMPERATURES the change in the lengths of water columns was found 

to vary widely from sample to sample, depending on the concentration o f  the anomalous 

component. C urve A shows the behavior o f  ordinary water, which has a minimum volume 

at 4 degrees C. Curves B and C correspond to columns in  which the anomalous component 

has  been raised to a different extent by maintaining an increasin gly drier atmosphere. Curve 
D was obtained after exposure o f  the in itial  column to a vacuum, which led to the evapora

tion o f  the normal water. The study was done by B .  V. Zheleznyi of  the author's laboratory. 
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INDEX O F  REFRACTION of water II ( as it is  called to distinguish it from ordinary water, 

or water I) was determined by immersing a fused·quartz capillary containing a sample of 

the substance in a liquid whose index o f  refraction is  identical with that of quartz.  From the 

position of the focus at  which parallel l i ght rays are collected after refraction at  the bound· 

ary of the column with the walls of the capillary it was possible to determine that the in· 

dex of refraction of w ater II is equal to about 1 .48 to 1 .49 ; the value for pure water i s  1 .33 .  

from the wall by the film that forms 
from the condensation of the vapors of 
water and of other liquids . In order to 
disprove this conjecture, Fedyakin and 
I ,  in collaboration with our colleague 
M. V. Talaev, set up experiments to 
obtain anomalous columns in wider 
quartz capillaries in the absence of air or 
any contaminating gas [see bottom illus
tration on page 60] .  This reduced the 
influence of the leaching-out process to 
almost zero for several reasons. In the 
first place, fused quartz glass is the most 
s table of walls ,  dissolving in water very 
slowly in amounts not larger than .02 
percent .  In the second place, although 
the saturation of columns by leaching 
products cannot  be achieved in wider 
capillaries ( those with a diameter of up 
to 100 microns) during a time of the or
der of an hour, an experiment in vacuum 
made it possible to shorten the time for 
the appearance of columns of appreci
able length to such a period. Having 
verified that the phenomena cannot be 
attributed to a trivial cause, we now 
found that the observations in wide 
quartz capillaries, however, presented a 
number of new questions. 

The original similarity of the thermal 
expansion of anomalous columns and 
columns in ultrathin capillaries gave us 
reason to conjecture that in the anoma
lous columns the liquid, under the in
fluence of the surface of the wall, exis ts 
in a boundary-phase s tate that exceeds 
its equilibrium thickness-in short, the 
same phenomenon that was observed by 
us in the case of superheated films of 
nitrobenzene. Here it is appropriate 
to recall some remarkable observations 
published as long ago as 1937 by D. H .  
Ban gham and his collaborators concern-
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ing the formation of thin liquid layers 
with abnormal properties on a surface of 
freshly cleaved mica exposed to a jet of 
supersaturated vapors . The abnormality 
was evident because drops of the same 
liquid did not spread over a film of the 
condensate [see top illustration on pre
ceding page] . In Bangham's experi
ments, however, there were no indica
tions of a decreased pressure of the va
pors of the layers ; rather the contrary 
was true. Against the analogy with 
boundary layers nitrobenzene films are 
able to superheat and consequently to 
maintain their increase in comparison 
with the equilibrium thickness only for a 
short time, and then not by much. Mean
while the anomalous columns might pre
serve their different properties for an in
definitely long period even in capillaries 
with radii of the order of several tens of 
microns. 

Thus the puzzle obviously required a 
different answer. This answer finally be
came clear after the behavior of the 
change in the length of the anomalous 
columns of water was s tudied at nega
tive temperatures and in connection with 
a change in the vapor pressure of the 
water around them. In these and subse
quent investigations of the anomalous 
columns of water, carried out under the 
joint direction of N. V.  Churaev and my
self, it was learned that under constant 
pressure of the vapors around capillaries 
containing the anomalous columns their 
length, after changing for a while, final
ly settled at a certain equilibrium value. 
If the vapor pressure was changed after 
this, then a new length of the column 
was established during a time interval 
that was longer the longer the length of 
the column;  the new length was smaller 

or larger depending on whether the 
pressure of the water vapor was de
creased or increased . Such behavior 
clearly indicated that the anomalous col
umns contain some slightly volatile sub
s tance that is soluble in water. When the 
anomalous column contracts, the con
centration of this substance increases, 
and accordingly the vapor pressure of 
the solution falls, eventually establish
ing equilibrium with the surrounding at
mosphere. 

This explanation was soon confirmed 
by the measurements of B. V. Zhelez
nyi of our laboratory, who plotted the 
change in the length of the water col
umns at negative temperatures [see bot
tom illustration on preceding page] . The 
curve showing the behavior of normal 
water has a minimum volume at 4 de
grees C. Below zero degrees C. normal 
water does not freeze immediately, re
maining in a supercooled s tate and con
tinuing to expand as the temperature is 
lowered. At a certain temperature it 
changes to ice; on heating the column 
melts and abruptly contracts precisely at 
zero degrees C. 

Columns of water obtained by the 
condensation of water vapor behave 
quite differently. For them the minimum 
of the length shifts to the left. The abrupt 
change of length on freezing is smaller 
and a gradual decrease of the length is 
observed on heating in a certain tem
perature range. The loop of changes is 
closed at a certain negative temperature. 
The pronounced difference in the be
havior of the anomalous columns ap
pears in the fact that the jump in the 
expansion is accompanied by the ap
pearance of turbidity in the column.  
After further heating it  becomes clear 
that the contents consist of droplike in
clusions with a smaller index of refrac
tion than that of the remaining liquid. 
vVith an increase of the temperature the 
number and dimensions of the inclusions 
decrease-as if they were melting away. 
Indeed, they were found to be particles 
of pure ice. Because it  is in an environ
ment of anomalous water, however, the 
last icicle melts at  a certain temperature 
below zero . 

Various other curves in the bottom il
lustration on the preceding page corre
spond to columns in which the concen
tration of the anomalous component is 
raised to a different extent by maintain
ing the capillaries in an increasingly 
drier atmosphere. The higher the con
centration of the "carriers of anomalous
ness" is, the more the loop on the expan
sion diagram differs from the loop for 
pure water. 

Finally, one curve was obtained after 
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prolonged exposure of the initial column 
to a vacuum . This led to evaporation of 
the normal water .  As a result neither 
turbidity nor a jumplike change of the 
expansion sets in at  any temperature ; in 
o ther words, ice cannot be frozen out be
cause of the absence of normal.  

The Water- I I  Hyp o th esis  

The curve of monotonic contraction 
associated with cooling shows a sharp 
bend at a temperature around - 45 to 
-50 degrees C., becoming almost hori
zontal. Such behavior is characteristic of 
all liquids that do not cry

'
stallize on cool

ing and, as a consequence of an enor
mous increase in the viscosity, change 
into a glasslike state (examples are borax, 
glycerin and tar) . The totality of factors 
that  have been -discussed cannot be ex
plained just by singularities in the struc
ture of the anomalous columns . The ini
tial reason for their remarkable behavior 
must be sought in the formation of 
molecular complexes with the structure 
(H�O),, ,  resulting from the condensation 
of water vapor on glass or fused-quartz 
surfaces .  After evaporation of the ordi
nary molecules of H�O only these com
plexes remain, forming what we shall for 
the sake of brevity call water II .  Thus 
the columns that result from the conden
sation of vapors in capillaries consist of 
solutions of water II in water I .  

I t  i s  a natural desire t o  determine the 
basic properties of water I I .  The index 
of refraction, the easiest of all to de
termine, is measured by the following 
approach . A capillary is placed in an im
mersion liquid whose index of refraction 
is identical with that of fused quartz 
[see illustration on opposite page] .  From 
the position of the focus at which parallel 
beams are collected after refraction at 
the boundary of the column with the 
walls of the capillary, one can determine 
that the index of refraction for water II  is 
equal to about 1.48 to 1 .49.  When water 
II is diluted with water I ,  this value 
drops to the value for pure water, 1 .33 .  

I t  turned out to be somewhat more 
complicated to measure the density of 
water II. In view of the fact that in the 
best case the column of water II had a 
mass of only one microgram, it was im
possible to determine the density by 
dividing the weight by the volume.  
Therefore D .  S .  Lychnikov, K.  M .  Mer
zhanov and Ya. I Rabinovich of our labo
ratory applied a method based on one of 
the oldest laws of physics : Archimedes' 
principle . For this purpose the water col
umns were pushed out of the capillary 
and placed in a vertical density-gradient 
tube containing an inhomogeneous mix-

ture of carbon tetrachloride and vaseline 
oil [see illustration at right ] . �Ieasuring 
from the bottom up, the concentration of 
vaseline oil increased from 0 to 100 per
cent, as a consequence of which the den
sity of the mixture varied over a wide 
range . A falling drop of a solution of wa
ter II in water I comes to rest in a short 
time at the level where the density of the 
mixture is equal to the density of the 
drop. Knowing the density of the mix
ture in the tube at various heights, i t  was 
possible to determine the density of the 
drop. The density measured in this way 
turned out to be different depending on 
the concentration of water II ,  varying 
from 1 to 1 .2. (Drops with higher con
centrations of water II  and correspond
ingly with higher densities possess such 
high viscosities that it was not possible 
to force them out of the capillary. )  

After the apparent halt of the drop its 
fall did not stop completely but only 
slowed down abruptly. This second 
stage of the sinking is explained by the 
fact that molecules of water I are slowly 
extracted from the drop, passing into the 
surrounding mixture in which water is 
s lightly soluble. The resulting increase 
in the concentration of water II in the 
drop increases its density, which there
fore causes a further sinking. All the 
drops sank to a level where the density 
was equal to 1 .4 ,  which is equal to the 
denSity of pure water I I .  

The  close relation between the mea
surements of the denSity and the index 
of refraction of water II proves that the 
increase in the refractivity of water II in 
comparison with that of water I can be 
completely attributed to an increase in 
the number of water molecules per unit 
volume, without  making any assump
tions about a substantial change in the 
refractivity of the molecules themselves . 
This implies that the forces that govern 
the formation of the polymer complexes 
(H�O) II of the molecules and that act 
between the molecules and the atoms of 
these complexes are not so strong as to 
deform their electron shells enough to 
substantially change their refractivity. 
Similarly, when water vapor passes into 
the liquid or crystalli�1e s tate, the molec
ular refraction changes very little, in 
spite of the forces of hydrogen bonding. 

The important question arises : Just 
how stable are the polymer molecules of 
water II, and what are the forces respon
sible for their stability? The experiments 
by Rabinovich and Talaev gave an an
swer to the first question; these experi
ments involved the distillation of col
umns of anomalous water from one end 
of a capillary to the other [see top illus
tration on next page ] . If the initial col-

umn is heated to a temperature tha t  does 
not exceed 50 to 80 degrees C . ,  then as a 
consequence of the nonvolatile nature of 
water II  at this temperature its concen
tration in the column will increase and 
the condensate will be pure water. By 
this method one can separate water II 
from water I ,  having determined its 
gravimetric concentration.  

vVith an increase of the temperature 
above 150 degrees C . ,  water II  also be
gins to be distilled. At a temperature of 
300 degrees C .  the distillation is com-

• 

• 

• 

CAP i l lARY 
C O N TA I N I N G  SAMPLE  

D E N S I TY - G R A D I E N T  
COlU M ,\!  

DENSITY o f  water II  was determined by 

pushing drops of the sample out of  the 

capillary into a density-gradient column 

containing an inhomogeneous mixture of 

carbon tetrachloride and vaseline oil .  The 

falling drop comes to rest  in a short  t ime 

at the level  where the density o f  the mixture 
i s  equal to the density of  the drop. The 

density measured in this way varies de

pending on the concentration of water II in 

the drop. All  the drops eventually sink to 
a level  where the density is  1 .4, which is  

taken to be the density of pure water  II.  
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pIe ted rather quickly. The condensate 
possesses approximately the same prop
elties as it  does in the initial column.  
Thus one can conclude that the  mole
cules of water II are not destroyed by 
evaporation and distillation ; otherwise 
the properties of the condensate would 
be closer to the properties of nOlmal 
water than to the properties of the initial 
column.  

Distillation through a thermal barrier 
(a  zone in which the capillary is heated 
from the outside by a spiral of wire) is 
even more convincing in this respect. 
When the temperature of the barrier ex
ceeded 700 to 800 degrees C ., the con
densate lost all differences from normal 
water. From this finding it follows that 
a t  this temperature the polymer com
plexes are broken up. Moreover, under 
the conditions of the experiment de
scribed, even if the condensation of wa
ter vapors not containing any molecules 
of water II leads to a new formation of 
water II, it does so in amounts that are 
much smaller than they are in the initial 
column.  Thus the preservation of the 
properties of the initial column during 
its distillation through a barrier with 
a lower temperature is unambiguous ; 
without any doubt it proves the exis
tence of the passage into vapor and the 
presence in the vapor of all the molecules 
of water II of the initial column. The 
possibility of their creeping along the 
capillary walls is also disproved both by 
experiments with a moderate thermal 
barrier, through which the surface films 
of course cannot creep, and by experi-

ments involving distillation from one 
capillary to another [ see bott01n illustra
tion below J .  

vVe therefore carefully considered the 
question of the distillation of columns 
for two reasons .  First, this process makes 
it possible to combine columns ori ginally 
obtained in many smaller capillaries in 
one larger capillary. In the second place, 
in  spite of the clearness and overall 
validity of the conclusion about the pres
ence of polymer molecules in the vapor 
of water II, it has been stated that the 
molecular weight of this vapor is 1 8, the 
molecular weight of ordinary water. This 
statement is based on the fact that the 
mass spectrometric method has not yet 
been able to observe particles with 
higher molecular weigh ts . Since such 
particles in actual fact do exis t, the rea
son for the apparent contradiction should 
be sought in the special properties of the 
mass spectrometric method; in particular 
one can assume that under the impact 
of the electrons on the molecules of wa
ter II, which is necessary in order to 
charge the lat ter in the mass spectrome
ter, these molecules are immediately 
broken down into ordinary molecules of 
H20.  

Skep tic ism Concerning Water  I I  

The first publications of  the  work on 
the production and analYSis of the prop
elties of water II and its solutions in 
water I were met by many with numer
ous reservations and even with a large 
amount of skepticism : the results of the 

E VA P O R AT I O N  T H E R M A L  BA R R I E R  C O N O E N SAT I O N  

DISTILLATION o f  a column of  water II through a thermal barrier from o n e  e n d  o f  a 

eapillary to the other was used to test the st abil ity of the polymer m olecules of water n. 
Below 700 t o  800 degrees C .  the conden sate h a s  approximately the same propert ies as  the 

initial column. A t  h i gher temperatures the conden sate loses all  differences from normal wa
ter_  Hence it was concluded that the polymer complexes break u p  i n  this temperature range_  

EVA PORAT I O N  C O N O E N SAT I O N  

FURTHER PROOF that t h e  molecules o f  waler II a r e  conveyed uJl('hanged by t h e  distilla

tion process from the evaporated c olumn to  the condensed column was prov ided by this 

experiment, carried out in the author's laboratory. By dist ill ing the columns from one capil
lary to another the possib i lity that the films creep along the capillary walls was disproved. 
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investigations were too unusual and the 
conclusions based on the results were 
too contradictory to curren t views . It 
would have been easier to become recon
ciled to the conclusions if the situation 
had not involved water. Surely, it must 
have seemed to some, water has been so 
well investigated that one should not 
expect such surprises from it .  

At the same time all  the objections 
raised could be reduced to attempts to 
explain the properties of water II as 
being a result of the presence of foreign 
impuri ties in it. The shortcoming of all 
these attempts is that by explaining only 
part of the facts they ignore those facts 
that con tradict the hypothesis of con tam
inants . The only acceptable explanation 
is one that does not contradict a single 
one of the total set of facts . Many critics, 
without even attempting to explain the 
properties of anomalous water, were sat
isfied by only the single statement that 
in this or the other sample of it  impuri
ties were observed. 

Let us consider the reasons, based on 
a thorough analysis of the facts, that 
make it impossible to explain the proper
ties of water II and of o ther modified 
liquids by the existence of impuri ties . 
First of all, this assumption contradicts 
the observed fact that the change in the 
properties of the liquid takes place only 
under the speCific conditions of conden
sation of its vapors on a fused-quartz sur
face at low temperatures and can never 
be achieved by the introduction into the 
same capillaries of water in liquid form 
even under conditions of prolonged con
tact at temperatures of up to 400 degrees 
C. Even after long con tact with the high
ly extended surface of powders of silica 
gel at an elevated temperature, water 
did not change substantially and its 
properties were stable. In other words, 
in these cases one can observe only those 
temporary, reversible changes of the 
properties in layers near the surface of 
the particles of silica gel that were dis
cussed at the beginning of this article. 

The second proof consists in the fact 
that heating the vapors of water II up to 
temperatures of the order of 800 to 900 
degrees C. leads to the result that after 
their condensation a liquid is obtained 
that has all the properties of ordinary 
water. 

In addition there exist a number of 
proofs of an analytic nature. Thus we 
have been able to show in our laboratory 
that when water II is prepared in com
pletely sealed, blown-glass apparatus 
without any joints or s topcocks and with 
protection (by means of two traps con
taining liquid ni trogen) against the en
trance of oil vapors from the pump, all 
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Or ,  for  that matter ,  i s  Los 
A n g e l e s ?  Or C h i ca g o ?  Or P h i l a 
d e l p h i a ?  O r  D a l l a s ?  

O r  any o t h e r  c i ty g ro p i n g  i t s  
w a y  to an u n i n h a b i t a b l e  a n a c h 
ro n i s m .  

A c u r i o u s  s i tuat ion  h a s  d e 
ve loped i n  A m e r i c a .  E i g hty p e r  
c e n t  of t h e  p e o p l e  i n  t h i s  cou ntry 
l i ve on less  t h a n  ten per  cent  of 
the l a n d  area.  

T h e re used to be a good 
reaso n for  t h i s .  

A t  the t i m e  of the i n d ustr ia l  
rev o l u t i o n ,  w e  c o n g r e g a t e d  i n  
c i t i e s  because that 's  w h e re t h e  
s o u rces of e n ergy w e r e .  Coa l .  
Wate r .  E l ectr i c i ty .  

And o u r  c o m m u n i c a t i o n s  
n etwo rk was s o  l i m ited that  we 
had to be in c l ose p roxi m i ty to 
e a c h  o t h e r  f o r  b u s i n e s s  a n d  
s o c i a l  p u rposes.  

N o  m o re .  
T h e re a r e  n o  l o n g e r  a n y  

good reasons t o  cont i n u e  t h i s  
n o p e l es s l y  o u t m o d e d  l i fe sty l e .  

W i t h  t h e  advent of t h e  w h o l e  
s p e c t r u m  of new com m u n i cat i o n s  
avai l a b l e  to u s  ( w i d e - b a n d  c o m 

m u n i cat i o n s ,  laser  beams) , w e  
w i l l  h ave t h e  o p p o rt u n i ty to l i ve 
i n  s i g n i f icant ly  less  dense p o p u 
l a t i o n  centers .  

Th is  i s  n o  id le  proph ecy.  
T h e  concept i s  q u i te  rea l i st i c  

and we l l  w i th i n  t h e  b o u n d s  of e n -

g i n e e r i n g  capa b i l i t i es w h i c h  w e  
a l ready have.  

Not  on ly d o  we h ave the  too ls  
t o  p ro v i d e  t h e  m e a n s  for  new 
sty les  i n  human sett l ements ,  but  
a lso to rebu i l d ,  i n  a soc i o l o g i ca l  
sense ,  t h e  c rowded i n n e r  core o f  
o u r  major  c i t i e s .  

The c o m b i n at i o n  of i n terna
t ional  sate l l i tes a n d  cable w i l l  pro
vide t h e  means of b r i n g i n g  i n d i 
v i d u a l s  a l l  t h e  i nformat ion they 
need o r  want w i thout  i nterfere n c e  
o r  contro l .  

A n d  wi thout  t h e  need t o  b e  
i n  a n y  spec i f ic  p l ac e .  

(Th i n k  for  a m o m e n t  a b o u t  
the Apo l l o  1 1  moon l a n d i n g  i n  
J u ly ,  1 969.  5 0 0  m i l l i o n  peo p l e  
arou n d  t h e  w o r l d  s a w ,  v i a  te lev i 
s ion ,  precisely the same thing at  
the same time. Being i n  New York 
o r  Los A n g e l e s  he ld  n o  advan
tage over  be ing i n  Keo k u k  o r  
H a r r i s b u rg . )  

H i s t o r i c a l l y ,  w e ' v e  b e e n  
preocc u p i ed wi th  m o v i n g  p e o p l e  
a n d  obj ects.  T h u s ,  o u r  i n t r i cate 
n etwo rk of h i g hways a n d  ra i l 
roads a n d  a i r l i nes  - a l l  o f  w h i c h  
h ave b e c o m e  e n o r m o u s l y  i n ef
f i c i e n t  ( n o t  i n h e re n t l y ,  b u t  i n  
a p p l i cat i o n )  . 

T h e  future  wi l l  see us movi n g  

IS N 

information, not ,  by necessi ty ,  
people a n d  t h i n g s .  

You r  h o m e  w i l l  be t h e  a b 
so l ute c e n t e r  o f  yo u r  l i fe .  

You w i l l  work from home,  
s h o p  f rom h o m e ,  " v i s i t "  w i t h  
fam i l y  a n d  f r i e n d s  from h o m e ,  
rece i ve i n  yo u r  h o m e  any i n t e l 
lectua l  o r  c u l tu ral  a c h i evement  
known to man.  

Fantast i c ,  yes.  Fantasy ,  no .  
I t  i s  q u i te w i th i n  reason to  

expect  t h e s e  c h a n g e s  b y  t h e  
1 980 's .  

I f  we want them.  
I f  we want  to c h a n g e .  I f  we 

want a bette r l i fe for  o u rs e l ves.  
Tec h n o logy has  advanced to 

s u c h  an extent ,  t h at man is now,  
l i tera l ly ,  capable of c h a n g i n g  h i s  
w o r l d .  

Y e t ,  t o d a y ,  a c e rta i n  g a p  has 
deve l oped betwee n  t h e  pote n t i a l  
of tec h n o logy a n d  i ts use by m a n 
k i n d .  

T h e re i s  an  o b v i o u s  contra
d i ct i o n  i n  a method w h i c h  can 
l a n d  a m a n  o n  t h e  m o o n ,  yet to l 
e rates,  perhaps even acce pts as 
i n evi ta b l e ,  pove rty and i g n orance 
h e re o n  earth . 

T h e re is a contrad i c t i o n  i n  a 
method w h i c h  affo rds t h e  best of 
everyt h i n g  for  some, a n d  n ext to 
noth i n g  for  others .  

So we m u st ,  i n  a sense,  catch 
u p  w i th  t h e  tech n o l o g i ca l  poten 
t i a l  a n d  a p p l y  i t  f o r  t h e  benef i t  o f  
a l l  m a n k i n d .  

A l l  we need sacr i f ice a r e  t h e  
a n t i q u ated work pract ices a n d  
o u r  a n a c h ro n i st i c  t rad i t i o n s .  

At R C A ,  th rou g h  research 
a n d  product deve l o p m ent ,  we are 
c o m m itted to c l o s i n g  t h e  tech
n o l ogy g a p  a n d  c a n ce l l i n g  the 
contrad i c t i o n s .  

T h i s  i s  t h e  age of t h e  e n g i 
neer .  Nobody u n d e rsta n d s  t h i s  
better than RCA.  

I f  you ' re a n  e n g i n eer ,  sc ien
t is t  o r  system s  programmer ,  and 
want to be part of  R C A ' s  v is ion  of 
the futu re ,  we i nv i te  i n q u i r i e s .  

I f  y o u  a r e  i n t e re s t e d  i n  a 
c o m p re h e n s i v e  i n d ex of o v e r  
1 1 00 tec h n i ca l  papers p u b l i s h ed 
by RCA s c i e n t i sts a n d  e n g i n eers 
d u r i n g  1 969,  l et u s  know. 

Write to :  M r. A .  C .  B e n n ett ,  
RCA, B l d g .  2-2, C a m d e n ,  New 
J e rsey 081 02.  We are a n  equal  
opportun ity e m p l oyer. 

ROil 
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"Pol a ro i d "  a n d  "Polacolor"® 

Even Polaroid 
hasn't found out all it can do. 

Q u a rtz c rys t a l  o n  py r i t e .  
Po l a c o l o r  Type 5 8  (i l m .  

Photo m i crograph , c rysta ls  under  p o l a rized 
l i ght .  Polacol o r  Type 58 (i l m .  

B i o l ogy study s l ide,  con t i n uo u s  tone.  
Type 46L proj ect ion (i l m .  

Copy o( f ingerp r i n t  record (nega t i ve) . 
Type 55 Pos i t ive/ N ega t i ve (i l m .  

Copy o( X-ray w i t h  i sotope scan ove r l ay. 
Type 1 07, 3000-speed ( i l m .  

ESSENTIAL HYPERTENSION-GROUP 3 

S l i d e  (or presentat ion,  h i g h  c o n t rast .  
Type 146L p roject ion fi l m .  

Handwri t i n g  s tudy (o r l ega l i nvest i g a t i o n .  
Polaco l o r  Type 58 (i l m .  

S t ress ana lys i s  u n d e r  p o l a r i zed l i g h t .  
Polaco l o r  Type 5 8  fi l m .  

The M P-3 M u l t i p u rpose Camera u ses 1 4  d i fferent  Po l a ro i d 

la n d  fi l m s  fo r p i ctu res o n  the spot ( p l u s  most wet-p rocess 

fi l ms) ; 5 i n te rch a n geab le  l e n s  and s h u tter co m b i n a t i o n s ;  a n d  

ch a n gea b l e  backs f o r  a va r i ety of fi l m  s izes.  

Macrophotograph,  bacte r i a  c u l t u re .  
Po laco l o r  Type 1 08 (i l m .  

I nstant  screened p r i n t  (or p r i n t i n g  
reprodu c t i o n .  Type 5 1  h i gh contrast ( i l m .  

Perforated u l ce r  o( t h e  s tomach.  
Polaco l o r  Type 58 fi l m .  

Diode (ractu res, (or QC repo r t .  
Polaco l o r  T y p e  1 08 (i l m .  

Co i n s ,  circa 1 00 A . D . ,  cata l o g  i l l us t rat ion.  
Palaeo l o r  Type 1 08 (i l m .  

Macrophotograph i c  sect i o n  o f  bat tery 
g r i d . Polaco l o r  Type 58 (i l m .  

Macrophotogra p h ,  i nsect m o u t h  s t ructu re. 
Polaco l o r  Type 58 ( i l m .  

We've shown only a few of i ts u ses.  But  fo r m o re i nforma

t i o n ,  o r  a d e m o n strat i on,  wr i te to : P o l a ro i d  Corporati on,  

I n d u st r i a l  Ma rket i n g, Dept .  57-1 71 , Camb ridge, Mass .  021 39. 
I f  you fi n d  a b ra n d  n ew u se, we won't be a bit s u rp r i sed.  
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We make the mlcrophonet. too. 

So, if you pu rchase, operate, or use public add ress and audio-visual systems, 
either vocationally or  avocational ly; Shure microphones and related ci rcuitry 
products can take many headaches out of your job. M odestly speaki ng, we 
are i nternational ly known for our  problem-solvi ng microphones. Less well 
known, perhaps, is the fact that we've developed an entire a rray of i n genious, 
low-cost public-add ress circuitry products to solve dozens of pesky p rob
lems. These i nclude nearly a dozen different modular,  add-on microphone 
mixers . . . an Audio Control Center that actually matches audio response 
to the room acoustics . . .  an effective Audio Level Controller . . . and plug-in 
problem-solvers to cure al l  sorts of knotty 

I
_ 

problems-i nstantly. Write : Shure B rothers 
I nc.,  222 Ha rtrey Ave.,  Evanston, I I I .  60204. � 
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indications of the presence inside the 
quartz capillaries of carbon atoms in the 
columns of modified water vanish . In this 
experiment, conducted by members of 
our group in collaboration with V.  L .  
Talrose of the Institute of Chemical 
Physics of the U .S . S .R .  Academy, an oxi
dizin g method of analysis was used on 
the carbon ; i t  involved estimating the 
mass of the carbon dioxide that was pro
duced. Taking the sensitivity of the 
method into consideration, one can state 
that the amount of organic compounds 
one can consider probable in the col
umns of water is much smaller than the 
amount necessary to explain the marked 
differences from normal water. 

The conclusion that follows from our 
determinations of the surface tension of 
these columns based on measurements of 
the capillary pressure of the meniscus 
(which is proportional to the surface ten
sion) is even more categorical [see top 
illustration at right] .  I t was shown tha t in 
columns containing a concentration of 
water II on the order of 20 percent (per 
weight) the surface tension increased by 
3 percent .  Under the maximum possible 
concentrations that follow from an analy
sis of the carbon content, i t  is impossible 
to ascribe such an increase to any of the 
known organic substances.  Thus large 
amounts of these compounds are not ob
served, and small amounts are not ade
quate to explain the increased value of 
the surface tension in columns of modi
fied water. 

The increase of the surface tension of 
water I with increasing concentration of 
water II in it, which we have observed, 
makes it  possible to explain one effect 
that at first appeared to be very puz
zling. According to observations made 
by Zakhavaeva in our laboratory, if a 
column of a solution of water I I  in water 
I exists close to one of the two open ends 
of a capillary placed in an atmosphere of 
unsaturated water vapor, then the col
umn begins to move even closer to that 
end [see bottom illustration at Tight] . 
Gradually gaining velocity as a result of 
its inertia, the column sometimes springs 
out of the capillary. Apparently this 
strange phenomenon is explained by the 
fact that the evaporation of water I from 
the meniscus nearer the end of the capil
lary is more in tense the closer it is to the 
end of the capillary; this increases the 
surface concentration of water II and 
consequently also increases the surface 
tension . As a result the surface tension of 
the nearer meniscus exceeds the surface 
tension of the farther meniscus, thereby 
setting the column in motion. In a sim
ilar manner one can explain the ability 
of films of anomalous water to creep 

l V I EIV E R

J 
�� .-, f'vI E N I SC U S  � _______ .... 

SURF A C E  TENSION of columns of water I containing varying amounts of water II in solu

tion was determined by measuring the capillary pressure of the meniscus. It was found that 

the surface tension of the columns increased with increasing concentration of water II. 

SPONT ANEOUS MOTION of a column consisting of a soluti on o f  water II in water I 

was observed to take place when the column is close to one of the two open ends of a cap

illary placed in an atmosphere of saturated water vapor. The column moves with increasi n g  

velocity toward t h e  closer end, sometimes springing o u t  of t h e  capillary. T h e  evaporation of 

water I from the meniscus nearer the end of the capillary apparently is  more intensive the 

closer it -is to  the end of the capillary. This i n creases the surface concentration of  water II,  
and consequently also increases the surface tension, thereby setting the column in motion. 

along a wall in the direction of decreas
ing moisture content of the air. 

As for inorganic compounds, some im
pOl·tant data have been obtained by 
workers in the U .S .  by the method of 
spectral-emission analysis and by an 
"electron probe" method in which water 
II is placed in an electron beam and the 
spectrum of X rays resulting from the 
electron bombardment is recorded. Us
ing the latter method, Ellis R .  Lippin
cott and his collaborators at the Univer
sity of Maryland and the National Bu
reau of Standards did not observe the 
presence of foreign atoms in the amounts 
that are necessary to explain the pro
nounced differences of the properties of 
water II from those of normal water. In 
particular, the necessary amounts of 
silicon atoms that might be extracted 
from the walls of the capillaries were not 
observed. 

Besides such negative evidence, posi
tive indications of the presence of water 
II  were found. The most important piece 
of evidence in this category is the con
stancy of the properties of water II pro
duced in different laboratories in a num
ber of countries . Everywhere a liquid is 
obtained with a density of 1 .4, an index 
of refraction between 1 .48 and 1 .49 and 
a unique absorption spectrum in the in
frared part of the spectrum. 

Finally, we have been able to show 
that water II in solution in water I has a 
definite molecular weight that is ap
proximately 10 times larger than the 

molecular weight  of ordinary water. Two 
methods were applied in order to mea
sure the molecular weight.  One is based 
on measuring the reduction of the vapor 
pressure of water I on a solution contain
ing a known amount of water II  in water 
I; in this case the molecular weight is in
versely proportional to the reduction of 
the vapor pressure .  The second method 
is based on a reduction, in comparison 
with the normal melting temperature of 
ice, of the temperature at which the last 
crystals of ice I vanish on heating a 
column containing a solution of a given 
concentration of water II in water I that 
was frozen in advance and hence sepa
rated into two phases. 

Bo th methods gave similar values for 
the molecular weight of water I I :  ap
proximately 1 80 .  Repeated determina
tions of the molecular weight for col
umns of anomalous water, obtained un
der various conditions and in different 
apparatuses, gave materially concordant 
results . 

All of this suggests that the proper 
target for skepticism must be the belief 
that the substance we call water II ,  
which possesses such definite properties, 
is some kind of foreign substance, which 
for some reason nobody up to now has 
been able to name, and which is pro
duced even under highly controlled con
ditions. This ubiqUitous but impercep
tible and unknowable contamination col
lects precisely and only on the condensa
tion of water vapors . \\Then it proceeds 
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by the condensation of vapors of, say, 
methyl alcohol, then another contami
nant supposedly collects with entirely 
different properties and with a complete
ly different spectrum . 

Obviously, when the total collection 
of accumulated facts is considered, it be
comes clear that water II cannot consist 
of anything except water. 

Gai ning Wider Accep tance 

The skeptical attitude taken at first 
toward the existence of water II by many 
workers, particularly in the U .S . ,  began 
to change after the results of investiga
tions of the infrared absorption spectrum 
of modified water appeared . These anal
yses were first performed by L . J. Bel
lamy and Lippincott and were continued 
by Lippincott and various colleagues, 
working with pure water II  prepared by 
Robert R. S tromberg and his associates 
at the Nation al Bureau of Standards . It 
was this group that coined the term 
"polywater" for the substance under in
vestigation .  According to Lippincott, the 
British crys tallographer J .  D .  Bernal had 
a considerable influence on the setting 
up of these investigations. 

At present many laboratories in the 
U .S . , Bri tain and Belgium are busy with 
investigations of persistent changes in 
the properties of water and of other liq
uids accompanying a condensation of 
their vapors. The first work that partially 
confirmed our original findings was done 
by B .  A .  Pethica and his collaborators at 
the Unilever Research Laboratory in 

Bri tain . Having obtained what appeared 
to be columns of water containing a very 
low concentration of water II in water I ,  
Pethica was  unable to  observe either the 
characteristic infrared absorption lines of 
water II or changes in the infrared spec
trum of the "solvent ."  

In later work by Lippincott's group 
the basic results of our work were com
pletely confirmed. In addition to the 
liquids investigated by Fedyftkin, i t  was 
shown that persistent changes of various 
properties are also observed for formic 
acid. No less important was the confir
mation of the existence of a symmetric, 
short hydrogen bond between two oxy
gen atoms, which was obtained by a 
number of theoreticians in the U . S .  us
ing the calculational methods of quan
tum chemistry. Their calculations con
firmed Lippincott's suggestion that a 
s tructure with oxygen atoms at the cor
ners of a planar hexagon has particular 
stability [ see illustration below J .  

Nonetheless ,  a number of unexplained 
questions remain . Of these the major one 
is: What kind of mechanisms lead to the 
appearance of molecules of water I I  
when vapors of water I condense on a 
surface of fused quartz or glass? It is ob
vious that here one must talk about a 
new type of condensation catalYSiS, since 
contact of liqUid water with the same 
surfaces does not lead to persistent 
changes .  At the same time,  the specific 
role of the surface is evident from the 
fact that when water vapors condense on 
a surface of quartz or glass that is al
ready covered by a film of ordinary wa-

ter, water II does not appear. On the 
other hand, ,vater I I  does appear on sur
faces covered by adsorption films of wa
ter about one molecule thick. Apparent
ly the catalytic action of the surface is 
transmitted through the adsorption layer . 

The yield of molecules of water II 
during the time of formation of an anom
alous column in capillaries with diame
ters of up to 100 microns (a time some
times of the order of hours) corresponds 
to a layer of molecules of water II up to 
100 or more angstroms thick . Therefore 
the surface of glass or fused quartz ei
ther has a very large radius of catalytic 
action or else the molecules of water II 
formed near it are able by thermal mo
tion to yield their posi tion to molecules 
of water I ,  which in turn have the pos
sibility of being polymerized into mole
cules of water II. Here, however, we 
enter on a path of guesses and hypothe
ses, the choice among which will belong 
to experiment. 

Some Remai n i n g  Quest i ons 

In conclusion I wish to answer a ques
tion that is often addressed to my col
leagues and me: Why was water I I  not 
found earlier in the laboratory (since the 
technique for obtaining it is based main
ly on the perseverance of the experi
menter but not on complicated modern 
apparatus) or in nature (since during in
vestigations of the isotopic composition 
of natural water, for example, the den
sity is measured with great accuracy)? 

One can answer the first half of the 

TWO HYPOTHETICAL STRUCTURES for "polywater" were pro
posed in 1969 by Ellis R.  Lippincott and his  co-workers at the Uni

versity of  Maryland and the National Bureau of  Standards_ At left 

is  a network of hexagonal units ; at right is a highly branched 

polymer chain. B oth arrangements are based o n  Lippincott's sug
gestion that a structure with oxygen atoms at the corner o f  a planar 

hexa gon possesses particular stability_ Many other possible struc

tures have since been put forward by a number o f  investi gators. 
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question by saying that water II might 
very well have been discovered much 
earlier if there had not been a tendency 
to ignore it because it did not fit into the 
generally accepted scheme of views, and 
if it were not for the strong, unverified 
prejudice that everything could be ex
plained by impurities. Actually as long 
ago as 1928 the American investigator 
S. L. Shereshefsky observed that the 
condensation of vapors of water and of 
certain other liquids in glass capillaries 
takes place under vapor pressures that 
are smaller than should correspond to 
the behavior of a normal liquid.  The 
Russian worker K. V.  Chmutov arrived 
at a similar conclusion in 1946 by ob
serving the formation between plane and 
convex surfaces of glass of a liquid ring 
associated with the condensation of 
vapors . 

These experiments were not extended 
because it  did not occur to anyone to ex
plain them other than by a reduction of 
the vapor pressure due to contaminants . 
The discovery of water II makes it possi
ble to explain the experiments associated 
with the condensation of water by the 
appearance of water II, which decreases 
the vapor pressure of water. 

To the second part of the question one 
can answer that before natural water is 
examined by precision methods it  is cus
tomarily purified by distilling it at 1 00 
degrees C .  Since the molecules of water 
I I  are not volatile at that temperature, 
they remained with the "impurities" and 
did not come under investigation . Thus 
the question of the existence of water II 
in nature remains open . 

The Russian astrophysiCist O .  B. Va
sil'ev has expressed the hypothesis that 
the noctilucent clouds consist of drops 
of water II, which in contrast to drops of 
water I may remain at a height of 90 
kilometers without being evaporated and 
without crystallizing. Again the final 
proof must be supplied by direct experi
ment or observation. An even bolder hy
pothesis has been put forward by the 
American astrophysicist F. J. Donahoe, 
who has suggested the possibility that on 
Venus water exists mainly in the form of 
water I I .  The question of the role of 
water II in living organisms and plant 
tissues is of no less interest. 

But here, following the example of 
Scheherazade, who invariably lapsed 
into silence at the most interesting place 
in her story, it is appropriate to end in 
the certainty that continued investiga
tions of the properties of liquids will lead 
not only to universal acceptance of the 
reality of water II but also to the discov
ery of new and even more surprising 
phenomena. 

Will you fumble with the camera 
whi le they fumble with the bal l? 

N ot with the M i nolta SR-T 1 0 1 . Everyth ing you need 
i s  in the viewf i nder .  Pi ctu re sha rpness, lens ope n i ng ,  
sh utter speed-a l l  can be adjusted without looking away.  

And noth ing gets lost i n  the shadows because 
M i n olta's patented "CLC" meter ing syste m 
a utomat ica l ly com pensates for u neven l ight.  

Ava i lable with f/ 1 .7 ,  fl l .4 or f/ 1 .2 Rokkor meter
coup led lens from u nder $260, p lus case. 

For deta i ls ,  see you r dea ler or  write : M i no lta Corp . ,  
200 Pa rk Ave . South, N .Y . ,  N .Y .  1 0003 . I n  Canada : 
Anglophoto Ltd . ,  Montrea l 376. Minolta makes f ine photography easier 

How to kee� 671, 196 
, � ,c people happy . . •  
" �'-;� ' . If) , '2 " � �': " - . � 

. I'" t' . ,\, ' ' I:: ' �.' 
� 
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They l ive i n  San Bernard i no 
Co u n ty, i n  Southern  Cal i fo r n i a .  As 
Amer i ca's l a rgest , most d i vers i f i 
ed Co u n ty we've a lot  at stake i n  
o u r  env i ro n ment. S a n  Bernard i no 

Co u n ty has  m o re land and a i r  than 
fo u r  States combi ned, plus  lakes, 
st rea ms and a l a rge r ive r. We've 
a h i gh regard fo r both envi ro n 
ment  a n d  i n d u strYl 'and o u r  Maste r 
P l a n  c reates a p roper  b a l a n ce fo r 
both . J o i n  o u r  ba lanced envi ro n 
ment, yo u ' l l  be happy h e re, too ! 
Wri te, i n  complete conf idence to 

A. B. G roos, D i rector. 

"7hf G"'''''f'II COllIlIy " .. � U,S.II.'' 

imO'SkOmp '",' i''' ' m;,,","� 

a comPlete 
vestpocket 
OPtical 

We went to Wetz l a r, Germany (world capita l  
of  f i n e  opt ics)  to f i n d  such perfect i o n  at  such 
a pr ice.  Remove t h e  E M OS KO P  from its f itted 
l e a t h e r  c a s e  a n d  it is a 3 0 x  m i c r o s c o p e .  
A twist o f  t h e  wrist converts it to a 3 x  tele
s c o p e  ( i d e a l  for t h e a t e r, f i e l d  or s k y )  o r  
a u n iq u e  3 x  telescope- I o u pe .  Another cha nge 
and you have your c h o ice of 5x, lOx o r  1 5x 
magn ify i n g  g l asses. The pe rfect vest-pocket 
compa n io n  for exact i n g  professiona l s  a n d  
scient ists a nd a l l  t hose w h o  w i s h  to observe 
a nyth i n g  c lose l y  a nd c lear ly .  A most d i s
c reet opera glass.  If you make a fet ish of 
q u a l ity, the E M OS KO P  w i l l  do you pro u d .  
Coated lenses, f u l ly a c h romatic,  a bsolutely 
f l a t  f ie ld .  Modern P h otogra phy Magazine ca l l s 
t h e  E M O S K O P  ". _ . the only magnifier worthy 
of the name." 
o Send me t h e  EMOSKOP. I e n c lose $ 1 7 .9 5  

( $ 1 6 .95 p l u s  $ 1  postage a nd i n s u ra nce) . 
Ca l i f .  residents a d d  5% tax.  Refu n d  with
i n  2 wee ks if not d e l ighted . SAOI 1 00 

N a m e'  ________________________ __ 

Address' ____________ _ 

__________ Z i p  ______ _ 
San Bernardino County I � 
Economic Development Department 

Co�nly Civic Building /Sian 8�tNrdjno. 
Cillforniil 92401 . Phone (714) 884-5161 ��� 'iYr�s

n
hd��tg�41 1 l  haverh-III's Phone ( 4 1 5 )  981 -5688 
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Automatic Anruysis of Blood Cells 
Microscopic exanlination of white cells lS laborious and expensive. 

An experilnental computer-operated sY'steln has been developed that 

identifies and counts cell types and describes cells quantitatively 

by Marylou Ingram and Kendall Preston, Jr. 

E
very day more than a million visual 

examinations of blood smears are 
performed in hospitals in the U.S. 

The routine microscopic blood inspec
tion that is a universal feature of present 
medical practice is generally depended 
on as one of the most useful indicators of 
the state of a person's health. Its value 
lies in the fact that the body's production 
of the various types of blood cells is 
highly sensitive to general stress, inju
ries, diseases (infectious and noninfec
tious), poisons, ionizing radiations and 
other noxious stimuli. By increasing the 
rate of loss of or the demand for specific 
white blood cells, these stimuli cause the 
blood-cell-forming tissues to alter their 
production rate accordingly. The rela
tive number of a particular type of white 
cell therefore becomes significant. In ad
dition, as may happen in any production 
line, the change in the rate of output of 
the cells increases the probability that 
some of the products will be abnormal. 
The form of the blood cells tends to re
flect,. often very senSitively, the condi
tions under which they were produced. 
Consequently information about the 
cells' morphology may be as important 
as the numerical counts of the various 
cell types. 

The visual examination of blood cells 
in present practice is carried out by toil
some human labor. Professional person
nel or technicians prepare each specimen 
as a thin film of blood, then stain it and 
examine it through a microscope. The 
method is expensive (the daily cost in 
the nation's hospitals totals several mil
lion dollars and hundreds of thousands 
of man-hours) and often unreliable. In a 
recent study conducted by the Center 
for Disease Control it was found that, 
even in routine classification of blood 
cells in normal specimens, the perform
ance was unsatisfactory in 40 percent of 
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the laboratories tested. The results were 
even poorer when the blood samples rep
resented certain commonly encountered 
abnormal conditions. As the work load of 
busy laboratories increases and more of 
the examinations are relegated to rela
tively unskilled technical personnel, the 
rate of error can be expected to rise. 

Furthermore, the requirements of skill 
and sophistication in the examination are 
continually increasing with the growth 
of knowledge about the significance of 
specific characteristics of blood cells. 
FQr example, a variety of small append
ages had long been observed on the nu
cleus of the most common type of leuko
cyte (the cell known from its staining 
properties as the neutrophilic granulo
cyte, or neutrophil). The significance of 
one of these appendages went undiscov
ered until 1954, when W. M. Davidson 
and D. R. Smith found that it represents 
one of the two X chromosomes that dis
tinguish the cells of the female sex. As 
time goes on other specific structural 
features of blood cells may be identified 
not only with the genetics of cells but 
also with their biochemical and physio
logical processes. 

The growing difficulty and massive ex-
pense of blood-cell analysis suggest 

that it would be highly desirable to 
mechanize this function. An effective 
system of automatic analysis could stan
dardize the procedure, improve its relia
bility,reduce the cost and provide a sys
tem flexible enough to allow for the 
addition of new measurements as new 
understanding of the blood cells devel
ops. Obviously this is a tall order. It will 
not be easy to create a machine that can 
compete in sensitivity and j'apidity with 
the admirable system of pattern recogni
tion represented by the human eye and 
brain. After several years of study and 

experiment, however, we have devel
oped a computer-operated system for 
recording and analYZing blood-cell im
ages that now approaches the capabili
ties of a human examiner. 

The first requirement of such a system 
of course is to identify the different 
blood cells produced by the cell-fOiming 
tissues: bone marrow, spleen and lymph 
nodes. The familiar erythrocytes (red 
cells), which synthesize hemoglobin and 
transport oxygen and carbon dioxide, are 
marked by, among other things, the ab
sence of a nucleus. The leukocytes (white 
cells) fall into several distinct classes. 
There are the granulocytes, which de
stroy or inactivate infective cells or other 
foreign materials by phagocytosis and 
for this purpose carry in their cytoplasm 
myriads of granules containing enzymes 
and other biologically active molecules. 
The granulocytes are identifiable in 
three subclasses according to their stain
ing characteristics: eosinophilic (readily 
stainable by the red acidic dye eosin), 
basophilic (stainable by the basic dye 
methylene blue) and neutrophilic (stain
able by both types of dye). A second 
class of phagocytiC white cells is the 
monocytes, which have an irregularly 
oval or horseshoe-shaped nucleus and 
cytoplasmic granules different in size 
and content from those in granulocytes. 
Another class of white cells is the·lym
phocytes, cells with relatively little cyto
plasm and a round nucleus, which pro
duce antibodies and other agents in
volved in the body's immune responses. 
Finally, rounding out the list of identi
fiable cell components of the blood, 
there are the platelets, fragments of cy
toplasm released by very large bone
marrow cells, which act as agents for 
hlood clotting. 

An automatic system for analyzing 
blood cells not only must recognize and 
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WHITE BLOOD CELLS are displayed as "composite cartoons" 

that were formed by computer processing of the microscopic im· 

ages of cells. The cartoons show a dense (bright and structured) nu· 

cleus surrounded by cytoplasm and parts of red blood cells. The 

white cells are an unsegmented neutrophil, or "stab" (top left J, a 
segmeqted neutrophil (top right), a basophil (middle left), an eosin· 

ophil (middle right), a monocyte (bottom left) and a lymphocyte 

(bottom right). Cartoons constitute the input for computer analysis. 
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count the relative numbers of these vari
ous white cells but also should give 
quantitative information about compo
nen ts of the cells' structure, such as the 
degree of lobulation of the nucleus, the 
presence of various small cell bodies and 
idiosyncrasies in the size or shape of the 
cell and its components. 

One might suppose that a task of this 
complexity would require an elaborate 
program in a large-scale, general-pur
pose computer. The high cost of such a 
regimen, however, rules it out as a prac
tical system for general use. We decided 
to attack the problem in a simpler way 
by using a special-purpose computer sys
tem that would focus directly on the ba
sic task of processing and analyzing im-

ages. One of the virtues of this approach 
is that such a system can operate at 
speeds that are one or two orders of 
magnitude faster ' than general-purpose 
computers. 

Our first design was a system called 
Cellscan (trademarked by the Per

kin-Elmer Corporation). For this system 
we developed a high-resolution micro
scope using a Vidicon, a conventional 
television camera tube. The faceplate in 
the vidicon, presenting a photosenSitive 
surface, is placed in the image plane of 
the microscope at the location normally 
occupied by the photographic film in 
photomicrography. The electron beam 
scanning this photosenSitive surface re-

CELL TYPES are distinguished by size, shape, texture and color when stained. Color is the 
least important : a moderately skilled technologist would readily identify the six white-cell 
types on the basis of these diagrammatic black-and-white representations. The white cells, 
shown here among red cells and small platelets, are unsegmented neutrophil ( a ) ,  segment
ed neutrophil ( b ), basophil ( e ) , eosinophil (d) ,  monocyte (e )  and lymphocyte ( / ) .  
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acts to the level o f  the light at each im
age point. The field of the object plane 
is a 20-by-20-micron square and the vi
dicon scans it point by point in 200 
lines and converts the image into an elec
tronic video signal. In the Cellscan sys
tem this signal consists of 40,000 image 
points. 

The most critical problem in mecha
nizing the examination of the image 
plane is translating the image into com
puter terms so that the computer can 
analyze it. Since speed in processing the 
image is essential, we reduced the num
ber of image points by a sampling pro
cedure. For registration in the computer 
the video signal is converted electron
ically into an image in terms of binary 
numbers, the digit 0 representing white 
and the digit 1 representing black. We 
call this operation "quantizing" or "car
tooning" [see illustrations on opposite 
page} .  Another operation, called "com
preSSion," reduces by a factor of nine the 
number of sample points actually record
ed by the computer; if any of the nine 
quantized sample points in a three-by
three-point square is a binary 0, the en
tire square is stored as 0 (white), and if 
all nine points are binary 1, the value of 
the area is recorded as 1 (black). This 
sampling device causes isolated "black" 
areas to be ignored and highlights 
"white" details in the binary image 
stored by the computer. 

The system's reliability must depend 
in the first instance on the accuracy and 
consistency of the photometric mapping 
by the television microscope. For quan
titative evaluation of its performance We 
use two techniques. One is an assess
ment of its efficiency in showing detail 
of various degrees of fineness (that is, 
various spatial densities of the image 
points). Tests disclosed that the video 
signal reproduced images of objects one 
micron in diameter at essentially full 
contrast but that the contrast was not as 
good for objects half a micron or less in 
diameter. (The limit of the system's op
tical resolution is approximately a fifth of 
a micron.) 

The other measurement we use for 
evaluation of performance is a display 
technique called "contourography." In  
the ordinary television picture tube the 
electron gun applies the video signal in 
the form of variations in the strength of 
the electron beam, producing a pattern 
of differential emissions of light from the 
points of phosphor on the tube's face. 
For the production of a contourograph, 
on the other hand, the stream of elec
trons is held constant, and the image, in
stead of being fOlmed by modulation of 
the beam, is produced by combining the 
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TELEVISION DISPLAY shows an unprocessed image of a neutro

phil and some red cells illuminated with yellow light (left). Dark 

regions are the white cell's nucleus, lighter regions its cytoplasm 

SPECTROPHOTOMETRIC HISTOGRAMS formed by the com· 

puter plot the frequency distribution of optical density values in 

the television images at the top of the page. (Density increases to 

the right in the histograms.) The peaks in the yellow·light histo-

B 

QUANTIZED IMAGE, or cartoon, is formed by the computer. It 

selects three levels of optical density (A, Band C in middle illus· 

tration on this page) corresponding to the average red·cell absorp. 

tion, minimum nuclear absorption and average nuclear absorption 

and the red cells; the background is lightest. When the field is il

luminated with green light (right), an increase in absorption 

reveals granularity in the cytoplasm and darkens the red cells. 

gram (left) represent, from left to right, the densities of the back· 

ground, the red cells and the nucleus. The most noticeable change 

under green light (right) is an increase in the density of the red 

cells, which is shown by a shift to the right of the middle peak. 

c 

respectively. With these levels as quantizing levels for translating 

the grays of the television image into black (binary 1) or white 

(binary {», it forms three cartoons, shown here, and superposes 

them to form a composite cartoon (see illustration on page 73). 

75 

© 1970 SCIENTIFIC AMERICAN, INC



video and sweep signals through the use 
of the deflection plates [see bottom illus
ti'ation on opposite page]. When we ap
plied this technique to test the Cellscan 
microscope's performance, as in the re
production of a knife-edge image placed 
across the midpoint of the field, we 
found that the picture was conSiderably 
blurred by "noise" arising from nonuni
formities in the vidicon photoconductor 
[see top illustration on page 78]. Even 
with the recently developed vidicon that 
has a silicon diode array as its photosen
sitive surface, the photometric error is 
5 percent. 

We therefore redeSigned the system, 

OSCILLATING 

MIRROR SCANNERS 

PHOTOMUL TIPLI ER 

TUBE 

replacing the vidicon with a mirror scan
ner and using a method of image analy
sis developed by Marcel J. E. Golay. 
This new system for blood-cell analysis 
is called Cellscan-Glopr (GlopI' being an 
acronym for Golay logic processor). A 
pair of oscillating mirrors at right angles 
to each other scans the image formed by 
the microscope and transmits its scan to 
a phototube [see top illustration on op
posite page]. At any one instant the pho
totube is looking at only one point in the 
image, as the light reaches it through a 
small aperture, The light from the image 
point floods the entire face of the tube, 
and its photoemissive surface emits a 

stream of electrons that is proportional 
to the intensity of the incident light. The 
stream is collected and amplified by 
a chain of electrodes, the amplification 
proceeding by multiplication of the elec
trons-a multiplication that can be as 
high as a million to one. This amplifica
tion is essentially noise-free, and since 
the elech'on stream, or video Signal, 
emitted by the photo emissive face 
comes from the entire surface, any non
uniformities from point to point on the 
face are of no consequence. In fact, edge 
contourographs made with the Cellscan
Glopr microscope are much more accu
rate and invariant than those produced 

> 
< GOLAY LOGIC 

COMPUTER 

FINDING 

AND 

FRAMING 
COMPUTER 

MAIN CONTROL 
COMPUTER 

> 

START 

TRAVERSING 

MECHANISM 
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AND PRINTOUT 
TAPE STORAGE 

AUTOMATIC ANALYSIS of blood cells is accomplished by
, 

the 

Cellscan-Glopr system as indicated in this schematic diagram. The 

substage carrying the blood smear is moved under the objective 

lenses by automatic traversing and focusing mechanisms and is 

stopped by the finding and framing computer when a white cell 

comes into vie\\'. The cell is scanned and the image is converted into 
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t 
OPERATOR 

an electronic signal by a photomultiplier. It can be displayed as a 

television picture or processed: quantized and "compressed" by the 

control computer for analysis by the Golay logic computer_ The 

computerized image can be displayed, stored in the tape memory, 

identified as to cell type and counted. The entire operation can he 

directed through the teletype keyboard or done automatically. 
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by the vidicon [see bottom illustration 
on next page]. 

The mirror scanning system, depend-
ing on moving mirrors, is somewhat 

slower than the electronic vidicon. 'We 
bdieve, however, that the system can 
be designed to oscillate the mirrors at a 
rate that will feed information to the 
image-analyzing computer as rapidly as 
the computer can accept it. 

The computer's translation of the mi
croscope's pOint-by-point image of blood 
cells into "cartoons" proceeds much as in 
the Cellscan system. The computer first 
forms a photometric histogram of the en
tire image, showing the frequency distri
bution of the various photometric values 
for all poin ts in the image. The histogram 
is based on illumination of the object by 
light of a selected color. Characteristical
ly the histogram of a white cell will show 
major peaks corresponding to the absorp
tion of the light by the cell nucleus, by 
the cytoplasm, by adjacent red cells and 
by the background. In yellow light, for 
example, the nucleus of a neutrophilic 
leukocyte will appear dark and its cyto
plasm, any red cells and the background 
will be light. Under green light the gran
ular structure of the neutrophil's cyto
plasm shows up, because the granules 
absorb light of this wavelength, and red 
cells also darken for the same reason. 

After forming a histogram the com
puter examines it and instantly selects 
quantizing levels for the video signal 
that will be used to reproduce cell 
images and identify them. Examining 
a typical cell illuminated with yellow 
light, the computer selects levels repre
senting the average absorption by the 
white-cell nucleus, the average absorp
tion by red cells and an absorption level 
intermediate between these two values. 
It then superposes these three cartoons, 
or density measures, to form composite 
cartoons describing specific white cells 
[see illustration on page 73]. 

The computer now goes on to process 
the information stored in the compos

ite cartoons to define and analyze the 
image of each white cell viewed by the 
television microscope. For this analysis 
the Cellscan-Glopr system uses hexago
nal "pattern transforms" devised by Go
lay. The system succeSSively examines 
each image point in terms of the binary 
states of the six neighboring points sur
rounding it in a hexagonal array, consid
ering 14 nearest-neighbor patterns [see 
topillustratioll on page 79]. Then the sys
tem recalculates the binary state of each 
image point on the basis of its surround 

TO COMPUTER 

1 

AMPLIFIER 

PHOTOMULTIPLIER 
TUBE 

HORIZONTAL 
MOTOR 

LENS SYSTEM 

IMAGE PL ANE 

OSCILLATING·MIRROR SCANNER scans the microscope objective plane horizontally 

and vertically. Light from one image point at a time passes through an aperture to the face 

of a photomultiplier tube, giving a measure of the point·by·point optical density. The reo 

sulting electronic signal is amplified to yield the video signal, which goes to the computer 

or, as shown here, to a television picture tube where the original image is reconstituted. 
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PERFORMANCE of the system is monitored by contourography. In an ordinary television 

display (top) the video signal (square wave form) is scanned across the tube. Modulation of 

the electron beam produces a pattern of light and dark that reproduces the original image, 

a vertical knife·edge in this case. In contourography (bottom) light.dark modulations are 

changed into vertical deflections. This is done by subtracting the video from the vertical 

signal. Individual lines are offset by subtracting the vertical from the horizontal signal. 
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CONTOUROGRAPH of a knife·edge target was made with the vidicon tube, the type of 

scanner used in the authors' original Cellscan system. The waviness of the lines and their 

variation from one scan to the next represent electronic "noise" resulting from nonuni· 

formities in the photosensitive surface of the vidicon on which original image was formed. 

IMPROVEMENT IN ACCURACY with the oscillating.mirror scanner is demonstrated by 

this contourograph. Photo surface nonuniformity is no longer a problem, as indicated by the 

regularity of the horizontal lines, although random arrival of photons still produces noise 

in illuminated region. The resolution is improved, as is shown by the sharp vertical plane. 
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and the particular transform that is be
ing performed. These transforms can be 
directed to various speCific purposes, 
such as measuring the total area of the 
cell nucleus, calculating the length of 
its periphery, analyzing and measuring 
its fine structure, detecting concavities 
that indicate lobes or irregularities and 
displaying many other topological fea
tures. Thus the computer arrives at mea
surements of the cell's size, shape, tex
ture and other properties. 

All of this is done very rapidly, al
though the computer logic operates on 
only one image point at a time. The spe
Cial-purpose computer processes images 
at a rate 100 times higher than can be 
achieved by the application of general
purpose computers to this method of pat
tern analysis. Our present Cellscan-Glopr 
system can analyze a 32-by-32-point 
image in 1.25 milliseconds, a 64-by-64 
image in five milliseconds and a 128-by-
128 image in 20 milliseconds. It executes 
even highly complex Golay transforms 
within a matter of seconds. 

Having obtained a set of measure
ments describing the appearance of a 
cell, the machine is finally confronted 
with the most difficult task of all: identi
fying the cell according to its type. We 
have explored many methods of provid
ing the computer with the ability to 
make this decision, from the classical 
technique of statistical analysis on ob
jects embodying many variables to some 
of the newer approaches taken in disci
plines such as linear programming. Our 
most successful results have been ob
tained by devising models that represent 
the sets of measurements corresponding 
to specific cell classes by loca tions in a 
multidimensional space (just as one lo
cates a point on a two-dimensional graph 
by measuring its distance along the two 
axes) and then finding boundaries that 
separate the classes from one another. 

When different classes of white blood 
cells are considered and the posi

tions of the individual cells are plotted in 
a three-dimensional measurement space 
(that is, on the basis of three image mea
surements for each cell), the sets of mea
surements tend to pattern themselves 
in clusters corresponding to the differ
ent classes. Suppose we examine such 
a three-dimensional diagram, showing 
three clusters. If we try to find a plane 
that will represent a boundary separat
ing the measurements for one class from 
those for the other two, we discover that 
in general no Single plane can make this 
separation. If, however, we take the 
clusters pair by pair and draw planes 
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GOLAY PATTERN TRANSFORMS analyze each image point in 

terms of the binary state (l or 0, meaning black or white respective· 

ly) of the six other points that are nearest it in the hexagonal im· 

COMPOSITE CARTOON, such as the one of a monocyte (top 

left), constitutes the input to the Golay logic computer, which 

operates by analyzing the appropriate individual cartoon. For ex· 

ample, a simple transform that locates surrounds corresponding 

to edges identifies the periphery of the nucleus (top right) and cal· 

10 11 12 13 

age·point lattice tbat constitutes the cartoon. There are 14 possible 

orientation·independent nearest·neighbor patterns, or surrounds. 

(They are numbered from 0 to 13 for computer processing.) 

culates the nuclear circumference and area. Another transform 

"shrinks" elements of the cartoon of the dense nuclear regions to 

determine the fine structure of the nucleus (bottom left). Other 

transforms locate the large nuclear concavity and brighten it for 

display (bottom right); the size of the concavity can be measured. 
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CELLS ARE IDENTIFIED by the way in which various measure

ments characteristic of each cell type tend to cluster in measure

ment space. When three measurements are made on the cartoon of 

each cell, a cell is defined as a point in three-dimensional space. 

When measurements are made on many members of a class of cells, 

the measurements tend to cluster. The model (left) shows three 

such clusters; the problem is to establish planes that will separate 

one from the others. Two planes are required in order to sepa

rate measurements corresponding to a particular cell from mea

surements corresponding to two other classes of cells (right). 

separating the pair members from each 
other, the measurement space can be 
divided into compartments each of 
which contains only the members of one 
class [see illustration above]. 

When each white cell is described by 
more than three measurements, it is of 

course no longer possible to picture the 
separation problem with a simple visual 
model. We resort to a different kind of 
model, a distance histogram. Clusters of 
cells are established, on the basis of a 
number of measurements, by the com
puter, which then constructs separation 

planes and measures the distance of each 
cell from each plane. 

In one trial we analyzed in this way 
the images of representative samples of 
the three most common types of human 
white cells: lymphocytes, neutrophils 
and monocytes. \tVith a computer pro-
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DIST ANCE HISTOGRAMS can be used to evaluate the separation 

of clusters in a space of as many dimensions (measurements) as 

necessary. The height of each bar shows the number of sets of mea

surements, each corresponding to one cell, that fall in a given in-
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NEUTRO· 
PHIL 

LYMPHOCYTE 

NEUTROPHIL 

MONOCYTE 

terval of distance (horizontal axis) from a separating plane. The 

best approach is to use a separating plane for each pair of cell 

classes, as in the first three histograms. This separation involved 

107 lymphocytes (color), 179 neutrophils (gray) and 27 monocytes 
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gram based on classical statistical analy
sis we first constructed the single plane 
that would optimally separate the lym
phocytes from the other two classes. This 
separation attempt was unsuccessful: the 
measurements overlapped so that in the 
distance histogram six neutrophils and 
nine monocytes fell on the lymphocyte 
side of the plane and one lymphocyte 
fell on the neutrophil-monocyte side. 
Separation improved greatly when the 
cell types were divided pairwise, one 
plane separating lymphocytes from mon
ocytes, another neutrophils from lym
phocytes and a third neutrophils from 
monocytes. Of a total of 313 cells exam
ined, only two (one lymphocyte and one 
neutrophil) fell on the wrong side of a 
plane [see bottom illustration all the:se 
two pages]. 

The pairwise separation of three 
classes of cells requires the construction 
of three separating planes by the com
puter; four classes require six planes; 
five classes require 10 planes, and so on. 
The Cellscan-Glopr system is now pro
grammed to perform pairwise separa
tions for as many ilS eight cell types, and 
this selectivity calls for 28 planes. 

If all the cells of each class faithfully 
followed a stereotype for their class, the 

LYMPHOCYTE 

(black). Only two cells are improperly sep· 

arated. When just a single plane was used 

(right), six neutrophils, nine monocytes and 

a lymphocyte were improperly separated. 
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VARIABILITY among cells within a class can be almost as great as differences between 

classes, complicating the prohlem of classification. This montage formed by the computer 

shows cartoons of nuclei of lymphocytes and neutrophils. The former are more nearly circu· 

lar, the latter more irregular, but the shapes of the two classes are not clearly stereotyped. 

100 

50 

f=' 
z w 
U 
cr 
w 
D... 20 
I-
Z 
::J 
0 
U -' 10 --' w 
U 
U 

I;:( 5 :2 
0 
I-
::J 
« 

2 

V 
'/ 

V 
2 

V 

NEUTF 

LY MPHOCYTE , 

V 

Ie I.V 
I/, 

MONOCYTE 

l7. 
V 

5 10 20 
VISUAL CELL COUNT (PERCENT) 

v 

OPH L c.lLo 
l ... ""' 

/ 
L� 

50 100 

ACCURACY of fhe automatic process compares well with that of hospital technologists, as 

shown by the scatter diagram. The results are shown for seven blood smears, each repre

sented by a different symbol. The average of the counts reported by each of several lah

oratory technologists is plotted along the horizontal scale at a height on the vertical scale 

that corresponds to the automatic count. (Points on the diagonal indicate exact agreement.) 
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separation of classes could be quite c1ear
cut. Actually the white blood cells with
in a class vary considerably in structure; 
this variability is almost as great as the 
differences among classes [see top illus
tration at left]. The variations may be 
due to individual differences among the 
many subjects, of both sexes and various 
ages, from whom blood samples are tak
en or to fortuitous differences in labora
tory preparation of the cells. In develop
ing optimal separation programs for the 
computer and testing their performance 
we have paid particular attention to the 
variability problem, applying our test in 
each instance to samples representing a 
realistic range of variability. 

So far we have concentrated mainly on 
the analysis of blood specimens from 

normal subjects. Our present Cellscan
Glopr system can operate automatically 
without monitoring for a long period, 
such as overnight. Recently we tested it 
in a series of unattended overnight runs. 
In each run the machine scanned a sin
gle normal blood smear, screening some 
200,000 to 400,000 cells in order to lo
cate and analyze 200 to 400 white cells, 
with the assigned task of classifying the 
lymphocytes, granulocytes and mono
cytes. In a number of runs the system lo
cated approximately 5,000 objects that 
were judged to be white cells. Each ob
ject was measured, analyzed as to struc
ture and then identified by the machine 
as a lymphocyte, a granulocyte, a mono
cyte or DK (Don't Know). All the smears 
were then examined visually by four 
skilled technologists at the Norwalk Hos
pital in Connecticut. The machine's dif
ferential count of the relative number of 
white cells in each class agreed closely 
with the counts by the technologists [see 
bottom illustration at left]. Besides clas
sifying the cells, the machine in these 
runs measured and tabulated several de
tails of each cell's structure, such as size 
and average color and the elongation, 
degree of texture and number of lobes of 
the nucleus. 

Our experiments with the Cellscan
Glopr system have demonstrated that it 
can be programmed to perform a num
ber of tasks other than the differential 
counting of white blood cells. As time 
allows we are exploring its capabilities 
in a variety of functions, such as the 
counting of grains in the emulsions of 
cell autoradiographs, the location of ma
larial parasi tes in red cells, the analysis 
of human chromosomes, the identifica
tion and counting of reticulated red cells 
and other examinations that are difficult 
or tedious to perform but are important 
in clinical medicine or in research. 
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THE GREAT ALBATROSSES 

The royal albatross and the wandering albatross are the largest 

birds in terms of wingspan. The species are so much alike that 

they probably evolved from a common ancestor in the recent past 

By far the largest of all oceanic birds 
and the largest of all birds in 
terms of wingspan are two closely 

related members of the albatross family: 
the royal albatross and the wandering 
albatross. The wingspan of both birds, 
measured from wingtip to wingtip, has 
been known to exceed 11 feet. The only 
other bird of comparable size is the An
dean condor; it can weigh more but its 
maximum wingspan is 10 feet. The royal 
and wandering albatrosses are distinct 
species within the albatross family, 
which consists of 13 species in all (11 in 
the genus Diomedea and two in the 
genus Phoebetria), but the two giant 
birds have been collectively known as 
the "great albatrosses." All the alba
trosses belong to the order Procellarii
fOlmes, a group that includes the sev
eral types of petrels, the shearwaters, the 
fulmars and other birds adapted to an 
entirely marine environment. 

In the 18th and 19th centuries the 
separate identity of the two great alba
trosses was not clear; it was only in 1891 
that the British ornithologist Walter L. 
Buller was able to demonstrate that they 
represent two distinct species. Both birds 
are white and have black wingtips. The 
royal albatross is the species Diomedea 
epomopllOm. Its nostrils are rounded 
and its eyelids and the cutting edges of 
its upper mandible are black. The wan
dering albatross is D. ext/lans. Its nostrils 
are less rounded and the eyelids and the 
cutting edges of the upper mandible are 
white. These differences are too incon
spicuous to be of much help in identify
ing the birds at sea. Distinguishing be
tween the species is aided somewhat by 
differences in the development of plu
mage. Young royals fledge into a white 
plumage like that of their parents; young 
wanderers are mostly dark when they 
leave the nest and become whiter over a 
period of several years. vVanderers are 
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thus easily identified in their darker plu
mage phase, although almost half of the 
breeding male wanderers and nearly a 
fifth of the breeding females reach the 
whitish "chionoptera" condition rather 
quickly. 

Knowledge of the royal albatross has 
come almost exclusively from the 

work of New Zealand biologists. Be
tween 1938 and 1952 L. E. Richdale of 
the University of Otago studied an ex
panding population of royals at Taiaroa 
Head on the Otago Peninsula of New 
Zealand's South Island, and between 
1942 and 1958 J. H. Sorensen of the 
New Zealand subantarctic expedition of 
1941-1945 and K. E. Westerskov of the 
University of Otago observed a much 
larger royal population on Campbell Is
land, a lonely outpost in the waters be
tween South Island and the Ross Sea. 

The history of Richdale's work dem
onstrates that the great albatrosses are 
tenacious in their nesting habits. In 1920 
a pair of royal albatrosses was observed 
nesting at Taiaroa Head; the nest was 
robbed of its egg by local people. The 
royal pair probably laid another egg in 
the same nest each year over the next 15 
years. Only once was the nest left undis
turbed long enough for a chick to be 
hatched, and the chick was later killed. 
Eventually, through Richdale's efforts 
and the protection of the Royal Society 
of New Zealand, a fledgling royal alba
tross was successfully reared in 1938. 
Richdale was able to study the birds in 

detail over the next 15 years. Benefiting 
from strict measures imposed by the 
Government Department of Internal Af
fairs and the Otago Harbor Board, the 
colony in the past 31 years has grown 
from one breeding pair to 15. 

It is conceivable that royal albatrosses 
had bred on the New Zealand mainland 
before the area was populated by the 
Maori migrations of the 14th century. 
The Maori are thought to have been re
sponsible for the demise of another re
markable bird: the gigantic, flightless 
moa. The albatross would have been 
equally good to eat, and it would prob
ably have been just as easy to catch on 
land. There is, however, no evidence to 
support this speculation, and the recent 
buildup of the royal albatross population 
at Taiaroa Head may be no more than a 
successful accident. Although the Otago 
colony is inSignificant compared with 
the neighboring royal albatross popula
tions of Campbell Island, the Chatham 
Islands and the Auckland Islands, Taia
roa Head is the only place in the world 
where one of the great albatrosses nests 
within easy access of man: the city of 
Dunedin is only 20 miles away. 

]\1y own work has concerned the wan-
dering albatross. Following a re

connaissance expedition in 1958-1959 
to the subantarctic wanderer nesting 
area on South Georgia, a continuing 
study of that wanderer population was 
sponsored by Johns Hopkins University. 
In 1960-1961, 1961-1962 and 1962-

ALBATROSS NESTING GROUND on Bird Island, ofT the northwest tip of South Georgia 

in the subantarctic waters of the South Atlantic, is seen during the summer in the photo

graph on the opposite page. The three large bird. in the foreground are wandering alba

trosses (Diomedea exulans). The pink birds were dyed for an experiment by the author 

and his colleagues. Other birds in picture are giant petrels (Macronectes gigantelts) 

and smaller albatrosses. The royal albatross (Diomedea e[Jolllo[J/lOra) does not neot here. 

© 1970 SCIENTIFIC AMERICAN, INC



© 1970 SCIENTIFIC AMERICAN, INC



DYE IS APPLIED to one of the parent albatrosses to make its 

identity unmistakable and thus help to locate the feeding area used 

COLORED DOTS are painted on the head of an adult wanderer by 

one of the investigators visiting the Bird Island nesting ground. 

86 

by the albatrosses from Bird Island. Ship sightings indicated that 

the birds fed at sea about 150 miles north of their nesting ground. 

Use of the markings enabled the vISItors to identify individuals 

in their study of the reproductive cycle of the wandering albatross. 
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1964 the National Science Foundation 
financed a series of three expeditions for 
which the British Antarctic Survey pro
vided logistic support. Altogether my 
companions and I spent a total of six 
summers and one winter studying a col
ony of some 5,000 wanderers on Bird 
Island, just off the northwest tip of South 
Georgia. 

The distribution of the great alba
trosses is poorly known even today. Our 
best information concerning their ocean 
range is still what was obtained by Cap
tain C. C. Dixon, during many years at 
sea beginning in 1892. Dixon acknowl
edged that he could not distinguish be
tween the two species at sea, but that 
does not detract from the value of his 
work. By the time he retired in 19 19 he 
had accumulated 3,500 days of observa
tion showing that the birds' range in the 
southern oceans lies generally between 
30 degrees and 60 degrees south lati
tude. A few great albatrosses have since 
been reported in tropical waters as far 
north as 18 degrees south latitude. Indi
vidual birds have been known to cross 
the Equator into the North Atlantic and 
even to enter the Mediterranean. The 
southern extreme of the birds' range lies 
well within antarctic waters; the south
ernmost sighting was made by members 
of Admiral Byrd's second antarctic expe
dition, who observed one bird in the 
Ross Sea at 69 degrees south latitude. 

At sea the abundance of the great al
batrosses varies with the seasons. Dixon 
sighted more of the birds in the northern 
part of their range during the winter and 
more in the southern part during the 
summer. The movements of each species 
need to be worked out more precisely, 
and a beginning has been made by band
ing albatrosses in both their breeding 
grounds and their wintering grounds. 
For example, in the early 1950's several 
Australian ornithologists became inter
ested in the large number of wanderers 
that congregate at sea off the coast of 
New South Wales each winter. In 1958 
they began capturing birds with motor
boats and banding them. The following 
summer ( 1958-1959), without knowing 
about the Australian tagging program, I 
started to work among the wanderers 
breeding on South Georgia, and in De
cember I found one bird carrying a band 
put on in Australian waters the preced
ing July. The following July the recipro
cal passage was recorded when a fledg
ling wanderer I had banded on South 
Georgia was recovered off Australia. The 
work of the next five years showed that 
these passages were far from rare. Of 
1,477 adult wanderers caught and band-

d 

e 

SLOW TRANSFORMATION of the plumage of the wandering albatross from dark to light 

color (a-d) makes the distinction difficult between mature wanderers and all royal alba

trosses, which fledge into a white plumage (e), when either bird is seen at a distance. 
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TWO GREAT ALBATROSSES can be told apart by the coloration and shape of some head 

parts. The royal albatross (Diomedea epomophora) has black eyelids and the cutting edges 

of its upper mandible are black; its nostril is rounded (top). The wanderer (D. exulul1s) 
has white eyelids and mandibles; its nostril is less rounded (bottom). Because these fea· 

tures are invisible at a distance the existence of the two species long went unrecognized. 
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ed off eastern Australia, 50 were recov
ered on South Georgia, most of them 
more than once. During the same period 
6,601 wanderers were banded on South 
Georgia and 14 of them were recovered 
off Australia. In all 27 of the 64 passages 
between the two areas took place with
in six months or less; 12 birds made the 
passage both ways and one of them did 
it within a span of 12 months. It there
fore appears that, far from wandering, 
these birds navigate regularly over 
long distances between nesting areas 
and comparatively restricted feeding 
grounds. 

The best available information about 
the great albatrosses' speed of flight was 
obtained long before the advent of mod
ern birdbanding. On December 30, 
1847, Captain Hiram Luther of the 
whaler Cachalot shot a great albatross 
off the Pacific coast of South America at 
43 degrees 24 minutes south latitude and 
79 degrees five minutes west longitude. 
A vial tied to the bird's neck contained 
the following message: "Dec. 8th 1847. 
Ship Euphrates, Edwards, 16 months 
out, 2,300 barrels of oil, 150 of it sperm. 
I have not seen a whale for 4 months. 
Lat. 43 degrees south, long. 148 degrees, 
40 minutes west. Thick fog with rain." 

The bird had covered the 2,950 nauti
cal miles between release and recapture 
in 22 days, an average of 134 miles a 
day. At this speed a wanderer could 
make the 7,000-mile flight from South 
Georgia to eastern Australia within 
eight weeks, and there is no reason the 
great albatrosses could not circumnavi
gate the Southern Hemisphere several 
times in a year. 

The Australian observations indicate 
that the great albatrosses never stay 

long at one feeding ground but soon 
move to other areas. Off New South 
Wales the birds' arrival is associated 
with the appearance of shoals of large 
cuttlefish, which are pursued by schools 
of larger predators, including porpoises. 
The albatrosses feed on the leftover frag
ments of cuttlefish. The feeding grounds 
that have been observed attract birds 
from a number of different nesting 
grounds. Among the wanderers visiting 
the waters off New South Wales, in addi
tion to those from South Georgia, were 
birds from the Prince Edward Islands, 
the Crozet Islands, Kerguelen Island 
and the Auckland Islands [see illustra
tion on opposite page J. 

Although royal albatrosses rarely visit 
Australian waters, other feeding grounds 
eVidently attract birds of both species. 
Both wanderers banded on South Geor
gia and royals banded on Campbell Is-
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land have been recovered among the 
great numbers of seabirds that gather 
around the boats in the large South At
lantic fishery off the coast of Argentina. 

The great albatrosses have adapted to 
a marine environment at the expense 
of their agility on land. As a result a 
characteristic feature of their nesting 
grounds is a gentle slope exposed to the 
prevailing winds, which makes it easy 
for them to take off. The birds find such 
slopes almost exclusively on the small 
uninhabited islands of the subantarc
tic Atlantic, Indian and Pacific oceans. 

90 
EAST 

Their nesting islands, in addition to 
those already mentioned, include Tristan 
da Cunha, Gough Island, Amsterdam 
Island, the Macquarie Islands and the 
Antipodes Islands. The nests of both 
species are found together in only two 
places: on Campbell Island and in the 
Aucklands. 

Because their nesting areas are so iso
lated the great albatrosses have no nat
ural enemies of any consequence other 
than man. In the late 18th and early 
19th centuries, following the discovery 
of their nesting grounds, British and 

__ � __ �- 1� __ �_ 
180 

U.S. sealing ships often visited the is
lands, and shipwrecked men sometimes 
survived on them for months or even 
years. On such occasions the birds and 
their eggs were taken for food, with the 
result that in some places they were all 
but exterminated. The caves on Mac
quarie Island, once occupied by sealers, 
have yielded wanderer skulls by the 
score. In 19 13, when a party from Sir 
Douglas Mawson's Australian antarctic 
expedition wintered on Macquarie, only 
one wanderer nest could be found. In 
the period since World War II, however, 

RANGE OF GREAT ALBATROSSES extends generally from 30 to 

60 degrees south latitude. The nesting islands occupied by the two 

species are named on the map. The broken lines connecting the 

islands with feeding grounds indicate instances when birds banded 

in their nests have later been recovered at sea, or vice versa. The 

black lines indicate such recoveries in the case of the wandering 

albatross; the colored lines, instances of royal albatross recoveries. 

The orientation of a line does not portray the bird's flight path. 

89 
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Australian visitors to Macquarie have 
discovered that the wanderer population 
somehow survived this low point, or per
haps reestablished a colony, and it is now 
showing an increasing rate of growth. 
Simultaneous study of this small but ex
panding population and the large and 
apparently stable wanderer population 
on South Georgia provides an excellent 
opportunity for examining the popula
tion dynamics of the same species at dif
ferent positions on the curve of its popu
lation growth. 

� nesting time the great albatross fe-
male lays a single egg. If the egg 

hatches successfully and the chick lives, 
the parents must feed it for an entire 
winter until it is able to fly and fend for 
itself at sea. As a result successful al
batross parents reproduce only every 
other year. The birds' neuroendocrine 
apparatus can apparently respond to ex
ternal stimuli to mediate an annual cycle 
of gonad regeneration, acceleration and 
culmination, but the presence of either 
an egg or a chick initiates a negative 
feedback that breaks the cycle after the 
usual postnuptial gonad regression and 
inhibits normal regeneration for 10 
months. This is a nicely adapted mech
anism; it gives the parents an opportu
nity to breed every year, removing that 
option only when there is a good chance 
that the current season's breeding will 
reach a successful conclusion. 

Once the parents begin to care for the 
egg, lheir capacity to breed the follow
ing year gradually diminishes. The wan
derer egg is usually laid in December. If 
some accident results in its destruction 
immediately after it is laid, both parents 
will then go to sea, returning to breed 
the following season. By March, when 
the chicks hatch, parents that then lose 
either an incubated egg or a young chick 
are less likely to breed the following 
December; their capacity to do so dimin
ishes sharply the longer the chick has 
been in the nest. Of 19 wanderer pairs 
that lost their chicks on South Georgia 
between March and June of 1963, only 
12 managed to breed the following De
cember, and not one of 16 pairs that lost 
young between June and October was 
able to do so. It appears that males may 

RITUAL "DANCE" of the wandering alba· 

tross is actually the agonistic responses of 

an unmated male and female that are not 

familiar with each other. The signals, both 

visual and vocal, alternately attract, repel 

and appease the potential partner until even· 

tually the birds are at ease in each other's 

presence and a pair bond is established. 
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come into breeding condition more read
ily than females: two of the nine male 
parents that lost chicks in July and Au
gust returned at the beginning of De
cember with testes showing advanced 
stages of spermatogenesis. Therefore in 
at least some pairs failure to breed may 
be solely the female's responsibility. 

Theoretically if every egg laid by a 

great albatross female produced a 
Redgling, then exactly half of the total 
population of any nesting area would 
breed in each successive year and the 
breeding pairs would always be com
posed of individuals from the same half
population. If, on the other hand, all the 
eggs produced in one summer were de
stroyed, the breeders in that half-popula
tion would return to breed the following 
year and join the other half, so that the 
entire breeding population would nest 
together in a single season. Of course 
neither extreme actually occurs. Among 
undisturbed birds the natural mortality 
of eggs and chicks means that some pa
rental pairs are always moving from one 
half of the breeding population to the 
other, and the stabilized "demipopula
tion" is rather more than half of the 
total biennial breeding population. The 
size of the demipopulation is directly re
lated to the magnitude of the mean an

. l1ual loss of eggs and young chicks. On 
South Georgia 20 percent of the pairs 
breeding in any one year were unsuc
cessful and nested again the following 
year, so that the demipopulation was 55 
percent of the total. 

The population dynamics of the great 
albatrosses are complicated by the birds' 
biennial breeding cycle. One can only 
determine the total of nesting pairs in a 
population by adding two consecutive 
years' censuses and then subtracting the 
pairs that failed in the first year and bred 
again in the second. Therefore without 
knowing the survival rates for eggs and 
chicks at all the breeding grounds it is 
impossible to estimate the world popula
tion of great albatrosses with precision. 
Most of the nesting islands have been 
visited, however, and a rough calcu
lation indicates that there are about 
10,000 pairs of breeding royals, almost 
all of them on Campbell Island and the 
Chatham Islands. More than 14,000 
breeding pairs of wanderers nest at nine 
of the 11 islands where these birds 
breed; when figures are obtained from 
Kerguelen and Amsterdam Island, it is 
probable that the world breeding stock 
of wanderers will total somewhere near 
20,000 pairs, or about twice the num
ber of royals. ·When we know enough 
to add the young and subadult birds 
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POPULATION GROWTH in the two species of great albatross appears to be quite similar. 

The first curve (black) projects the growth of the wanderer population on Macquarie Is· 

land since 1913, when only one albatross nest was found there, to the present. The second 

(color) indicates the growth of the royal population in New Zealand from 1938 to 1960. 

of each species to this figure, the total 
will certainly be very much larger. 

The life cycle of the great albatrosses 
is unique in the extraordinary length 
of the Redging period. It averages 236 
days for royals and 278 days for wander
ers. The difference of 42 days between 
species otherwise so similar is outstand
ing; it is almost certainly associated with 
the different conditions under which the 
two birds nest. South Georgia, being a 
subantarctic island, is completely cov
ered with snow for several months dur
ing the winter. The ground is frozen and 
the mean air temperature is minus 2 de
grees Celsius. New Zealand and its 
neighboring islands have a much milder 
winter. On the Otago Peninsula the mid
winter (July) air temperature averages 7 
degrees C. and there are only about five 
days of snow each year. As a result the 
metabolic demands for insulation and 
the generation of heat are likely to be 
much lower in the chicks of the New 
Zealand royals than in the chicks of the 
South Georgia wanderers. Another con
sequence of the difference in climate 
seems to be that the wanderer chicks re
ceive more food, grow bigger and take 
longer to lose excess weight before their 
first Right than the royal chicks do. This 
conclusion is supported by observations 
of plumage development: wanderer 
chicks stay in down about 60 days longer 
than royal chicks, although the growth 

of the primary feathers takes about the 
same time in both species . 

Newly hatched, a great albatross 
chick weighs between 10.5 and 14 
ounces. The parent does not feed it dur
ing its first 24 hours out of the shell, and 
over the next three days it receives only 
small amounts of stomach oil. There
after its meals become progressively 
larger. At the end of 32 days the chick's 
heat-regulating mechanisms are suffi
ciently active for brooding to no long
er be necessary. The chick has then 
reached a weight of about 6.5 pounds. 

Once the brooding period is over both 
parents go to sea to forage for fish and 
squid, which are brought back and fed 
to the chick as a neatly regurgitated, 
partly digested mush. The chick receives 
one such meal roughly every third day, 
for an average monthly total of 20 
pounds of mush and a cumulative total 
of nearly 180 pounds for the 250 days 
between end of brooding and first Right. 
Its body weight Ructuates widely from 
day to day, depending on the amount of 
food it receives. When averaged, how
ever, the pooled daily weight of 24 wan
derer chicks under observation at the 
Bird Island station showed a growth
and-weight curve that is characteristic 
of all procellariiform birds. 

The chicks' weight plateau is reached 
between 80 and 40 days before their 
time of departure. Thereafter parental 
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attention begins to wane, the frequency 
of feeding declines and the juveniles be
gin to lose weight. In many studies of 
petrel rookeries this has been called the 
"starvation period." It is a misleading 
term; although a chick may receive few
er meals than average, the. parents con
tinue to bring it food. The mean interval 
we observed between the last time of 
feeding and the time of departure for 19 
wanderer chicks on Bird Island was 
6.8 ± 1.4 days. All 19 had fasted much 
longer (as long as 14 ± 1 days) earlier in 
their Hedging period. 

In spite of the parents' considerable 
powers of Hight, the need to feed a 

chick on the average once every three 
days imposes a substantial limitation on 
the size of the ocean area where food 
may be sought. In effect the main sup
ply must be available all year round 
within approximately 36 hours' Hying 
time of the nest, which is equivalent to 
a radius of about 200 nautical miles. 
Where South Georgia is concerned, high 
concentrations of zooplankton are found 
not far north of the island; this is the 
food supply that was responsible for the 
former abundance of baleen whales in 
the vicinity. To discover if parents from 
the Bird Island nesting ground were 
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feeding in this area of abundant marine 
life we marked several hundred nesting 
adults with a pink dye [see top illustra
tion on page 86]. We then asked the 
numerous whale-catching vessels that 
still traversed the area, and also occa
sional passing antarctic expedition ships, 
to report any sightings of dyed birds. 
Enough reports were received to show 
that many pink albatrosses from South 
Georgia were in fact feeding in the 
plankton-rich waters within 150 miles of 
the island. 

When the juvenile albatross leaves tlie 
nest, it goes to sea for a few years. Re
coveries of banded juveniles indicate 
that during these early years they cover 
just as much territory as adult birds. The 
immature birds first begin to return at an 
age of about four years to spend the 
summer on the islands where they were 
hatched. On Bird Island some 50 percent 
of 656 wanderers we banded as chicks 
in our first season's fieldwork had re
turned to South Georgia by the time 
they were six years old. The initial pe
riod at sea seems to be longer for the 
royals. So far three age-marked birds are 
reported to have returned to Taiaroa 
Head; one was six years old, the others 
were eight. 

Compared with the high mortality 
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rate of most birds, the mortality rate of 
the great albatrosses is remarkably low. 
On Campbell Island 75 percent of royal 
eggs (and on Bird Island 58 percent of 
wanderer eggs) produced viable young. 
Half of the wanderers hatched on Bird 
Island survive to the age of six and re
turn to the nesting ground. By the time 
the subadults reach the breeding age, in 
their 10th year, the mortality rate has 
dropped to a yearly level of about 4.3 
percent. An equivalent figure of 3 per
cent is reported for adult royals. 

During the early years of their sum-
mer return to home ground the sub

adult birds are mainly solitary. This is 
not true of adults in instances where one 
member of a breeding pair has died. The 
surviving partner actively seeks a new 
mate when it arrives the next summer. 
As the years pass the subadults begin to 
join in the "dances" that constitute the 
birds' courtship ritual. These dramatic 
displays involve a single male and one or 
more females. The females are attracted 
by the males, but the males are often 
reluctant to allow the females to ap
proach too close. 

The performance consists of a series 
of visual and vocal signals that alternate
ly attract, repel and appease the poten-
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CHICK'S WEIGHT GAIN during the nine·month period between 

hatching and first flight fluctuates widely from day to day but is 

close to the mean between the maximum and minimum values reo 

corded (black) for 24 wandering albatross nestHngs weighed daily 

on Bird Island. The average amount of food received per month 

(color) dips sharply as the fledglings prepare to leave the island. 
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tial partner. Gradually the male comes 
to spend more and more time with a par
ticular female and the frequency of 
dancing diminishes. Eventually a pair 
bond is established; male and female 
recognize each other without hesitation 
and a confrontation no longer elicits the 
stereotyped, agonistic responses of the 
dance. Thus the young albatross spends 
about five years at sea, presumably 
learning the marine environment; this 
initial experience is followed by about 
five summers of courting and five more 
winters at sea. 

For two distinct species the great al
batrosses are remarkably similar. With 
two notable exceptions-the differences 
in length of fledging period and in fledg
ling plumage color-most of the detect
able variations amount to no more than 
the variations between the races of either 
species. It is possible that both excep
tions are a function of related responses 
to the environment. As I have noted, the 
milder winter climate of New Zealand 
is probably responsible for the royal 
fledging period's being shorter than that 
of the wanderer. As a result when the 
pairs of adult royals that are ready to 
breed reach Taiaroa Head to start nest
ing, most if not all of the previous sea
son's royal fledglings have already left 
for their first summer at sea. (No data on 
this point are available from the colonies 
of royals on Campbell Island and the 
Chathams.) 

The wanderer fledging period is so 
much longer that when breeding adults 
return to Bird Island many fledglings 
from the preceding season are still oc
cupying the nesting ground. The mean 
date for the arrival of adult males on 
Bird Island is November 30. The adult 
females arrive around December 10, 
which is also the mean date of departure 
for the preceding season's fledglings. At 
that time of year the fledglings are very 
active and aggressive, behaving in a 
manner that could easily interfere with 
the nesting of the arriving adults. There 
could well be a selective value in the 
dark plumage that makes the wanderer 
fledglings recognizable at a distance to 
adult wanderers. In view of the royal 
fledglings' early departure from Taiaroa 
Head, however, such a ready distinction 
would be of no importance there. 

The wandering albatross and the royal 
albatross not only share part of their 

open-ocean habitat but also nest togeth
er on two islands. Yet the marked differ
ence between the sizes of the two popu
lations and the location of their major 
breeding grounds eVidently reflects an 

CHICK IN MIDWINTER on Bird Island keeps to its nest, depending for warmth on a coat 

of down, a subcutaneous layer of fat and two pounds of fish mush brought every third day. 

FLEDGED AFTER NINE MONTHS, a young wandering albatross faces into the wind on a 

slope on Bird Island and stretches its wings in anticipation of its impending first flight. 

evolution of the two species from a single 
ancestral stock within comparatively re
cent times. The cold-temperate and sub
antarctic regions of the Southern Hemi
sphere are a rigorous environment where 
new ecological niches rarely develop. 
Nonetheless, the history of glacial ad
vances, halts and retreats that character
ized the Pleistocene period of the North
ern Hemisphere had its counterpart in 
the Southern Hemisphere, where the 
antarctic ice sheet and its fringe of shelf 
ice also advanced and retreated to some 
extent. 

Such glaCial ebbs and flows probably 
fragmented and altered an environment 
that had previously been favorable to 
maintenance of the Single stock ancestral 
to the two present species of great alba-

trosses. Fluctuations in ice cover could 
have led to changes in the vegetation of 
the nesting islands; changes in sea tem
perature and salinity must have affected 
the availability of food organisms within 
easy flying distance of land. In the course 
of such changes some nesting islands 
may well have become effectively iso
lated. An interruption of the usual gene 
flow between nesting grounds would 
have sufficed to allow the two separate 
lines of great albatrosses to evolve. Sub
sequently the disappearance of these 
Pleistocene barriers probably allowed 
the ranges of the two species to reex
pand, bringing the royal albatross and 
the wandering albatross back into limit
ed contact in the seas south of New Zea
land. 
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You might call it a new era of computers, 
or a new generation, or a technological breakthrough. 

But what really counts is what it means to you. 

The hottest concept in computer technology 

System/370 Model 145 is the first general
purpose business computer with 100% monolithic 
circuitry. Including main storage. 

The use of this technology with its very high 
circuit density cuts main storage space in half. 

Monolithic technology also speeds up the com
puting process. And improves reliability as well. 

New advancements in speed 

Model 145 is.2 to.5. times faster than System/360 
Model 40 . .5. to 11 times faster than SystemJ360 
Model 30. 

And that's another reason it's the natural sys
tem to move up to if you're a Model 30 or 40 user. 

Features, features, features 

Like the other computers in the System/370 
line, Model 145 is newly engineered inside and out. 
It's loaded with features. 

Like four selector channels. So you can run 
more jobs and get more work done in the same time. 

Like reloadable control storage. So you can 
have features like block multiplexing, 1400 and 7010 

compatibility, and DOS emulation at no extra 
charge. 

Like our new low-cost, high-speed disk facility 
(the 2319) that holds 87 million characters. And 
attaches directly to the system without the need for 
a separate control unit. 

System/370: IBM's computer line for the '70s 

With System/370, whatever you've got to get 
out gets out a lot faster. 

With any model, you can get our new high
speed printer (the 3211). It fires out numbers and 
letters at the rate of 2000 lines a minute. Faster than 
you can blink. 

With any model, you can also get our new high-
- speed disk facility (the 3330). It can hold up to 3% 

times more information than our current files. 800 
million characters in all. And it can send it into your 
computer up to 2V2 times faster. At a rate of 806 thou
sand characters per second. 

We think it's the best file around. 

Revolutionary new product line 

But perhaps the most amazing thing .of all is 
that we've been able to make System/370 this 
advanced while still making it compatible with 
System/360. 

And you also know with IBM you have the 
support of the most complete program library in the 
world. As well as the support of our Systems Engi
neering and Education services. 

We've used a lot of words to describe System/370 
Model 145. Like 100% monolithic circuitry. Like 
faster speeds. Increased performance. New features. 
Greater reliability. 

These words aren't empty chatter. 
Everything we've said is backed up by hard facts. 
Our products change. But our philosophy 

doesn't. We want you to get the most out of your 
computer system. 

System 1370. The performance computers for the seventies. 
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Experiments in Intergroup Discrimination 

Can discrilnination be traced to SOlne such origin as social conflict 

or a history of hostility? Not necessarily. Apparently the lnere fact 

of division into groups is enough to trigger discriminatory behavior 

I
ntergroup discrimination is a feature 

of most modern societies. The phe
nomenon is depressingly similar re

gardless of the constitution of the "in
group" and of the "outgroup" that is per
ceived as being somehow different. A 
Slovene friend of mine once described to 
me the stereotypes-the common traits 
attributed to a large human group-that 
are applied in his country, the richest 
constituent republic of Yugoslavia, to 
immigrant Bosnians, who come from a 
poorer region. Some time later I pre
sented this description to a group of stu
dents at the University of Oxford and 
asked them to guess by whom it was 
used and to whom it referred. The al
most unanimous reply was that this was 
the characterization applied by native 
Englishmen to "colored" immigrants: 
people coming primarily from the West 
Indies, India and Pakistan. 

The intensity of discrimination varies 
more than the nature of the phenom
enon. In countries with long-standing in
tergroup problems-be they racial as in 
the U. S. ,  religious as in Northern Ireland 
or linguistic-national as in Belgium-ten
sions reach the boiling point more easily 
than they do elsewhere. In spite of differ
ing economic, cultural, historical, politi
cal and psychological backgrounds, how
ever, the attitudes of prejudice toward 
outgroups and the behavior of discrimi
nation against outgroups clearly display 
a set of common characteristics. Social 
scientists have naturally been concerned 
to try to identify these characteristics in 
an effort to understand the origins of 
prejudice and discrimination. 

The investigative approaches to this 
task can be roughly classified into two 

categories. Some workers stress the so
cial determinants of prejudice and dis
crimination. Others emphaSize psycho-
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logical causation. In The Functions of 
Social Conflict, published in 1956, Lewis 
A. Coser of Brandeis University estab
lished a related dichotomy when he dis
tinguished between two types of inter
group conflict: the "rational" and the "ir
rational." The former is a means to an 
end: the conflict and the attitudes that 
go with it reflect a genuine competition 
between groups with divergent interests. 
The latter is an end in itself: it serves to 
release accumulated emotional tensions 
of various kinds. As both popular lore 
and the psychological literature testify, 
nothing is better suited for this purpose 
than a well-selected scapegoat. 

These dichotomies have some value as 
analytical tools but they need not be 
taken too seriously. Most cases of con
flict between human groups, large or 
small, reflect an intricate interdepen
dence of social and psychological cau
sation. Often it is difficult, and probably 
fruitless, to speculate about what were 
the first causes of real present-day social 
situations. Moreover, there is a dialecti
cal relation between the objective and 
the subjective determinants of intergroup 
attitudes and behavior. Once the process 
is set in motion they reinforce each other 
in a relentless spiral in which the weight 
of predominant causes tends to shift con
tinuously. For example, economic or so
cial competition can lead to discrimina
tory behavior; that behavior can then in 
a number of ways create attitudes of 
prejudice; those attitudes can in turn 
lead to new forms of discriminatory be
havior that create new economic or so
cial disparities, and so the vicious circle 
is continued. 

The interdependence of the tvvo types 
of causation does not manifest itself only 
in their mutual reinforcement. They ac
tually converge because of the psycho
logical effects on an individual of his so-

ciocultural milieu. This convergence is 
often considered in terms of social learn
ing and confOimity. For instance, there is 
much evidence that children learn quite 
early the pecking order of evaluations of 
various groups that prevails in their so
ciety, and that the order remains fairly 
stable. This applies not only to the evalu
ation of groups that are in daily contact, 
such as racial groups in mixed environ
ments, but also to ideas about foreign 
nations with which there is little if any 
personal contact. 

In studies conducted at Oxford a few 
years ago my colleagues and I found a 
high consensus among children of six 
and seven in their preference for four 
foreign countries. The order was Amer
ica, France, Gelmany and Russia, and 
there was a correlation of .98 between 
the preferences of subjects from two 
different schools. As for adults, studies 
conducted by Thomas F. Pettigrew in 
the late 1950's in South Africa and in the 
American South have shown that con
formity is an important determinant of 
hostile attitudes toward blacks in both 
places (above and beyond individu
al tendencies toward authoritarianism, 
which is known to be closely related to 
prejudice toward outgroups). 

These studies, like many others, were 
concerned with attitudes rather than 

behavior, with prejudice rather than dis
crimination. Discrimination, it is often 
said, is more directly a function of the 
objective social situation, which some
times does and sometimes does not fa
cilitate the expression of attitudes; the 
attitudes of prejudice may be SOcially 
learned or due to tendencies to conform, 
but they are not a very efficient predictor 
of discriminatory behavior. According to 
this view, psychological considerations 
are best suited to explaining and predict-
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A 
-19 -16 -13 -10 -7 -4 

MATRIX 1 

6 5 4 3 2 1 

12 10 8 6 4 2 

MATRIX 2 

-25 -21 -17 -13 -9 -5 

B 
1 2 3 4 5 6 

MATRIX 3 

14 13 12 11 1 0  9 

18 17 1 6  1 5  14 1 3  

MATRIX 4 

5 6 7 8 9 1 0  

c 
-14 -1 2 -1 0 -8 -6 -4 

MATRIX 5 

23 19 1 5  11 7 3 

17 14 11 8 5 2 

MATRIX 6 

-8 - 7 -6 -5 -4 -3 

FIRST EXPERIMENT conducted by the author and his colleagues 

utilized these six matrices. The numbers represented points (later 

translated into awards or penalties in money) to be assigned by a 

subject to other individuals; by checking a box the subject assigned 

the number of points in the top of the box to one person and the 

number in the bottom of the box to another person; he did not 

know the identity of these people but only whether each was a 

member of his own group or "the other group." (The groups had 

-1 0 1 2 3 4 5 6 

0 -1 -4 -7 -1 0 -13 -16 -1 9 

0 -1 -5 -9 -1 3 -17 -21 -25 

-1 0 2 4 6 8 10 12 

7 8 9 1 0  1 1  1 2  1 3  14 

8 7 6 5 4 3 2 1 

1 2  1 1  10 9 8 7 6 5 

1 1  1 2  1 3  14 1 5  1 6  17 18 

-2 -1 3 7 11 1 5  1 9  23 

-1 -2 -4 -6 -8 -1 0 -12 -1 4 

-1 -2 -:-3 -4 -5 -6 -7 -8 

-2 -1 2 5 8 11 1 4  17 

been established by the experimenters on grounds that were arti· 

ficial and insignificant.) Each matrix appeared three times in a test 

booklet with each row of numbers labeled to indicate whether the 

subject was choosing between two members of his own group (in· 

group) other than himself, two members of the outgroup or one 

member of the in group and one member of the outgroup. Choices 

were scored to see if subjects chose for fairness, maximum gain to 

their own group or maximum difference in favor of the ingroup. 

97 

© 1970 SCIENTIFIC AMERICAN, INC



ing the genesis and functioning of atti
tudes; the facts of intergroup discrimina
tion are best related to, and predicted 
from, objective indexes of a social, eco
nomic and demographic nature. 

Although I have no quarrel with this 
view, I am left with a nagging feeling 
that it omits an important part of the 
story. The fact is that behavior toward 
outgroups shows the same monotonous 
similarity as attitudes do, across a diver
si ty of socioeconomic conditions. This 
apparent diversity may, of course, ob
scure an underlying common factor of 
"rational" conflict, of struggle to pre
serve a status quo favorable to oneself 
or to obtain an equitable share of social 
opportunities and benefits. Another kind 
of underlying regularity is nonetheless 
common to a variety of social situations 
and is an important psychological effect 
of our sociocultural milieu. It is the as
similation by the individual of the vari
ous norms of conduct that prevail in his 
society. 

For the purposes of this article I shall 
define social norms as being an in

dividual's expectation of how others 
expect him to behave and his expectation 
of how others will behave in any given 
social situation. Whether he does or does 
not behave according to these expecta-
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FOR OUTGROUP 
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MAXIMUM GAIN 
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MAXIMUM GAIN 
FOR OUTGROUP 
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3 4 

3 4 

3 4 

tions depends primarily on his under
standing of whether or not and how a 
situation relates to a specific set of ex
pectations. If a link is made between the 
one and the other-if an individual's un
derstanding of a situation in which he 
finds himself is such that in his view cer
tain familiar social norms are pertinent 
to it-he behaves accordingly. 

There is nothing new to this formula
tion; it is inherent in most studies and 
discussions of intergroup prejudice and 
discrimination that stress the importance 
of conformity. The point I wish to make 
is broader. Conformity contributes to 
hostile attitudes and behavior toward 
specified groups of people in situations 
that are usually characterized by a his
tory of intergroup tensions, conflicts of 
interest and early acquisition by individ
uals of hostile views about selected out
groups. vVe are dealing, however, with 
a process that is more general and goes 
deeper than the learning of value judg
ments about a specific group and the 
subsequent acting out of accepted pat
terns of behavior toward that group. The 
child learns not only whom he should 
like or dislike in the complex social en
vironment to which he is exposed but 
also something more basic. An individual 
constructs his own "web of social affilia
tions" by applying principles of order 

INGROUP-OUTGROUP CHOICES 
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I I II 
5 6 7 8 9 10 
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INGROUP-INGROUP CHOICES 
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I II 
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OUTGROUP-OUTGROUP CHOICES 
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and simplification that reduce the com
plexity of crisscrossing human categori
zations. Perhaps the most important prin
ciple of the subjective social order we 
construct for ourselves is the classifica
tion of groups as "we" and "they"-as in
groups (any number of them to which 
we happen to belong) and outgroups. 
The criteria for these assignments may 
vary according to the situation, and their 
emotional impact may be high or low, 
but in our societies this division into 
groups most often implies a competitive 
relation between the groups. In other 
words, intergroup categorizations of all 
kinds may bring into play what seems to 
the individual to be the appropriate form 
of intergroup behavior. 

vVhat this essentially means is that the 
need to bring some kind of order into our 
"social construction of reality" (a telm 
recently used by Peter L. Berger of the 
New School for Social Research and 
Thomas Luckmann of the University of 
Frankfurt) combines with the hostility 
inherent in many of the intergroup cate
gorizations to which we are continually 
exposed to develop a "generic norm" of 
behavior toward outgroups. Whenever 
we are confronted with a situation to 
which some form of intergroup categori
zation appears directly relevant, we are 
likely to act in a manner that discrimi-

11 12 13 

11 12 13 

11 12 13 

14 

14 

14 

MAXIMUM GAIN 
FOR INGROUP 
MEMBER 

MAXIMUM GAIN 
FOR INGROUP 
MEMBER Y 

MAXIMUM GAIN 
FOR OUTGROUP 
MEMBER Y 

RESULTS WERE SCORED by ranking the choices from 1 to 14 

depending on which box was checked. The end of the matrix at 

which the ingroup member got the minimum number of points 

(and the out group member the maximum) was designated 1; the 

other end, giving the in group member the maximum, was 14. The 

mean choices (colored vertical lines) are shown here. In the inter

group situation the subjects gave significantly more points to mem

bers of their own group than to members of the other group. In the 

intragroup situations, however, the means of the choices fell at 

Rank 7.5, between the choices of maximum fairness (brackets). 
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nates against the outgroup and favors 
the ingroup. 

If this is true, if there exists such a 
generic nOlm of behavior toward out
groups, several important consequences 
should follow. The first is that there may 
be discrimination against an outgroup 
even if there is no reason for it in terms 
of the individual's own interests-in 
terms of what he can gain as a result of 
discriminating against the outgroup. The 
second consequence is that there may be 
such discrimination in the absence of 
any previously existing attitudes of hos
tility or dislike toward the outgroup. And 
the third consequence, following direct
ly from the second, is that this generic 
nonn may manifest itself directly in be
havior toward the outgroup before any 
attitudes of prejudice or hostility have 
been formed. If this reasoning is correct, 
then discriminatory intergroup behavior 
can sometimes be expected even if the 
individual is not involved in actual (or 
even imagined) conflicts of interest and 
has no past history of attitudes of inter
group hostility. 

.N the University of Bristol, in collab-
oration with Claude Flament of the 

University of Aix-Marseille, R. P. Bundy 
and M. J. Billig, I have conducted exper
iments designed to test this prediction 
and others that follow from it. The main 
problem was to create experimental con
ditions that would enable us to assess the 
effects of intergroup categorization per 
se, uncontaminated by other variables, 
such as interactions among individuals or 
preexisting attitudes. vVe aimed, more
over, to look at the behavior rather than 
the attitudes of the subjects toward their 
own group and the other group, to en
sure that this behavior was of some im
portance to them and to present them 
with a clear alternative to discriminating 
against the outgroup that would be a 
more "sensible" mode of behavior. 

Perhaps the best means of conveying 
the way these criteria were met is to de
scribe the procedure we followed in the 
first experiments and its variants in sub
sequent ones. Our subjects were 64 boys 
14 and 15 years old from a state, or 
"comprehensive," school in a suburb of 
Bristol. They came to the laboratory in 
separate groups of eight. All the boys in 
each of the groups were from the same 
house in the same form at the school, so 
that they knew each other well before 
the experiment. The first part of the ex
periment served to establish an inter
group categorization and in the second 
part we assessed the effects of that cate
gorization on intergroup behavior. 
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INTERGROUP DISCRIMINATION was a deliberate strategy in the ingroup-outgroup 

choices (colored curve) and fairness a deliberate strategy in the ingroup-ingroup (gray) 

and outgroup-outgroup (black) choices. This is indicated by the fact that the frequencies of 

intergroup choices differed significantly from those of the intragroup choices only at the 

extreme points of the distribution, the points of maximum fairness and of maximum dis

crimination. (For this analysis the two fairest choices in each matrix, the two middle ones, 

were ranked together as 0 and departures in either direction were scored from 1 to 6_) 

In the first part the boys were brought 
together in a lecture room and were told 
that we were interested in the study of 
visual judgments. Forty clusters of vary
ing numbers of dots were Hashed on a 
screen. The boys were asked to estimate 
the number of dots in each cluster and to 
record each estimate in succession on 
prepared score sheets. There were two 
conditions in this first part of the experi
ment. In one condition, after the boys 
had completed their estimates they were 
told that in judgments of this kind some 
people conSistently overestimate the 
number of dots and some conSistently 
underestimate the number, but that 
these tendencies are in no way related to 
accuracy. In the other condition the boys 
were told that some people are consist
ently more accurate than others. Four 
groups of eight served in each of the two 
conditions. 

After the judgments had been made 
and had been ostentatiously "scored" by 
one of the experimenters, we told the 
subjects that, since we were also inter
ested in other kinds of decision, we were 
going to take advantage of their presence 
to investigate these as well, and that for 

ease of coding we were going to group 
them on the basis of the visual judg
ments they had just made. In actuality 
the subjects were aSSigned to groups 
quite at random, half to "underestima
tors" and half to "overestimators" in the 
first condition, half to "better" and half 
to "worse" accuracy in the second one. 

Instructions followed about the nature 
of the forthcoming task. The boys were 
told that it would consist of giving to 
others rewards and penalties in real mon
ey. They would not know the identity of 
the individuals to whom they would be 
assigning these rewards and penalties 
since everyon.e would have a code num
ber. They would be taken to another 
room one by one and given information 
as to which group they were in. Once in 
the other room they were to work on 
their own in separate cubicles. In each 
cubicle they would find a pencil and a 
booklet containing 18 sets of ordered 
numbers, one to each page. It was 
stressed that on no occasion would the 
boys be rewarding or penalizing them
selves; they would always be allotting 
money to others. At the end of the task 
each boy would be brought back into 
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MD 
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SECOND EXPERIMENT involved new matrices. Each was pre

sented in four versions labeled (as in the illustration at the bottom 

of this page) to indicate whether the choice was between members 

of different groups or between two members of the same group; 

the intergroup choices sometimes had the ingroup member's points 

in the top row and sometimes had ti}em in the bottom row. The ob

jective now was to analyze the influence of three variables on the 

subjects' choices: maximum in group profit (MIP), maximum joint 

profit (M]P) and maximum difference in favor of the ingroup 

member (MD). These varied according to different patterns in the 
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Type A and Type B matrices and in the different versions; in some 

cases the maxima were together at one end of the matrix and in 

other cases they were at opposite ends. For example, in the ingroup

over-out group version of Type A matrices the maximum in group 

profit and maximum difference were at one end and the maximum 

joint profit at the other end (colored type); in the outgroup-over

ingroup version of the same matrices the three maxima were to

gether at the right-hand end of the matrices (black type). Type B 
ingroup-over-outgroup versions, on the other hand, distinguish the 

difference in favor of ingroup from the other two gains (color). 

Booklet for Ilroup preferring Klee 

These numbers are rewards for: 
.j 

member [10_ 74 of Klee !troup 

member no. 44 of Kandinsky group 

El � tJ 6 � � 6 6[j[j00[j 
tJ � tJ tJ � � tJ ������ 

Please fill in below details of the box you have just chosen: 

Reward for member no. 74 of Klee group 

Reward for member no. 44 of Kandinsky t;roup 

PAGE OF BOOKLET, presenting a single matrix, is reproduced as 

a subject might have marked it. In addition to checking a box, the 

subject filled in the blanks below it to confirm his choice. The page 

100 

11 

17 

heading reminded him which group he was in. The awards were 

made to persons identified only by number and group; the subject 

did not know who they were but only their group identification. 
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the first room and would receive the 
amount of money the other boys had 
awarded him. The value of each point 
they were awarding was a tenth of a 
penny (about a tenth of a U.S. cent). 
After these instructions were given, the 
boys were led individually to their cubi
cles to fill out their booklets. 

On each page in the booklet there was 
one matrix consisting of 14 boxes con
taining two numbers each. The numbers 
in the top row were the rewards and 
penalties to be awarded to one person 
and those in the bottom row were those 
to be awarded to another. Each row was 
labeled "These are rewards and penalties 
for member No. _ of your group" or 
" . . .  of the other group." The subjects 
had to indicate their choices by check
ing one box in each matrix. On the cover 
of each booklet and at the top of each 
page was written: "Booklet for member 
of the _ group." 

There were six matrices [see illustra-
tion on page 97] and each of them 

appeared three times in the booklet
once for each of three types of choice. 
There were ingroup choices, with the 
top and the bottom row signifying the 
rewards and penalties to be awarded to 
two members of the subject's own group 
(other than himself). Then there were 
outgroup choices, with both rows signi
fying the rewards and penalties for a 
member of the other group. Finally 
there were intergroup, or "differential," 
choices, one row indicating the rewards 
and penalties to be awarded to an in
group member (other than himself) and 
the other the points for an outgroup 
member. (The top and bottom positions 
of ingroup and outgroup members were 
varied at random.) 

The results for the intergroup choices 
were first scored in terms of ranks of 
choices. In each matrix Rank 1 stood for 
the choice of the term that gave to the 
member of the ingroup the minimum 
possible number of points in that matrix; 
Rank 14, at the opposite extreme of the 
matrix, stood for the maximum possible 
number of points. Comparable (but more 
complex) methods of scoring were adopt
ed for the other two kinds of choice, the 
ingroup choices and the outgroup ones, 
and for comparison of these choices with 
those made in the differential situation. 

The results were striking. In making 
their intergroup choices a large majority 
of the subjects, in all groups in both con
ditions, gave more money to members of 
their own group than to members of the 
other group. All the results were-at a 
very high level of statistical Significance 

-above both Rank 7.5, which represents 
the point of maximum fairness, and the 
mean ranks of the ingroup and outgroup 
choices. In contrast the in group and out
group choices were closely distributed 
about the point of fairness. Further anal
ysis made it clear that intergroup dis
crimination was the deliberate strategy 
adopted in making intergroup choices. 

Before continuing, let us review the 
situation. The boys, who knew each oth
er well, were divided into groups defined 
by flimsy and unimportant criteria. Their 
own individual interests were not affect
ed by their choices, since they always as
signed points to two other people and 
no one could know what any other boy's 
choices were. The amounts of money 
were not trivial for them: each boy left 
the experiment with the equivalent of 
about a dollar. Inasmuch as they could 
not know who was in their group and 
who was in the other group, they could 
have adopted either of two reasonable 
strategies. They could have chosen the 
maximum-joint-profit point of the ma
trices, which would mean that the boys 
as a total group would get the most mon
ey out of the experimenters, or they 
could choose the point of maximum fair
ness. Indeed, they did tend to choose 
the second alternative when their choices 
did not involve a distinction between in
group and outgroup. As soon as this dif
ferentiation was involved, however, they 
discriminated in favor of the ingroup. 
The only thing we needed to do to 
achieve this result was to associate their 
judgments of numbers of dots with the 
use of the terms "your group" and "the 
other group" in the instructions and on 
the booklets of matrices. 

The results were at a very high level 
of statistical significance in all eight 

separately tested groups of eight boys. 
In view of the consistency of the phe
nomenon we decided to analyze it fur
ther and also to validate it with a differ
ent criterion for intergroup categoriza
tion. We tested three new groups of 16 
boys each, this time with aesthetic pref
erence as the basis of the division into 
two groups. The boys were shown 12 
slides, six of which were reproductions 
of paintings by Paul Klee and six by 
Wassily Kandinsky, and they were asked 
to express their preference for one or the 
other of these two "foreign painters." 
The reproductions were presented with
out the painter's signature, so that half 
of the subjects could be assigned at ran
dom to the "Klee group" and half to the 
"Kandinsky group." 

The matrices that confronted the boys 

subsequently in their individual cubicles 
were different from those in the first ex
periment. We were now interested in as
sessing the relative weights of some of 
the variables that may have pulled their 
decisions in one direction or the other. In 
this experiment we looked at three vari
ables: maximum joint profit, or the larg
est possible joint award to both people; 
maximum ingroup profit, or the largest 
possible award to a member of the in
group, and maximum difference, or the 
largest possible difference in gain be
tween a member of the in group and a 
member of the outgroup in favor of the 
former. 

There were four different matrices 
[see top illustration on opposite page]. 
As in the first experiment, there were 
three types of choice: between a mem
ber of the ingroup and a member of the 
outgroup, between two members of the 
in group and between two members of 
the outgroup. In the outgroup-over-in
group version of Type A matrices (that 
is, where the numbers in the top row 
represented amounts given to a member 
of the outgroup and in the bottom row 
to a member of the in group) the three 
gains-joint profit, in group profit and dif
ference in favor of the in group-varied 
together; their maxima (maximum joint 
profit, maximum in group profit and 
maximum difference) were all at the 
same end of the matrix. In the ingroup
over-outgroup version, ingroup profit 
and difference in favor of ingroup went 
together in one direction and were in 
direct conflict with choices approaching 
maximum joint profit. In the Type B 
matrices outgroup-over-ingroup versions 
again represented a covariation of the 
three gains; in the ingroup-over-out
group versions, difference in favor of 
ingroup varied in the direction opposite 
to joint profit and ingroup profit com
bined. 

A comparison of the boys' choices in 
the various matrices showed that maxi
mum joint profit exerted hardly any ef
fect at all; the effect of maximum in
group profit and maximum difference 
combined against maximum joint profit 
was strong and highly significant; the 
effect of maximum difference against 
maximum joint profit and maximum in
group profit was also strong and highly 
significant. In other words, when the 
subjects had a choice between maximiz
ing the profit for all and maximizing the 
profit for members of their own group, 
they acted on behalf of their own group. 
When they had a choice between profit 
for all and for their own group com
bined, as against their own group's win-
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� Oxfor d �_. 
The Face of the Deep 
By BRUCE C. HEEZEN, Lamont-Doherty 
Geological Observatory, Columbia University, 
and CHARLES D. HOLLISTER, Woods Hole 
Oceanographic Institution. This volume offers 
a vivid picture of the ocean bottom in more 
than 600 photographs, eight of which are in 
color. Text and captions provide a full de
scription of this nearly unexplored area. In 
discussing such features as the Mid-Oceanic 
Ridge, turbidity currents, bottom currents, 
and abyssal tracks and trails, the authors pre
sent a highly readable and curren t introduction 
to physical oceanography. 
March 1971 650 pp. 658 illus. cloth $25.00 

paper $12.50 

Exploring the Universe 
Second Edition 
Edited by LOUISE B. YOUNG, Science Editor, 
American Foundation /or Continuing Educa
tion. Providing an orientation for an under
standing of the principles upon which the 
space age has been built, this book of readings 
further suggests the methods and nature of 
man's exploration of the universe. The reader 
is introduced, through the use of original 
writings, to the attitudes and motivations of 
scientists ranging from Newton and his dis
cussions of the refraction of light to the mod
ern cosmologists and their debates over the 
theories of creation. Emphasis is placed upon 
the relation of science to art, philosophy, and 
literature. 
Spring 1971 650 pp. 200 illus. cloth $12.00 

paper $6.50 

An Introduction to Stellar 
Atmospheres and Interiors 
By EVA NOVOTNY, SlajrScientist, Astronomy 
Branch, Manned Spacecraft Center, Houston. 
Written at the intermediate level, this intro
duction to astrophysics explores the basic 
theoretical concepts of stellar atmospheres 
and interiors. It includes such topics as radia
tion transfer theory, model atmospheres, 
absorption-line formation, energy generation, 
degenerate matter, and stellar evolution. 
Fall 1971 approx. 350 pp. $9.50 

Molecular Quantum Mechanics: 
An Introduction to 
Quantum ChemistlY 
By P.W. ATKINS, Oxford UniL-eTsity. This 
book introduces the ideas of quantum me
chanics in Part r. Part II deals with the 
mathematical foundations of the theory, while 
Part III offers an account of atomic and 
molecular structure and spectra and further 
describes electric and magnetic properties of 
molecules. The work is available as a two
volume paperbound set, or in one volume, 
clothbound, $17.75. 
1970 Vol. I (Parts I, II) 230 pp. Vol. II (Part 

III) 252 pp. paper, each $5.50 
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ning mOTe than the outgroup at the 
sacrifice of both of these utilitarian ad
vantages, it was the maximization of dif
ference that seemed more important to 
them. 

Evidence leading in the same direc
tion emerged from the other two types of 
choice, between two members of the in
group and between two members of the 
outgroup: the ingroup choices were con
sistently and significantly nearer to the 
maximum joint profit than were the out
group ones-and this was so in spite of 
the fact that giving as much as possible 
to two members of the outgroup in the 
choices applying solely to them pre
sented no conflict with the ingroup's in
terest. It simply would have meant giv
ing more to "the others" without giving 
any less to "your own." This represented, 
therefore, a clear case of gratuitous dis
crimination. We also included in the 
second experiment some of the original 
matrices used in the first one, with re
sults much the same as before. Again all 
the results in this experiment were at a 
high level of statistical significance. 

In subsequent experiments we tested 
the importance of fairness in making the 
choices, the effect on the choices of 
familiarity with the situation and the 
subjects' ideas about the choices that 
others were making. Fairness, we found, 
was an important determinant; most of 
the choices must be understood as being 
a compromise between fairness and fa
voring one's own group. We found that 
discrimination not only persisted but 
also increased when the entire situation 
became more familiar to the subjects_ 
With familiarity there was also an in
crease (when the boys were asked to 
predict the other subjects' behavior) in 
their expectation that other boys were 
discriminating. 

Much remains to be done to analyze 
the entire phenomenon in greater detail 
and to gain a fuller understanding of its 
determining conditions, but some clear 
inferences can already be made. Out
group discrimination is extraordinarily 
easy to trigger off. In some previous 
studies of group conflict, such as one 
conducted by Muzafer Sherif at the Uni
versity of Oklahoma, groups had to be 
placed in intense competition for sev
eral days for such results to occur [see 
"Experiments in Group Conflict," by 
Muzafer Sherif; SCIENTIFIC AMERICAN, 
November, 1956]; in other situations 
behavior of this kind can occ;ur without 
direct conflict if it is based on previously 
existing hostility. Yet neither an objective 
conflict of interests nor hostility had any 
relevance whatever to what our subjects 

were asked to do. It was enough for them 
to see themselves as clearly categorized 
into an ingroup and an outgroup, flimsy 
as the criteria for this division were
even though the boys knew one another 
well before the experiments, their own 
individual gains were not involved in 
their decisions and their actions could 
have been aimed to achieve the greatest 
common good. 

It would seem, then, that the generic 
norm of outgroup behavior to which 

I have referred does exist and that it 
helps to distort what might have been 
more reasonable conduct. This norm de
termines behavior-as other social norms 
do-when an individual finds himself in 
a situation to which, in his view, the 
norm applies. Behavior is never motive
less, but it is a crude overSimplification 
to think that motives in social situations 
include no more than calculations of 
self-interest or that they can be derived 
from a few supposedly universal human 
drives such as aggression toward the out
sider, the need to affiliate and so on. To 
behave socially is a complex business. It 
involves a long learning process; it is 
based on the manipulation of symbols 
and abstractions; it implies the capacity 
for modification of conduct when the 
situation changes-and social situations 
never remain static. To behave appTO
]Jl'iately is therefore a powerful social 
motive, and attempting to do so means 
to behave according to one's best under
standing of the situation. Judgments of 
what is appropriate are determined by 
social norms, or sets of expectations. 

It seems clear that two such norms 
were understood by our subjects to apply 
to the situation we imposed on them: 
"groupness" and "fairness." They man
aged to achieve a neat balance between 
the two, and one might assume that in 
real-life situations the same kind of 
balance would apply. Unfortunately it is 
only too easy to think of examples in real 
life where fairness would go out the 
window, since groupness is often based 
on criteria more weighty than either 
preferring a painter one has never heard 
of before or resembling someone else in 
one's way of counting dots. Socialization 
into "group ness" is powerful and un
avoidable; it has innumerable valuable 
functions. It also has some odd side ef
fects that may-and do-reinforce acute 
in tergroup tensions whose roots lie else
where. Perhaps those educators in our 
competitive societies who from the em-li
est schooling are so keen on "teams" and 
"team spirit" could give some thought to 
the operation of these side effects. 
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WHY THE SEA IS SALT 

The sea contmns more than 70 elements In addition to sodiunl 

and chlorine. The global cycles that relTIOVe and replenish them 

invol \'e rainfall, volcanoes and the spreading of the ocean floor 

A ccording to an old Norse folktale the � sea is salt because somewhere at 
the bottom of the ocean a magic 

salt mill is s teadily grinding away. The 
tale is perfectly true. Only the details 
need to be worked out. The "mill," as 
i t  is visualized in current geophysical 
theory, is the "mid-ocean" rift that mean
ders for 40,000 miles through all the 
major ocean basins. Fresh basalt flows up 
into the rift from the earth's plastic 
mantle in regions where the sea floor is 
spreading apart at  the rate of several 
centimeters per year . Accompanying this 
mantle rock is "juvenile" water-water 
never before in the liquid phase-con
taining in solution many of the com
ponents of seawater, including chlorine, 
bromine, iodine, carbon, boron, nitro
gen and various trace elements.  Addi
tional juvenile water, equally salty but 
of somewhat differen t composition, is 
released by volcanoes that rim certain 
continental margins, such as those bor
dering the Pacific, where the sea floor 
seems to be disappearing into deep 
trenches [see illustration on these two 
pages]. 

The elements most abundant in juve
nile water are precisely those that cannot 
be accounted for if the solids dissolved in 
the sea were simply those provided by 
the weathering of rocks on the earth's 
surface. The "missing" elements, such as 
chlorine, bromine and iodine, were once 
called "excess volatiles" and were at
tributed solely to volcanic emanations . 
It is now recognized that juvenile water 
may have nearly the same chlorinity as 
seawater but is much more acid due to 
the presence of one hydrogen ion (H + ) 
for every chloride ion (CI - ) .  In due 
course, as I shall explain later, the hydro
gen ions are removed and replaced by 
sodium ions (Na +) , yielding the concen
tration of ordinary salt (NaCI) that con-
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stitutes 90-odd percent of all the "salt" 
in the sea . 

The chemistry of the sea is largely the 
chemistry of obscure reactions at extreme 
dilution in a s trong salt solution, where 
all the classical chemist's "distilled wa
ter" theories and procedures break down. 
The father of oceanographic chemistry 
was Robert Boyle, who demonstrated in 
the 1670's that fresh waters on the way 
to the sea carry small amounts of salt 
with them. He also made the first at
tempt to quantify saltiness by drying sea
water and weighing the residue, but his 
results were erratic because some of the 
constituents of sea salt are volatile. Boyle 
found that a better method was simply to 
measure the specific gravity of seawater 
and from this estimate the amount of 
salt  present. Since the distribution of 
density in the sea is important to ocean
ographers, the same calculation is rou
tinely performed today in reverse :  the 
salinity is deduced by measuring the 
electrical conductivity of a sample of sea
water, and from this and the original 
temperature of the sample one can com
pute the density of the seawater at the 
point the sample was taken . 

In 1715 Edmund Halley suggested 
that the age of the ocean and thus of the 
world might be estimated from the rate 
of salt transport by rivers . When this 
proposal was finally acted on by John 
Joly in 1899, it gave an age of some 90 
million years . The quantity that Joly 
measured ( total amount of x in ocean 
divided by annual river input of x) is 
now recognized as the "residence time" 
of the constituent x, which is an index of 
an element's relative chemical activity in 
the ocean.  Joly's value is about right for 
the residence time of sodium; for a more 
reactive element (in the ocean environ
ment) such as aluminum the residence 
time is as brief as 100 years. 

Not quite 200 years ago Antoine 
Laurent Lavoisier conducted the first 
analysis of seawater by evaporating it 
slowly and obtaining a series of com
pounds by fractional crystallization. The 
first compound to settle out is calcium 
carbonate (CaCOR),  followed by gypsum 
(CaS04 . 2H20),  common sal t  (NaCI), 
Glauber's salt (Na�S04 . lOH�O),  Epsom 
salts (MgS04' 7H;P) and finally the 
chlorides of calcium (CaCI�) and mag-

MAGIC SALT MILL at the bottom of the 
sea, imagined in the old Norse folktale, 
turns out to be not so fanciful after all. The 
modern explanation of why the sea is salt 
invokes the concept of the "mid-ocean" rift 
and sea-floor spreading, as depicted here in 
cross section. The rift is a weak po int be-
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nesium (MgCI�) .  Lavoisier noted that 
slight changes in experimental conditions 
gave rise to large shifts in the relative 
amounts of the various salts crystallized . 
( In fact, some 54 salts, double salts and 
hydrated salts can be obtained by evap
orating seawater. )  To get reproducible 
results for even the total weight  of salt 
one must remove all organic matter, con
vert bromides and iodides to chlorides, 
and carbonates to oxides , before evap
orating. The resultin g weight, in grams 
of salt per kilogram of seawater, is the 
salinity, SO/oo. (The symbol °/00 is read "per 
mil.") 

In actual practice the total weight  of 
salt in seawater is nowadays never de
termined. Instead the amount of chloride 
ion is carefully measured and a total for 
all o ther ions is computed by applying 
the "constancy of relative proportions." 
This concept dates back to the middle 
of the 19th century, when John Murray 
eliminated confusion about the multiplic
i ty of salts by observing that  individual 
ions are the important thing to talk about 
when analyzing seawater. Independently 
A. M. Marcet concluded from many mea
surements that  various ions in the world 
ocean were present in nearly constant 

AXIS OF RIFT 

proportions, and that only the absolute 
amount of salt was variable. This con
stancy of relative proportions was con
firmed by Johann Forchhammer and 
again more thoroughly by Wilhelm Ditt
mar's analysis of 77 samples of seawater 
collected by H .M.S. Challenger on the 
first worldwide oceanographic cruise . 
These 77 samples are probably the last 
ever analyzed for all the major constitu
en ts . Their average salinity was close to 
35°/00, with a normal variation of only 
±2"/vo. 

In the 86 years since Dittmar reported 
eight  elements, 65 more elements have 
been detected in seawater. It was rec
ognized more than a Gentury ago that  
elements present in minute amounts in 
seawater might be concentrated by sea 
organisms and thereby raised to the 
threshold of detectability. Iodine, for ex
ample, was discovered in algae 14 years 
before it was found in seawater .  Subse
quently barium, cobalt, copper, lead, 
nickel, silver and zinc were all detected 
first  in sea organisms . More recently the 
isotope silicon 32, apparently produced 
by the cosmic ray bombardment of argon, 
has been discovered in marine sponges .  

There are also inorganic processes in 

HELIUM 3 
MANGANESE NODULES 

SEDIMENTS 

---:-:I 
" " 

the ocean that  concentrate trace ele
ments . Manganese nodules (of which 
more below) are able to concentrate ele
ments such as thallium and platinum to 
detectable levels .  The cosmic ray isotope 
beryllium 10 was recently discovered in 
a marine clay that concentrates berylli
um . In all, 73 elements (including 13 of 
the rare-earth group) apart from hydro
gen and oxygen have now been detected 
directly in seawater [see illustmtioll Oil 
page 107]. 

I t is only in the past 40 years that geo-
chemists have become interes ted in 

the chemical processes of the sea for 
what they can tell us about the history 
of the earth . Conversely, only as geo
physicists have pieced together a com
prehensive picture of the earth's history 
has it been possible to bring order into 
marine chemistry .  

The earth's present atmosphere and 
ocean are not  primordial but have been 
liberated from chemical and mechanical 
entrapment in solid rock. Perhaps four 
billion years ago, or a litt le less, there 
was (according to many geophYSicists) a 
"grand catastrophe" in which the earth's 
core, mantle, crust, ocean and atmo-

H,O, HCI, CO" 
B(OH}" NO,-, 

Br-, 1-

? 

tween rigid plates, or segments, in the earth's crust. Although the 
driving mechanism is not yet understood, the plates move apart a 
few centimeters a year as fresh basalt from the plastic mantle flows 
up between them. The new basalt releases "juvenile" water (water 
never before in liquid form ) and a variety of elements, including 
heavy metals that become incorporated in manganese nodules and 
the rare i sotope helium 3, which escapes finally into space. At the 

continental margin (right) the lithospheric plate is subducted, 
forming a trench and carrying accumulated sediments with it .  (The 
plate apparently thickens en route as plasti c  basalt "freezes" to its 
underside. ) As i t  descends the plate remelts and releases soluble 
elements and ions that are ejected into the atmosphere by volca
noes. They maintain the saltiness of the sea and together with weath· 
ered crustal rock, such as granite, provide the stuff of sediments. 
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sphere were differen tiated from an orig
inal homogeneous accumulation of ma
terial . Estimates of water released during 
the catastrophe range from a third to 90 
percent of the presen t  volume of the 
ocean. The catastrophe is not  finished 
even yet, since differentiation of the 
man tle con tinues in regions of volcanic 
activity. Most of the exhalations of vol
canoes and hot springs are simply re
cycled ground water, but if only half of 
1 percent of the water released is ju
venile, the presen t production rate is 
sufficien t to have filled the en tire occan 
in fOLlr billion years . 

There is evidence that the salinity of 
the ocean has not changed greatly since 
the ocean was formed ; in any event the 
salinity has been nearly constant for the 
past 200 million years (5 percen t  of 
geologic time) .  The composi tion of an
cient sediments suggests that the ratio of 
sodium to potassium in seawater has 
risen from about 1 : 1 to i ts presen t value 
of about 28 : 1. Over the same period the 
ratio of magnesium to calcium has risen 
from roughly 1 : 1 to 3 : 1 as organisms 
removed calcium by building shells of 
calcium carbonate. It is Significan t, how
ever, that the total amoun t of each pair 
of ions varied much less than the relative 
amounts .  

If  we look at  rain as i t  reaches the sea 
in rivers, we find a distinctly nonmarine 
mix to i ts ions .  If we catch i t  even earlier 
as it tumbles down young mountains, 
the differences are even more pro
nounced. This continual input of water 
of nonmarine composition would even tu
ally overwhelm the original composition 
of the ocean unless there were corrective 
reactions at work .  

The overall geochemical cycle that 
keeps the marine ions closely in bal
ance involves a complex interchange of 
material over decades, cen turies and 
millenniums among the atmosphere, 
the ocean, the rivers, the crustal rocks, 
the oceanic sediments and ul timately the 
mantle [see "a" in illustration on page 
108]. Because this overall picture is too 
general to be of much use, we abstract 
bits from it and call them thalassochemi
cal models (thalassa is the Greek word 
for "sea") . One model involves simply 
the cyclic exchange of sea salt between 
the rivers and the sea; the cycle includes 
the transport of salt from the sea sur
face into the atmosphere, where salt 
particles act as condensation nuclei on 
which raindrops grow [see "b" in illus
tration on page 108]. This process ac
counts for more than 90 percent of the 
chloride and about 50 percent of the 
sodium carried to the sea by rivers. 
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Another useful abstraction is the 
"steady state" thalassochemical model . 
If the ocean composition does not  change 
with time, i t  must be rigorously true that 
whatever is added by the rivers must be 
precipitated in marine sediments [see "e" 

in illustration on page 108]. Oceanic resi
dence times computed from sedimenta
tion rates, particularly  for reactive trace 
metals, agree well with the input rates 
from rivers . Unfortunately residence 
times do not reveal the mechanism by 
which an element is removed from sea
water. For residence times greater than 
a million years i t  is often helpful to 
invoke the "equilibrium" model, which 
deals only with the rate of exchange be
tween the ocean and its sedimen ts [see 
"d" in illustration on page 108]. 

1'0 understand how the earth main-
tains its geochemical poise over a bil

lion-year time scale we must return to 
the circle of arrows-the weathering and 
"un weathering" processes-of the geo
chemical cycle. This circle starts with 
primordial igneous rock,  squeezed from 
the mantle. Ignoring relatively minor 
heavy metals such as iron, we can as
sume that the rock consists of aluminum, 
silicon and oxygen combined with the 
alkali metals: potassium, sodium and 
calcium. The resulting minerals are 
feldspars (for example KA1SiROs) .  Rain
water picks up carbon dioxide from the 
air and falls on the feldspar. The reaction 
of water, carbon dioxide and feldspar 
typically yields a solution of alkali ions 
and bicarbonate ions (HCOR - ) in which 
is suspended hydrated silica (Si02) .  The 
residual detri tal a luminosilicate can be 
approximated by the clay kaolinite: 
Al�Si�Or;(OH).1 [see Step 1 in illustration 
on page 109]. A mountain stream carries 
off the ions and the silica . The kaolinite 
fraction lags behind, first as a friable sur
face on weathering rock, then as soil 
material and finally as al luvial deposits 
in river valleys . If the stream evaporates 
in a closed basin, such as one finds in the 
western U .S . ,  the result is a "soda lake" 
containing high concentrations of car
bonates and amorphous silica. 

In matur e  river systems the kaolinite 
fraction reaches the sea as suspended 
sediment. Encountering an ion-rich en
vironment for the first time, the alum i
nosilicate must  reorganize i tself into 
new minerals . One such mineral, which 
seems to be forming in the ocean today, 
is the potassium-containing clay illi te 
[see Step 2 in illustration on page 109]. 
These "clay cation" reactions may take 
decades or centuries . They are poorly 
understood because graduate students 

who study them invariably leave before 
the reactions are complete. The net  ef
fect of such reactions is to tie up and 
remove some of the potassium and bi
carbonate ions, along with aluminum, 
silicon and oxygen. 

A biologically important reaction ,  usu
ally confined to shallow water, allows 
marine organisms to build shells of cal
cium carbonate, which precipitates when 
calcium (Ca + +) and bicarbonate ions re
act. If dilute hydrochloric acid is present 
(it is released by volcanoes),  i t  reacts 
even more rapidly wi th bicarbonate, 
forming water and carbon dioxide and 
leaving free the chloride ion . When ma
rine organisms die and sink to about 
4,000 meters, they cross the "lysocline," 
below which calcium carbonate redis
solves because of the high pressure .  We 
have now traced the three metallic ions 
removed from igneous rock to three 
separate niches in the ocean.  Sodium re
mains dissolved, potassium precipi tates 
in clays on the deep-sea Boor and cal
cium precipitates in shallow water as 
biogenic limestone: coral reefs and cal
careous oozes . 

Ages pass and the geochemica l  cycle 
rolls on, converting ocean-bottom clay 
into hard rock such as granite. When old 
sea Boor finally reaches a region of high 
pressure and temperature under a conti
nental block, i t  still contains some free 
ions that can react with the clay to re
consti tute hard rock .  A score of reaction 
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ELEMENTS IN SHORT SUPPLY 

RANGE OF BIOLOGICALLY 

CAUSED CHANGE 
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METALS CONCENTRATED 
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COMPOSITION OF SEA WATER has been 
a challenge to chemists since Antoine Lau
rent Lavoisier made the first analyses. The 
logarithmic chart on the opposite page 
shows in moles per kilogram the concentra
tion of 40 of the 73  elements that have been 
identified in seawater. A mole is equivalent 
to the element's atomic weight in grams ; 
thus a mole of chlorine is 35 grams, a mole 
of uranium 238 grams. Only four elements 
are now recovered from the sea commercial
ly: chlorine, sodium, magnesium and bro· 
mine. Recovery of other scarce elements is 
not promising unless biological concentrat
ing techniques can be developed. Manganese 
nodules are a potential source of scarce met
als but gathering them from the deep-sea 
floor may not be profitable in this century. 
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schemes are possible. In Step 3 in the 
illustration on the opposite page I have 
chosen to build a "granite" from equal 
par ts of potassium feldspar, sodium feld
spar, potassium mica and quartz. (Notice 
that calcium is missing because it has dis
solved from the sediments during their 
descent into the deep-ocean trenches 
that carry the sediments under the con
tinental blocks.) The reaction written in 
Step 3 uses up all the silica formed in 
Step 1 .  

The goal o f  this geochemical exercise 
has now been reached. First, we have 
shown that of all the substances that en
ter the ocean, only sodium and chlorine 
remain abundantly in solution. Of the 
other elements, the amount remaining 
in solution is less than a hundredth of 
the amount delivered to the ocean and 

c 

k, [RIVER] = k2 [OCEAN] 

precipitated from it .  Second, we have 
made a s tart at explaining the observed 
sodium-potassium ratios :  in basalt this 
ratio is about 1 : 1, in seawater 28 : 1 
and in granite 1: 1 .2. If the weight of 
sodium tied up in granite were about 
140 times as great as the weight of sodi
um dissolved in the sea, the s light ex
cess of potassium over sodium in granite 
would explain the sea's deficiency in 
potassium. 

We now have working models for 
thinking about the circulation of the 
major elements, but we have barely 
scratched the true complexity and sub
tlety of seawater. The sources and sinks 
of the minor elements are now being ex
plored. In many cases we can only guess 
at what the natural marine form of an 
element is because our detection tech-

b 

"k, [RIVER] = k_, [OCEAN]" 

d 

'---S
-

E
-
D

-
IM-E- NT-S-'I j(, 

K =�� [SEDIMENTS) 
k_2 [OCEAN] 

GRAND GEOCHEMICAL CYCLE (a) summarizes the global pathways taken sooner or 
later by the three·score elements that pass through the ocean and maintain its saltiness. The 
three "thalassochemical" models (b, e, d) abstracted from it are more helpful when trying 
to understand the rate laws governing the transport of specific elements. The rate constants, 
k, are expressed as a fraction: one over some number of years. The brackets enclose con· 
centrations of the element being studied, specified according to its environment. The 
"cyclic" model (b) accounts for 90 percent of the chloride in river water. Its rate law is in 
quotation marks because extra factors, such as the area of the ocean, must be incorporat· 
ed. The "steady state" model (c)  works well for reactive tr�ce metals ; the reciprocal of k2 
is simply the residence time in the ocean. The "equilibrium" model ( d) seems the most ap· 
propriate for the hydrogen ion \ H +) and the ions of the major met�ls, such as sodium. 
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niques either convert all forms to a com
mon form for analYSis or miss some forms 
completely. Moreover, certain ions seem 
to behave capriciously in the ocean. For 
example, at  the pH (hydrogen-ion con
centration) of seawater, vanadium should 
appear as V02(OHh --, an ion with a 
double negative charge; instead it seems 
to exist in positively charged form, per
haps as VO!! + . 

Much of what is known about ele
ments in the sea can be summarized in 
an oceanographer's periodiC table [see 
illustration on page 110]. The usefulness 
of the usual kind of periodic table to the 
chemist is that it arranges chemically 
similar elements in vertical columns and 
presents behavioral trends in horizontal 
rows. The oceanographer's table shows 
how these regulari ties are disrupted in 
the ocean environment. 

First of all, more than a dozen ele
ments have never been detected in sea
water, although two of them (palladium 
and iridium) exist in parts per billion 
in marine sediments and another (plati
num) is present in manganese nodules. 
The second interesting feature of the 
oceanographer's table is the tendency 
for the "upper" and "outer" elements, 
those in the raised wings, so to speak, to 
be the most plentiful in the sea. The 
"upper" tendency simply reflects the 
greater cosmic abundance of light ele
ments . (Lithium, beryllium and boron, 
however, are fairly scarce even cosmi
cally .) 

The "outer" trend can be explained 
in quantum-mechanical terms by the 
presence or absence of electrons in d 
orbitals, the electron shells principally 
involved in forming complexes . Ele
ments in the first three columns at the 
left have no d orbitals; those in the last 
four columns at the right have full cl 
orbitals . Both characteristics favor weak 
chemical bonds, with the result that 
these two groups of elements tend to 
ionize readily and remain in solution, ei
ther by themselves or in simple combina
tion with oxygen and hydrogen. In con
trast, the elements in the center of the 
table with partially fil led d orbitals form 
strong chemical bonds and compounds 
that precipitate readily; thus they can 
exist only at low concentration in solu
tion. For silver and the surrounding 
group of metals the most stable com
plexes are formed with the most abun
dant seawater ion: chloride. Most of the 
other elements that are hungry for cl 
electrons form their complexes with oxy
gen, or oxygen plus some protons (hydro
gen nuclei ) .  

Ordinarily the oxidation state of metals 
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STEP 1: WEATHERING OF IGNEOUS ROCK 

CaAI2Si20a 
ANORTHITE 
2KAISi30a 

POT ASSIUM FELDSPAR 
2NaAISi30a 

SODIUM FELDSPAR 

IGNEOUS ROCK + 

STEP 2: EQUILIBRATION IN OCEAN 

RAINWATER » 

+ 8Si02(aq) + 3AI2Si205(OH)4 
"KAOLINITE" 

STREAM WATER + DETRITUS , 

"KAOL I NIT E" + SEAWATER » 

2K(AISi04)AI2(OH)202(Si204) + 5H20 + 2C02 1 (DEEP WATER) 

CLAY ( ILLITE) 

Ca+ + + 2HC03-
2HCI + 2HC03-

ORGANISMS 
» 

VULCANISM 
» 

CaC03 ! + HP + CO2 1 (SHALLOW WATER) 
2CI- + 2H20 + 2C02 T 

STEP 3: METAMORPHOSIS OF SHALE (C LAY) 

HEAT 
» 

PRESSURE 

KAISi30a 
POT ASSIUM FELDSPAR 

NaAISi30a 
SODIUM FELDSPAR 
KAI2(AISi301O)(OH)2 
POTASSIUM MICA 

Si02 

CLAY + INTERSTITIAL WATER ----7» "GRANITE" + VOLCANIC GAS + QUARTZ + PYROPHYLLlTE, 

STEP 4: LEFT BEHIND IN OC EAN 

Na+ + (1-

ONLY SALT REMAINS after the ocean "laboratory" has finished 
processing the complex of chemicals removed from i gneous rock 
by rainwater containing dissolved carbon dioxide. Step 1 yields a 
solution of alkali ions and bicarbonate ( HC03 - )  ions in which hy
drated silica ( Si02) and aluminosilicate detritus are suspended. 
In crystalline form the aluminosilicate would be kaolinite. In 
the ocean (Step 2) the "kaolinite" is complexed with potassium 

ions (K + ) to form illite clay. Marine organisms use the calcium ion 
( C a  + +) to  make calcium carbonate shells, which form sediments 
in shallow water. Hydrochloric acid ( HC]) , injected by undersea 
volcanoes, reacts with bicarbonate ions, returning some carbon di· 
oxide to the atmosphere. In Step 3 clay is metamorphosed into 
"granite." Sodium chloride (Step 4) remains. Although some of  this 
sequence is  hypothetical, something very similar seems to take place. 

avid for d electrons would be determined 
by the oxidation potential of seawater, 
which is a measure of its ability to ex
tract electrons from a substance just as 
its pH is a measure of its ability to ex
tract protons . The oxidation potential of 
seawater has the high value of .75 volt, 
enabling it to extract the maximum pos
sible number of electrons from nearly all 
elements except the noble metals (plati
num group) and the halogens (fluorine 
family) .  

Surprisingly, however, the oxidation 
potential of seawater does not seem to 
control the oxidation states of many met
als that have partially filled d shells . 
One reason is that most reactions pro
ceed by a mechanism in which only a 

single electron is transferred at a time. 
Such transfers occur most readily when 
the reactants are adsorbed on surfaces 
where atomic geometry and electric
charge distribution are able to expedite 

the redistribution of electrons (hence the 
utili ty of catalysts, which provide such 
surfaces) .  But surfaces of any kind are 
few and far between in the ocean, and 
(with the exception of manganese nod
ules) those that do exist are poor cata
lysts. A second reason for the failure of 
the sea's oxidation potential to control 
valence states is that organisms some
times excrete electron-rich substances, 
which then remain in that reduced state 
in spite of seawater's apparent capacity 
to oxidize them. 

Manganese nodules are porous chunks 
of metallic oxides up to several centi
meters in diameter, widely distributed 
over the ocean floor. They evidently 
exist because they are autocatalytic for 
the reaction that produces them. Be
cause of their porous structure, nodules 
have a surface area of as much as 100 
square meters per gram. The autocata
lytic property seems to extend to an 

entire suite of metals that coprecipi
tate with manganese: iron, cobalt, nick
el, copper, zinc, chromium, vanadium, 
tungsten and lead. Nodules found on the 
flanks of oceanic ridges contain signifi
cant concentrations of metals, such as 
nickel, that are scarce in seawater itself. 
This suggests that the nodules are col
lecting juvenile metals as the metals leak 
from the mantle at the fissure of the 
ridge. One would like to know why the 
nodule metals are present in oxide form 
rather than, as one would expect, in car
bonate form. 

The level of the discussion so far might 
best be called thalassopoetry. The 

discussion can be made more serious 
in two ways . One approach-the "geo
chemical balance"-has employed a com
puter to follow in detail as many as 60 
elements as they move through the geo
chemical cycle, from igneous rock back 
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PERIODIC TABLE, as prepared by the "thalassochemist," shows 
the form in which the detectable elements appear in seawater. In 
each box the element normally found in that place in the usual 
periodic table is shown in color ; the elements associated with 
it are in black. Thus carbon appears predominantly as HCOa - ,  
arsenic a s  HAs042 - and s o  on. The superscripts show the number 

of positive or negative charges carried by each ion. Iodine's two 
forms, I - and lOa -, are about equally common. Except for the 
noble gases (last column at right ) ,  all the elements dissolved in the 
sea must be present as ions. When an element ( other than a noble 
gas) is shown by itself, without a plus or minus charge, it means 
that its preferred ionic form in seawater is not yet established. 

to metamorphosed sediments. In the 
second approach the actual chemistry of 
each element is followed by applying the 
thermodynamic methods of Josiah Wil
lard Gibbs to systems regarded as be
ing near equilibrium. This effort was 
launched by Lars Gunnar Sillen of Swe
den and has been pursued by Robert 
M. Garrels of Northwestern University 
and by Heinrich D. Holland of Princeton 
University. 

Of course no chemist in his right mind 
would talk seriously about equilibria in a 
system of variable temperature, pressure 
and composition that was poorly stirred, 
had variable inputs and contained living 
creatures. On the other hand, the ob
served unifolmity of the ocean and the 
long periods available for reacting sug
gest that at least the major components 
are sufficiently close to equilibrium to 
make an investigation worthwhile. (We 
know the minor constituents are not in 
equilibrium.) 

The equilibrium approach is based on 
Gibbs's phase rule, which states that the 
number of phases (P) possible in a sys
tem of C components at equilibrium is 
given by the equation P = C + 2 - F, 
where F is the number of "degrees of 
freedom," or quantities that may be in
dependently varied without changing 
the number of phases or their composi
tion (although F may change their rela
tive proportions). The 2 enters tile equa
tion because only two variables, temper
ature and pressure, are important in most 
chemical reactions. 

1 1 0 

One of Sillen's most comprehensive 
ocean models has nine components: wa
ter, hydrochloric acid, silica, three hy
droxides (aluminum, sodium and potas
sium), carbon dioxide and the oxides of 
magnesium and calcium. Observation of 
sea-floor sediments, aided by laboratory 
studies, suggests that a nine-phase ocean 
will result [ see illustrations on opposite 
page J. If C and P both equal nine, the 
phase rule states that the number of 
degrees of freedom (F) must equal two. 
Logically these are temperature (which 
can vary over the oceanic range from 
-2 degrees Celsius to 30 degrees) and 
the chloride ion concentration (which 
can shift over the normal oceanic range 
without changing the composition of the 
stable phases)_ 

A diagrammatic view of how the nine 
components sort themselves into phases 
is shown in the bottom illustration on the 
opposite page. Note that the liquid 
phase contains ions not listed either as 
components or phases (for example H +  
and OH-).  Thermodynamics need not 
consider them explicitly because they do 
not vary independently; their concentra
tions are fixed by the equilibrium con
stants that connect the observed phases. 
Thus H20 = H +  + OH - .  Moreover, 
one knows that the product of H + and 
OH - is a thermodynamic constant, 
which equals 10-14 mole per liter. Simi
lar relations tie the entire system into 
a comprehensible whole, so that when all 
the calculations are performed one has 
discovered the equilibrium concentra-

tions of five cations (H + ,  Na + ,  K + ,  
Mg+ + and C a  + + )  and four anions (Cl - ,  
OH - ,  HCOa - and COa - -) .  

I t  may seem peculiar to discuss an 
"atmosphere" containing only water va
por and carbon dioxide. One could easily 
add oxygen and nitrogen to the list of 
components. Since they would add no 
new phases, they would raise the num
ber of degrees of freedom from two to 
four (9 = 1 1  + 2 - 4). The two new F's 
would be the total atmospheric pressure 
and the ratio of oxygen to nitrogen. In 

- the study of the ocean, however, the par
tial pressure due to carbon dioxide is 
more Significant than the total pressure 
of the atmosphere. Moreover, the pres
ence of gaseous oxygen and nitrogen has 
little importance for the inorganic envi
ronment of the ocean, so that it is simpler 
to omit them and just as "real." 

Suppose now we perturb the equilibri-
um of the model ocean by assuming 

that a submerged volcano has sudden
ly released enough hydrochloric acid 
(HCI) to double the amount of chloride 
ion (Cl-).  The dissociation of hydro
chloric acid releases enough H +  ions to 
raise the total number of hydrogen ions 
in the ocean from the former equilibrium 
value of 10-8 mole per liter to 10 + _a. This 
excess of hydrogen ions almost immedi
ately pushes all the available carbon
ate ions (COa - - ) to bicarbonate ions 
(HCOa -) and tile latter to carbonic acid 
(H2COa). These shifts, however, only 
slightly depress the pH, which remains 
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high until the slow circulation of the 
ocean brings the hydrogen ions in direct 
contact with the clay sediments on the 
sea Hoor. 

The structure of clay is such that 
oxygen atoms at the free corners of 
polyhedrons carry unsatisfied negative 
charges, which attract positive ions [see 
top illustration on next page]. Because 
the ocean is so rich in sodium ions (Na +) , 
they occupy most of the corners of clay 
polyhedrons .  When the excess hydrogen 
ions come in contact with the day, they 
quickly replace the sodium ions and set 
them adrift .  This fast reaction is limited 
in scope because the surface and inter
layer ion-exchange capacity of clay is 
not very great. Much more capacity is 
provided when the structure of the clay 
is rearranged; for example, the conver
sion of montmorillonite to kaolinite also 
consumes hydrogen atoms and releases 
sodium. Given sufficient time-centuries 
-such rearrangements inexorably take 
place, and the pH of the ocean slowly 
drifts back to its equilibrium value. The 
charge on the excess chloride introduced 
by the volcano will then be balanced not 
by H + but by Na +. This slow equilibra
tion mechanism can be regarded as the 
ocean's "pH-stat" (in analogy with "ther
mostat") . This clay-cation model sug
gests that the pH of the ocean has been 
constant over the span of geologic time 
and that  hence the carbon dioxide con
tent of the atmosphere has been held 
within narrow limits. 

If only the pH-stat were available for 
leveling surges in pH, the ocean 

might be subjected to violent local Huc
tuations. For fast response pH control is 
taken over by a carbonate buffer system 
[see bottom illustration on next page J .  
I n  fact, until recently oceanographers 
neglected the clay-cation reactions and 
assumed that the carbonate-buffer sys
tem almost completely determined the 
pH of the ocean. 

One might think that if the carbon 
dioxide content of the atmosphere were 
to decrease, carbon dioxide would How 
from the sea into the atmosphere, lead
ing to a general depletion of all car
bonate species in the ocean and eventual
ly to the dissolution of some carbonate 
sediments. In actuality something quite 
different happens because the carbonate 
system is its own source of hydrogen 
ions. Removal of carbon dioxide from 
water reduces the concentration of car
bonic acid (H2COs), the hydrated form 
of carbon dioxide. Replacement of this 
acid from bicarbonate ions requires a 
hydrogen ion, which can only be ob
tained by converting another bicar-

C O M PO N E N T S  ( C )  I VA R I A B L E S  (F )  P H A S E S  ( P )  
-

H 2O 1 G A S  T E M P E R AT U R E  

H C I  2 L I Q U I D  C I -

S I 0 2  3 Q U A RT Z  ( S I 0 2) 

A I ( O H ) 3  4 K A O L I N IT E  ( t - o  C L AY )  

N a O H  5 M O N T M O R I L L O N I T E  ( N a - t - o - t  C L AY )  

K O H  6 I L L I T E  ( K - t - o t C LAY ) 

M g O  7 C H LO R I T E  ( M g - t - o - t  C LAY ) 

C O 2  8 C A LC I T E  ( C a C 0 3 )  

CaO 9 P H I L L I P S I T E  ( N a - K F E L DS P A R )  

N I N E  MAJOR COMPONENTS I N  S E A  can, to a first approximation, be combined into 
nine distinctive phases to satisfy the "phase rule" that governs systems in equilibrium. The 
rule, formulated in the 19th century by Josiah Willard Gibbs, prescribes the number of 
phases P, components C and degrees of freedom F in such a system : P = C + 2 - F. When 
the number of  phases and components are equal, the number of degrees of freedom, F, must 
be two, which allows both the temperature and the chloride-ion concentration to vary with
out altering the number of phases. In the clay-containing phases ( 4, 5, 6, 7) the letter "t" 
stands for a tetrahedral crystal structure ; the letter "0" stands for an octahedral structure. 

1 G A S  

H ,O VA P O R ,  CO, 

2 LIQU ID 

HC03 -, C03 --

Na+ 

/ \  / \  

. " .: ". · 6 
I LL ITE  

0 U ro 
� 
w 
I-
ei ...J « U 
� 

.----:-", 

Ca++ 

M g ++ 

Ci) I 
-- : : . .  . .  : : 

- ". -" : . . - . - :. - .: . -

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

· -- : < : 7 . - : - _ -

' · CHt-OR·IT E . ' . 
EQUILIBRIUM OCEAN MODEL, consisting  of nine phases and nine components, shows 
how the principal constituents of the ocean distribute themselves among the atmosphere, 
the ocean and the sediments. Three of  the constituents ( HCOs -, COs - - and Si ( OH ) 4 )  are 
not included among nine listed components but appear as equilibrium products of  those 
that are listed, as do seven ions (H + , K + , Na + , Ca + + , Mg + + , CI - ,  OH - ) . Two of the solids 
are shown as biological "precipitates" : "quartz" ( 3 )  in the form of silicate structures built 
by radiolarians and "calcite" (8) in the form of calcium carbonate chambers built by 
foraminifera. The method of precipitation i s  unimportant as long as the product is stable. 
The equilibrium model goes far to explain why the ocean has the composition it does. 
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bonate ion to carbonate. The overall re
action is 2HC03 - � H2C03 + COg - - . 
Thus instead of dissolving existing sedi
ments, removing carbon dioxide from the 
sea may actually precipitate carbonate. 
This reaction can be seen in the "whit
ings" of the sea over the Bahama Banks, 

Na+----==-____ 'i!...j 

where cold deep water, rich in dissolved 
carbon dioxide and calcium, is forced to 
the surface and warmed. As carbon di
oxide escapes into the air, the pH drops 
and aragonite (CaCOg) precipitates, 
turning large areas of the ocean white 
with a myriad of small crystals. 

THREE·LAYER CLAY PARTICLE has a layer of  octahedrons sandwiched between two 
layers of tetrahedrons. Each octahedron consists of an atom of silicon surrounded by eight 
closely packed atoms of oxygen. Each tetrahedron consists of an aluminum atom surrounded 
by four atoms of oxygen. The polyhedrons are tied into layers at shared corners where a 
single oxygen atom is bonded to a silicon atom on one side and to an aluminum atom on the 
other. At the free corners the oxygen atoms bear unsatisfied negative charges that attract 
cations such as sodium ( N a  + )  and potassium (K + ) . If the hydrogen.ion concentration 
should rise in the vicinity of  clay, free hydrogen ions tend to be exchanged for sodium ions, 
which are relea�ed. In addition, many doubly charged metal ions can replace Al3 + at the 
centers of tetrahedrons and AP + can replace Si4 + in the octahedrons. Whenever this oc· 
curs, another cation is bound to the structure to conserve charge. Such reactions apparently 
exert considerable control over the ocean's composition and hydrogen.ion concentration. 

pH· BU FFER 

pH·STAT 

CO2 (AT M OS P H E R E) 

(YEARS) 

S U R FA C E  O C E A N  

(SECO N DS) 

H 20 �--3> H T � H C03 - � C 0 3  - - <E- --3> CaC03 (SED I MENTSt 

D E E P  O C E A N  

rMILLENN IUMSl 
1 

C LAY S �--3> H +  �--3> H C 0 3 - (CENTUR I ES) 

HYDROGEN·ION CONCENTRATION, or pH, of the ocean is  controlled by two mecha· 
nisms, one that responds swiftly and one that takes centuries. The first, the "pH.buffer," op' 
erates near the surface and maintains equilibrium among carbon dioxide, bicarbonate ion 
( HCOg - ) , carbonate ion ( C03 - - )  and sediments. The slower mechanism, the "pH·stat," 
seems to exert ultimate control over pH ; it involves the interaction of bicarbonate ions and 
protons ( H + ) with clays. Clay will accept protons in exchange for sodium ions ( prImarily ) .  

1 1 2 

The reaction above conserves charge, 
which means that the "alkalinity"-the 
traditional name for the concentration 
of sodium ion ("alkali") needed to bal
ance this negative charge-is also con
served. The "carbonate alkalinity," de
fined as the bicarbonate concentration 
plus twice the carbonate concentration, 
is useful because it remains fixed even 
when the relative amounts of the two 
species vary. 

The system can be visualized with the 
help of the illustration on the opposi te 
page, which is the "Bjerrum plot" for 
carbonic acid at constant alkalinity. It 
takes its name from Niels Bjerrum, who 
introduced such plots in 1914 ;  it shows 
the interrelations between the various 
compounds in the world carbonate sys
tem as a function of pH. Although the 
diagram ignores variations of pressure, 
temperature and salinity, i t  displays the 
essential features of the system . 

The Bjerrum plot facilitates a semi
quantitative discussion of the relation of 
atmospheric carbon dioxide to oceanic 
carbon dioxide. Over the next 20 years 
we shall burn enough fossil fuel to 
double the amount of carbon dioxide in 
the atmosphere from 320 parts per mil
lion to 640. On the plot this is indicated 
by shifting the line A, corresponding to 
320 parts per million, to position B, 640 
parts per million.  

To produce this shift some 2.5 X 1018 
grams of carbon dioxide must be added 
to the atmosphere . If the altered atmo
sphere were to come to equilibrium with 
the ocean: the pH of the ocean would 
drop from its present value of 8 . 15 to 
7 .89-still well within the range toler
ated by marine organisms.  This cannot 
happen, however, because the total mass 
of carbon dioxide in the ocean (� in the 
Bjerrum plot) plus the carbon dioxide in 
the atmosphere would have to increase 
from its present value, 128.9 X 1018  
grams, to 138 .3 X 1018  grams. The dif
ference, 9 .4  X 1018  grams, is nearly four 
times the amount added to the a tmo
sphere . 

The long-term equilibration process 
for such an atmospheric doubling can be 
broken down into two steps . First the 
pH-buffer system operates :  2 .5 X 1018 
grams, or 2 percent of the total mass ,  i s  
added to the world system at constant 
alkalinity. The result of this step is the 
line C in the diagram, corresponding to 
a total mass of 1 3 1 .4 X 1018  grams, an 
atmospheric carbon dioxide content of 
390 parts per million and an oceanic pH 
of 8 .08.  Next, if the ocean has time to 
equilibrate with its sediments, the pH
stat will operate, returning the system to 
pH 8 . 15 at a constant total mass . The re-
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OCEANIC CARBONATE SYSTEM can be represented by a "Bj er
rum diagram" that shows how carbonate in its several forms varies 
with the ocean's pH, or hydrogen-ion concentration. The diagram 
is plotted for a constant "carbonate alkalinity" of  2.34 X 10-s moles 
of  carbonate per kilogram of seawater ( scale at left). "System 
point" Kl shows where the concentrations of bicarbonate ion 
( HCOs - )  and carbonic acid ( H2COs ) are equal. At K2 the con· 
centrations of bicarbonate and carbonate ( COs - - ) are equal. The 
exact locations of Kl and Kz are shown for a range of  temperatures 
( in degrees C elsius ) at constant conditions of salinity and pres
sure. The top curve, L, is the sum of oceanic carbonate in all its 

forms. The normal pH of the ocean is 8.15. The two short arrows 
at top mark the normal biological limits : at 7.95 the available oxy
gen has been consumed by respiration ; at 8.35 photosynthesis has 
removed so much carbon dioxide that absorption from the atmo· 
sphere rises sharply. The limits of oceanic pH lie between 7 .45 and 
8.6. The amount of carbon dioxide in the atmosphere ( colored curve 

and scale at far right) is related to the amount of carbon dioxide 
dissolved  in the ocean by alpha ( a ) ,  the average worldwide solubil· 
ity of carbon dioxide in seawater. The consequences of doubling the 
carbon dioxide in the atmosphere from 320 parts per million (A ) 
to 640 parts ( B )  are discussed in the text of the article, as is line C. 
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suIt of this s tep is that the alkalinity rises 
by 2 percent, which in terms of the 
Bjerrum plot means that the system will 
return to normal except that all the num
bers on the concentration axes will be 
multiplied by 1 .02. The long-range effect 
of a sudden doubling of the atmosphere's 
carbon dioxide, therefore, is to increase 
the ultimate value 2 percent, from 320 
parts per million to 326, and some of 
that increase will ultimately find its way 
into vegetation and humus. 

It is obvious that rates are crucial in 
the global distribution of carbon dioxide . 
The wind-stirred surface layer of the sea 
exchanges carbon dioxide rapidly with 
the atmosphere, requiring less than a 
decade for equilibration. Because this 

� 

layer is only about 100 meters deep 
it contains only a tiny fraction of the 
ocean's total volume. Large-scale dis
posal of atmospheric carbon dioxide 
therefore requires that the gas be dis
solved and transported to deep water. 

Such vertical transport takes place al
most exclusively in the Weddell Sea off 
the coast of Antarctica. Every winter, 
when the Weddell ice shelf freezes, the 
salt excluded from the newly fOlmed ice 
increases the salinity and hence the den
sity of the water below. This ice-cold 
water, capable of containing more dis
solved gas than an equal volume of 
tropical water, cascades gently down the 
slope of Antarctica to begin a 5,000-
year journey northward across the bot-

tom of the ocean . The carbon dioxide in 
this "antarctic bottom water" has plenty 
of time to come to equilibrium with clay 
sediments. 

Enough fossil fuel has been burned in 
the past century to have raised the car
bon dioxide content of the atmosphere 
from about 290 parts per million to 350 
parts . Since the actual level is now 320 
parts per million, about half of the car
bon dioxide put into the air has been 
removed. Although proof is lacking, a 
principal removal agen t is undoubtedly 
antarctic bottom water. The process is 
so slow, however, that the carbon diox
ide content of the atmosphere may reach 
480 parts per million before the end of 
the century. By then it should be clear 
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B ACTERIA IN MARINE SEDIMENTS, although scarce by terres
trial soil standards, play a major role in replenishing the oxygen 
of the atmosphere and in limiting the accumulation of  organic 
sediments. The bacteria concerned are buried in fine-grained sedi
ments from several centimeters to several tens of centimeters below 
the ocean floor, with limited access to free oxygen for respiration. 
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Thus deprived, they use the oxygen in nitrates and sulfates to oxi
dize organic compounds, represented by CH20. The actual reac
tions are far more complex than indicated here. The net result, 
however, is  that denitrifying bacteria { left } release free nitrogen 
and convert carbon to a form { carbon dioxide } that can be reuti
lized by phytoplankton. These organisms, in turn, release free oxy-
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if man's inadvertent global experiment 
(altering the atmosphere's carbon diox
ide content) will have the predicted ef
fect of changing the earth's climate. In 
principle an increase in atmospheric car
bon dioxide should reduce the amount 
of long-wavelength radiation sent back 
into space by the earth and thus produce 
a greenhouse effect, slightly raising the 
average world temperature . 

Having described an equilibrium mod-
el of the ocean that neglected the 

atmosphere's content of nitrogen and 
oxygen, I should not leave the reader 
with the impression that the continued 
presence of these two gases in the atmo
sphere is independent of the ocean . If 

I( 
LIGHT 

PHYTO 
PLAN KTON 

20 

gen. Without the cooperative effort of these 
two groups of organisms the oxygen in the 
atmosphere might all be fixed by high
energy processes within some 10 million 
years. The sulfate bacteria ( right) play a 
role in the recycling of sulfur and oxygen. 

the ocean were truly in equilibrium with 
the atmosphere, it would long since have 
captured all the atmospheric oxygen in 
the form of nitrates, both in solution and 
in sediments . This catastrophe has ap
pat'ently been averted by the interven
tion of certain marine bacteria that have 
the happy faculty of releasing nitrogen 
gas from nitrate compounds and of con
verting the oxygen to a form that can 
later be liberated by phytoplankton . 

The story is this . A variety of high
energy processes in the atmosphere con
tinuously break the triple chemical bond 
that holds two nitrogen atoms together 
in a nitrogen molecule (N2) . The bonds 
can be broken by ultraviolet photons, by 
cosmic rays, by lightning and by the ex
plOSions in internal-combustion engines . 
Once dissociated, nitrogen atoms can re
act with oxygen to form various oxides, 
which are then carried to the ground by 
rainfall . In the soil these oxides are useful 
as fertilizer. Ultimately large amounts of 
them reach the sea. They do not, how
ever, accumulate there and no one is 
really sure why. 

The best guess is that denitrifying 
bacteria in oceanic sediments use the 
oxygen of nitrate to oxidize organic 
molecules when they run out of free oxy
gen [ see left half of illustration on these 
two pages] .  The nitrogen is released di
rectly as a gas, which goes into solution 
but is available for return to the atmo
sphere. The oxygen emerges in mole
cules of water and carbon dioxide. The 
carbon dioxide is assimilated by phyto
plankton, which build the carbon into 
organic compounds and release the oxy
gen as dissolved gas, also available for 
return to the atmosphere. Without these 
coupled biological processes the atmo
spheric fixation of nitrogen would prob
ably exhaust the world's oxygen supply 
in less than 10 million years . Neverthe
less, the amount of nitrogen returned to 
the atmosphere from the sediments is so 
small that we may never be able to mea
sure i,t directly : the yearly return is less 
than one two-thousandth of the total 
nitrogen dissolved in the sea. 

Another little-known epicycle in the 
global oxygen cycle probably has the ef
fect of limiting the net accumulation of 
carbon in the form of Oil-bearing shale, 
tar sands and petroleum. After denitrify
ing bacteria have consumed the nitrate 
in young sediments, sulfate bacteria be
gin oxidizing organic matter with the 
oxygen contained in sulfates [see right 
half of illustration on these two pages].  
The product, in addition to water and 
carbon dioxide, is hydrogen sulfide, the 
foul-smelling compound that character-

izes environments deficient in oxygen. 
In undisturbed mud the hydrogen sulfide 
never reaches the surface because it is in
organically reoxidized to sulfate as soon 
as it comes in contact with free oxygen. 
It seems likely that the bacterial turnover 
of oxygen in sulfate is so rapid that half 
of the world's oxygen passes through this 
epicycle in about 50,000 years . 

The global activities of man have now 
reached such a scale that they are be

ginning to have a profound effect on 
marine chemistry and biology. We are 
learning that even the ocean is not large 
enough to absorb all the waste products 
of industrial society. The experiment in
volving the release of carbon dioxide is 
now in progress .  DDT, only 25 years on 
the scene, is now found in the tissues of 
animals from pole to pole and has pushed 
several species of birds close to extinc
tion. The concentration of lead in plants, 
animals and man has increased tenfold 
since tetraethyl lead was first used as an 
antiknock agent in motor fuels . And high 
levels of mercury in fish have forced the 
abandonment of some commercial fish
eries . (Lead and mercury are systemic 
enzyme poisons . )  Of the total petroleum 
production some .2  percent gets slopped 
into the sea in half a dozen major acci
dents each year . (At least six of the rare 
gray whales died last year after migrat
ing through the oil slick off Santa Bar
bara caused by the blowout of a well 
casing belonging to the Union Oil Com
pany. )  Conceivably a persis tent oil RIm 
could change the surface reflectivity of 
the ocean enough to alter the world's 
energy balance. The rapid increase in 
the use of nitrogen fertilizers leaves a ni
trate excess that runs into rivers, lakes 
and ultimately reaches the sea. The sea 
can probably tolerate the runoff indefi
nitely but along the way the nitrogen 
creates algal "blooms" that are hasten
ing the dystrophication of lakes and 
estuaries . 

It is fashionable today to view the 
ocean as the last global frontier, waiting 
only technological "development." Ther
modynamically it is easier to extract fresh 
water from sewage than from seawater. 
Ecologically it is wiser to keep our con
centrated nutrients on land than to dilute 
them beyond recall in the ocean . Socio
logically, and probably economically, it 
makes more sense to process our junk
yards for usable metals than to mine the 
deep-sea floor. The task is to persuade 
our engineers and business companies 
that working with sewage and junk is 
just as challenging as oceanography and 
thalassochemistry. 
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MATHEMATICAL GAMES 
A new collection of short problems 
and the answers to some of "life's" 

by Martin Gardner 

H
ere is a collection of varied short 

problems, unrelated to one an
other. They will be answered in 

next month's department. 
1. EnOImously long chain like mole

cules (long in relation to their breadth) 
have been discovered in living orga
nisms. The question has arisen: Can such 
molecules have knotted forms? Max Del
bri.ick of the California Institute of Tech
nology, who received a Nobel prize last 
year, proposed the following idealized 
problem (in a paper that I shall identify 
next month): 

Assume that a chain of atoms, its ends 
joined to form a closed space curve, con
sists of rigid, straight-line segments each 
one unit long. At every node where two 
such "links" meet, a 90-degree angle is 
formed. At each end of each link, there
fore, the next link may have one of four 
different orientations. The entire closed 
chain could be traced along the edges 
of a cubical lattice, with the proviso that 
at each node the joined links form a right 
angle [see illustration below]. At no 
point is the chain allowed to touch or 
intersect itself; that is, two and only two 
links meet at every node. 

What is the shortest chain of this type 
that is tied in a single overhand (trefoil) 

----------
-- ----

knot? Next month I shall reproduce the 
shortest chain Delbri.ick has found. It has 
not been proved minimal; perhaps a 
reader will discover a shorter one. (I 
wish to thank John McKay for calling 
this problem to my attention.) 

2. The old problem of expressing in
tegers with four 4's (discussed in an ear
lier column reprinted as Chapter 5 of my 
Numerology of Dr. Matrix) has been giv
en many variations. In an intriguing new 
variant proposed by Fitch Cheney one 
is allowed to use only pi and symbols for 
addition, subtraction, multiplication, di
vision, square root and the "round-down 
function." In the last operation, indicat
ed by brackets, one takes the greatest in
teger that is equal to or less than the 
value enclosed by the brackets. Paren
theses also may be used, as in algebra, 
but no other symbols are allowed. Each 
symbol and pi may be repeated as often 
as necessary, but the desideratum is to 
use as few pi symbols as pOSSible. For 
example, 1 can be written [V7i] and 3 
even more simply as [Tr]. 

The reader is invited to do his best to 
express the integers from 1 through 20 
according to these rules, and to compare 
them next month with the best Cheney 
was able to achieve. 

3. L. Vosburgh Lyons contributed a 
fiendish dissection problem to a magic 
magazine in 1969 [see top illustration on 
opposite page]. The polygon [at left in 
illustration] can be dissected into four 

------ -----
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congruent polygons [at right]. Can the 
reader discover the only way in which 
the same polygon can be cut into five 
congruent polygons? 

4. A full set of 32 chessmen is placed 
on a chessboard, one piece to a cell. A 

"move" consists in transferring a piece 
from the cell it is on to any empty cell. 
(This has nothing to do with chess 
moves.) Gilbert W. Kessler, a mathemat
ics teacher in a Brooklyn high school, 
thought of the following unusual prob
lem: How can you place the 32 pieces so 
that a maximum number of transfer 
moves are required to arrange the pieces 
in the correct starting position for a 
game of chess? 

It is not specified which side of the 
board is the black side, but the playing 
sides must, as in regulation chess, be 
sides with a white square in the bottom 
right corner, and of course the queen 
must go on a square matching her own 
color. One is tempted at first to think 
that the maximum is 33 moves, but the 
problem is trickier than that. 

5. A Texas oilman who was an ama
teur number theorist opened a new bank 
account by depositing a certain integral 
number of dollars, which we shall call 
x. His second deposit, y, also was an 
integral number of dollars. Thereafter 
each deposit was the sum of the two 
previous deposits. (In other words, his 
deposits formed a generalized Fibonacci 
series.) His 20th deposit was exactly a 
million dollars. What are the values of 
x and y, his first two deposits? (I am in
debted to Leonard A. Monzert of West 
Newton, Mass., for sending me the prob
lem of which this is a version.) 

The problem reduces to a Diophan
tine equation that is somewhat tedious 
to solve, but a delightful shortcut using 
the golden ratio becomes available if I 

add that x and yare the two positive in
tegers that begin the longest possible 
generalized Fibonacci chain ending in a 
term of 1,000,000. 

6. A deck of 52 playing cards is shuf
fled and placed face down on the table. 
Then, one at'a time, the cards are dealt 
face up from the top. If you were asked 
to bet in advance on the distance from 
the top of the first black ace to be dealt, 
what position (first, second, third, ... ) 
would you pick so that if the game were 
repeated many times, you would maxi
mize your chance in the long run of 
guessing correctly? In other words, what 
is the most probable position of the first 
black ace? 

7. John Horton Conway, whose game 
"life" was last month's topic, defines 
a "quintomino" as a regular pentagon 
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whose edges (or triangular segments) are 
colored with five different colors, one 
color to an edge. Not counting rotations 
and reflections as being different, there 
are 12 distinct quintominoes. Letting 1, 
2, 3, 4, 5 represent the five colors, the 12 
quintominoes can be symbolized as fol
lows: 

A. 12345 G. 13245 
B. 12354 H. 13254 
C. 12435 J. 13425 
D. 12453 K. 13524 
E. 12534 L. 14235 
F. 12543 M.14325 

The numbers indicate the cyclic or
der of colors going either clockwise or 
counterclockwise around the pentagon 
[see illustration at left below]. In 1958 
Conway asked himself if it was possible 
to color the edges of a regular dodec
ahedron [middle illustration below] in 
such a way that each of the 12 quintomi
noes would appear on one of the solid's 
12 pentagonal faces. He found that it 
was indeed possible. Can readers find a 
way to do it? 

Those who like to make mechanical 
puzzles can construct a cardboard model 
of a dodecahedron with small magnets 
glued to the inside of each face. The 
quintominoes can be cut from metal and 
colored on both sides (identical colors 
opposite each other) so that any piece 
can be "reflected" by turning it over. 
The magnets, of course, serve to hold the 
quintominoes on the faces of the solid 
while one works on the puzzle. The 
problem is to place the 12 pieces in such 

L. Vosburgh Lyons' dissection problem 

a way that the colors match across every 
edge. 

Without such a model, the Schlegel 
diagram of a dodecahedron [illustration 
at right below] can be used. This is sim
ply the distorted skeleton of the solid, 
with its back face stretched to become 
the figure's outside border. The edges 
are to be labeled (or colored) so that each 
pentagon (including the one delineated 
by the pentagonal perimeter) is a dif
ferent quintomino. 

8. Letters in the sentence "Roses are 
red, violets are blue" are scrambled by 
the following procedure. The words are 
written one below the other and flush 
at the left: 

ROSES 

ARE 

RED 

VIOLETS 

ARE 

BLUE 

The columns are taken from left to 

right and their letters from the top down, 
skipping all blank spaces, to produce 
this ordering: 

RARVABOREIRLSEDOEUELESETS. 

The task is to find the line of poetry 
that, when scrambled by this procedure, 
becomes 

TINFLABTBULAHSORIOOESA WEIKOANARG

EKRDYEASTE. 

Walter Penney of Greenbelt, Md., con
tributed this novel word problem to the 
February 1970 issue of Word Ways: The 
/oumal of Recreational Linguistics. That 
lively quarterly, now in its third year, is 
currently being published privately by 
A. Ross Eckler, Spring Valley Road, 
Morristown, N.J. 07960. A subscription 
is $ 7 per year. 

9. A secretary, eager to try out a new 
typewriter, thought of a sentence shorter 
than one typed line, set the controls for 
the two margins and then, starting at the 

The A quintomino The dodecahedron Schlegel diagram of dodecahedron 
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optics and photo lobs who build or customize 
things can now find unique tools not ovoilable 
anywhere else. 

If you don't know where to buy it, 
chances are it's a stock item at Na t i o n  a I 
Camera. 

Send now for your FREE, ill ustrated 
NC Flasher catalog to Dept. JSA 

N Ao.. ,'0 N Ao.. L C; Ao..I'v1 e: = Ao.. 2000 VVES, UNION A..VENLJE 
ENGI-E'-/"V'OOO CC>L-O�.A.c:>O eOlia 

Plant a THINK TANK anywhere 

and watch the minds growl 

ho me-o flke-school-pork-du b-churches-Iabore to ry 

Unique instructional games designed by uni
versity professors to make learning fun 
through brain-to·brain action. Beginning 
games can be mastered by young children
final games will challenge intelligent adults. 
These are the famous GAMES FOR THINKERS 
from WFF 'N PROOF Publishers. Order single 
kits or save $10.00 by ordering the complete 
9·kit THINK TANK. 

WFF 'N PROOF (logic) 
WFF (beginner's logic) 
EQUATIONS (mathematics) 
ON-SETS (set theory) 
PROPAGANDA (social studies) 
CONFIGURATIONS (geometry) 
TRI·NlM (problem solving) 
QUERIES 'N THEORIES (science) 
QUIK-SANE (topology puzzle) 
RODIN'S THINKERS BOOKENDS 
Complete 9-kit THINK TANK 

$ B.75 
1.75 
5.50 
5.50 
6.50 
5.50 
4.50 
8.75 
1.75 

11.00 

with bookends 49.50 
without bookends 39.50 

Order from: WFF 'N PROOF, Box 71-KS 
New Haven, Conn. 06501 

Fully guaranteed. Dealer inquiries invited. 

Gifts that are a COMPLIMENT to receive! 
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Lightweight (left), middleweight (center) and heavyweight (right) spaceships 

left and near the top of a sheet of paper, 
proceeded to type the sentence repeat
edly. She typed the sentence exactly 
the same way each time, with a period 
at the end followed by the usual two 
spaces. She did not, however, hyphenate 
any words at the end of a line: when she 
saw that the next word (including what
ever punctuation marks may have fol
lowed it) would not fit the remaining 
space on a line, she shifted to the next 
line. Each line, therefore, started Hush at 
the left with a word of her sentence. She 
finished the page after typing 50 single
spaced lines. 

Without experimenting on a type
writer, answer this question: Is there 
sure to be at least one perfectly straight 
column of blank spaces on the sheet, be
tween the margins, running all the way 
from top to bottom? (T. Robert Scott 
originated this problem, which was sent 
to me by his friend W. Lloyd Milligan of 
Columbia, S.C.) 

10. A: "What are the ages, in years 
only, of your three children?" 

B: "The product of their ages is 36." 

A: "Not enough information." 
B: "The sum of their ages equals your 

house number." 
A: "Still not enough information." 
B: "My oldest child-and he's at least 

a year older than either of the others
has a wart on his left thumb." 

A: "That's enough, thank you. Their 
ages are .... " 

Complete A's sentence. (Mel Stover of 
Winnipeg was the first of several readers 
to send in this problem, the origin of 
which I do not know.) 

�st month's exercises, involving John 
Horton Conway's game "life," are 

answered as follows: 
The Latin cross dies on the fifth move. 

The swastika turns into traffic lights (four 
blinkers) on the third move. The letter II 

dies on the sixth move. The next three 
figures are flip-Hops: as Conway writes, 
"The toad pants, the clock ticks and the 
beacon Hashes, with period 2 in every 
case." The pinwheel's interior rotates 90 

degrees clockwise on each move, the rest 
of the pattern remaining stable. Periodic 

figures of this kind, in which a fixed out
er border is required to move the inter
ior, Conway calls "billiard-table con
figurations" to distinguish them from 
"naturally periodic" figures such as the 
toad, clock and beacon. 

The three known spaceships (in ad
dition to the glider, or "featherweight 
spaceship," given last month) are shown 
in the illustration above. All three travel 
horizontally to the right with half the 
speed of light. As they move they throw 
off sparks that vanish immediately as 
the ships continue on their way. Un
escorted spaceships cannot have bodies 
longer than six counters without giving 
birth to objects that later block their mo
tion. Conway has discovered, however, 
that longer spaceships, which he calls 
"overweight" ones, can be escorted by 
two or more smaller ships that prevent 
the formation of blocking counters. The 
illustration below shows the longest 
spaceship that can be escorted by as few 
as two smaller ships; still longer ships re
quire a Hotilla of more than two com
panions. A spaceship with a body of 100 

counters, Conway finds, can be escorted 
safely by a flotilla of 33 smaller ships. 

I shaH report later on any success 
readers have in finding new spaceships 
or oscillators or in meeting Conway's 
challenge to settle his conjecture about 
the game. 
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Overweight spaceship with two escorts 
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WHY IS THIS BOOK 

BECOMING AN INTERNATIONAL 

BEST SELLER? 

Why are thousands of poker players quietly Duying this book? 
Why are non-poker players beginning to buy this book? Why has the 
largest book mail order advertiser in the world tried to purchase the 
rights to market this book to non-poker players? What is so valuable 
about this book? Consider what the reviewers are saying: :. 

But more important, consider what those who have bought this 
book are saying: 

"Outstanding! Changed me from a consistent loser to a consistent 
winner!" G_ E., Tennessee 
"The most superior poker or psychological book I ever read. It actually 
increased my winnings without getting better cards." N. S., New Jersey 

"Terrific book! Send me one more." J. 0., New York 

"Excellent book. I recommend it to any poker player!" D. R., Connecticut 

"The entertainment value of the book far exceeds its cost, even to a 
non-poker player." H. Co, Maryland 
"Have read it 3 times. Very readable - even for those who couldn't 
care less about poker." R. C., Washington 
"One of the most intelligently written books I have ever read - regard-, 
less of the subject." A. S., New York 
"Informative and interesting but above all, inspiring." R. M_, New York 
"Excellent application of one-upmanship to poker. Already paid for in 
$ and pleasure of observation_" N_ W., Texas 
"Vastly superior to other books published_" E. G_, Illinois 
"Very interesting and informative; a good insight into human behavior 
- and greed." W. B., California 
"I have read your poker manual with great enthusiasm_ Most of the 
prevailing poker books attempt to tell you how to play poker, yours 
tells you how to win money." S. V., Texas 
"Best book of its kind." M. L., New York' 
"Of all the poker books I have, I find this one the most knowledgeable." 

L. R., New York 

"The most vividly realistic book I've read." J. S., Illinois 

"Interesting - Grim - Realistic_" J- C., Texas 
"A wealth of new ideas and concepts." F. L., New York 
"Something very novel and original in Poker Manuals. Very enlighten-
ing and enjoyable_" I. F., California 

"The best book on poker that I have ever read." F. L., California 

"I can recall /osing money in games where the techniques Dr. Wallace 
describes were used against me. After reading the book, I am grad
ually applying Wallace's principles to my games, with 100% success 
so far!" J. S., Colorado 

"Most realistic of all poker books I have ever seen." W. L., Virginia 

"Excellent. As useful a poker book as I've ever read - and I've read 
everyone I've ever seen." Dr. D. B., Texas 
"Thank you for writing such an outstanding book on poker. I have found 
it literally invaluable." A. W., New York 

All testimonials are authenticated and are on file in our office. 

NOTE: This book is not only crucial to poker players, but is important 
to all individuals interested in the principles of maximizing money
making situations (while remaining impeccably honest). 

"POKER 
A GUARANTEED 

INCOME FOR LIFE 
by using the 

ADVANCED CONCEPTS 
OF POKER" r---- THIRD LARGE PRINTING ----, 

AVAILABLE FOR IMMEDIATE DELIVERY 
Rx Sports and Travel Reports: 
"A lot 01 p,opl, who b.., .Iw". ligu"d th,m.,I ... 
to h pokl, pl.,,,. If' going to lind th" b,long 
with th, 'ibbon el"k. b,lo" fb,,'., ,,,d two p.g .. 
01. n,w book b, • pl,in-t,lking .chol., ... 
• "St"t. in whIr' th, oth" pok" m,nu,l. lold, .. ;1I;:�i rt,=%���,

d.molish" min, • ch"i.h,d pok" 

• "If ,011'" • po"', pl.,,,. this book would h .. , to 
b, th' b"t 111.50 in."tm.nt ,ou·., m,d,." 

This 100,000,word manual is now available alter 
many years of preparation by Frank R. Wallace. Ph,D. 
This book shows. step by step. how you can win 
considerable money by applying the "Advanced Con
cepts of Poker". Thousands of players from all over 
the world are Quietly buying this book, This is what 
reviewers are saying: 
"Cutth,ut. M., shock th' ellu.I,,,d,,. On, 01 til' 
mo.t ".dlbl, .nd inlo,m.tir, rolllmll to .pp"'_ .. 

New Haven Register 
"A .. Iulbl, ", op,n" ... 

The Providence, Vancouver, B,C, 
"P,"umlbl, unobt.inlbl, .t l .. V,g ..... 

Milwaukee Journal and King Features Syndicate 
"If pok" i. 'OU, thing

. 
th,n this i. 'OU, book ... 

Bookman's Weekly 
"ConClnt"t" on th, most impo,t.nt IIp,et
winning!" The Book Exchange, London 
"Show. how to p.,cho-pokl'-In.I,ZI opponlnt., 
how to ,,,d th,m, .nd how to milk th,m to th,i, 
I"t doll"." 

American Bridge Teachers Association Quarterly 
"D"ign,d 10' pI"". who w.nt to md, pok" • 
mlln. 01 1i.,lihood." Rouge et Noir News 

HERE ARE A FEW OF THE 
120 ADVANCED CONCEPTS REVEALED: 

• How to be an honest player who cannot lose at 
poker. 

• How to increase your advantage so greaily that 
you can break most games at will. 

• How to avoid winning too fast. 
• How to extract maximum money from opponents. 
• How to keep big losers in the game. 
• How to drive winning players from the game. 
• How to lie and practice deceit. (Only in poker 

can you do this and remain a heroic genileman.) 
• How to see unexposed cards without cheating. 
• How to remember all exposed cards and ghost 

hands. 
• How to read closed hands of opponents. 
• How to beat dishonest players. 
• How to control the rules. 
• How to stimulate poor attitudes in opponents. 
• How to make a good player disintegrate into a 

poor one. 
• How to manipulate opponents through distrac

tions and hypnosis. 
• How to locate or create new games for bigger 

profits. 
• How to operate Major and Minor league games 

with a Farm System. 

Any or all of the 120 "Advanced ConcejJts of Poker" 
can. be mastered by using the unique DTC technique, 
whIch WIll allow you to control poker games and their 
players. 

In addition to offering these powerful, money·making 
concepts, this book is an in·depth, definitive treatment 
of poker, The appendix, for example, contains the most 
complete glossary, bibliography, history. , , and the 
only accurately defined tables of odds ever published. 

And. very important, the fundamental errors em
braced by the 133 poker books published in the past 
ninety years are systematically pointed out in this radi
cally different book. 

This book is also crucial for defense ... for protection 
against players secretly using these concepts to 
extract your money. 

You can buy this $12.50 hardbound book frum 
the publisher for $9.95 (postpaid) until 12/15/70 • 

• ii. 0' PuBUSHiNGCOMPANY - - - - - .  I 901 Washington St., Wilmington, Delawlre 19801 I 
I 0 Enclosed is my check or money order for $9.95 I 
I for POKER, A GUARANTEED INCOME FOR LIFE. I o Enclose Gift Card 0 Master Charge I 0 Chg. Diners Club 0 Chg. American Express I 
I Account # I 
I NAME . .......... ', ........... , ..................................... , .. ' ... ,... I 
I STREET .................................................................... I 
I CITY ......... , ................. , ....................... ' ....... , ....... , ..... , I 
I STATE ........................................ ZIP ...... ................ I 
I (10-day money-back guarantee) SA 11-30 

.J &.. Each manual shipped in non-identifying carton. 
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THE AMATEUR SCIENTIST 
A modulator is constructed for laser light, 
and phase-contrast microscopy is simulated 

Conducted by C. L. Stong 

r:ser light has an immense capacity 
for carrying signals. The beam of 
a helium-neon laser, even if it is 

loaded to less than 10 percent of its ca
pacity, can in theory transmit a million 
television programs and 100 times the 
world's present radio traffic while simul
taneously enabling every person on the 
earth to have a private telephone. The 
use of the laser for mass communication, 
however, awaits the development of a 
practical modulator: an apparatus for 
impressing multiple signals on the light 
beam. 

Several modulation schemes have 
been proposed, including a device based 
on the effect first described in 1845 by 
Michael Faraday. He observed that a 
block of lead glass, when it is immersed 
in a strong magnetic field, rotates the 
plane of vibration of light waves. Other 
experimenters demonstrated the Fara
day effect in various solids and in gases 
and liquids. Recently Don Smith, a Mo
bile, Ala., high school student, used the 
Faraday effect for modulating both laser 
light and ordinary light. He describes 
the experiment as follows: 

monochromatic ( ) light flat windowR 

"Essentially the apparatus consists of 
a tubular glass cell of fluid that forms 
the core of a solenoid (a cylindrical coil 
of magnet wire). The solenoid, when it 
is energized by electrical signals, sets up 
a magnetic field in the fluid. The strength 
of the field varies in proportion to the 
amplitude of the signal current. 

"The light to be modulated enters the 
cell through a polarizing filter, common
ly known as the polarizer, that restricts 
the vibration of the light waves to a sin
gle plane. As the waves proceed through 
the fluid the plane in which they vibrate 
is rotated by an amount that varies with 
the strength of the magnetic field and 
hence with the strength of the signals. 
Light waves that emerge from the cell 
encounter a second polarizing filter, 
called the analyzer, that is relatively 
transparent to waves that vibrate in one 
plane, opaque to waves that vibrate at 
right angles to this plane and of propor
tionate transparency to waves that vi
brate in planes between these extremes. 
The analyzer is adjusted to the position 
of maximum transparency for light 
waves that are rotated through the larg
est angle. With the apparatus so ad
justed, variations in the strength of sig
nals are reproduced as variations in the 
brightness of the emerging light. The 
electrical signal can be reproduced at a 
distant point by inserting a photoelectric 
cell in the modulated beam. 

"The amount of information that can 

flat window sealed 
wHh epoxy cement 

����'I ��I:!:,r !� �I ,,_{' ' ___ -___ __ 
rotatable 
polariz.er 

stationary 
analyzer - from audio-power amplifier 

Faraday cell 0/ Don Smith's laser.light modulator 
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be impressed on light by the Faraday 
effect is limited primarily by the loss of 
energy in the cell. The solenoid func
tions as an induction furnace as well as 
a modulator. It can melt lead glass if it 
is energized by high-frequency current 
of sufficient strength. Other materials, 
including certain liquids and gases, ab
sorb less energy. Most of my experiments 
have been done· with carbon disulfide, 
although I have also used water and 
nitrobenzene. 

"The cell of my apparatus consists of 
a glass tube about 2,5 centimeters in 
diameter and 30 centimeters long closed 
at the ends by Hat glass windows. Fluid 
is admitted to the cell through a port 
near one end. A short length of 1/4-inch 
tubing is sealed to the port. The win
dows can be made of cover glasses of the 
kind used for protecting 35-millimeter 
photographs. Affix them to the ends of 
the tube with epoxy cement. The sole
noid, consisting of 295 turns of No. 21 
enameled copper wire in a single layer, 
was wound directly on the glass tube. 

"The solenoid is powered by an audio
frequency amplifier that develops an 
output of some 200 watts and a maxi
mum current in the winding of 12.6 
amperes. The amplifier consists of two 
stages of speech amplification; they 
drive a pair of beam-power tubes in the 
output stage. The construction is con
ventional except for the output trans
former. Most commercial output trans
formers are designed to match the im
pedance of loudspeakers, which ranges 
from four to 16 ohms. The impedance 
of my solenoid is only 1.2 ohms. 

"I solved the matching problem by 
using for the output transformer a 100-
watt power transformer that happened 
to be on hand. It is designed to operate 
from a 117 -volt power line and has three 
secondary windings. One winding is cen
ter-tapped and rated at 800 volts. Two 
are 6.3-volt Windings rated for an output 
current of 15 amperes each. I reversed 
the transformer, using the center-tapped 
800-volt winding as the input and the 
two 6.3-volt windings in series as the 
output [see bottom illustration on oppo
site page]. 
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red filter and polariz.er 

light source 

"Although the transformer is rated at 
only half of the peak power that the am
plifier can develop, it is adequate be
cause the average power of an audio sig
nal rarely exceeds 30 percent of the peak 
poweL The match between the second
ary winding and the solenoid appears to 

Faraday cell 

( meter for, 
solenoid 
current 

Components of the modulator 

be reasonably good, An experimenter 
could easily substitute any comparable 
transformer, such as the Triad Type 
R-26A. 

"I also had another transformer of un
conventional design that I used for the 
power supply. One of the secondary 

"-

? 
photomultiplier housing 

windings develops about 600 volts and 
the other 250 volts. When rectified and 
filtered, these potentials become 800 
volts and 360 volts. They are respective
ly used for the plate voltage and the 
grid-bias voltage of the output stage. A 
pair of transformers such as the Stancor 
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screen V 
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Circuitry of the modulator 
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PC-8405 and PS-8416 would develop 
the required voltages. Plate voltage for 
the input stage can be on the order of 
100 to 120 volts and, with rectification, 
can be taken directly from the power 
line. 

"The receiver that I use for picking up 
the modulated light and converting it 
into sound consists of a Type 931 photo
multiplier tube, a power supply for en
ergizing the photocell and a conven
tional audio amplifier of the kind used in 
record players. A simple lens, which can 
be an ordinary reading glass, focuses the 
modulated light on the photocathode 
of the photomultiplier. Incidentally, the 
light source must be monochromatic be
cause the amount by which the Faraday 
cell rotates the plane of polarization var
ies with wavelength. In the case of white 
light some component· colors would be 
rotated more than others, thus lowering 
the effectiveness of the cell. An incandes
cent lamp can be used as the light source 
by including in the lamp housing a sim
ple lens for bending the rays into a paral
lel beam and by inserting a color filter, 
such as a sheet of red transparent plastic, 
just ahead of the polarizer. An ideal 
light source is a helium-neon laser with 
Brewster windows. The laser beam is 
both monochromatic and polarized, 
eliminating the need for the collimating 
lens, the color filter and the polarizer. 

"To test the system initially I placed 
the transmitter at one end of my work
bench and the receiver at the other end. 
After applying power to the lamp I lo
cated the beam of light at the distant 
end of the bench with a white card and 
adjusted the position of the transmitter 
so that the beam entered the lens of the 
receiver. Power was then applied to both 
the transmitter and the receiver, an au
dio signal was applied to the input of the 
transmitter and the volume of the signal 
was adjusted so that the pointer of an 
ammeter in the solenoid circuit swung 
to about 10 amperes every five seconds. 
The analyzer was now rotated to the po
sition where the signal was reproduced 
at maximum volume. 

"The alignment of the light beam be
comes increaSingly difficult as the trans
mitter and the receiver are operated at 
greater separations. The beam from an 
incandescent lamp diverges so much 
that at a distance of 100 feet or more it 
cannot be detected on a screen. You can 
locate the beam by looking toward the 
source and maneuvering the position of 
your eye until the light appears bright
est. The receiver is moved to this posi
tion. 

"Never look at the source when align
ing a laser beam. Laser light can per
manently damage the eye. When a laser 
is used, fit the transmitter with an align-
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ment telescope of the kind used on guns 
and riRes. To collimate the telescope 
and the transmitter, intercept the laser 
beam with a white screen at a distance 
of about 30 feet and adjust the position 
of the telescope so that the distant spot 
of laser light is centered on the cross 
hairs. The line of sight and the light 
beam now converge because the tele
scope is situated above or toward one 
side of the laser. 

"Measure the separation and note the 
radial position of the telescope with re
spect to that of the laser. Assume that 
the telescope is five inches directly above 
the laser at the 12 o'clock position. With 
a pencil make a small dot on the white 
screen five inches from the light spot and 
directly above it. Readjust the position 
of the telescope to center the cross hairs 
on the pencil dot. The line of sight and 
the laser beam are now parallel. There
after the light beam will be located just 
five inches below any object on which 
the cross hairs are centered, regardless of 
the distance. The lens of the receiver can 
be positioned accordingly. 

"The apparatus works splendidly and 
the quality of the transmitted sound is 
excellent. I have not attempted to trans
mit multiple Signals because the elec
tronic gear required for setting up even 
two or three carrier channels is both 
complex and costly. On the other hand, 

cable 

-l four-stage 

J 
amplifier 

. __ ..... - -. 
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I have experimented with various fluids 
in the Faraday cell. 

"As I have mentioned, the rotation of 
the plane of polarization varies directly 
with the strength of the magnetic field 
and with the wavelength of the light. It 
also varies with temperature, the length 
of the magnetized medium and the na
ture of the medium. Assuming polarized 
monochromatic light at the wavelength 
of the yellow hue emitted by sodium, 
the rotation in minutes of arc is equal to 
the product of the length of the mag
netized path in centimeters, multiplied 
by the strength of the magnetic field in 
gauss and by a constant of proportion
ality that is characteristic of each sub
stance. 

"Many of the constants were deter
mined experimentally during the 19th 
century by the French physicist Marcel 
Emile Verdet. They bear his name and 
specify the rotation of the plane of polar
ization in minutes of arc produced when 
light traverses one centimeter of a sub
stance immersed in a magnetic field of 
one gauss. Typical Verdet constants (at 
20 degrees Celsius) are rock salt, .035; 
lead glass, .031; zinc sulfide (beta), .225; 
water, .013; carbon disulfide, .042; at
mospheric air, .006. Carbon disulfide 
works nicely but is volatile and extraor
dinarily toxic. Inhaling even a small 
quantity of the vapor can result in chron
ic illness. 

"The plane of polarization rotates in 
the direction opposite to the flow of elec
trons in the solenoid. For this reason 
the amount of rotation can be doubled 
by reRecting modulated light back 
through the cell. Indeed, if the inner sur
faces of both windows were aluminized 
and clear openings were left in the coat
ing for the entrance and exit beams, 
multiple passes would be made and the 
amount of rotation would be increased 
several times (at the cost of some loss of 
brightness). Aluminum coatings absorb 
about 10 percent of the incident light, 
and some energy is also absorbed by the 
modulating medium. I intend to experi
ment with reflective coatings in the near 
future. 

"Frequencies of up to 50 kilocycles 
can be modulated by a solid rod of lead 
glass of the kind used in neon signs. The 
ends should be ground flat at right angles 
to the axis of the rod and either pol
ished or capped by microscope cover 
glasses cemented in place with Canada 
balsam. If the light source is a helium
neon laser, the diameter of the glass rod 
need be no larger than five millimeters. 
The solenoid can be wound directly on 
the rod. 
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P. C. Diegenback's phase-contrast apparatus 

"The efficiency of the apparatus in 
terms of power consumed for modulation 
varies inversely with the diameter of the 
solenoid. A solenoid with a radius of 2.5 
millimeters is substantially more efficient 
than one with a radius of 12.5 millime
ters. On the other hand, the impedance 
of the solenoid is lowered proportionate
ly with the radius, which complicates 
the problem of matching the output of 
the amplifier to the load. The impedance 
of a 300-turn coil of No. 21 gauge mag
net wire, a radius of 2.5 millimeters and 
a length of 300 millimeters is about .4 
ohm." 

k experiment for demonstrating on a 
large scale and with inexpensive 

materials optical phenomena similar to 
those involved in phase-contrast micros
copy is submitted by P. C. Diegenback 
of the Zoological Laboratory of the Uni
versity of Amsterdam. The apparatus 
that Diegenback has designed and built 
could be used for large-scale phase-con
trast photography, although no subjects 
have been found for which the technique 

would have an advantage over exist
ing photographic methods. Diegenback 
writes: 

"The correct use of the microscope 
implies some insight into the theories of 
microscopical image formation. In the 
case of the phase-contrast microscope 
such inSight is absolutely necessary. One 
need not own a phase-contrast micro
scope, however, to gain experience with 
the phenomenon. The principles can be 
demonstrated by using a larger apparat
us. I do the experiments with a commer
cial optical bench, but a bench of com
parable usefulness can be improvised 
largely of wooden parts [see illustration 
above]. 

"The optical bench includes an incan
descent lamp whose rays are directed 
through the specimen by a pair of con
denser lenses. An image of the specimen 
is focused by an objective lens on a 
ground-glass screen. In the case of my 
optical bench a front-surface mirror be
tween the condenser lenses deflects the 
rays through a right angle, but this fea
ture is not essential. The focal length of 
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the objective lens is 12 centimeters, but 
it too is not critical. The simple lenses 
can be of any convenient focal length, 
since the dimensions of the optical bench 
can be altered to accommodate any 
lenses that are available. 

"The great virtue of the phase-con
trast microscope is its ability to form a 
black-and-white image of differences in 
the refractive properties of a transparent 
specimen that appears perfectly uniform 
and clear to the unaided eye. Typical 
specimens are bacteria, but specimens 
of this kind large enough for use in my 
apparatus are rare in nature. Demonstra
tion specimens are easy to make. For 
example, put a streak of Canada balsam 
on a conventional microscope slide with 
a toothpick and let it dry in a dust-free 
enclosure. 

"In the phase-contrast microscope a 
portion of the light that is diverted by 
the specimen reaches the eye in the same 
way that it does in a conventional micro
scope. Another portion, in addition to 
passing through the specimen, also tra
verses a transparent material, called the 
phase plate, that retards the light waves 
by a quarter of a wavelength. The waves 
are thus divided into two portions, which 
combine in the eye to create the black
and-white image. 

"These features are simulated by the 
optical bench. A support is devised for 
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a phase plate about two centimeters 
above the objective lens. The phase plate 
consists of a clear glass plate, such as the 
cover glass of a 35-millimeter photo
graph slide, coated with a thin strip of 
clear lacquer. 

"To make the phase plate put a length 
of adhesive cellophane tape across the 
center of the cover glass. With a razor 
blade cut a thin strip about a millimeter 
wide from the center of the tape. Spray 
the tape lightly with transparent lac
quer, such as Krylon spray coating No. 
1301. When the lacquer dries, remove 
the tape. 

"An aperture of identical proportions 
is needed for masking the light source. I 
made the aperture by covering a second 
clear glass plate with opaque plastic 
tape and cutting in it a slit proportioned 
so that when the aperture was inserted 
in the filter holder, rays from the lamp 
came to focus only on the plastic strip 
of the phase plate. The focal length and 
spacing of the condenser lenses deter
mine the size of the image made by the 
aperture and must be taken into account 
when the aperture is made. 

"To adjust the optical bench initially, 
put the aperture plate in the filter hold
er. Transfer the ground-glass screen at 
the top of the optical bench to the holder 
that will be used for supporting the 
phase plate about two centimeters above 

the objective lens. With the condensers 
and the deHecting mirror in place, but 
without a specimen on the object table, 
adjust the position of the condenser to 
focus the aperture on the ground glass. 
Return the ground glass to the top of the 
optical bench, place a specimen on the 
object table and focus it on the ground 
glass. (A photograph of a typical speci
men-a streak of Canada balsam-thus 
made with conventional illumination ap
pears at left below.) Next, remove the 
specimen, insert the phase plate in its 
holder above the objective lens and 
align it so that only the strip of lacquer is 
illuminated. Return the specimen to the 
object table and focus it on the ground 
glass. (A photograph of the same streak 
made by phase-contrast illumination ap
pears second from left below.) 

"The image can be further improved 
by reducing light from the phase plate 
by means of a neutral-density filter that 
covers the strip of lacquer. To make the 
filter, pass one side of a cover glass 
through the Harne of a candle to coat it 
lightly with a film of soot. Wipe off all 
soot except a thin band that matches 
the strip of lacquer. Place the filter di
rectly above the lacquer strip. If the 
density of the soot is optimum, a distinct 
improvement will be observed in the re
sulting image of the specimen. One call 
also make a filter for reducing the Ull-

Streak of Canada balsam photographed in normrtllight (left) and three types of phase contrast 
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retarded light by cleaning soot only from 
the area of the lacquer strip. This light
ing is known as negative phase contrast. 
It is not a desirable kind of illumination 
because information in the specimen is 
lost by absorption. (The third and fourth 
photographs below respectively show 
the streak in balanced phase contrast and 
in negative phase contrast.) 

"An apparatus of this design is 
azimuth-dependent, meaning that the 
aperture and the lacquer strip must be 
parallel or the phase-contrast effect will 
be diminished. Manufacturers of phase
contrast instruments solve the problem 
of phase dependency by using an annu
lar aperture and a phase plate in the 
form of a matching ring. Either element 
can be rotated without disturbing the 
optical configuration. I made an annular 
set of elements for the large-scale dem
onstration. A photograph of the resulting 
image contains somewhat more informa
tion than photographs made with linear 
elements do. Still other improvements 
can be achieved by using polarizing fil
ters in the direct rays as well as those 
that pass through the phase plate. In
deed, the apparatus enables the experi
menter to investigate all forms of micro
scopic lighting, including both dark-field 
and Rheinberg illumination" [see "The 
Amateur Scientist," SCIENTIFIC A",mlU
CAN; April, 1968]. 
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by Philip �rorrison 

SPECIATIO:\' IN TROPICAL E:'\\"mo�
MENTS, edited by R. H. Lowe-�lc
Connell. Academic Press ($11.50). 

AN INTRODUCTION TO POPULATlO:\, GE

NETICS TI l EOHY, by James F. Crow and 
�Iotoo Kimura. Harper & Row, Publish
ers ($13.95). SERENDIPITY IN ST. HEL
ENA: A GENETICAL AND MEDICAL STUDY 

OF AN ISOLATED COMMUNITY, by Ian 
Shine, with the assistance .. of Reynold 
Gold. Pergamon Press ($10). Darwin and 
vVallace started it all. Under the.xe.mote 
sovereignty of thermodynamiCS and of 
the possible bonds among the lighter at
oms, the great generalization of inherit
ed variation and natural selection has to 
explain the whole skein of plants, beasts 
and men. These three books display the 
diversity with which men's knowledge in 
this field has itself evolved. 

The first book, in which maps abound 
but not one formula appears, is the re
port of a London symposium where spe
cies groups of ferns and fishes, orchids 
and snails are described by men who 
have long studied life in the Tropics. 
Our little lemur cousins who dwell in the 
Madagascar forests, for example, show a 
remarkable diversity of races and varie
ties. They were called species by their 
fond first classifiers a cen tury ago, but 
the "species" can bear fertile offspring, 
gray head like mother but reddish whisk
ers like father, say. (One color plate 
shows a set of lemur family portraits.) 
There is nonetheless a swarm of species 
in most tropical environments, whether 
pond or savanna or dense forest. Why 
this is so has no certain answer; only a 
quantitative one could be satisfying, and 
the subject is too complex for a single 
result to suffice. The environment is an 
old one, un shocked by the glaciations of 
recent times; even a dry season does not 
halt life as the grip of the ice does. Our 
Temperate Zone biota is the immature 
and impoverished exception; the tropi
cal richness is the normal product of 
undisturbed evolution. The rise of spe-
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cial ways of making a living becomes 
cUlllulative, because it is the very pres
ence of the competing and predating 
species themselves that becomes the 
chief source of selection. Life molds life. 
In the Tropics there is no winter to act 
as the chief gate, passing a few species 
of generalized competence, able to act 
in many ways to make a living. The trop
ical test is living with a cluster of neigh
bor species, a task far more complex 
than beating the cold. Not all the expert 
contributors agree; some tropical bota
nists express doubt even in Darwin! 
Surely this is a transient consequence of 
the incomplete state of the th'eory, which 
still cannot: give a .full account of the big
ger evolutionary changes. 

An Introduction to Population Genet
ics Theory is a modern text for graduate 
students, written by two very active con
tributors to the subject. The expression 
of the ideas of Darwin in precise lan
guage is a taxing domain of applied 
mathematics whose intrinsic difficulty is 
the inherent complexity of the phenom
ena it must describe. Consider popula
tion growth alone: four models are pre
sented in the opening chapter of the 
book. They describe, by difference equa
tions or differential equations, none very 
difficult in itself, the growth by discrete 
generations that never overlap in time, 
such as annual flowers, or by discrete 
generations that do overlap, such as 
man; they also take up populations that 
can be treated as continuously changing, 
such as bacteria. All these populations 
have their own parameters to conve
niently describe the situation. On this 
base is then set the problem of studying 
the varieties of organisms with mating 
patterns, gene frequencies, differential 
survival and a store of undealt genetic 
cards made possible by sex. A fully de
terministic theory of the statics and dy
namics of evolving PQPulations is built 
first. The text comes equipped with 
many sets of problems (they are not 
easy) but without much empirical mate
rial. The aim is utility and clarity, not 
mathematical rigor. A mathematical ap
pendix helps to make the book accessible 
to readers who know calculus. 

It is interesting to see in how simple 
a model it can be shown that increase in 
fitness, which is defined merely as the 
reproductive rate of a given characteris
tic, is equal to the mean square fluctua
tion in the fitness itself. This "fundamen
tal theorem of natural selection," which 
is retained even in quite realistically 
complicated models, leads to a maximal 
principle that is quite reminiscent of 
classical mechanics. The principle as
serts that under a given degree of fluctu
ation the gene frequencies will change in 
such a way as to maximize the average 
fitness of the population. 

The extension of these theories be
yond the assumption of an essentially in
finite population, to take account of the 
role of mere chance in favoring or end
ing initial gene changes, which must al
ways involve only a few individuals, is 
the topic of the last third of the book. 
The topic is a part of diffusion theory, 
broadly viewed; the treatment is quite 
extensive, but it does not easily enhance 
the qualitative insight, given by many 
writers, of a representative point stand
ing for a given genetic population diffus
ing here and there over an "adaptive 
surface" whose slowly changing peaks 
and valleys of fitness represent the suc
cessful and the failing forms we call spe
cies. The gain this book offers is quanti
tative, and it lies deep. 

One author works at the University of 
Wisconsin, the other at the National In
stitute of Genetics in Japan. For 15 years 
theirs has been an intimate collaboration 
in teaching and research, to which dis
tance, language and culture have plainly 
set no barriers. 

Young Dr. Shine and Mr. Gold, the 
authors of Serendipity in St. Helena, 
were for a few years the entire medical 
profession on that beautiful high heath
er island, where a ship calls only about 
once a month. The 5,000 isolated island
ers (who count about an equal number 
of compatriots living abroad in Cape 
Town and London) form the topic of this 
charmingly presented and remarkably 
interesting study. Personal and inge
nious, the narrative belongs to the great 
tradition of studies of evolution in isola-
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tion. Here, however, it is not Darwin's 
finches we examine; it is the Raxgrowers 
and craftsmen of the island (some island
ers work at a cable station and a U. S. 
base 700 miles north on Ascension Is
land) and their cheerful and winning 
families. Nearly all immigration to the is
land had ceased by 1820; the dark-eyed 
and handsome people are the joint de
scendants of the African freedmen, the 
British garrison and the Chinese labor
ers who had come to the island by that 
time. Their speech is a lively English. 
("I worry a bit against the hill when I 
fetch water." "She couldn't pick the 
meaning of it.") Their style is modest 
but not simple. Not many of them pass 
the secondary school examinations, but 
"most men are able to farm, fish, play 
the guitar, cut hair, make an efficient wa
tering can from a margarine tin, mend 
shoes and build their own houses." 

Dr. Shine is a pretty good improviser 
himself. He had to be; he tried to carry 
out a medical examination of every per
son on the island, and actually saw about 
90 percent of them. Walking a couple of 
hours over the heath to reach a home, he 
could carry little equipment. Medical 
gear and a weighing scale in a rucksack, 
a transistorized electrocardiograph in 
one hand and a camera in the other, Dr. 
Shine went out to the back-country cot
tages for his data. The people tested 
him, and once they had confidence in 
the tact and goodwill of their new doc
tor he was in a position to conduct the 
best-controlled genetic-medical survey 
yet made. No such study of inbreeding 
had existed before; Dr. Shine followed 
his sample pedigrees, each verifiably, 
back through 50 matings. To do so he 
assembled more than 1,000 individual 
pedigrees. ("Few investigators are fortu
nate enough to be well-established gen
eral practitioners when they are about to 
begin their research.") Good data require 
intimate familiarity with the people, a 
full sample of examinations and strin
gently evaluated pedigrees. ("People are 
nicer when isolated, they generally know 
more pedigree information and they 
have a more co-operative attitude to in
vestigators and, finally, the family are 
generally accessible.") 

St. Helenians have an entire catalogue 
of rare disorders. At least three new such 
conditions were discovered. Inbreeding 
was obvious and verifiable. It contrib
utes its share of deaf mutes, albinos and 
stillbirths wherever the double dose of 
the damaging recessive gene is adminis
tered by heredity. On St. Helena, how
ever, there is a much greater incidence 
of recessives than inbreeding alone can 
quantitatively account for. The founders 

" . . .  a good, readable, accurate, and refreshingly candid 

book-and a witty one." 
ROBIN FOX, Rutgers University 
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of St. Helena must almost surely have 
brought in a few rare genes, which at 
once lost their rarity-they now belonged 
to the gene pool not of a million English
men but of a hundred islanders. This di
rect effect of small numbers is the phe
nomenon of genetic drift written plainly. 
Alternative mutation and selection hy
potheses can be pretty well refuted by 
the data. 

The St. Helenians are a healthy lot. 
The recessive defects are individual 
tragedies, but they remain at a level 
below public importance. Infant mortal
ity is low. Cardiovascular disease is the 
major cause of death, just as it is in Brit
ain and the U. S. The mortality from cor
onary failure rises year by year exactly 
parallel to the curve for England and 
Wales, except that it is about eight years 
delayed. This is in spite of the fact that 
smoking is infrequent, exercise plentiful 
and stress low. The St. Helenians are 
"an easy-going, delightful and gentle 
people," just as they were described by 
Captain Cook in 1775. They do not eat 
much fat, and some of what they do eat 
is unsaturated. If the effect is to be un
derstood, it is tempting to blame it on 
sugar. This they now consume about as 
much as the English do, and their con
'sumption increases year by year as they 
become more prosperous. Busy Dr. 
Shine collected his careful- diet data 
anonymously, and so we cannot check 
individual diet on St. Helena against 
health. 

It was as an army physician in 1960 
that Dr. Shine volunteered for St. Hel
ena, where the only doctor was due to 
leave by the next boat. "Believing St. 
Helena to be in the Pacific Ocean which 
I had always hoped to visit, I asked Col
onel Ian Milne, my commanding officer 
... and three weeks later I sailed." His 
two-and-a-half-year stay made a young 
doctor into a first-class clinical geneti
cist, revealed a warm and inSightful man 
with a genius for fieldwork and brought 
human genetics data of real value. It is 
a pleasure to be able to infer from a few 
remarks and from the bibliography that 
he has since made his way to some real 
Pacific islands. 

The book cannot be enjoyed fully 
without access to a medical dictionary 
and some formulas of quantitative ge
netics, but it is a delight all the same, a 
find worthy of the princes of Serendip. 

THE DISCOVERY OF RADIOACTIVITY 

AND THANSMUTATION, edited and 
with commentary by Alfred Romer. Do
ver Publications, Inc. ($2.25). RADIO
CHEMISTRY AND TI-IE DISCOVERY OF Iso
TOPES, edited, with commentary and an 
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introductory historical essay, by Alfred 
Romer. Dover Publications, Inc. ($3.50). 
"Modern nuclear physics had its begin
ning in radioactivity." Those are the first 
words of the first of these two absorbing 
anthologies of early papers, reprinted 
(not in facsimile, unfortunately), trans
lated where necessary, and accompa
nied with connective matter and helpful 
appraisals by their skillful and knowing 
editor. "Science is always most com
pletely assimilated when it is in the nas
cent state," wrote James Clerk Maxwell. 
His comment is cited by the general edi
tor of this series. (The two books belong 
to the continuing series called Classics 
of Science, which so far includes vol
umes on topics in physics and chemis
try.) Nascent nuclear physics is a pow
erful reagent all right. It glows in the 
darkness, dazzling the mind. 

The first and older of these volumes 
is an epic out of a heroic age of physics. 
Its hero is Ernest Rutherford, whose en
ergy and clarity of mind led the world to 
the full transformation theory, the spon
taneous and unchanging intrinsic rates 
of chains of atomic transmutations, 
quantitatively described, by 1904. That 
was just eight years from the spring of 
1896, when Henri Becquerel (whose 
photograph appears here, the handsome 
young professor wearing the golden wes
kit and fancy sword hilt of the Academie 
des Sciences) made his accidental dis
covery of the blackening of photograph
ic plates by the "crystalline lamellas" of 
a uranium salt. 

The second volume, published in 
1970, tells a more complex story. Its 
drama is more collective; many of the 
names are half-forgotten or little known 
today. This chemical volume spans the 
time from the Curies' first work (the 
word "radio-active" first occurs in their 
paper in the summer of 1898) to Fred
erick Soddy's use of "isotope" late in 
1914, when the physical and chemical 
circle had at last closed, the new Bohr 
atom and the Moseley X-ray spectra 
showing the dominant role of nuclear 
charge. The neutron was not yet in view, 
of course; Soddy plainly thinks of the 
nucleus as an intimate mixture of pro
tons and electrons. 

The story begins with Rontgen, as 
does the rest of modern physics. Bec
querel saw a photograph of the bones 
of the living hand at the Academie on 
January 20, 1896, less than a month af
ter the announcement of X rays. Henri 
Poincare had Rontgen's paper; he ex
plained to Becquerel that the new rays 
came from the fluorescent spot on the 
glass bulb of a Crookes tube, where the 
beam struck the wall. Fluorescence was 

a kind of family study in the Becquerel 
household, and Henri tried to see if 
short-lived phosphors exposed to sun
light would blacken a photographic 
plate through two sheets of opaque pa
per. Uranium salts could. By the follow
ing week (the Comp/,es Rencllls gladly 
published short notes by academicians 
every week) he had developed plates 
prepared earlier with the salts on them 
but never exposed to sunshine, because 
"on those days the sun appeared only 
intermittently," and reported that "the 
silhouettes appeared with great intensi
ty." By May he had shown that the ef
fect was present even if he crystallized 
the salt newly in the dark, and that it 
was produced even more strongly by 
uranium metal; it was no moleculal: phe
nomenon but an atomic one. Then the 
field outstripped him. 

Consider the problems these pioneers 
faced. The electroscope and the photo
graphic plate were their two detectors. 
Yet substances turned up that black
ened plates but produced no current in 
the electroscope. Then they knew that 
some elements gave out alpha rays, some 
beta rays and some both. (The gammas 
recorded weakly.) That had fooled Sod
dy for a while. Thorium was radioactive; 
however, "the opening or closing of a 
door at the end of the room" affected the 
measured rate of discharge for thorium, 
although not for uranium. So did Ruth
erford and Soddy come to learn about 
the radioactive gas emanating from tho
rium. Thorium radioactivity could be 
"induced" on other solid surfaces; thus 
they learned about the active deposit of 
the product of emanation. Chemistry be
came haphazard, since results depended 
on the dates and the order of acts of sep
aration. The vagaries of "weightless" 
chemistry were new and strange. Char
coal would absorb out nearly all the ac
tivity from a solution of uranium X. The 
slightest trace of added thorium sulfate, 
however, could prevent that absorption 
completely. So did they realize-Soddy 
by 1911-what specific activity meant: 
the rare active atom was swamped by 
the isotopic inactive thorium on the 
charcoal surface. 

Two facts became clear very early to 
Rutherford and his chemist associate 
Soddy. Radioactivity, they said, is a 
"manifestation of subatomic chemical 
change." It had to be so, because it was 
atomic and yet it produced new kinds 
of matter. More than that, the energy re
lease took place, atom by atom, at the 
very moment of the change; it did not 
simply follow after it. Then the exponen
tial decay became natural. That was by 
1902; the isolated nature and apparent 
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causelessness of atomic change appeared 
in this result. The quantum theory was 
there in embryo. 

The Curies thought the energy that 
heated their samples might stream 
through space and be absorbed by spe
cific atoms. But Rutherford and a calori
metric colleague, H. T. Barnes, showed 
that the sum of the heat from radium 
and from separated emanation was just 
what one expected from the unseparated 
mix. An outside source would require a 
special set of assumptions. The energy 
was there, and it was very large. By 1904 
they were sure: the atomic energy was a 
million times or so as great per unit of 
mass as any molecular energy, with "no 
reason to assume that this enormous 
store of energy is possessed by the radio
elements alone. " Nearly the entire com
plex pedigree of the natural radioactivi
ties was worked out by the chemists by 
1913 or 1914 and reported by Soddy, 
the reactions sliding across his isotopic 
table quite in the modern manner. 

The way was open to the nuclear era. 
Of 18 authors of the 42 papers given in 
the two volumes, only Otto Hahn (who 
gives a footnote to his colleague Lise 
Meitner) took direct part in the large
scale release of that "enormous store of 
energy. " Here is a paradigm-setting era 
much clearer than the days of Kepler 
and Galileo and less tangled in Kant's 
categories than the space-time puzzles 
of Einstein. These books should set off 
many a reader, many a class and some 
students of the history of ideas. The vol
umes are impeccably edited; one only 
misses a few dates on the photographs 
and longs for two more papers, one on 
the theme of radioactive dating and one 
on the origin of the energy of stars. 

THE Il\"TELLIGENT EYE , by Richard L. 
Gregory. McGraw-Hill Book Compa

ny ($7.95). The flood of solar photons 
nourishes all life. Yet the most remark
able optical side effect, an image-form
ing eye used as an early-warning and 
pattern-recognition system, is known to 
no plant, although it is found in most 
animals of at least the complexity and 
modernity of the higher mollusks. It is 
instructive to consider the eyes of the 
machine. Almost no machines can yet 
use images to affect their behavior. The 
familiar elevator door, like most indus
trial photoelectric devices, merely has a 
primitive light spot, such as no self-re
specting protozoon lacks. The camera 
and even the up-to-date television chain 
are not properly eyes: they are only 
means of transferring images to human 
eyes. 'What the machine lacks is certain
ly not a lens or a retina or many ampli-
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fiers; it lacks the subtle circuitry that 
makes sense out of an image-the intelli
gence of the eye. 

Our eyes are not mere passive image
formers. The retinal image for them ,is 
merely a raw input. Their marvel lies in 
our profound faculty of data processing. 
The eye-brain-hand system actively uses 
the incoming image to guide its power
ful but quite unconscious selection of 
the most probable external cause of the 
image. "Perception must, it seems, be a 
matter of seeing the present with stored 
objects from the past." How far that past 
is experiential and how far innate is not 
clear. Such is the theme of this compact, 
attractive, important and fresh volume. 

The main topic is the viewing of pic
tures. Pictures are human artifacts, al
ways seized of an "extraordinary double 
reality ... an essential paradox." 'Here 
they are, those puzzling constructions, 
in their most problematic forms: ste
reoscopic pictures for three-dimensional 
viewing, varied perspectives, impossible 
objects blandly and sharply photo
graphed, pictures of pictures, drawings 
by Maurits C. Escher, illusions of scale 
and figure ground. The analysis goes 
deep, but with little jargon and no 
mathematics. 

Many photographs and drawings are 
shown doubled in slightly displaced red 
and green tone or line. These yield 
strong depth perception when viewed 
through spectades (proVided) with a red 
filter for one eye and a green filter for the 
other. Looking even with three-dimen
sional glasses at such a photograph of 
the hollow interior of a mask, however, 
one sees the normal face, with the nose 
sticking outward, not improbably in
ward, even though the latter is correct; 
the stereoscopic cues are overridden by 
the intelligent eye, which-like Lloyd's 
of London-makes its bet on experience. 
(Turning the book upside down may de
stroy familiarity enough to restore the 
proper stereoscopic result.) There is a 
step-by-step outline of what you see 
looking with one eye or with two at a 
wire-frame cube and at pictures of it. 
Pictures demand an acquired interpreta
tion. It may indeed be that some statues 
in ancient temples were made in these 
ways to seem alive, their hollow heads 
with that ambiguous depth appearing to 
follow each devotee as he moved in the 
"gloom of the sacred place." That as
trology may have arisen out of the ex
perience that the moon and stars seem 
to move with the traveler is less plausi
ble. Now that a consciously analyzed 
form of instrumental perception gives us 
the true scale of the universe, says Pro
fessor Gregory, "all reason for a close 
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personal association with the Universe 
(hence astrology) is lost." That is unfair; 
are we not made of star stuff? 

In this book Professor Gregory has ex
panded and deepened a splendid series 
of lectures he did one recent Christmas 
season, which were televised by the 
knowing and powerful science team of 
the British Broadcasting Corporation. It 
has become a well-illustrated essay that 
readers concerned either with percep
tion narrowly, or with epistemology 
broadly, cannot allow themselves to 
miss. Not everyone will agree with his 
more general conclusions, but the results 
he exhibits and the views he expresses 
must be taken into account by everyone 
who would understand either the world 
we see or the "essentially unpredictable 
future . .. a world we cannot see," the 
world of instruments and of "pictures, 
symbols, thought, and language." 

THE EMERGENCE OF MAN, by John E. 
Pfeiffer. Harper & Row, Publishers 

($10). YIWARA: FORAGERS OF THE Aus
TRALIAN DESERT, by Richard A. Gould. 
Charles Scribner's Sons ($8.95). It has 
been 45 years since they uncovered the 
Folsom find: the specialized flint spear
head in the glass case still lies among 
the bison ribs where it lodged 11,000 
years ago in the grassy gamelands along 
the upper Cimarron. Men still make 
those elegant symmetrical fluted points 
to the same pattern from the same flints, 
but now on the banks of the Snake River 
to the north in Idaho. Four typical Fol
som points appear in the photograph, 
one with the date 1965. The modern 
Folsom artisan is Don Crabtree of Idaho 
State University. He has made more 
than 50,000 stone tools in his career
and spoiled three times as many! Crab
tree has used heat-treating to prepare 
the flint, as the Indians often did. An or
dinary notched arrowhead takes him five 
or 10 minutes, but a Folsom point ("the 
very ultimate in . . .  control") requires 
three hours and special implements such 
as a flaking tool worked by the full pres
sure of his ches't. 

To understand that old artificer our 
ancestor more than one such scheme of 
repeating his skills and sharing his life is 
under way. A couple of years ago Jack 
Harlan found "vast seas of primitive wild 
wheats" growing in the foothills of Ana
tolia. With a city man's bare hands he 
painfully cropped about four and a half 
pounds of grain an hour; then, with a 
sickle he made of a branch and an an
cient flint blade, his yield grew about 20 
percent and his hands were spared. 
L. S. B. Leakey, the unriddleI' of Olduvai 
Gorge, had a more ambitious plan. He 

wanted to spend six weeks in the bush, 
moving each week to a new stage of hu
man skills: starting with bare hands, dig
ging sticks and snares made from tree 
fiber and ending with the bow and ar
row. He has grown too old for that, he 
fears: ''I'd have done it long ago, but 
Mary wouldn't let me. She thought it 
was too dangerous." But the stirring is 
there, and plans for organized Stone Age 
bands of experimental campers are rip
ening. A proposal for artificial burials, in 
which bones and shards would be placed 
with precision to be excavated over the 
course of a century, suggests the growth 
of a new, active experimentalism among 
archaeologists. 

John Pfeiffer has made a remarkable 
book, a survey of the present state of our 
knowledge of human origins, from the 
Ra111apithectls jawbone of 15 million 
years ago, with its curiously small ca
nines (signs perhaps of a new way of 
life), to men using Stone Age tools today, 
living and thinking well in the Kalahari 
Desert and on the boundaries of the 
Woomera Rocket Range. This is by no 
means the first excellent book of Pfeif
fer's that reviews a science. He has writ
ten, and written well, on four other large 
topics: on the brain, cytology, evolution, 
even astronomy. He holds the honestly 
gained reputation of a first-class popular 
writer of good science. Now he has lost 
that status, probably for good. It is not 
that he writes less well-far from it. 
Rather he has been converted to a single 
science. He is even a professor of anthro
pology now, and one hopes his fortunate 
students can use this lively, full and sen
sible book. He has traveled so far and so 
well among the diggers and the b0ne 
men and the toolmakers and the ethnog
raphers, seen so much of what they do 
and what they plan, that at last he has 
lost his visitor's detachment. 

It is the very immediacy of the book 
that distinguishes it. Pfeiffer has talked 
to the men and women who do the best 
work. (Mrs. Mary Leakey, quite improb
ably, is the great-great-granddaughter of 
John Frere, who in 1797 recognized the 
great antiquity of some flint hand axes 
found deep in a Suffolk clay pit. ) The 
book is full of asides and plans and hints 
for tl�e future as well as being a clear ac
count of knowledge already won. At 
Ton'alba in old Castile, for example, in a 
site first excavated 60 years ago, Clark 
Howell of the University of Chicago has 
been digging most carefully. There and 
nearby he has found the killing and 
butchering floors of a group of elephant
hunters 300,000 years dead, men who 
hunted in bands, used spears, admired 
courage (otherwise why so many ele-
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phants when other game abounded?) 
and painted with ocher. 

The new lines of research are too nu
merous even to list here. Chimpanzees 
make stick probes for termites; baboons 
never do. Flint tools are found in quan
tity, and the statistical study thereby 
made possible tends to show that "kits 
of tools" occur-whether because several 
cultures were present or merely because 
several occupational tasks were at hand 
or some mixture of both we are not quite 
sure. An input-output analysis of the 
economic life of the Bushman is almost 
ready. The Solutrean toolmakers about 
20,000 years ago made flints of a perfec
tion and delicacy beyond any possible 
usefulness for hunting : hunting tools had 
become the tools of ritual, of art. Mon
keys reared in isolation, with bath-towel 
surrogate mothers, cannot mother their 
infants-but they learn, or unlearn; given 
a second chance, they perform more 
adequately. Neanderthal man may have 
invented war, as pretty surely he did the 
afterlife. 

Closeness to new ideas requires a 

small payment in misplaced hope and 
enthusiasm in a few cases, no doubt. One 
is glad to pay the price. The only real if 
minor complaint a grateful general read
er might direct to the author is against 
the blurring of the times and sources of 
many ideas presented here. In the ab
sence of footnotes, the bibliography does 
not always enable one to decide whether 
the remarks quoted are already enlarged 
elsewhere or stand alone as novelties. 

The latest reference in the Pfeiffer 
book is to the 1969 book by Gould, an 
archaeologist of American Indian cul
tures who spent more than a year in the 
sandhills of the western Australian des
ert. There, in the open lands where the 
emu roam in large groups, man-tall birds 
running at Land Rover speed, he and his 
wife lived among the Ngatatjara people. 
Like the Kalahari people, these hunt
ers and gatherers seem masterful, gentle 
and varied. A shy housewife-without a 
house-is photographed in her eucalyp
tus-nut headdress, her sidelong smile re
vealing a charmer anyone might know. 
The paradox of the inexorable drift of 
these sure hunters to live unsurely near 
the tobacco, knives, food, bustle, aircraft 
and indignities of the mission station en
gages Gould very deeply. His is an eth
nography of genuine interest-the people 
explained their art and their ritual to him 
and theorized about the numerous evi
dences of their own deep past-but it re
mains a thin vehicle for the transmission 
of a small but whole, complex and an
cient culture, seen perforce through only 
one man's eyes. 
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Able-bodied 
fun machine. 

The Marlex®MarketingTeam helped create it. 

It's a car. It's a boat. It's a 
super-buggy. 

All-terrain vehicles must suffer 
indignities in forests, swamps, 
sand dunes, streams and snow 
banks. Giving them super-tough 
bodies that wouldn't crack, rust, 
chip or peel-wherever they go 
-was the problem. 

A Marlex Sales Engineer 
helped solve it. 

And this is how he did it. 
First, he recommended the right 

Marlex resin ... one with superior 
environmental stress cracking re
sistance, impact strength and 
weatherability. 

Then he called in other Marlex 
Marketing Team experts in extrud
ing and thermoforming high den
sity polyethylene. The result: a 
durable plastic body with perform
ance to spare. 

That's the way our Marlex 
Sales Engineers work. 
And that's why, if you 

have any reason to work with 
plastics, you have every reason 
to work with Phillips-inventors 
of the leading process for pro
ducing high density polyethylene. 
The only producers of genuine 
Marlex, the resin that's worth more. 

Get help from the Marlex 
Marketing Team. Call: 

Robert F. Lynch, Fairfield, N.J. 201 227-6600. 
Gerald Tucker, Southfield, Mich. 313 353-6666. 
Ralph Porter, Villa Park, III. 312 834-6600. 
Harry House, Memphis, Tenn. 901 682-8317. 
David Day, Los Angeles, Calif. 213 685-6380. 

At Phillips 66 it's performance that counts 
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