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For some people, status means having the 
privilege of spending $27,000 for a European car. 

Nissan has engineered a car for people who 
find status in something else: Just being smart. 

The new Nissan® Maxima® GXE. A car 
Motor Trend Magazine called "The best perform
ance sedan you can buy for under $25,000:'* 
Which we take as an enormous compliment, 
since our car costs far less than that. 

But as flattered as we are, we're not surprised. 
Because at the heart of the Maxima is the 
same basic fuel-injected V6 engine you'll find 
at the heart of our famous Z: Car. 

And thanks to our revolutionary Sonar 
Suspension�** the Maxima GXE not only mon
itors your driving behavior, it actually "reads" 
the road surface and automatically ad justs itself 
for improved comfort and handling. 

Naturally, the Maxima also performs well 
in other areas. It has power windows, locks, 
mirrors, and antenna. As well as air-conditioning 
and a Six-speaker electronically-tuned AM 
stereo/FM stereo radio and cassette deck. 

Look at it this way You could either buy a 
pricey, European luxury sedan. Or, for the same 
money, you could buy yourself a Nissan Maxima. 
And then go on a pricey European vacation. 

� 
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�® 
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Controlling Indoor Air Pollution 
Anthony V. Nero, Jr. 

You can't go home to escape air pollution; it lurks indoors. One hazard is 

the radon gas that seeps into some houses from underlying rock and soil. 

And then there are cigarette smoke, carbon monoxide, formaldehyde .... 

How harmful is such pollution, how can exposure to it be reduced and 

what should which Federal, state or local agencies be doing about it? 

Squeezed Light 
Richart E. Slusher and Bernard Yurke 

Even in darkness there is light: quantum fluctuations called noise 

animate the darkness and blur the definition of light waves, limiting the 

precision of crucial experimental measurements. The uncertainty around 

a light wave can be squeezed, making some parts of the wave quieter 

and thus more precise (at the expense of making other parts noisier). 

Tumor Necrosis Factor 
Lloyd]. Old 

A century ago it was noted that a bacterial infection sometimes causes 

_the regression of cancer. In 1975 the author found an explanation: the 

infection stimulates the secretion of tumor necrosis factor (TNF), which 

has anticancer activity. Now TNF, an important regulator of inflammation 

and immunity, is in clinical trials as an anticancer drug. 

Ancient Magnetic Reversals: Clues to the Geodynamo 
Kenneth A. Hoffman 

The earth's magnetic field reverses itself repeatedly; such a reversal may 

be under way now. The history of reversals can be puzzled out by 

studying remanent magnetism in rocks. Analysis of ancient reversals is 

yielding clues to the nature of the dynamo-the churning of molten 

metals in the earth's outer core-that generates the magnetic field. 

The Platypus 
Mervyn Griffiths 

A bizarre array of characteristics contributes to this Australian mammal's 

evolutionary success. It dives like a seal, lays eggs like a reptile, has a 

tail like a beaver's and a bill like a duck's. The bill is a food-finding 

antenna: it bears receptors for the weak electric fields that are generated 

by the aquatic invertebrates on which the platypus feeds. 
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Aerogels 
Jochen Fricke 

Gels are mostly liquid. Replace the liquid with air or another gas and 

you have an aerogel, a material whose properties challenge the physicist 

and tantalize the product engineer. Aerogels are tricky to make, but they 

turn out to be very useful. For example, aerogels made from silicon 

dioxide are transparent in addition to being excellent thermal insulators. 

The Indian Neck Ossuary 
Francis P. McManamon and James w. Bradley 

In 1979 a backhoe operator working near Wellfleet, Mass., unearthed 

human bones. He had come on a I,OOO-year-old ossuary (a bone 

repository) that has provided new information about the prehistory of 

the northeastern u.s. Along with other evidence, it suggests there were 

permanent Native American settlements along the New England coast. 

The Mystery of the Cosmological Constant 
Larry Abbott 

The constant, a measure of the energy of the vacuum, is "cosmological" 

because its value has implications for the structure and fate of the 

universe. The wide divergence between theoretical and observed values 

of the constant could mean that modern physics is on the verge of a 

profound new understanding of the nature of space, time and matter. 
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'Alben we were children, we re
" lentlessly pursued our goal to make 
things fly. As adults, we relentlessly pur
sue our goal to make them fly better. 

From that rather lofty aim emerged 
Phillips Advanced Thermoplastic Com
posites. More specifically, Ry ton® PPS, a 
sy nthetic metal that created a new safety 
standard in fire resistance for the interior 
of commercial airliners. 
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moplastics we pioneered. And airline 
safety is but one of the applications. 
Through research and development, 
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LETTERS 
To the Editors: 

In "The Moon's Ancient Magne
tism" [SCIENTIFIC AMERICAN, Decem
ber, 1987l, S. K. Runcorn describes 
the painstaking research he and oth
ers have done on the relict magne
tism of lunar rock samples. He ex
plains how the results, together with 
data from the Apollo global magnet
ic surveys, indicate that the ancient 
moon may have possessed a power
ful dipole field. 

One remarkable finding is that the 
polar axis of this ancient field, and by 
inference the axis of lunar rotation as 
well, changed position dramatically 
with respect to the lunar surface as 
many as three times. Runcorn goes 
on to propose a possible explanation 
for the moon's polar wanderings (or, 
more correctly, its surface wander
ings). In doing so, I think his compass 
becomes unreliable, so to speak. 

He proposes that lunar satellites 
in gradually decaying equatorial or
bits fragmented and impacted on the 
moon's equatorial zone on three dis
tinct occasions between 4.2 and 3.85 
billion years ago. On each occasion 
this bombardment is said to have re
distributed enough surface mass to 
destabilize the moon's rotation, lead
ing to polar wandering. 

Now, it is well known that lunar 
satellites, both natural and artificial, 
would impact from a slowly decay
ing orbit at a velocity no greater than 
1.8 kilometers per second-much 
less than the cosmic velocities of 15 
or more kilometers per second usual
ly specified for the impacting objects 
said to have formed the basins. 

Are we really expected to believe 
that an object striking the surface at a 
velocity of 1.8 kilometers per second 
and an angle of five degrees or so is 

. capable of creating a great lunar ba
sin such as Imbrium, Serenitatis or 
even Crisium? It is my belief that a lu
nar satellite impacting on the equato
rial zone would actually add mass to 
it, thereby improving the stability of 
the rotational axis. And what about 
the legendary "mascons"? Analyses 
of the orbital paths of lunar probes 
have indicated the presence of signif
icant mass concentrations beneath 
many of the Maria-Imbrium, Sere
nitatis, Crisium, Nectaris, Humorum 
and Orientale-in direct opposition 
to the theory being proposed. 

Personally, I make no apology for 
supporting the theory that the moon 

8 

of today is largely the product of for
ces from within rather than from 
without. I also acknowledge that I am 
in a decided minority. The impact 
theory is championed far and wide, 
but its cause and the cause of plane
tary science in general can hardly be 
furthered by the kind of woolly rea
soning contained in this theory of an
cient lunar satellites. 

Tonbridge, Kent 
England 

To the Editors: 

ROBIN W. STEVENS 

S. K. Runcorn's enjoyable article 
"The Moon's Ancient Magnetism" 
describes the basis for his imagina
tive interpretation of lunar magnetic 
anomalies in terms of impacting lu
nar satellites, lunar polar wander and 
a reversing lunar dynamo. The read
er is able to judge for himself how far 
the data require this particular inter
pretation. The assertion on the cov
er of the issue [December, 1987l that 
"lunar magnetic fields nearly twice 
as strong as the earth's may have 
been generated billions of years ago 
in a core of molten iron," however, 
should not pass without comment. 

Runcorn was generous enough to 
mention work done at the University 
of California, Santa Barbara, by Stan
ley M. Cisowski,]. R. Dunn and me. It 
has focused on the magnetism of the 
returned samples of lunar rock, with 
the goal of understanding the mecha
nism by which the magnetism was 
acquired and the strength of the am
bient fields in which the magnetiza
tion took place. Unfortunately, much 
of the initial work was done before 
recent developments in paleomag
netic techniques and has not been re
peated, and so the analysis remains 
somewhat unsatisfactory. Moreover, 
as Runcorn pointed out, standard 
methods of determining the intensity 
of the magnetizing fields do not work 
well with lunar samples. Neverthe
less, it is very clear that reports of 
magnetization requiring fields with a 

. 
strength as much as twice that of the 
earth's field are rare indeed and also 
controversial. As we have discussed 
elsewhere, values an order of magni
tude smaller would be a more realis
tic upper limit on the field strength 
during the proposed lunar magnetic 
era between about 3.9 and 3.6 billion 
years ago. Hence "may" is the opera
tive word in the cover caption. 

No matter how difficult interpret
ing lunar paleomagnetism prQves to 
be, one cannot help feeling some awe 
at a record preserved for almost four 
billion years. At present it may be 
wise to regard the moon's magnet
ism as a fascinating enigma. Such 
a conservative approach does not 
have the appeal of Runcorn's fasci
nating discussion. It would be a pity, 
however, to misinterpret the price
less message that has come to us 
over the ages. 

M. FULLER 

Department of Geological Sciences 
University of California 
Santa Barbara 

To the Editors: 
Clearly if volcanic rather than im

pact processes account for the circu
lar craters and basins of the moon, 
as Mr. Stevens believes, then my in
terpretation of lunar paleomagnet
ism is moonshine. Harold Urey used 
to preface persuasive accounts of 
events in the early solar system dis
armingly: "Now, I was not there at 
the time but. .. " Finding diagnostic 
evidence in this field is challenging. 

In "The Geologic History of the 
Moon" (U.S. Geological Survey Pro
fessional Paper No. 134 8, 1987) Don E. 
Wilhelms of the U.S. Geological Sur
Vey demonstrates conclusively the 
fundamental importance of impact 
processes. Only recently has a piece 
of evidence testing my theory been 
identified: the great multi-ring basins 
have slight asymmetries-an ellipti
cal shape and ejecta concentrated in 
a "butterfly" or "bow tie" pattern
similar to those produced in hyper
velocity impact experiments or ob
served in missile craters when the 
projectile's approach angle is less 
than from five to 10 degrees. The ve
locity vectors of bodies that formed 
the mUlti-ring basins are found to 
parallel the paleoequators of cor
responding age. This is strong evi
dence that the basins were formed by 
satellites in decaying equatorial or
bits, even though, as Stevens implies, 
much remains to be learned about 
the physics of these huge impacts. 

The congruence of the paleomag
netic data, the evidence from me
chanics, and Euler's principle (that 
a body tends to rotate about its axis 
of maximum moment of inertia) all 
strongly support the theory I out
lined. Like Dr. Fuller, I am awestruck 
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by the extreme age of the fossil mag
netism in lunar rocks. But I think 
(me should not be dumbfounded. Su
preme Court justice Oliver Wendell 
Holmes wrote: "The law is an exper
iment, as all life is an experiment." 
He might as well have been writing 
about scientific theories, which are 
experiments to see how far obser
vations, often apparently conflicting, 
can be understood rather than left as 
"enigm�s." One risks being refuted, 
but that is how science advances. 

I and my colleagues at the Univer
sity of Newcastle upon Tyne, David 
W. Collinson and Alan Stephenson, 
agree with Fuller that more labora
tory experiments to determine the 
strength of the field that magnetized 
the lunar rocks are urgently required 
if we are to understand the rise and 
eventual decay of a core dynamo in 
the moon. We agree that the exact 
calibration of the method developed 
by Fuller and Cisowski can be debat
ed. Their view that the lunar field 
never reached an intensity as high as 
what we measured using the Thel
lier-Thellier method, however, does 
not undermine a conclusion with 
which we would all agree: consid
ering the smallness of the moon's 
iron core compared with the earth's, 
it did indeed show remarkably pow
erful dynamo action between three 
and four billion years ago. 

S. K. RUNCORN 

SCIENTIFIC 
AMERICAN 

is now available to 
the blind and phys
ically handicapped 
on cassette tapes. 

All inquiries should be 
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CORDED PERIODI
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Associated Services for 
the Blind, 919 Walnut 
Street, 8th Floor, 

Philadelphia, PA 19107 

ONLY the blind or 
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apply for this service. 
There is a nominal 
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that the 20th anniversary be observed with a gift of china. 

(But you've never done things by the book.) 

.... So for your next 
anniversary, give her 
a band of diamonds 
in a full or half -circle. 
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call: 800 647-0012. 
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703549-1890. 
A diamond is forever. 
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Meet an extraordinary mind 
at the frontiers of knowledge 
Share the mind opening 
insights of Stephen 
Hawking. one of today's 
most imaginative and 
influential thinkers. A 
brilliant overview of. 
astrophysics. relativity. 
quantum mechanics and 
the quest for a unified 
theory. A Brief History of 
Time takes you right to the 
cutting edge of modern 
theoretical physics. 

"When the achievements 
of the physicists of the 

.20th century come to be 
considered objectively, 
the work of Stephen 
Hawking will be writ 
large in the annals of 
science." -Astronomy 

A R-\NTAM HARDCOVER� 
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SO AND 100 
YEARSAGO 

SCIENTIFIC 
AMERICAN 

MAY, 1938: "On a flat, dry plain 18 
miles north of Roswell, New Mexico, 
rises a 50-foot tower of steel that has 
roused more curiosity, and has prob
ably had a greater influence on the 
future of the world, than any other 
feature of all New Mexico's arresting 
landscape. From this tower, at irregu
lar intervals, a Massachusetts physi
cist and his assistants send roaring 
into the skies certain gleaming, cigar
shaped projectiles of metal, powered 
by gasoline and liquid oxygen and 
landed by parachutes. The physicist 
is Dr. Robert Hutchings Goddard." 

"Sand-blown and desolate ruins of 
the Lost City of Nevada will soon rub 
elbows with the fishes. The contin
ued rise of the water behind Boulder 
Dam will shortly form a great lake 
that will cover the area of the ancient 
city completely. The Lost City was 
probably an active center of Indian 
habitation about A.D. 800." 

"In Laurel, Mississippi, in the heart 
of one of the South's principal sweet
potato-growing sections, there is be
ing manufactured a product that 
bids fair from present indications to 
form the basis of a flourishing new 
southern industry-the production 
of sweet-potato starch. Long exist
ing only in the minds of chemists, 
sweet-potato starch of a purity, col
or, and quality equal to that of the 

finest starches
' 

is now an actuality: 
hundreds of thousands of pounds are 
being produced commercially." 

"How far can one read a newspaper 
by the world's most powerful light? A 
group of technicians sought the an
swer to this question recently, when 
the 2,000,000,000-candlepower bea
con atop the Colgate-Palmolive-Peet 
Building in Chicago was turned into 
the world's largest reading lamp for 
90 minutes. Flying at 7,000 feet over 
Chicago, passengers on board a spe
cial United Air Lines' Mainliner were 
able to read a newspaper by the light 
of the huge airway beacon at a dis
tance of27 miles." 

"There was a time, not so long ago, 
when automobile engine bearings 
had to be taken up after about 15,000 
miles of service. Today the motorist 
seldom gives a thought to bearings. 
He expects fine performance for an 
indefinite number of miles and gets 
it because the automobile is the ben
efi'�iary of progress in the field of 
abrasives. The slow substitution for 
natural abrasives of artificially cre
ated materials that can be controlled 
as to nature and performance have 
made abrasives the handmaiden of 
mechanical precision." 

MAY, 1888: "During the late violent 
storms in the Channel the waves 
washed through a high and hard 
sand bank near the Isle of St. Malo, 
France, nearly four meters thick, lay
ing bare a portion of an ancient forest 
that was already passing into the 
condition of co a!." 

"A modified form of the phono-

The new rotary steam snow shovel, shown idle (left) and at work (right) 

12 

graph has been perfected by Mr. 
Emile Berliner, of Washington, D.C., 
who styles his new instrument the 
'gramophone.' One of the distin
guishing features of this inventiOn 
is that the indentations of the trans
mitting diaphragm are made upon a 
flat plate instead of a cylinder, as in 
the Edison and Bell phonographs." 

"Mr. H. Sullivan Thomas, who has 
been lecturing on the mosquito be
fore the literary society of Madras, is 
ungallant enough to say that it is only 
the female that does the biting." 

"It has been ascertained that of the 
millions of bison that once roamed 
on the prairies of the West only sev
enty-five or a hundred remain, and 
these are located in the extreme 
southwestern portion of Texas. An 
expedition is soon to start for Texas 
to round up buffalo there. The lead
ing purpose is to perpetuate a species 
of animal that is thoroughly typical 
of American animal life, one of the 
controlling ideas of the trip being to 
kill none of the animals while corral
ling them or after their capture." 

"By recent advances in the study 
of celestial physics, especially with 
the spectroscope, we are enabled to 
know something of the actual condi
tion and relative ages of some of the 
stars. We may assume that the age of 
stars, other things being equal, will 
depend upon their temperature, and 
that their temperatures are higher in 
proportion as their spectra are rich
er in violet rays. The majority of the 
stars that are visible to the naked eye 
are white or bluish, and therefore at a 
high temperature; but many are yel
low or orange, like our sun, showing 
that they have passed their youth, 
while others are from dark orange to 
dark red, showing that their sidereal 
evolution is far advanced." 

"By far the most satisfactory meth
od yet devised of removing snow 
from railway tracks is found in the 
rotary steam snow shove!. The ma
chine, with the engines and boiler, is 
mounted on an eight-wheeled car. It 
has a weight of some fifty tons, or 
about that of an ordinary locomotive, 
and is pushed into the snow by one 
or two locomotives. The operation of 
the machine is described as being a 
marvelous sight. Such is the tremen
dous centrifugal force of the wheel 
that the snow is discharged as a great 
stream or cloud and hurled to a dis
tance of from one hundred to three 
hundred feet from the track." 
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THE AUTHORS 

ANTHONY V. NERO, JR. ("Control
ling Indoor Air Pollution"), is prin
cipal investigator and coleader of 
the building-ventilation and indoor
air-quality program at the Lawrence 
Berkeley Laboratory (LBL) of the Uni
versity of California, Berkeley. After 
completing a doctorate in physics at 
Stanford University in 1971 and post
doctoral work at the California Insti
tute of Technology, he was made as
sistant professor of physics at Prince
ton University. He has been at the LBL 

since 1975. Nero, who spent a year at 
the U.S. Arms Control and Disarma
ment Agency and has published a 
guidebook to nuclear reactors, says 
that over the years he has become in
creasingly interested in how society 
makes decisions on technological, 
environmental and health issues. 

RICHART E. SLUSHER and BER
NARD YURKE ("Squeezed Light") are 
experimental physicists at the AT&T 
Bell Laboratories. Slusher earned his 
Ph.D. at the University of California, 
Berkeley, in 1965. He has studied 
interactions between laser light and 
many forms of matter: semiconduc
tors, solid helium, tokomak plasmas 
and beams of atoms. He is now head 
of the department of solid-state and 
quantum physics at the Bell Labora
tories, where he is seeking to under
stand the fundamental limits of opti
cal nonlinearities in materials. Yurke 
got his Ph.D. from Cornell University 
in 1983; he went to the Bell Laborato
ries to develop his many ideas for 
generating and detecting squeezed 
light. These ideas matched Slusher's 
experimental resources and a fruitful 
collaboration was born. Yurke's cur
rent experiments are aimed at gener
ating squeezed microwave radiation 
at ultralow temperatures. 

LLOYD ]. OLD ("Tumor Necro
sis Factor") holds the William E. 
Snee Chair of Cancer Immunology at 
the Memorial Sloan-Kettering Cancer 
Center in New York. He has worked 
there in a variety of capaCities since 
1958, the year he received his M.D. 
at the University of California School 
of Medicine. From 1973 to 1983 he 
served as vice-president and asso
ciate director of scientific develop
ment at the Sloan-Kettering Institute 
for Cancer Research. His early expe
rience as a fellow at Sloan-Kettering 
convinced him to dedicate himself to 
cancer research rather than clinical 
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practice. For the past 20 years he has 
focused much of his attention on a 
search for cancer-specific antigens. 
The work has led to a detailed study 
of antibody responses to tumor cells 
in patients who have melanoma and 
to the development of a melanoma
vaccine program. Old is also medical 
director of the Cancer Research Insti
tute, an organization that supports 
fellowships and grants in the area of 
cancer immunology. 

KENNETH A. HOFFMAN ("Ancient 
Magnetic Reversals: Clues to the Geo
dynamo") is professor of physics at 
the California Polytechnic State Uni
versity in San Luis Obispo and an edi
tor of the Journal of Geophysical Re
search (Solid Earth and Planets). He 
got his bachelor's degree in physics 
in 1966 and his Ph.D. in geophysics in· 
1973, both from the University of Cal
ifornia, Berkeley. He then did post
doctoral work at the University of 
Minnesota before going to California 
Polytechnic in 1974. Hoffman, who 
has spent much of the past decade 
studying the process of geomagnetic 
reversal, has been an author or coau
thor of the past three quadrennial re
ports on geomagnetic reversal sub
mitted by the U.S. national commit
tee of the Union of Geodesy and 
Geophysics to the international orga
nization. He is currently conducting 
paleomagnetic investigations on Mo
lokai in Hawaii and on Reunion Is
land in the Indian Ocean. 

MERVYN GRIFFITHS ("The Platy
pus") retired in 1975 as a principal 
research officer in the Division of 
Wildlife at the Commonwealth Sci
entific and Industrial Research Orga
nization (CSIRO) in Australia. He now 
studies milk secretion by mono
tremes and marsupials as an honor
ary research fellow at the CSIRO and 
as a visiting fellow at the John Curtin 
School of Medical Research of the 
Australian National University. He 
got his bachelor's, master's and doc
toral degrees from the University of 
Sydney between 1937 and 1959; dur
ing that period he also won a scholar
ship that allowed him to study phYSi
ology at other institutions, and .he 
served for four years in the Austra
lian air force. He went to the CSIRO 

in 1959 and it was there that he be
came particularly interested in the 
evolution of marsupials and egg-lay
ing mammals. 

JOCHEN FRICKE ("Aerogels") is 
professor of experimental physics at 
the University of Wiirzburg in West 
Germany. He received a Ph.D. in 
physics in 1967 from the Technical 
University of Munich. He then spent 
two years as a postdoctoral research 
fellow at the University of Pittsburgh. 
He has been editor of the German 
physics magazine Physik in unserer 
Zeit since 1970. Fricke's research in
terests now center on the optimiza
tion of thermal superinsulations, the 
properties of highly porous solids 
and questions of scaling. 

FRANCIS P. McMANAMON and 
JAMES W. BRADLEY ("The Indian 
Neck Ossuary") worked together on 
the National Park Service's excava
tions of the ossuary and other sites 
on the Cape Cod National Seashore. 
McManamon, who is chief of the Park 
Service's Archaeological Assistance 
Division, got his Ph.D. from the State 
University of New York at Bingham
ton in 1984. He has a long-standing 
interest in the prehistory of north
eastern North America, archaeologi
cal techniques, and historic preser
vation, and he recently began to 
study the archaeology of the Pacific 
coast. Bradley is director of preserva
tion planning for the Massachusetts 
Historical Commission. He holds a 
doctorate from Syracuse University 
and has written extensively about 
early contact between native Ameri
cans and Europeans and the resulting 
processes of cultural change. Brad
ley's book Evolution of the Ononda
ga Iroquois; Accommodating Change: 
1500-1655 was recently published 
by the Syracuse University Press. 

LARRY ABBOTT ("The Mystery of 
the Cosmological Constant") is asso
ciate professor of physics at Brandeis 
University. He earned his Ph.D. in 
physics from Brandeis in 1977. He 
joined the faculty there in 1979 after 
working at the Stanford Linear Accel
erator Center and at CERN, the Euro
pean laboratory for particle physics 
in Geneva. Abbott writes: "Over the 
past several years I have been inter
ested in the application of new ideas 
in particle physics to cosmology and 
have worked on inflationary cosmol
ogy, dark matter and the large-scale 
structure of the universe. At the same 
time I have become intrigued by 
the problem of the cosmological con
stant. More recently I have studied 
the implications of the observation of 
neutrinos from supernova 1987 A and 
have become interested in the phys
ics of neural networks." 

© 1988 SCIENTIFIC AMERICAN, INC



MCDONNELL DOUGLAS 

Giving America its money's worth. 
HELICOPTERS SPACE SYSTEMS INFORMATION SYSTEMS MISSILES MILITARY & COMMERCIAL AIRCRAFT FINANCING TRAINING 

© 1988 SCIENTIFIC AMERICAN, INC



Northwest was 
the first to 
stop smoking on 
all flights In 
North America. 
We are committed 
to giving you the 
service you want. 
Unlike other air
lines who prohibit 
smoking on flights 
un�er 1. hours, we 
want you to have 
a smoke-free 
environment on 
all flights in 
North America. 

So If you don't 
smoke and don't 
like It when 
others do, we're 
behind you all the 
way. No butts 
about It. 

LOOK TO US @ NORTliWEST AIRLINES 
U.S. RESERVATIONS AT 1-800-225-2525 OR INTERNATIONAL RESERVATIONS AT 1-800-447-4747. © 1988 Northwest Airlines, Inc. 
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SCI ENe E AND THE CIT I ZEN 
The Violent Yanomamo 

A new study rekindles a deba te 
over  the roots of warfare 

I
n a benign e nvironment i solated 
from modern c iviliz ation,  what 
kind of society is likely to devel

op? Not long ago optimists could 
point to the "gentle Tasaday,"  inhab
itants of a Philippine rai n  forest who 
were suppose dly so peaceful that 
their language lacked a word for an
ger. Unfortunately the Tasaday, "dis
c overed" in 1971, recently have been 
reported to be a hoa x .  Some anthro
pologists now cite a grimmer model: 
the Yanomamo ,  a tribe whose 15,000 
members i nhabit some 200 villages 
in Braz il and Venez uela,  deep in the 
Amaz onian j ungle. 

The Yanomamo are known largely 
through the writings of Napoleon A. 
Chagnon of the University of Califor
nia at Santa Barbara, who has studi e d  
them for 24 years.  Hi s 1968 book Ya
nomam6: The Fierce People described 
a potenti ally idylli c  world,  offeri ng 
more than enough game and e dible 
flora to fe ed all the villagers. Nev
ertheless ,  the polygamous males 
who dominated the village s fought 
viciously and of ten; they seerri e d  to 
revel i n  ferocity. The book and sub
sequent reports on the Yanomamo 
by Chagnon have been hailed by sci
entists- some now known as sociobi 
ologists- seeking a genetic basis for 
social be haviors. But c ri tics  accused 
Chagnon of ignoring environmental 
fac tors that may have spurre d the Ya
nomamo to fight and so of implying 
that war is inevitable .  

Chagnon, who has spent some 50 
months living with the Yanomamo ,  
has rekindled the controversy with 
a report in Science. He documents 
the violence anew: 30 percent of the 
males die violently and almost half of 
those who are age 25 or older have 
participated in a killing. Chagnon 
suggests that a brutal,  Darwini an log
ic underlies the ki lling. Through vio
lence a Yanomamo male seems to en
hance his reproductive suc c e s s  and 
that of his kin: he becomes "fi tter." 

K illings usually result from pro
tracted and apparently senseless 
feuds between village s. Yet these 
feuds,  Chagnon note s ,  always stem 
origi nally from competiti on for "re
productive resourc e s , "  or women. 
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Men from one village kidnap women 
from another village , or two men in 
the same village fight over a woman 
both of them de sire . In the latter case , 
if one man is killed ,  the village of ten 
" fissions": close relatives of the vic
tim leave to e stablish their own vil
lage . The victim's male re latives ,  
armed wi th bows and arrows,  then 
raid the original village to exact ven
geanc e .  The re sulting feud of "blood 
revenge " may last for years. 

Blood vengeance makes sense i n  
terms of kin-selection theory, acc ord
ing to Chagnon. A man who quickly 
avenges an assault on his kin, he ex-

plains ,  may develop a reputation that 
deters attacks on them and therefore 
on his vi llage (the two are oft e n  syn
onymous) .  Such a man is highly es
teemed by both men and women in 
the village . Indeed, Chagnon has re
c ently dete rmined- he says the fi nd
ing was "startling" even to him-that 
killers have on the average two and a 
half times as many wive s and three 
times as many c hildren as nonkillers .  
Moreover,

' 
warriors apparently do 

not run an inordinately high risk of 
dying in a raid. Raiders usually sneak 
up on a villag e ,  ki ll the first one or 
two people they encounter and 
quickly fle e ,  Chagnon reports. Both 
the attacking warriors and those in 
the attacked village are likely to sur
vive such a raid. 

Chagn on says suc c e ssfu l  Yano
mamo warriors are not necessari ly 
more genetic ally "predisposed" to
ward aggression than others; they 
may simply be better at le arning how 
to use violence to achieve suc c e s s  in 
their c ommunity. ( Chagnon says he 
has been falsely accused of claiming 
that there is  a "warfare gene . " )  But he 
suggests the procreative drive that 
underlies the Yanomamo 's violence 

Yanomamo killers have twice as many wives 
and three times as many children as nonkillers 

YANOMAMO WARRIORS holding bows and arrows prepare for a raid on another village. 
Prior to the raid each man stands before the other warriors and declares what harm he 
intends to inflict on the enemy. The photograph is by Napoleon A. Chagnon. 
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is inde ed innate and c ommon to all 
humanity. "One thing you c an never 
get enough of, "  he says, " is  sex." 
Closer observation of other tribal so
c ietie s ,  he proposes ,  would show that 
the Yanomamo culture is "not atypi
cal." i ndeed,  he implies that the link 
between reproductive success  and 
violence in e arly societies may ex
plain why "military achievements 
are value d  and associated with high 
esteem . .  .in many other  culture s ,  in
cluding our own." 

A persistent critic of Chagnon' s  
work is  Marvin Harris o f  t he Univer
sity of Florida. Studies  other than 
Chagnon's ,  Harris says, indicate that 
the Yanomamo are subj e c t  to envi
ronmental stres s :  as their population 
density increases ,  they must expend 
greater energy obtaining food,  and 
meat in particular. He argues that 
feuds are an adaptation to this stre s s ,  
serving to c ontrol t h e  population and 
thereby to prevent food shortage s .  
Competition for material resourc e s ,  
a n d  n o t  t h e  procreative urge , under
l ies all warfare , primitive and mod
ern, according to Harris. "This pro
posal that all humans strive to have 
as many babies as possible , which 
l ies at the heart of the sociobiology 
paradigm, is fl awed," he says. "Peo
ple are more interested in having 
TV's than c hildren." 

R. Brian Ferguson of Rutgers Uni
versity says "the intensity of fight
ing described by Chagnon is  very un
usual. Even close to the Yanomamo 
there are other tribes  that engage in 
no warfare whatsoever." The broad 
range of behavior in primitive socie
tie s ,  contends Ferguson,  shows that 
human nature is much more "plas
tic " and subj ec t  to e nvironmental in
fluences than Chagnon suggests. 

But Ralph L. Holloway of Columbia 
University maintains that a strictly 
e nvironmental view of warfare is  na
ive , given the growing body of re
search linking behavior to genetics. 
"Most anthropologists want this view 
that there is  no end to human possi
bility ,"  observes Holloway, himself 
an anthropologist. "But you can't  j ust 
say it 's all  environmental varianc e . "  

Edward o .  Wilson o f  Harvard Uni
versity, c onsidered the father of so
ciobiology, agre e s .  Unlike Chagnon, 
who shies from the issue , Wilson di
rectly addre sses  the possibility that 
there may be a genetic component to 
human violence. "I 'm re ally curious 
about why people pussyfoot around 
the human aggre ssion element,"  he 
says. "Humanity has been wading in 
blood for as long as it 's been around. 
If we have a strong biological pre dis-
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position toward violen c e ,  we can't  
j ust wish it away."  Chagnon' s  disc ov
e ry of a "powerful,  potentially selec
tive" l ink betwe e n  aggression and re
productive suc c e s s ,  Wilson sugge sts ,  
may represent an important step 
toward understanding and possibly 
eliminating warfare. -John Horgan 

Star Games 

Can computer sim ula tions 
test the un testable? 

Construction has j ust be gun on a 
research facility that is crucial to 

the future of the Strate gic Defense 
i nitiative. The setting of the so-called 
National Test Facility matches  the 
scope of the proj ect 's  ambition:  loc at
ed in the shadow of the Rocki e s ,  
within Falcon A i r  F o r c e  Station near 
Colorado Springs ,  it will house a 
staff of almost 2,000 within 325,000 
square feet  of office  spac e .  The fac ili
ty will be the hub of a nationwide 
c omputer network, c alled the Nation
al Test Bed. The Martin Marietta Cor
poration has won a five-year, $508-
million contract to build and operate 
the network; the total cost may reach 
$1 b illion. Groundbre aking officially 
took place in March ,  but research 
is  already under way in temporary 
quarters. The goal? Simulating the re
sponse of an SOl command, c ontrol 
and communications (C3 )  system to a 
nuclear attack. 

Maintaining an effe c tive c ommand, 
control and communic ations system 
for a multilayered defense c onsisting 
of hundreds of ground- and space
based weapons is seen as a formida
ble task even by SOl c hampions. The 
system would have to analyz e  data 
from myriad sensors ,  allow military 
commanders to select  an appropriate 
response ,  track thousands of war
he ads and distinguish them from 
thousands of decoys,  assign weap
ons to targets and monitor kills ,  all 
within minute s .  

S u c h  a system could n e v e r  be test
e d  realistically. Planners will there
fore rely he avily on simulation,  and 
the National Test Bed will be one 
of the most powerfu� simulation sys
tems ever built. Its heart will consist 
of two Cray superc omputers and two 
large IBM machine s ;  it will boast nu
merous lesser computers and experi
mental parallel proc essors .  Hooked 
up to maj or computing facilities  
across the  country, the  National Test 
Facility will  model attack scenarios 
and defensive responses.  I t  will also 

simulate various disruptions of its 
own C3 and the e ffe c ts of n uclear 
bursts on sensors. 

At present only a small p art of a 
large attack can be modele d ,  and 
with quite low fidelity, acc ording to 
Col. Thomas L. Leib,  the National 
Test Bed program dire c tor. Virginia 
P. K obler,  chief of battle-manage
ment C' at the U.S .  Strategic Defense 
Command, says that with more so
phisticated simulations the test  bed 
wil l  probe the e ffe c tiveness  of the 
distributed archite cture of the C' op
eration. Such a system c an in princi
ple be built so that failure at one or 
more pO ints does not bring it down. 

How much confidence c an one 
have in such simulations? Aircraft 
flight simulators , for example , are re
alistic because there has been exten
sive experience  with how real air
c raft behave ; there is  no parallel 
experience with multiple nuclear ex
plosions in sp ace ,  Richard L. Garwin 
of the IBM Thomas ]. Watson Re
search Center pO ints out. 

Often the hardest problem for a de
fensive system is  to define precisely 
the c haracteristics of the offe nsive 
we aponry. Acc ording to David Weiss 
of the Software Productivity Consor
tium in Reston, Va., who studied mis
sile-defense software for the Offi c e  of 
Tec hnology Assessment,  any c hange 
in a weapon requires extensive re
programming of maj or parts of the 
e ntire simulation.  John Shore of the 
Entropic Proce s sing Corporation in 
Washington raises  the difficulty of 
unforeseen e ffects :  "What they are 
unlikely to have enough information 
about is nature . . . .  You never know 
that you are S imulating at the level of 
detail that matters in the real world." 
Some critics see another kind of vul
nerability. "i fe ar it will be a large 
black box and people will fiddle with 
inputs until the output is  right," Gar
win says. 

Gerold Yonas,  former chief scien
tist at the Strate gic Defense i nitia
tive Organiz ation, says simulation at 
the National Test Bed will increase 
U.S. officials'  confidence e nough to 
make possible a decision on deploy
ment; moreover,  the credibility of the 
simulation will be c rucial because 
"the Soviets have to feel  c onfident 
the system will  succeed ."  

"We understand the  threat," Leib 
says; simulation of the defense will 
evolve in the course of time. Leib 
points out that the Strategic Defense 
i nitiative Organiz ation has a "Red 
team" that will  try to defe at defen
ses ;  in addition the newly estab
lished Strate gic Defense System Op-
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There must be a 

million places where 

you can sit back, 

relax and take 

your chances. 

Regrettably, a lab 

isn't one of them. 

Which is why we call your 

attention to an analytical balance 

like our METTLER AE. 

It comes with automatic 

calibra�on. Which makes it 

amazingly accurate. 

It goes through 100 hQurs of 

testing. Which makes sure it 
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And irs backed by METTLER 
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Now this high level of accuracy 
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I Don't drink and drive. I 

It's not iust how fast you go. 
GTI16" The GTI 16V goes from 0 to 

'I IV 50 faster than a Porsche 944� 
We hope you're unimpressed. 
For our GTI is engineered for those who 

seek out not merely the fast lane. 
But the smart lane. 
So, besides a highly refined 16-valve, 

"Based on comparison of manufacturer performance data. 

123-horsepower engine, you' ll find the 
technology to use it wisely. 

Handling is so supple, directional con
trol so sure, Car and Driver wrote: 

"Driven hard, the GTI comes into its 
own. The steering is precise and buttery 
smooth:' Talk about grace under pressure. 
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©1988 Volkswagen I Seatbeltssave lives. 1 

Its howwell you go fast. 
Critics at the magazine went on to say, 

"On pavement that might cause other cars 
to claw for grip, the GTI hangs tough 
and keeps its poise:' 

No less reassuring is the fact that 
the GTI is the only performance car with 
all the value of a Volkswagen. 

The GTI 16V. Why settle for a car 
that's merely the quickest distance 
between two points. When you can have 

~ 
one that's also the smartest. � German engineering. 

• The Volkswagen way. 
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erational Test Organization will in
dependently scrutinize simulations. 
"We will do all we can to validate 
data and test systems," he says. 
"Data like these are better than no 
data at all." -Tim Beardsley 

Embarrassment of Riches 

Foreign-born students fill 
u.s. science programs 

W here does the U.S. find its future 
technical talent? Increasingly 

the source lies outside our borders. 
More than a fourth of the science 
Ph.D.'s and fully 60 percent of the en
gineering Ph.D.'s awarded in 1986 
went to noncitizens, according to fig
ures compiled by the National Sci
ence Foundation; a report published 
in January by the National Research 
Council found that about two-thirds 
of postdoctoral appointees in engi
neering are foreign citizens. Such fig
ures have been increasing since the 
1970's, and many observers view 
them as a reflection of the dismal 
state of U.S. science education. 

About 60 percent of the foreign 
graduate engineering students stay 
in the U.S. after getting their degree, 
according to the NRC report. In 198 2  
noncitizens constituted 3.5 percent 
of the engineering labor force, and 
the number quite likely will grow. In 
March the Senate passed a bill that 
would increase by about 20 percent 

. the number of residence visas allot
ted to people with special skills. 

The influx is in some ways a boon. 
Foreign-born students are typically 
their countries' best and brightest, 
and many of them have already com
pleted their undergraduate educa
tion abroad. Because those who stay 
on in the U.S. after receiving their de
gree "provide definitely needed sup
plements to our labor force . . .  their 
absence would lead to curtailment of 
important programs," the NRC report 
states. 

By the same token, the foreign tal
ent is keen competition for U.S. citi
zens. Frank E. Lord, chairman of the 
manpower committee of the Institute 
of Electrical and Electronics Engi
neers' U.S. Activities Board, charges 
that the many engineering graduates 
from other countries who are eager 
to stay in the U.S. allow "exploitative 
employers" to pay lower salaries 
than they would offer otherwise. The 
NRC study found that foreign-born 
engineers earn as much as their U.S.
born colleagues but acknowledged 
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that their availability might lower en
gineers' salaries generally. Within 
universities, other observers fear, 
the foreign competition may deter 
American students from becoming 
graduate students or junior faculty 
members. 

In response many universities, in
cluding the University of Illinois and 
the University of California, have lim
ited the number of noncitizens en
tering some programs. Nevertheless, 
the presence of foreign-born faculty 
and students is shaping American 
higher education. Poor English abili
ty among teaching faculty is widely 
seen as a problem. Foreign students 
often come from a more theoretical 
and less practical background than 
their U.S.-born counterparts, accord
ing to Dorothy S. Zinberg of Harvard 
University, who worked on the NRC 
study. 

Then there are strategic concerns. 
Foreign nationals and immigrants 
with relatives abroad often have dif
ficulty obtaining security clearance. 
"If we had to mobilize for defense, we 
would really have a shortfall of clear
able people," Lord maintains. A sur
vey of R&D directors in 20 major 
high-technology companies indi
cates that they are increasingly de
pendent on foreign talent. 

What to do? "We don't have a prob
lem with too many foreigners-it's 
too few Americans," Zinberg says. 
The number of U.S. students earning 
doctorates in science and engineer
ing fell by 16 percent between 1971 
and 1985, whereas the number of for
eign citizens studying those subjects 
rose by 40 percent. Native-born stu
dents, in particular engineering stu
dents, simply do not favor graduate 

school. The attractive salaries avail
able to undergraduate engineering 
majors in industry are a major rea
son, according to the NRC report. 

A more fundamental problem milY 
be the state of science education in 
high schools. For example, 30 per
cent of U.S. high schools do not offer 
a physics course, according to Bas
sam Z . .shakhashiri, head of science 
and engineering education at the 
National Science Foundation. It is 
in high school, Shakhashiri says, that 
the curiosity that produces a pro
fessional scientist or engineer first 
buds-and too often dies. In a recent 
study of students in 17 countries, 
the International Association for the 
Evaluation of Educational Achieve
ment found that U.S. 14-year-olds 
ranked 14th in their knowledge of ba
sic science, tied with Singapore and 
Thailand; only Hong Kong and the 
Philippines fared worse. (Hungary 
was first and Japan second.) U.S. stu
dents were also among the worst at 
age 18. 

The NSF is expanding continuing 
education for teachers, developing 
teaching materials and forging new 
partnerships between industry and 
schools. It is also trying to reverse a 
recent drop in enrollment of women 
and U.S. minority groups in engineer
ing programs. The NSF'S education 
budget increased by 40 percent this 
year, to $139 million, and the Admin
istration has asked for a further in
crease of 12 percent for 1989. Most of 
the money is going to precollege pro
grams. Shakhashiri is not compla
cent: he points out that in real terms 
the NSF'S current spending for sci
ence education is only one-third of 
what it was in the 1960's. -T.M.B. 

PHYSICAL SCIENCES 

Shear Magic 

jupite r 's great red spot 
is con jured up in laboratories 

I
n 1664 the English scientist Rob
ert Hooke peered through a tele
scope at Jupiter and discerned an 

elliptical red spot on its southern 
hemisphere. Although the spot has 
waxed and waned over the years, it 
is still there, bulging within one of 
the bright, latitudinal "zones" that 
encircle the planet. 

Astronomers at one time conjec
tured that the red spot, whose diame
ter is more than twice that of the 

earth, is somehow related to a protu
berance or a hollow on the planet's 
surface. That notion was rejected af
ter Voyager interplanetary probes in 
the late 1970's showed Jupiter to be 
almost entirely flUid, except perhaps 
for a small solid core. Voyager im
ages also revealed that the spot is a 
vortex spinning counterclockwise 
and that the zone encompassing it is 
extremely turbulent. Winds blow 
west at the zone's northern border 
and east at its southern border; they 
swirl violently in between. How does 
the spot persist amid such chaos? 

Two simulations described in Na
ture, one done on a computer and the 
other in a water-filled vat, suggest 
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THE ORGANISER 
A 3 INCH BY 6 INCH PERSONAL 'COMPUTER 

Imagine being able to have every address, every telephone number, 
every appointment, every fact and figure you need at your 

fingertips. The Psion Organiser II makes it possible with a powerful 
"personal computer" so compact it fits in the palm of your hand, "The 
smallest serious computer ever ... " That's what PC Magazine said 
about the Organiser II. It represents the most significant downsizing 
in a serious computing instrument since the introduction of the 
laptop computer. Pull down the protective sliding cover, touch "On" 
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phone number, office number, 
birthday, anniversary or any other 
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__
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APP OINTMENT DIARY: 
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I., itself on and buzz you up to an hour 
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8 separate alarms. You can easily 
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C ALCULATOR: 

Jiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii-.J Your calculations are displayed on 
the screen as they are entered, so 
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L..... __________ -..J if you want to make several similar 
calculations. It has 12 digit ac

curacy, ten memories and full mathematical and scientific functions, 

REM OVABLE DATAPAKS: 

Just like a desk-top computer the 
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the Model XP, you can have up to 
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that the spot is a by-product of the 
powerful shearing forces in its zone. 
"The attractiveness of these mod
els," says Andrew P. Ingersoll of the 
California Institute of Technology, 
"is that they are based on very sim
ple assumptions." Earlier simula
tions, he notes, were more complicat
ed and less successful at mimicking 
the red spot. 

Philip S. Marcus of the University of 
California at Berkeley developed a 
computer model in which the zone 
is viewed from jupiter's south pole. 

JUPITER'S GREA T RED SPOT was 
simulated on a computer at the University 
of California at Berkeley (top) and in a 
water-filled vat at the University of Texas. 
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The zone is represented as a circu
lar band with wind blowing coun
terclockwise on its outer (northern) 
border and clockwise on its inner 
(southern) border. He found that as 
the strength of the winds increas
es, small vortexes swirling counter
clockwise emerge in the region of 
shear between them. 

These vortexes tend to merge into 
progressively larger ones. Eventual
ly one large, elliptical vortex devel
ops, driven like "a paddle wheel" by 
the winds to the north and south of it. 
"It all looks random and crazy, then 
something coherent forms," Marcus 
says. He notes that as the Voyagers 
flew by jupiter they filmed vortexes 
forming and merging into larger 
ones, including the red spot. 

Marcus convinced colleagues at 
the University of Texas at Austin to 
test his model with a physical simula
tion. joel Sommeria, Steven D. Mey
ers and Harry L. Swinney construct
ed a circular vat one meter wide with 
an inner ring of inlet valves and an 
outer ring of outlet valves. The work
ers spin the vat to simulate the rota
tion of jupiter while pumping water 
into and out of the valves. The net ef
fect is that water toward the edge of 
the vat flows counterclockwise and 
water near the center flows clock
wise. Water in the turbulent shear 
zone behaves just as Marcus predict
ed it would: small vortexes merge 
into larger ones, and finally one 
large, elliptical vortex develops. 

The successful simulation under
scores a further mystery. Marcus 
points out that large vortexes and 
the shear zones that create them are 
common in the jovian atmosphere, 
although no other vortex is as large 
and durable as the red spot. What 
gives rise to the powerful latitudi
nal winds, blowing around the plan
et in opposite directions, that create 
the shear zones and give the planet 
its distinctive banded appearance? 
Marcus says the winds are evidently 
linked to the planet's rapid rotation 
(it revolves once every 10 hours), but 
no one has been able to determine 
exactly how. -].H. 

Dark Solitons 

Physicists genera te 
durable pulses of darkness 

I hate to do science on the dark 
side," Daniel R. Grischkowsky re

marks with a somewhat diabolic 
grin. That said, he continues telling a 

visitor how he and three colleagues 
at the IBM Thomas ]. Watson Re
search Center have attempted to 
make "dark-pulse solitons." 

To understand dark-pulse solitons 
one must first understand bright
pulse solitons. These are pulses of 
light that travel long distances with
out dispersing, or broadening. (Soli
ton is a generic term for a wave that 
retains its shape indefinitely.) Optical 
pulses ordinarily disperse, Grisch
kowsky explains, because they con
sist of photons of slightly different 
frequencies, which travel at slightly 
different speeds. 

Workers can prevent a pulse from 
dispersing, he says, by exploiting an 
optical property of glass fibers. As 
the intensity of light passing through 
a fiber increases, its velocity de
creases. At low intensities this "non
linear" effect is insignificant, but at 
high intensities it can somehow com
press a pulse just enough to make it a 
bright-pulse soliton. "Nobody really 
understands why it works," Grisch
kowsky notes. 

Theorists have speculated that a 
similar technique might generate 
dark-pulse solitons: gaps in a beam of 
light that remain dark as they travel 
through a fiber, indefinitely resisting 
the encroachment of surrounding 
photons. The nonlinear Schrodinger 
equation, which predicts how waves 
behave in any nonlinear system, pro
vided a mathematical basis for the 
speculation. 

Last year Dieter Krokel, Naomi 
]. Halas, Giampiero Giuliani and 
Grischkowsky finished building a de
vice they thought might create dark
pulse solitons. Called the ultrafast 
light-controlled optical fiber modu
lator, it can generate and measure 
pulses-bright and dark-lasting for 
less than a picosecond, or a trillionth 
of a second. With the device the in- . 
vestigators generated a .3-picosec
ond dark pulse embedded in a beam 
of laser light and sent it through a 10-
meter-long fiber. When the power of 
the laser beam was low, the dark 
pulse quickly dispersed. But when 
the workers increased the power to 
what Grischkowsky calls the "truth
and-beauty regime," the single dark 
pulse split into two pulses, which 
then passed unchanged through the 
length of the fiber. 

The nonlinear Schrodinger equa
tion predicts just this "solution," 
Grischkowsky says: a single dark 
pulse begets a pair of solitons. Never
theless, in order to verify that the 
pairs of dark pulses are solitons, the 
group would like to observe them 

© 1988 SCIENTIFIC AMERICAN, INC



(Publishers' Prices shown) 

73160 $1 8 .50 67154 

FOR 
ONLY lEA H 

as your introduction to the LIBRARY OF SCIENCE 
You simply agree to buy 3 more books-at handsome discounts-within the next 12 months. 

Values to $89.85 

$15.95 5521 8 $17.95 48740 $12.95 

_ ... .... 

60777-2 $42.00 
(counts as 
�choices) 

53054 $29.95 

39370-2 $75.00 

--""" 
........,. 
FOIl """""" 

.... , \ 
------

,.11 •• *_I1't •• 

61310-2 $44.55 
(counts as 
�choices) 

(counts as 
�choices) 

85621 $1 8 .95 (counts as 
�choices) 

81445 $15.95 

85870-2 $37.95 
(counts as 
�choicesl 

84319 

58568 $29.95 87114 

64709 $19.95 

i 
$17.95 39983-2 $39.95 

(counts as 
�choices) 

DESCARTES' DREAM 
ltf:. \RltlDN.-{llU ........ ; TO MATt*MA�:) 

j 

79277 $25.95 

$17.95 41820 $19.95 48750 $17.95 69377 $29.95 

63011-2 $37.50 
(counts as 
�choices) 

4 Good Reasons to Join 
1. The Finest Books. Of the hundreds of books 
submitted to us each year, only the very finest are se· 
lected and offered. Moreover, our books are always of 
equal quality to publishers' editions, never economy 
editions. 
2. Big Savings. In addition to getting three books for 
only SI.OO each when you join, you keep saving sub· 
stantially, up to 30% and occasionally even more. (For 
example, your total savings as a trial member-includ· 
ing this introductory offer-can easily be over 50%. 
That's like getting every other book free!) 
3. Bonus Books. Also, you will immediately become 
eligible to participate in our Bonus Book Plan, with 
savings of 65% off the publishers' prices. 

40670 $17.95 68796 $23.00 
4. Convenient Service. At 3-4 week intervals (16 
times per year), you will receive the Library of Science 
News, describing the Main Selection and Alternate Se· 
lections, together with a dated reply card. If you want 
the Main Selection, do nothing, and it will be sent to 
you automatically. If you prefer another selection, or 
no book at all, simply indicate your choice on the card 
and return it by the date speci fied. You will have at 
least iO days to decide. If, because of late mail delivery 
of the News, you should receive a book you do not 
want, we guarantee return postage. 

If reply card is missing, please write to the Library of 
Science, Dept. 2·CCS, Riverside, NJ 08075, for member· 
ship information and an application. 
Scientific American 5/88 

© 1988 SCIENTIFIC AMERICAN, INC



propagate without c hange through a 
much longer fiber.  The workers'  re
port in Physical Review Letters conse
quently c alls the re sults "prelimi
nary ."  (Workers from the Free Uni
ve rsity of Brussels in Belgium and the 
French National Center for Scientific 
Research who described a similar ex
periment last year in the j ournal Op 
tics Communications also hedged 
their conclusion . )  

Bright-pulse solitons have obvious 
applic ations: in long-distance optical 
c ommunic ations,  for exampl e ,  they 
c ould reduce the need for "repe at
ers" that periodically regenerate the 
data-carrying pulses .  (Other repeat
ers would still be needed to c oun
ter dimming due to absorption. )  
Could data be represented by dark
pulse solitons? "Other groups c an get 
enormously eloquent about applic a
tions , "  Grischkowsky says. "That's 
not our goal. We just  want to study 
nonlinear propagation." -].H. 

Ultraviolet Verdict 

A global decline in a tmospheric 
ozone appears to be real  

The ozone-depletion j ury is  finally 
in, and the verdict is  not a wel

c ome one.  In a study done for the 
World Mete orological Association 
and the United Nations Environment 
Program an international panel of sci
e ntists has c oncluded that the ozone 
layer in the e arth 's  atmosphere is  be
ing depleted globally. If the depletion 
c ontinues ,  as it is  expected to,  expo
sure to ultraviolet radiation from the 
sun, which is  associated with skin 
cancer in human beings and harm to 
plants and fisherie s ,  will almost c e r
tainly increase.  

More than a decade ago F .  Sher
wood Rowland and Mario ] .  Molina of 
the University of California at Irvine 
put forward a troubling hypothesis :  
c hlorofl uorocarbons (CFC'S), released 
into the atmosphere during the man
ufacture of insulating materials and 
in the form of refrigerants and aero
sol propellants , c atalyze the de struc
tion of ozone in the stratosphere . The 
hypothesis  was suddenly revived 
two years ago when data gathered by 
the National Aeronautics  and Space 
Administration's Nimbus 1 satellite , 

. combined with me asurements from 
ground-based and airborne detec
tors , revealed dramatic declines in 
ozone concentration over Antarctica 
during the southern spring. Later 
studies  suggested that the depletion 
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could extend to other parts of the 
glob e ,  but those claims were c onsid
ered c ontroversial. 

The Ozone Trends Panel was creat
ed to settle the c ontroversy. It  has 
c oncluded from ground-based meas
urements that betwee n  196 9 and 
1986 the level of ozone,  averaged 
over the year,  decreased by from 1 . 7  
t o  3 percent i n  much o f  the Northern 
Hemisphere after natural trends 
were taken into acc ount. Winter lev
els fell the most:  over the region be
twe en 53 and 64 degre e s  north lati
tude , which includes northern Cana
da, Alaska, Siberia and northern 
Europe ,  they declined by as much as 
6 . 2  percent.  A reanalysis of data gath
ered by Nimbus 1 between 1978 and 
198 5 indicated that the atmosphere 
above the regions inhabite d by most 
of the world's population experi
enced a total ozone decrease of about 
2 . 5  percent .  

Earlier doubts about the global ex
tent of the depletion were rooted in 
the fac t  that the c alibration of sat
e llite instruments tends to drift. In 
order to resolve the issue the panel 
e stimate d the drift in the Nimbus 1 in
struments by c omparing the satel
lite data with readings from nearby 
ground stations.  Independent meas
urements c arried out with different 
types  of instruments also c onfirmed 
the downward trend in ozone , which 
was most pronounced at an altitude 
of about 40 kilometers.  

The panel note s that the evidence 
" strongly indicates"  that c hlorine 
from CFC'S is  "primarily responsible " 
for the ozone "hole" in Antarctica,  
where reactions on ice c rystals in 
so-called polar stratospheric clouds 
seem to play a role .  I t  is  not clear ex
actly how much of the global de-

crease is due to CFC'S and other trace 
gases ,  which c an also deplete ozone.  
Neverthele s s ,  acc ording to Ro bert T. 
Watson of NASA, the panel 's  chair
man, "everything we do seems to be 
sugge stive that CFC'S are re sponsible 
for a loss of ozon e . "  

Because ultraviolet radiation not 
only is  shielded by ozone but also 
stimulates its production, part of the 
recent ,  global decrease detected by 
Nimbus 1 c ould be the re sult of a 
slight decrease in the sun; s ultravio
let output in the c ourse of the natural 
1 1 -year solar cycle . But such e ffe c ts 
are expected to be independent of 
season or latitude , whereas models 
of the effe c ts of CFC'S and trace gas e s  
predict larger decreases at h i g h  lati
tude s and in winter ,  which is  the ob
served pattern. The models c annot 
acc ount for the severity of the winter 
depletion,  however.  Me asurements 
as the sun brightens over the next 
few years will be  needed to separate 
the trac e-gas and solar e ffects ,  ac
c ording to Richard S .  Stolarski of 
NASA, the panel 's vice-chairman [see  
"The Antarctic Ozone Hole , "  by Rich
ard S .  Stolarski; SCIENTIFIC AMERICAN, 
January] .  

The U.S .  Senate i n  March ratified 
the Montreal protocol ,  which c ould 
lead to a 5 0  percent decrease in de-

. veloped c ountrie s '  CFC production 
by 1999. In view of the new results,  
Watson recommends that officials 
"look long and hard at whether the 
Montreal protocol is  ade quate . "  Even 
if the c onvention is fully implement
ed, Rowland says, the level of c hlo
rine from CFC'S ' in the stratosphere , 
c urrently about three parts per  bil
lion, is  likely to increase to at least 
six or seven p arts per bill ion before 
stabilizing. - T.M.B. 

TECHNOLOGY 

Built for Speed 

Semiconductor devices become 
still smaller and faster 

I
nvestigators at t h e  Siemens R e 
search a n d  Tec hnology Labora
torie s in Princeton,  NJ . ,  and at Cor

nell University have recently made 
transistors that are c apable of switch
ing at a rate of 113  billion times per 
second. Among device s  with possi
ble near-term applic ations,  the speed 
approac hes a record. 

To increase the speed of their de
vic e ,  a modulation-doped field-effe ct  

transistor (MODFET), Allen Lepore of 
Cornell ,  Erhard K ohn of Siemens and 
their fe llow workers re sorted to two 
strate gies .  First they shortened the 
distance the electrons would have 
to travel .  In a field-effe c t  transistor,  
c harge c arriers (e lectrons or positive 
holes )  move from one e lectrode , the 
sourc e ,  to another ,  the drain. As they 
do so they pass a gate electrode , 
which regulates their fl ow as its elec
tr ic  potential is  varied.  By employing 
a technique known as electron-beam 
lithography, the workers were able 
to shape a gate me asuring only . 1  mi
crometer along one of its crucial di
mensions.  In c ommercially available 
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MACSYMA 
automates symbolic mathematics . 

And yields enormous improvements in productivity, 
accuracy and modeling power. 

MACSYMA combines exact solutions, symbolic 
approximations, and numerical methods into a 
power ful automated approach to scientific and 
engineering computing. Major benefits include: 

• Improved Productivity: For many types of 
computations MACSYMA can increase your 
productivity by 10 to 100 times. 
It ;s that revolutionary. 
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less accurate numerical ones. 

• Enhanced Mathematical Power: You can 
dare to perform automated computations 
which you would not believe practical using 
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all commercially available software. 

• Algebra and Trigonometry 
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• Symbolic Approximation Methods 
• Numerical Analysis 
• Graphics 
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Problem: solve the differenhol equation: 

sobiecHo the com:!ihon thot Y(1) 1. 
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(C6) FORTRAN(D5)$ 
Y =-(O.5518192*T*EXP(T)-T-l) 

1 I(O.5518192*EXP(T) -1) 
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This is the route 

They had to wind their way through 
waist-high snowdrifts to get there. 

You see, before the u.s. Men's Volleyball 
Team went on to win the gold medal at the 
1984 Olympics, they went on an Outward 
Bound winter adventure. Previous to that 
trip, they were ranked thirteenth in the world. 
Thirteenth. 

Now, we can't take complete credit for 
this startling turnaround. But it is dramatic 
proof that Outward Bound helps bring out 
the best in its participants and encourages 
them to work with and rely on others in ways 
they never thought possible. Furthermore, 

"..,,� Team took 

it's also proof that our programs not only 
build character but inspire self-confidence 
and leadership. 

But don't start thinking that Outward 
Bound is for die-hard athletes. It isn't. Nor is 
it some "survival of the fittest" competition. 

Outward Bound is, however, a series of 
exciting and challenging outdoor adventures 

Outward Bound@ As rewarding as all outdoors. 
1 (800) 243-8520 
(Conn. residents call (203) 661-0797) 

held in some of the nation's most breath
taking settings. 

There are adventures designed to 
accommodate everyone from teenagers to 
CEOs to grandmothers. There are also special 
programs for troubled youth, substance 
abusers, the handicapped-even the blind. 

For more information, call us at 
1(800)243-8520toda� 

Now, we won't presume to think that 
when you leave Outward Bound you'll go on 
to win an Olympic gold medal yourself. But, 
then again, after discovering a new sense of 
pride and self-reliance, who knows? 

Outward Bourxl is a nonprofit, nondiscriminatory organization. Outward Bound National Office, 384 field Point Rd., Greenwich, CT 06830. 
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high-speed devices  the same dimen
sion is 10 times as large .  

In addition to reducing the distance 
charge c arriers have to travel ,  the 
inve stigators increased their  speed 
through the material. They created a 
heterostructure , a sandwich of semi
c onducting materials in which the 
c rystal lattic e  c ontinues uninterrupt
e d  across the j unction betwee n  lay
ers of differing c omposition. Near the 
j unction the electron energy levels 
favor higher speeds than are possi
ble in specimens of pure silicon or 
other material. The workers built the 
heterostructure by a method c alled 
atomic planar doping. 

First a layer of aluminum gallium 
arsenide was grown by molecular
beam epitaxy on a surface of pure 
gallium arsenide.  Then, when the 
layer was some 10 atoms thick, about 
one in every 100 of the aluminum 
or gallium atoms in a single atomic 
plane was replace d  by a silicon atom. 
Suc c e e ding atomic layers were again 
pure aluminum gallium arsenide . 
The layer c ontaining silicon atoms 
provides a surfeit  of e lectrons that 
c arry charge betwee n  two electrodes 
attached to the top of the semicon
ductor sandwich.  These electrons 
mo ve as a two-dimensional "gas" in 
the adj ac e nt layers of gallium arse
nide ; there , under the infl uence of the 
nearby j unction,  they can travel fast
er than they c ould in e ither of the 
c omponent materials alon e .  

O t h e r  workers have inve stigated 
materials that offe r  still greater ad
vance s  in speed.  April S .  Brown and 
Umesh K .  Mishra of the Hughes Re
search Laboratories in Malibu, Calif. ,  
have built experimental heterostruc
ture device s  that employ a junction 
betwee n  layers of aluminum indi
um arsenide and gallium indium ar
senide.  According to Mishra, the de
vic e s  have switc hed 1 2 5  billion times 
per  second, even though the gate i s  
longer than it is  in Lepore a n d  K ohn's  
devic e .  

N e w  structures and materials ,  such 
as gallium arsenide , may soon re
place sil icon for applications such as 
high-speed signal processing and op
toelectronics .  For many applications 
in c omputing, where a number of 
c omponents must be put on a single 
chip, sil icon will remain superior, 
says George A.  Sai-Halasz of the IBM 
Thomas ] .  Watson Research Center.  
He has built  c ircuits util izing silicon 
field-effe c t  transistors that switch 75 
bill ion time s  per second, or 10 times 
as fast as the faste st devic e s  being 
used today. Miniaturization accounts 
for the speed :  the gate s are as little as 
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.07 micrometer,  or 700 angstrom 
units , across-probably the smallest 
ever built .  In order to achieve useful 
high-spe e d  performan c e ,  however, 
the devices  must be cooled in liquid 
nitrogen.  - T.M.B. 

Have You Heard OAT? 

New recordings strain 
the music industry 

A c lamor as discordant as a concer
L-\. to by john Cage c ontinues over 
digital audio tape (OAT) rec orders ,  
which wil l  enable c onsumers to c ap
ture any sounds, including those on 
c ompact disc s ,  in rec ordings that pre
serve virtually all the clarity of the 
original. Some people say this c apa
bility threatens c ompanies '  profits 
and musicians' property rights;  oth
ers maintain it will strengthen the 
music industry. OAT hardware manu
fac turers me anwhile have rerriained 
re luctant to market the recorders.  

The machines store sound on tape 
as a series of discrete numerical 
values .  Whereas high-quality analog 
tapes  produce rec ordings with a sig
nal-to-noise ratio of about 68 deci
bels, the ratio c an reach 96 decibels 
for a OAT, acc ording to one manu
facturer,  Philips Gloeilampenfabriek 
N.V.  in EindhQven ,  the Netherlands. 

U.S.  c onsumers were first able to 
buy digital audio rec ordings in 
March ,  198 3 ,  when the Sony Corpora
tion and Philips introduced c ompact 
discs .  The format rec eived scant at
tention from most major  U . S .  rec ord
ing companies until demand began 
to skyrocket ,  recalls Marc Finer,  di
rector of Communication Research,  a 
consulting firm in Pittsburgh. The re
cording industry here has historical
ly adopted new technologies  grudg
ingly, adds Christopher M.  Greenleaf, 
president of Classic Masters ,  a small 
studio in Brooklyn, N.Y.  

The first  U .S .  compact-disc repli
c ating facility-a $ 20-million inve st
ment-finally opened in September,  
1984.  The money was well  spent:  last 
year consumers bought more than 
100 million c ompact disc s ,  possibly 
topping rec ord sales for the first time 
and making the digital discs "the fast
e st-growing music medium in the last 
25 years , "  Finer says. 

But even as the U.S.  rec ording 
industry invested in compact-disc 
technology, a convention of some 80 
companies ,  mostly from japan, were 
standardizing specific ations for OAT 
technology. They released the stan-

dards in 1986 and introduced the re
corders last year. Worried about its 
compact-disc investment, the record
ing industry went into battl e .  

T h e  Rec ording Industry Associa
tion of America  (RIAA) says OAT te ch
nology wil l  only add ' to the "some 
$ 1 . 5  billion annually" the industry 
loses in sales when c onsumers tape 
music with conventional analog re
c orders.  I t  also argues that since mu
sicians lose royalty payments when 
consumers tape instead of buying, 
professional artists will suffer.  

Congress took up the theme last  
year in two bil ls  re quiring OAT re
corders to inc orporate a safe guard 
that stops unauthorized c opying. A 
close inspe ction by the National Bu
reau of Standards found the pro
posed system is  technic ally inade
quate . AlthOl-!gh the legislation has 
been quelled, the RIAA c ontinues to 
look for other technical fixes .  

Yet OAT recorders st i l l  have not 
flooded the U .S .  "It  is  unlikely that 
there will be signific ant sales of OAT 
recorders unle ss the recording in
dustry's  demands are satisfie d ,"  says 
jan D. Timmer, chief executive offi
c e r  of Philips Consumer Ele c tron
ics, a OAT hardware manufacturer. 
Observers nonetheless  predict that 
the recording industry will embrace 
OAT technology eventually. Since 
consumers like digital recordings,  
Finer predicts that OAT'S will begin to 
replace analog c assette s just  as com
pact discs are replacing vinyl rec
ords .  Small  recording studios ,  such 
as Classic  Masters ,  have already wel
comed OAT technology. " I  haven't  
been in one studio in the last s ix 
months that  didn't  have a OAT re
corder ,"  Greenle af remarks. 

Whatever the tec hnology's fate ,  
OAT is n o t  likely t o  be t h e  final move
ment of this conc erto. Industry sour
ces predict that home compact-disc 
recorders will appear within a few 
more years.  -Elizabeth Corcoran 

ISDN: Betting Billions 

Who will buy the powerful 
commun ica tions fabric? 

W ithin the next two years james 
F .  Mathieu will try to c onvince 

his managers at Lockheed Missi les 
and Space Co . ,  Inc . ,  to invest in a new 
communications tec hnology c alled 
the integrated-services  digital net
work (ISDN). Telephone companies  
herald ISDN as a powerful tool  that 
puts any executive or c lerk in com-
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mand of a spe ctrum of voic e ,  data 
and video information and c ommuni
c ation. But Mathieu, who supervises  
tele c ommunic ations at  Lockheed,  is  
not ready to bet money on a McLu
hanesque millennium. Instead he 
hopes to tell his managers simply 
that the tec hnology will transmit 
voice and data more cheaply and 
more quickly. 

Telephone c ompanie s  around the 
world are pumping billions of dollars 
into [SON, even though the technolo
gy is  still looking for a market. They 
are hoping that since information is  
seen as the " strategic weapon" of the 
1990's ,  [SON wil l  provide the way to 
deploy it .  

To a user ,  [SON looks like the all
purpose wall plug that accepts tel
ephones,  c omputers,  facs imile ma
chines and video displays. Instead of 
separate lines for each device ,  a user 
wil l  need only one [SON line for send
ing and receiving all type s  of infor
mation.  Each line c onsists of several 
channels ;  voice and data are trans
mitted together,  while operational 
c ommands are sent separately. This 
arrangement speeds data transmis
sion severalfold and grants users 
more c ontrol over information.  

Some two dozen ye ar-long [SON tri
als are under way in the u . S .  At 
the u.S. National Bank of Oregon an 
[soN-base d  " c all manager" posts the 
number of an incoming c all on a c om
puter screen as the telephone rings. 
The c aller's name and financial rec
ords c an also be displayed automat
ically. Lockhee d  has used its pro
totype [SON e quipment to proc e s s  
data, exchange c omputer-aided d e 
s i g n  files a n d  e v e n  remotely watc h 
parking lots.  

Mark N.  Ric ca,  a vice-president of 
the Eastern Management Group in 
Parsippany, N .] . ,  a research firm spe
c ializing in telecommunic ations,  ex
pects that by 1992 U .S .  c arriers will 
glean a mere $ 500 million from [SON 
traffic -roughly half a percent of last 
year's revenues for domestic trans
mission of voice and data. In about 
1996,  if [SON gains widespread accep
tan c e ,  Ric c a  predicts  that  revenues 
c ould j ump to $ 17 bill ion in the u.S .  
and to $ 39 bill ion worldwide.  

But acceptance depends on several 
factors.  The first is  c ompatibility. In 
the e arly 1980's international stan
dards groups sketched out how infor
mation should be formatted and how 
fast it should be transmitte d.  Tele
phone companies in Japan, Europe , 
Canada and the U .S .  separately be gan 
to fill in the details, building a net
work of Babel. The National Bureau 

3 2  

o f  Standards h a s  recently initiated ef
forts to reconcile the proposed U .S .  
systems.  

Pric ing strategies also need to be  
formulated.  Whereas c ompanie s  look 
toward a return on investment and 
the bottom line , many national regu
latory agencies are anxious to see the 
service  widely used.  In Japan the 
monthly rate s proposed by the Nip
pon Telegraph and Telephone Cor
poration were reportedly five time s  
a s  high a s  those suggested by the 
ministry. The protracted negotia
tions betwee n  the two delaye d the 
initial commercial offe ring of [SON by 
more than a month. U .S .  telephone 
c ompanies are signing up their first 
[SON customers c ontract by c ontract. 

Eventually [SON c harges  are likely to 
be betwee n  12 5 and 175 percent of 
the cost of a standard telephone line , 
possibly saving money for users who 
currently pay for separate data and 
voice lines .  

The greatest c hallenge that  tele
phone c ompanies  fac e  will be prov
ing [SON is not only a cheaper tool but 
also a different one.  "The u.s.  trials 
have not shown any enticing applic a
tions to encourage users to sign up 
for [SON, "  observes Mary A. Johnston, 
a senior researcher at the BBN Com
munications Corporation in Cam
bridge ,  Mass.  She adds: "The compa
nies that c an bring new applications 
to market are the ones most likely to 
make money." -E.c. 

BIOLOGICAL SCIENCES 

Patented Remedy 

A piece of an AIDs-virus protein 
holds out  promise for a vaccine 

T
here has been c onsiderable 
p e ssimism recently among re
searchers working on a vac

c ine for AIDS.  For one thing, the AIDS 
virus is  so genetically variable that it  
has seemed unlikely a single vaccine 
would ever be able to c ounter all  i ts  
many strains.  A small segment of a 
recently patented protein,  however, 
shows promise in laboratory experi
ments that it may ultimately form the 
basis of a broadly e ffe ctive vaccine .  

The protein is  c alled GP 120, be
c ause it  is  a glycoprotein that  has a 
molecular weight of 120,000 daltons 
(a hydrogen atom has a weight of one 
dalton). GP 120 forms part of the outer 
envelope of HI V (the AIDS virus) ;  it ap
pears there as a set of "studs" pro
j e c ting from the virus 's  roughly 
spherical surface .  Those studs are 
the part of the virus that first inter
acts with human c e lls in HIV infec 
tion. In 1984 Myron Essex and Tun
Hou Lee of Harvard University dis
c overed that GP 120 evokes the 
largest immune response of any pro
tein in the AIDS virus. 

In February, Harvard was granted a 
patent for GP 120 on behalf of the two 
investigators. The university in turn 
has given exclusive rights to c om
mercialize the protein to the Cam
bridge Bioscience Corporation, a bio
tec hnology company that funded 
some of the work in Essex' labora
tory. The patent may be lucrative , be
c ause most e fforts to develop an AIDS 

vaccine (and also some therapeutic 
approaches)  are based on parts of 
GP 120 or on the whole protein. 

For the moment that potential re
mains largely theoretical ,  b e c ause no 
AIDS vaccine is  anywhere near c om
mercial introduction. Work by David 
D .  Ho of the University of California 
at Los Angeles School of Medicine 
and his c o-workers ,  however,  may 
suggest a route toward a practical 
vaccine.  Ho has found that antibod
ies to a segment of GP 120 that is  rela
tively uniform from strain to strain of 
the virus have the c apacity to pre
vent infe c tion by the AIDS virus.  

GP 120 displays several type s  of 
s e gments:  some are highly variable 
across viral strains,  others are highly 
c onserved from one strain to the oth
e r  and still others are intermediate . 
Ho synthesized a highly c onserved 
se gment of the protein, designated 
C2 1E, and inj ected it into the blood
stream of rabbits , where antibodies 
to it were made . Those antibodies 
were found to be  c apable of blocking 
infe c tion of human c ells by three 
widely varying strains of HIV. 

The antibodies do not keep GP-
120 from interacting with the sur
fac e  of the human c e lls .  Therefore Ho 
concludes that they must interfere 
with some event that takes  place af
ter the virus binds to the c e ll surface .  
The results are o f  great significance 
because they identify a portion of 
GP 120 that is  c apable of evoking neu
tralizing antibodies .  In c ontrast, anti
bodies to the whole protein (which 
are present in AIDS patients) have a 
much lesser c apacity to stem infec 
t ion by a variety of viral strains .  

In a recent report in Science Ho 
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maintains that "the C2 1E domain 
may be an important site to c on
sider when designing an AIDS vac
cine . "  He adds that a " small, well
defined [protein segment]  may be a 
more e ffe c tive vaccine than a large , 
all-inclusive [protein] if it can speCifi
c ally direct the immune response 
against a biologic ally important do
main that is conserved in all  strains 
of HI V ."  -John Benditt 

Fetal Fossils 

The embryon ic forms 
of ancient  reptiles are revealed 

The fossil rec ord offers remark
ably few glimpses  of e arly rep

tiles ,  including dinosaurs, as they ap
peared while in the womb or sealed 
in eggs .  Until recently the only re
ported fossils of whole e mbryos rep
resented ichthyosaurs , dolphinlike 
reptiles that vanished about 100 mil
lion years ago. Now we ll-pre served 
e mbryos of two other extinc t  rep
tile s ,  from widely disparate plac e s  
a n d  time s ,  have come t o  light. 

One fossil ,  found in shale from 
southern Switzerland, is a two-inch 
specimen of a small aquatic reptile 
from 2 30 million years ago, in the Tri
assic period.  Called Neusticosaurus, 
the reptile grew to about 12 inches in 
length and propelled itself with a 

EMBRYO ofNeusticosaurus ,  an aquatic 
reptile that lived some 230 million years 
ago, is imprinted on a piece of shale. 

34 

long, thin tail  and paddlelike l imbs 
through the shallow, warm waters 
that once covered southern Europe .  

The fossil  is  the smallest  o f  the 800 
Neusticosaurus specimens in the col
lection of the Pale ontological Insti
tute and Museum of the University 
of Zurich .  The very abundance of 
the remains may explain why the 
embryo fossil ,  found in 192 8 ,  was 
overlooked for so long, acc ording to 
P. Martin Sander ,  a worker at the uni
versity who describe s the fossil  in 
Science. The specimen's  small s ize ,  
disproportionately large head and 
unformed bones all indic ate that it 
was unborn. The clinching evidence 
is the fossil ' s fetal position: virtually 
all other neustic osaur fossils are pre
served in a belly-down, "road kill "  
position, Sander points out.  

Neusticosaurus is  thought to have 
evolve d from e gg-laying terre strial 
reptile s .  Had it  developed the ability 
to bear its young live in the water ,  
l ike  the ichthyosaurs? Or did it c rawl 
back onto the land to lay eggs ,  like 
the modern sea turtle (also descend
ed from terre strial creatures )? The 
fossil  was found in a marine deposit  
and there was no trac e of an e ggshell 
ne arby. These fac ts sugge st that 
Neusticosaurus was viviparous,  but 
the lack of any pre gnant specimens 
suggests otherwise .  Resolution of the 
issue , Sander says, will require more 
findings. 

A fossil  e mbryo described in Na
ture by John R. Horner of the Museum 
of the Rockies and David D .  Weis
hampel ofJohns Hopkins University, 
in contrast, was found in an egg.  
Horner disc overed the fossil  four 
years ago at a site in Montana littered 
with many e ggs and adult bones.  He 
and Weishampel say the fossils rep
resent a previously unknown her
bivorous dinosaur from the Creta
c e ous period,  some 75 million years 
ago. The inve stigators named the di
nosaur Orodromeus, or "mountain 
runner ."  The adults were about eight 
feet  long and walked erect on long, 
slender hind legs.  

Horner CAT-scanned the eggs and 
found that one contained an intact 
embryo ( embryos in dinosaur eggs 
are usually highly fragmented) .  He 
laid the embryo bare by painstak
ingly chipping away the shell .  The 
fact  that the bones were "very well 
formed,"  he says, indicates Orodro
meus hatchlings were re latively well 
developed and independent at birth, 
as are many modern reptile s .  

Horner h a s  found embryo-contain
ing eggs of other dinosaurs ,  includ
ing the hadrosaur, a duckbilled,  bi-

pedal herbivore that grew to about 
20 feet  in length. His preliminary 
analysis suggests that its hatchlings 
were undeveloped and required sub
stantial nurturing after birth, "more 
like birds , "  he says. -J.H. 

Malaria Vaccines 

Seeking an Achilles ' heel 
on an elusive targe t 

M alaria vac cines made with bio
engineering techniques that be

c ame available only in the past dec
ade offer  new hope in the fight 
against this tropical scourge.  The 
vac cines have suc c e ssfully immu
nized some human volunteers ,  and 
although fully preventive vaccines 
remain a distant prospect ,  the work 
is  the first significant advance  since 
the 1940's ,  when DDT and the drug 
c hloroquine were hailed as miracle 
weapons. Malaria-be aring mosqui
toes and the malaria parasite , how
ever, develop e d  resistance to those 
c hemicals .  Today malaria afflicts be
twee n  200 and 400 mill ion pe ople 
and kills two million every year.  

The parasite , Plasmodium, adopts 
several guises  during its soj ourn in 
human hosts, making it an elusive 
quarry for the body's immune de
fenses .  Malaria sporozoites inj ected 
into a human by a mosquito quickly 
invade liver c e lls .  Eight to 10 days lat
er  thousands of merozoites burst out 
of each cell and invade red blood 
cells ,  where they multiply further ,  
destroying the cells and c ausing fe
ver.  Some merozoites become male 
or female gametocyte s .  A mosquito 
ingests the gametocyte s ,  which re
produce sexually in its body. Eventu
ally a new generation of sporozoite s 
migrate s to the mosquito 's  salivary 
glan ds,  and the cycle begins again. 

At each phase the parasite pos
sesses a distinct  protein c oat. An ef
fe ctive vaccine , then ,  must induce 
antibodies to at least several of the s e .  
Unfortunately t h e  parasite c annot b e  
grown in culture to yield vaccines i n  
t h e  conventional way. Bioengineer
ing offers a solution to the se quanda
ries .  Last year in Nature Victor Nus
senzweig and his colleagues at the 
New York University Medical Center 
described the first human tests of a 
vaccine made from a synthetic pep
tide , or protein fragment. "We took 
off-the-shelf amino acids and built 
a c hain of 12 amino acids found on 
a sporozoite protein ,"  Nussenzweig 
said. The vac cine immunized one of 
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the three vaccinate d subj e cts in the 
test and delayed infe c tion in the re
maining two . Another team, at the 
Walte r Reed Army Medical Center, re
ported similar suc c e s s  for tests of a 
vaccine produc ed by bacte ria that 
had the gene for the peptide inserted 
into their DNA. 

Inve stigators are also developing 
vaccines against later stage s .  The 
N.Y.U. vaccine has inc orporated pep
tides that stimulate T c ells to produce 
gamma interferon, which attacks the 
liver phas e .  A group led by Manuel 
E. Patarroyo of the National Universi
ty of Colombia in Bogota reported in 
Nature that synthetic-peptide vac
cines had immunized three out of 
nine vaccinated volunte ers against 
merozoite s .  

Louis H .  Miller of t h e  National Insti
tute of Allergy and Infectious Dis
eases cautions that Patarroyo' s  vac
cine includes a peptide in which two 
of the amino acids are known to be 
different in one of the four seque nced 
strains of the parasite . The vaccine 
might not prote ct  against these vari
ants . Such pitfalls underscore the 
need to identify peptides that are vul
nerable to immunological attack and 
yet are not prone to variation.  Miller 
says, "We have to find an Achille s '  
heel ."  -June Kinoshita 

Cause and Affect 

How does lithium counter 
both mania and depression ?  

F orty years ago the Australian psy
c hiatrist ] .  F . ] .  Cade inj e cted guin

ea pigs with lithium salts and, in
spired by the animals' subsequent 
lethargy, went on to discover the 
therapeutic e ffects of lithium in tre at
ing manic depression.  Yet neither 
Cade nor anyone since has been able 
to explain how lithium works.  

Perhaps the most curious aspect of 
lithium' s  action is its apparent ability 
to stabilize both poles of the disor
der: the frenzy of mental and physi
cal  hyperactivity and the paralyzing 
depression that ensues. Now an Is
raeli group says it may have found a 
c ommon biochemical ground from 
which the element exerts its dual ef
fe ct .  That ground is a class of mole
cules c alled G proteins ,  which me di
ate intrace llular messengers for sig
nals received by surfac e rece ptors. 

Writing in Nature, Sofia Avissar ,  
Gabriel  Sc hreiber,  Abraham Danon 
and R.  H .  Belmaker of Ben Gurion Uni
versity of the Negev show that in rat 
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brain tissue lithium blocks the acti
vation of G proteins by neurotrans
mitters binding to both adrenergic 
and c holinergic rece ptors. At clinic al
ly relevant conce ntrations of lithium 
the G proteins in effect  "ignore" sig
nals to which they ordinarily react.  
Although it has long been known 
that lithium cripples a separate mes
senger syste m linked to c holinergic 
receptors,  the Ben Gurion group pro
vides the first demonstration of an 
adre nergic connection. 

The group' s  findings also consti
tute the first evidence of how lithium 
acting at a single site could modulate 
both adrene rgic and c holinergic re
sponse s .  That notion is appealing 
because it j ibes  with what is prob
ably the most widely accepted theo
ry of manic depression. Put forth in 
1972 by David S .  Janowsky, then at 
the Vanderbilt University School of 
Medicine , and his c olle ague s ,  the the
ory maintains that adrenergic-cho
linergic imbalances  cause the mood 
swings characteristic of the disorder.  

The authors do not atte mpt to ex-

plain why, considering the ubiquity 
of G proteins ,  lithium's infh,lence is  
limite d to the c entral nervous sys
tem. "If that' s its mode of actiol) ,  it 
really should affect  every cell in the 
body," says Alan H .  Drummond, a 
pharmacologist at British Bio-te ch
nology Ltd.  in Oxford, England.  Ye t at 
therapeutic doses the side e ffe cts of 
lithium are ne gligible . 

William R. Sherman, a biochemist 
at Washington University's Clinical 
Department of Psychiatry, points out 
that the problem of "eNs selectivity" 
plagues most of the mec hanisms that 
have been proposed to desc ribe lith
ium's e fficacy.  And no dire ct  evi
dence in human beings substantiate s 
any of them. He notes that studie s  of 
lithium and manic depression,  like 
all studies of drug action in psychia
try , are disarmed by their reliance on 
subj e c tive information. In spite of 
the fact  that thousands of Americans 
lead normal l ives because of lithium 
therapy, Sherman says "it's almost 
impossible to get real evidence of 
what's going on." -Karen Wright 

OVERVIEW 

Heartening News 

New ways to treat and prevent  
heart disease are saving lives 

M
ore than one million people 
will suffer he art attacks in the 
U.S .  this year and about a 

third of the attacks will prove to be 
fatal. These grim statistics  nonethe
less  have a positive side : a decade 
ago 100,000 more pe ople were dying 
from he art attacks every year. The 
improvement has come as a result of 
significant advances in the treatment 
and preve ntion of heart disease .  Sur
gical proc edures such as he art trans
plants and bypass operations have 
become e stablished treatments for 
the severest cases .  He art attacks can 
now be arrested while they are in 
progress by means of new classes of 
drugs and nonsurgical proce dure s .  
People can significantly l e s s e n  the 
c hance of suffering a heart attack to 
begin with either by taking special 
medic ation or by modifying their be
havior.  These advances in c ardiolo
gy have given physicians the ability 
to inte rve ne decisively and effective
ly at every stage of he art disease.  

The maj or cause of he art disease is 
atherosclerosis :  the buildup of cho
le sterol and other organic matte r in 

deposits called plaques along the in
ner wall  of blood vessels .  Plaques 
narrow the c hannel through which 
blood flows , creating areas of con
striction, or stenosis ,  that lead to is
chemia: inadequate oxygen supply 
to a tissue.  He art attacks,  or myoc ar
dial infarctions,  strike when the 
blood supply to the he art-muscle tis
sue (myoc ardium) is severely re
duced or stopped,  re sulting in tissue 
damage or death.  In the vast majority 
of cases the reduction in the blood 
supply can be traced to the formation 
of a clot ( thrombus)  in the plaque of a 
coronary artery, which supplies 
blood to the myocardium. An occlu
sive clot is the difference betwe en 
c hronic coronary-artery disease 
(such as ischemia) and an acute he art 
attack.  

For patients who are suffering from 
advanced he art disease invasive pro
cedures are usually called for .  In the 
most extreme cases  this might entail 
actual replacement of the he art. The 
American He art Association reports 
that 1 ,024 such transplants were 
done in the U .S .  in 1986,  more than 10 
times the number done in 198 2 .  Two 
decades ago a transplant recipient 
had less  than a 2 0  percent chance of 
surviving one year; today the one
year survival rate is more that 80 per
cent .  Such suc cess  rate s prompted 
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SCIENCE/SCOPE® 

A new cabin control system for Boeing's 747-400 jumbo jetliner uses all-digital technology to perform a 
wide range of passenger service functions previously unavailable. The Advanced Cabin Entertainment 
and Service System (ACESS) , designated the APAX-140, extends the application of digital multiplexed 
techniques to such functions as cabin interphone, lighting, and advisory signs. Other features include 
an interactive, two-way capability that allows passengers to communicate back to a central computer 
for in-flight ordering of specific goods and services, and a self-test function that monitors and records 
faults while in flight. Hughes Aircraft Company, supplying multiplexed passenger entertainment and 
service systems since 1970, designed and built ACESS for Boeing. 

A new advanced launch system (ALS) design for the U S. Air Force will use off-the-shelf engines 
combined with modular configurations to reduce current launch costs. Hughes '  ALS design will use a 
modified version of the Pratt & Whitney RL-lO liquid hydrogen/liquid oxygen rocket engine, with 
different numbers of modules tied together, depending on payload weight. The Department of Defense 
and NASA will require payloads ranging from 40,000-250,000 pounds to be placed in low Earth orbit. 
Aiding in cost reduction, the new design also features recovery of much of the booster. Hughes expects 
to meet the requirements for the ALS with its modular design by the mid-1990s. 

A new software development tool significantly reduced fault locating time for the Hughes APG-70 
radar aboard U S. Air Force F-15E dual role fighters. Unlike previous systems requiring software 
check-out after the completion of hardware, the Hughes Digital Software Integration Station (DSIS) 
can test and de-bug software while the hardware is being built, resulting in substantial development 
cost and schedule savings. Further economies result from the radar's built-in test capability. 
It has ten times the software and six times as many test targets as its predecessor, the APG-63 
radar. The APG-70 's increased reliability and maintainability are expected to triple the time 
between unit replacements. 

Millions of watts of electrical power can be controlled using an advanced electronic switch that can 
turn on and off at a rate of a million times a second. Developed under a Hughes research program, the 
CROSSATRON@ modulator switch combines the features of thyratron and hard-vacuum thermionic 
devices. Promising a new generation of rugged, high-voltage switching devices, CROSSATRON employs 
a gas discharge for high closing currents and provides precise current interruption capability without a 
large forward drop. Expected applications include improving the performance of radar systems or 
other high-power tasks requiring repetitive openings and closings of large DC currents with assured 
reliability and long life. 

A broad spectrum of technologies, many of which grew up within the past five years , are represented in 
the products of Hughes '  Industrial Electronics Group. Six divisions and two subsidiaries, each 
operated like a small high-tech company but backed by resources of its multibillion-dollar parent, offer 
career benefits to qualified engineers and scientists. Advancing technologies such as microwave and 
millimeter-wave communications, silicon and GaAs solid-state circuitry, fiber optics, and image 
processing equipment are pursued in facilities located in many of Southern California's most desirable 
coastal communities. Send your resume to A. T. Moyer, Hughes Industrial Electronics Group, Dept. S2, 
p. o. Box 2999, Torrance, CA 90509. Equal opportunity employer. U S. citizenship required. 

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 

H UG H ES 
© 1988 Hughes Aircraft Company A I R C R A F T  C O M PA N Y  

Subsidiary o f  GM Hughes Electronics 
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THE LIFESTYLE RESOURCE™ 
A t The Ufestyle Resource we give you all the 

facts and details necessary to rnalw an 
informed purchase. Your satisfaction is our 
primary concern. If your purchase doesn't 
meet your expectations, return it in original 
condition within 30 days for prompt refund. 

EXPERIENCE NATURAL 
STATES • • •  THE VIDEO 

At last-the real thing in relaxation videos. 
No more inane fish tanks or fireplaces: 

Miramar's "Natural States" cassette presents a 
45 minute trip through the Pacific Northwest, 
from California's Big Sur to Washington's  Cas
cade Mountains. This is NOT a travelogue -
not a word is spoken as the unique "steadicam" 
camera glides through rainforests, past verdant 
waterfalls, over and around mist-shrouded 
peaks. This unusual technique, mated to 
superb aerial shots, produces something very 
nearly like an out-of-body experience. The 
incredibly crisp footage is enhanced by an 
award winning score that was specially com
posed "note-to-frame," rather than just layered 
on in post-production. This is the first nature/ 
music video to "go gold" in sales, and for good 
reason: its breathtaking beauty will bring 
tranquility to the worst case of stress and 
burnout. Just slip "Natural States" into your 
VCR; in 45 minutes you'll be human again !  Hi-fi 
Stereo with Dolby Surround plays mono on 
regular machines. $29.95 #2010. 

WORRY-FREE WATERING 
Wa t e r  g r o w s  

t h i n gs b e s t  
when it arrives at 
regular intervals, a 
fact  that some
times gets by old 
M o t h e r  N a t u r e .  
Now you can give 
your lawn or garden 
the advantage of 
t imely watering .  
The new Rainmatic 
2 0 0 0  a u t o m a t 
ically turns water 

on and off up to four times a day, seven days a 
week, a different schedule every day. Lets you 
set any length watering interval. Easily pro
grammed to set up your own customized 
watering schedule or use built-in program. 
One-touch manual override. Great for sprin
klers and drip/trickle systems. Operates all 
season on four alkaline D-cells (not included). 
Weather-protected electronic circuitry. LCD 
readout with digital clock. Locks on to faucet. 
Only $49 .95 #1080 with one-year warranty and 
instruction manual . 

TO YOUR HEALTH 

Ancient  m andarins dating  
back 800 years believed that 

these Chinese Exercise 
Balls induced well-being 
of the body and serenity 

8.'V"'_ of spirit. These treasured 
gifts were given to Presi
dent Reagan and his 
wife while visiting the 

Peop les  Republ ic  of 
China. The Chinese say that 

the balls in the palm of each 
stimulates the fingers and 

acupuncture points, and improves circula
tion of vital energy throughout the body. 

Sports enthusiasts, musicians, computer users 
and health-conscious people everywhere consider 
them great muscle conditioners. Arthritis suf
ferers feel a decided benefit from this gentle but 
challenging excercise. Very effective for relaxa
tion and meditation, Chinese Exercise Balls emit a 
distantly mysterious chime as you tum them. 
Beautifully hand crafted, 45mm. hollow polished 
chrome balls are perfectly weighted and fit com
fortably into the average man's or woman's hand. 
In exquisite silk brocade box. $29.95 #1700. 

ZONE OF CALM 

N oise produces stress in the human organism. 
Today the volume of civilization nearly 

everywhere seriously interferes with our abilities 
to relax, read, sleep, concentrate or otherwise 
function at optimum efficiency. But you needn't 
be victimized by noise pollution. The Marsona 
Sound Conditioner electrically synthesizes a 
variety of pleasing natural sounds that help 
mask out and reduce the annoyance of unwanted 
noise. You can simulate the sounds of ocean 
surf, summer rain, mountain waterfalls. You 
control not only the volume but also wave 
pattern, wave or rain rhythm, the seeming 
nearness or distance of the source. The Marsona 
is the finest instrument of its kind on the 
market, solid-state electronics designed for 
continuous use . UL- listed. $139.95 #1860. 

38,000 HOUR LIGHTBULB! 

The problem with 
bulb savers is 

they reduce light 
output by almost 
50%. But the pat
ented,  UL listed 
Power Mizer has 
solved that prob
lem. These little 
buttons are acti

vated by a state-Qf-the-art microcontrol switch that 
limits voltage to the bulb to 85%, thereby pro
longing the life of the filament. Light bulbs using 
Power Mizer lose so little perceptible light that a 
foot-candle meter is needed to calculate the light 
loss. Under normal conditions, the Power Mizer will 
extend the life of a regular one-way lOOW bulb from 
750 hours to 38,000 hours or about four years if used 
24 hours every day! Many mllior hotels, corporations 
and universities use these types of devices in hard
to-reach places. They pay for themselves in light 
bulbs, labor and energy savings in no time. Set of 6 
Power Mizers $19.95 #2000; 12 for $29.95 #1990. 

UPDATED CLASSIC 
TIMEPIECE 

The Gruen Curve x, one of the most famous 
watches of all time, was designed in 1935 

with an exclusive curved case and movement 
that conformed to the shape of the wrist. If 
you're lucky enough to have inherited one, you 
know how much they're worth. Now the Gruen 
watch company of Switzerland, founded in 
1874, is once again offering the Curvex, at a 
fraction of the collector's item price. These 
precision watches are made from the original 
molds, and are extensively hand crafted. The 
only change since 1935 has been the addition of 
a modem Swiss quartz movement, accurate to 
within a minute per year. The case is 10 micron 
heavy 22 karat gold plate, fitted with a 
curved mineral crystal and a French 
pigskin strap. Men's Curve x 
$199.95 #1500. A woman's 
version also is avail-
able, a little smaller 
and without second 
hand. Women's Cur
vex $199.95 #1510. 

Gruen. 
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THE LIFESTYLE RESOURCE™ 
ALLERGY AND COLD BUSTER 

Now a major scientific 
breakthrough - The 

Viralizer® System-gives 
you relief from cold, sinus and 

allergy symptoms. It's the newest 
deve lopment of a concept 
pioneered at the P asteur 
Institute in Paris. The cause of 

the common cold is the 
Rhinovirus family which 
lives and multiplies in the 

nose and throat, but cannot 
thrive in temperatures over 
HO°F. The Viral izer is 

designed to deliver a gentle, 
controlled heat which pene
trates the nose and throat, 
creating a hostile environment 

for cold viruses. After a pleasant heat treatment, 
the Viralizer dispenses either of two mild, over
the-counter, medicated sprays. Vira-Spray I is an 
analgesic, anti-bacterial spray. Vira-Spray II is a 
decongestant that provides temporary relief of 
nasal congestion due to colds, hayfever, sinusitis 
or allergies. These therapeutic sprays further 
discourage the stubborn cold and sinusitis germs 
so you're less likely to be re-infected or spread 
your cold to others. The Viralizer can produce 
effective relief by using it for only 3 or 4 minutes, 
several times a day. Proven in clinical tests 90% 
effective in eliminating the symptoms of upper 
respiratory infection in 24 hours or less, the 
Viralizer works without pills. Viralizer, is safe for 
children and adults, has been tested 
recommended by doctors. The com
plete Viralizer® System includes 1 
electric Viralizer with Vira-Spray I and 
Vira-Spray II plus a 
3-pak refill  of 
m e d i c a t e d  
sprays. $39.95 
#1690. 

WHEN YOU'RE IN A HURRY 
When you 're running short of time, ask one 

of our phone operators about UPS Blue Label 
delivery. In most cases, we can get your 

shipment to you in three or four working days. 

CALL TOLL-FREE 800-872-5200 
TH E L IFESTYLE RESOU RCE™ 

Dowing tones and firms your 
!\whole body and provides

--

aerobic conditioning, as well .  
Vitam aster Stowaway works all major and 
most minor muscle groups in your 
back, stomach, arms, shoulders 
and legs. Weighing only 28 lbs. ,  
it requires only 12" x 15" x 34" 
when in operation and 
collapses after use 
for compact storage . 

YOUR SMILE IS BEAUTIFUL 
Dut you're only fooling yourself if you 
Dthink it's proof of healthy teeth and 
gums. The unseen enemy is a natural 

Actually takes up less 
room than a suitcase. The 

Stowaway is constructed of 
heavy tubular steel and has a full-size 

54" bed. The contour seat is padded for 
comfort and mounted on nylon rollers 

which glide on chrome rails .  Single rowing arm 
with hydraulic tension resistance has 12 adjust
able tension settings-from light to heavy-to 
provide a varied workout. Molded plastic 
pedals with adjustable footstraps rotate indi
vidually to simulate rowing action. Non-mar 
footpads protect floor. Comes assembled. Save 
yourself an expensive gym membership. For the 
one-time cost oU119.95 #1970.  

mouth substance deposited on the '--_----"----"_""-__ _ 
teeth - plaque. Unchecked, plaque 
develops into rock-hard tartar behind 
which decay breaks down the tooth ,--_______ --.:-
enamel and invades the soft, sensitive 
substructure. You have to remove the 
plaque before it hardens to prevent 
the process. Until recently there was '--�--''--_'':'-_---L_ 
no easy solution to this problem, but 
now there's Interplak, a precision
engineered, university-tested, three-speed plaque removal 
instrument. Its 10 independently driven bristle tufts rotate 
around their own axes: each tuft spins in the direction 
opposite to the spin of its neighbor at 4,200 rpm.  The 
bristles are soft and rounded, adhering to dentistry 
recommendations, so that virtually every particle of plaque 
- 98% of it - is removed gently and without irritation . 
Interplak even reaches between teeth and around ortho
dontic braces. Children think it's fun, so they're eager to 
brush. Interplak is cordless and easily stores in a free
standing or wall-mounted recharger/holder. Individual 
color-coded brush heads are available. The Interplak Home 

Plaque Removal Instrument 
with charger and two brush 
heads. $99.95 # lllO. '!\vo 
a d d i t i o n a l  b r u s h  h e a d s  
$29.95 # Ull.  

CREDIT C A R D  ORDERS 800 872 5200 CAll TOLL-fREE 2 4  HOURS - -

DEPT. SFAE08; 921 EASTWI N D  DR .  SU ITE 1 1 4: WESTERVI LLE, OH 43081 ITEM NO. an DESCRIPTION ITEM PRICE TOTAL PRICE 
SEND TO (PLEASE PRINT) 
ADDRESS 
CITY STATE ZIP 
o CHECK OR MONEY ORDER 0 MASTERCARD 0 VISA 0 AM EX SIGNATURE 
ACCl # EXP. DATE 

ORDER WITH CONFIDENCE 
• We ship most orders within 48 hours. 
• Credit Card orders billed only upon shipment. 
• No risk 30-day return privilege. 

THE MEDIA OEVELOPMENT GROUP 

Shipping Charge covers UPS. handling and insurance for guaranteed del ivery. 

EE up 10 S20 . . . .  S 3.95 SSO.OI 10 S60 . . .  S 7.95 

B $20.01 10 $30 . . . .  S 4.95 S60.0 1  10 S70 . . . .  S 8.95 
S30.01 10 $40 . .  . .  S 5.95 S70.01 10 S I00 . . . .  S 1 0.95 �,.". $40.01 10 $SO . . . .  S 6.95 Over S I00 . . . .  S 1 2.95 

2fI UPS Second Day ava i lable lor an addillona l $7.50 per order. 

SUB TOTAL 
SHIPPING 
(see lable 
al left) 

TOTAL 
<> 1 988 G27 AOVERTISEMENT 
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John Speer Schroeder and Sharon 
Hunt of the Stanford University Medi
cal Center to write in the journal of 
the American Medical Association that 
transplants have bec ome "a valid 
form of advanced therapy for end
stage heart diseas e . "  Schroeder and 
Hunt proj e c t  a need for 15 ,000 trans
plants per year. Yet according to Ger
ald M.  Lawrie of the Baylor Colle ge of 
Medicine,  no more than 2 ,000 donor 
he arts are potentially available .  

Some patients waiting for a suit
able donor heart might be able me an
while to rely on mechanical replac e
ments for the heart or "assist de
vic e s , "  which merely take over the 
work of a malfunctioning ventricle .  
Indeed,  a group led by David ] .  Farrar 
and ] .  Donald Hill of the Pacific Pres
byterian Medical Center in San Fran
c isco c onclude s in an article in the 
New England journal of Medicine that 
using mechanical he arts as "bridges  
to transplant" is  both safe and e ffe c 
tive.  If artific ial hearts ever a r e  per
manently implanted ,  they are likely 
to be self-contained,  e lectrical de
vice s  whose power can be delivered 
by induction across the skin. Eugene 
Passamani of the National Heart, 
Lung, and Blood Institute expects 
clinical trials of such electric he arts 
"in a year or two, "  with a view to
ward making them generally avail
able in the late 1990's .  

Another form of c ardiac surgery 
that has become routine is the c oro
nary-artery bypass graft. In this pro
c edure blood vessels from elsewhere 

CONSTRICTED ARTER Y (topmost vessel) , 
the result of a buildup of plaque, reduces 
the blood supply to the heart muscle. 
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in the body are grafted onto the dis
eased coronary artery so that the 
blood c an be rerouted around the ob
struction. An estimated 2 30,000 such 
operations were done in 198 5 .  By
pass grafts, like transplants , are high
ly traumatic (the patient's chest must 
remain open for several hours) and 
require a prolonged hospital stay and 
recovery period. 

For that reason c ardiologists are 
turning to much less invasive proce
dures to increase the blood flow to 
the he art. The preeminent method is 
technically known as percutaneous 
transluminal coronary angioplasty. It 
involves inserting a c atheter,  or thin 
flexible tub e ,  into an artery through a 
skin incision (percutaneously). The 
catheter is manipulated so that it 
travels along the inside of the vessel  
( transluminally) to the stenotic lesion 
of a c oronary artery. Inflating a small 
balloon at the end of the c atheter 
cause s  distension of the artery (an
gioplasty) and also c ompre sses  the 
plaque against the artery wall, thus 
enlarging the opening. More than 
130,000 people underwent the proce
dure in 1986 (almost three time s  the 
1984 number) ,  and some 80 percent 
of them showed a lasting increase in 
blood flow. 

Nevertheless ,  angioplasty has c e r
tain limitations,  one of which is that it 
is extremely difficult to clear total oc
clusions of c oronary arterie s .  For 
such cases ,  inve stigators are devel
oping methods for delivering a laser 
beam through a flexible optic fiber  in 
a catheter.  The beam c an bore a hole 
through the blockage , creating an 
opening in which a c onventional an
gioplasty balloon c an be inflate d. 

In spite of these new c ardiac-care 
technique s ,  damage to the myoc ardi
um is sometime s unavoidable , re sult
ing in arrhythmia: disturbance s  in 
the he art's rhythm. Yet Ary L.  Gold
berger of the Harvard Medical Sc hool 
and his c olleague s ,  who have ana
lyzed the heart's rhythm in terms of 
fractal dynamic s ,  suggest that analy
sis of e lectroc ardiographic data may 
one day provide ample warning of 
life -threatening arrhythmias. 

Perhaps the greatest progre ss  in 
the treatment of he art-attack vic
tims has been in the introduction of 
new thrombolyti c ,  or c lot-dissolving, 
drugs. They include streptokinase ,  
urokinase and tissue plasminogen 
activator (TPA), a natural anticlotting 
agent. A genetically engineered form 
of TPA has recently been approved 
by the U.S. Food and Drug Adminis
tration. Inde ed ,  intravenous inj e c tion 
of TPA is  often enough to halt a he art 

attack within minute s and save he art 
tissue from damage .  . 

In this connection even ordinary 
aspirin appe ars to have a potential 
role . Acc ording to a preliminary re
port that was published in the New 
England journal of Medicine, aspirin 
c an cut the risk of a he art attack by 
almost half even for those who have 
no overt signs of c ardiovascular dis
ease , apparently by working to re
duce the incidence of clot formation.  

Although thrombolytic drugs ac
c ount for a significant reduction 
in mortality from he art attacks,  the 
most sensible strategy in c ombating 
heart attacks is to prevent c ardiovas
cular disease in the first plac e .  Stud
ies have shown that c ertain readi
ly identifiable physiological fe ature s 
c haracterize those individuals who 
are at high risk of developing the dis
ease. Two such factors are hyperten
sion,  or high blood pre ssure , and 
high c holesterol levels in the blood. 

As a result medic ations that 
c ounter hypertension are being pre
scribed as part of a preventive 
approach to heart disease.  The 
substances  include so-called beta
blockers and ACE inhibitors,  which 
lower the he art rate and the output of 
blood from the heart. Drugs such 
as choleste ramine and nic otinic acid 
are also being prescribed, since they 
lower c holesterol levels in the blood. 
More intriguing is  the possibility of 
disc overing drugs for the control of 
low-density lipoproteins (LOL), which 
are the main c arriers of chole sterol in 
the blood. Because high levels of LOL 
appear to promote the deposit  of cho
leste rol on artery walls ,  substances  
that interfere with LOL metabolism 
open a new avenue for intervention. 
By administering such drugs a group 
led by Thomas Carew of the Univer
sity of California at San Diego School 
of Medicine has been able to reduce 
the extent of atherosclerosis in rab
bits by 50 percent .  

Ultimately, however ,  the most ef
fec tive me asure s are those that de
pend on an individual 's  own initia
tive . Both the risk factors associated 
with lifestyles (such as smoking,  a 
diet excessive in saturated fat and 
salt, and lack of exercise )  and the de
cision to seek emergency c ardiac 
care are under an individual's c on
trol. According to American He art 
Association estimate s ,  more than 
3 5 0,000 he art-attack victims die ev
ery year before reaching a hospital
and this in spite of the fact  that an av
erage of three hours elapses between 
the initial appearance of symptoms 
and death. - Gregory Greenwell 
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Controlling Indoor Air Pollution 
Airborne combustion products, toxic chemicals and radioactivity are 
more abundant indoors than outdoors. Should indoor air be regulated? 
If so, how? Putting risks in perspective helps to answer both questions 

B
ecause emissions from factories, 
power plants, waste dumps and 
automobiles can harm people 

as well as the biosphere in gener
al, many countries have established 
extensive systems for identifying 
and controlling such pollution. Yet 
the greatest exposures to airborne 
combustion products, volatile toxic 
chemicals and radioactivity typical
ly occur not outdoors but inside res
idences, offices and other nonin
dustrial buildings-settings that tra
ditionally have been neglected by 
pollution-control agencies. Indeed, 
the health risks incurred merely by 
breathing the air at home can sub
stantially exceed the general limits 
on risk that regulatory agencies im
pose in controlling pollutants in out
door air or drinking water. 

On the other hand, the risks from 
inhaling indoor pollutants are typi
cally less than those associated with 
many voluntary activities that are 
regulated only marginally, if at all. By 
chOOSing to smoke cigarettes a per
son greatly increases the likelihood 
of later suffering from heart disease 
and lung cancer. Yet smoking is con
trolled indirectly in the U.S., where 
manufacturers are required only to 
print warnings on cigarette packages 
and in advertising. 

The risks posed by indoor pollut
ants are in fact comparable in mag
nitude to those associated with ex
posure to chemicals or radiation in 
industrial settings. Living in certain 
houses and working at certain jobs 
are also similar in that both involve 
assuming some risk from exposure 
to pollutants in exchange for some 
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personal benefit (a home or a salary). 
Yet the approach for regulating occu
pational exposures, which is based 
primarily on setting concentration 
limits for each pollutant, would be 
extremely difficult to apply in con
trolling the quality of indoor air. The 
causes of indoor air pollution are so 
diverse and the concentrations are 
so variable that continual monitor
ing would be required in virtually 
all buildings-more than 80 million 
in the U.S. alone. Moreover, govern
ments may hesitate to intrude into 
private houses in the name of pollu
tion control, preferring merely to 
warn people of the dangers and let 
them decide for themselves whether 
or not to take action. 

Although building codes could be 
rewritten to reduce the chance of 
having high pollutant levels in new 
structures, the incidence of buildings 
with indoor concentrations five, 10 or 
even 100 times the average justifies 
an active effort to find and fix such 
buildings now. The effort may affect 
hundreds of thousands of houses in 
the U.S., requiring as large an envi
ronmental program as has ever been 
undertaken. The scope of such a 
program, the variability in structures 
and pollutant concentrations and the 
balanCing of personal choice, risk 
and benefit make construction of an 
effective and sensible overall strate
gy for the control of indoor air qual
ity a daunting challenge to the re
search and regulatory community. 

T
he pollutants found in indoor air 
are similar to those found out

doors and in some instances actual-

ly come from outdoor sources. Yet 
the pollutants measured in the high
est concentrations indoors are those 
that arise from within buildings or 
their substructures. They reach such 
levels Simply because they are emit
ted into a small volume-the indoor 
atmosphere-from which they can
not easily escape. 

One of the most familiar indoor pol
lutants is cigarette smoke, which is 
composed mainly of organiC aero
sols, or tiny airborne particles. Heat
ing and cooking appliances that burn 
natural gas, kerosene, oil and wood 
(or peat, coal and dung, as is the case 
in some countries) also emit vary
ing quantities of respirable particles 
along with carbon oxides, nitrogen 
oxides and trace organiC chemicals. 
Less familiar indoor pollutants in
clude methylene chloride, formalde
hyde and a vast range of more com
plex organic chemicals that are given 
off by building materials, furniture, 
cleaning fluids, pesticides, paints and 
paint strippers. Respirable fibers of 
asbestos can be released indoors 
from insulating material in older 
buildings. Indoor air pollutants even 
include the products of living organ
isms or the organisms themselves, 
such as bacteria, fungi and house 
mites. Perhaps most disconcerting 
for the occupants of many houses is 
the fact that the ground on which the 
houses sit is a major source of radon: 
a radioactive gas that is generated 
naturally as a product of the nuclear 
decay of radium, an element present 
in trace quantities throughout the 
earth's crust. 

These classes of pollutants, which 

© 1988 SCIENTIFIC AMERICAN, INC



are almost always present in indoor 
air, vary over a wide range of con
centrations among residential and 
office buildings. The variability de
pends primarily on the rate at which 
each pollutant is emitted into the in
door atmosphere. A home with vent
ed heating and cooking appliances 
(and without smokers), for example, 
will ordinarily not have high concen
trations of combustion products in 
the air. Similarly, measurements of 
radon concentrations done in 100 
U.S. houses in the late 1970's showed 
that differences in the entry rate 
of the gas accounted for most of 
the variability in the concentrations 
among the houses. 

I
t is now understood that radon en
ters houses in the air that is drawn 

from the underlying soil by small dif
ferences in air pressure between in
doors and outdoors. These pressure 
differentials (amounting to no more 
than .0001 atmosphere) arise in part 
from the "stack" effect: the tendency 
for air to rise whenever it is warmer 
than the surrounding atmosphere. 
(The stack effect is the working prin
ciple of a chimney.) Hence whenever 
it is warmer indoors than outdoors, 
air tends to flow in through the lower 
part and out through the upper part 
of a building's shell (its substruc
ture, walls and roof). It does this by 
"infiltrating" through various open
ings, particularly around windows 
and doors and penetrations for pipes 
and wiring. Winds blowing against 
a building can also produce similar 
pressure differences-and thus air
flows-across the building's shell, al
though the airflows exhibit a pat
tern substantially different from the 
patterns produced by the stack ef
fect. Only a small part of the infiltrat
ing air actually comes from the soil, 
but this is what carries the radon 
into houses. The entry rate of the 
gas therefore depends on the perme
ability of the soil to airflow, along 
with other geologic, meteorologic 
and structural factors. 

The bulk of the infiltrating air actu
ally comes from the outdoor atmos
phere and accounts for the general 
ventilation of small structures such 
as houses. (In contrast, large struc
tures such as office buildings usual-

MICROORGANISMS found in ordinary 

household dust, such as mites (top), fungi 

(middle) and bacteria (boftom), are classi

fied as indoor air pollutants because they 

can cause allergic reactions and other 

illnesses, as more familiar pollutants do. 
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Iy rely on fans, air conditioners and 
ducts to provide ventilation.) A sur
prising amount of outdoor air man
ages to leak into a house by means of 
infiltration. In most houses outdoor 
air replaces the volume of indoor air 
every one to two hours. 

Such an excbange of air represents 
a constant energy "drain," since en
ergy has to be expended to heat or 
cool the outdoor air as it replaces 
the indoor air. Consequently in the 
mid-1970's energy-conscious home
owners in the U.S. and elsewhere be
gan to reduce infiltration by weather 
stripping, plugging openings in the 
building's shell and caulking around 
windows and doors. Studies indicate 
that these measures reduce ventila-

tion rates by roughly lO to 30 per
cent, depending on how carefully the 
measures are implemented. While 
the modest decreases result in use
ful energy savings, the resulting 
changes in the concentrations of in
door pollutants are small compared 
with the ten- or hundredfold differ
ence in concentrations observed be
tween one house and another. 

There is in addition a third factor 
that determines indoor pollutant con
centrations: the rate at which a par
ticular pollutant reacts with other air
borne species or interior surfaces. Ni
trogen dioxide, for example, is found 
to be removed from indoor air as 
much by such reactions as by venti
lation. The chemical form and con-
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centrations of radon's decay prod
ucts (isotopes of polonium, lead and 
bismuth) also depend on the' amount 
of airborne particles and the pattern 
of air movement in a particular build
ing, influencing the radiation dose 
the products ultimately impart to the 
lungs when they are inhaled. Many 
other potentially important aspects 
of indoor-air chemistry remain virtu
ally unexplored. 

Taken together, the variability in 
entry rates, ventilation rates and re
action rates is the cause of an impres
sive range of concentrations for most 
indoor pollutants. No better example 
can be given than that of radon. In 
the U.S. concentrations in single-fam
ily houses vary over four orders of 
magnitude (factors of lO)-from a few 
becquerels per cubic meter of air to 
more than 10,000, with an average 
level of about 50 becquerels per cu
bic meter. (One becquerel is equal to 
one radioactive decay per second. 
Another common unit of measure
ment is the picocurie per liter, which 
is equal to 37 becquerels per cubic 
meter.) The average indoor level rep
resents a radiation dose about three 
times larger than the dose most peo
ple get from X rays and other medical 
procedures in the course of their life
time. Those exposed to higher levels 
receive proportionately higher dos
es. Indeed, hundreds of thousan,ds of 
Americans living in houses that have 
high radon levels receive as large an 
exposure of radiation yearly as those 
people living in the vicinity of the 
Chernobyl nuclear power plant did in 
1986, when one of its reactors ex
ploded and released radioactive ma
terial into the environment. 

T
he wide range of pollutant types 
and concentrations entails a cor

respondingly wide range of health 
risks. Cigarette smoke, asbestos fi
bers, the decay products of radon, 
formaldehyde and many other or
ganic chemicals are demonstrated or 
potential carcinogens. Most of these 
pollutants can also lead to chronic or 
acute diseases, such as respiratory 
infections and allergic responses, as 
can combustion products in general 
and a variety of indoor bacteria and 
fungi. Extremely high levels of car
bon monoxide-a combustion prod
uct-can even result in immediate 
death. Yet only in a relatively few 
cases, such as acute allergic reac
tions or carbon monoxide poisoning, 
is there a clear-cut relation between a 
given exposure to an indoor pollut
ant and an associated health effect. 
More often than not a given instance 
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of respiratory disease or cancer can
not be directly attributed to a specific 
cause, environmental or otherwise. 

Instead scientists study the occur
rence of pollution-related diseases in 
heavily exposed groups (sometimes 
human beings but more often ani
mals) in order to obtain probabilistic 
relations between exposures to pol
lutants and the chance that the dis
eases will appear in the general pop
ulation. This approach provides the 
basis for estimating, albeit usually 
with substantial uncertainty, the risk 
of cancer and other diseases associ
ated with the lower pollutant concen
trations generally found in water and 
air, both indoors and outdoors. 

In quantifying such health risks 
one must also consider the risk of 
suffering nonfatal diseases. Because 
these illnesses can occur with higher 
frequency, the overall risk they pose 
may be judged to be as important as, 
say, the risk of cancer. Yet it is dif
ficult to treat all illnesses-fatal or 
otherwise-on a common basis; this 
would require an equivalence be
tween days sick and days of life lost. 
It may also be inappropriate to do so, 
since acute illnesses such as allergic 
responses are immediately apparent 
to the sufferer, not merely hypotheti
cal risks, as is the case with cancer. 

I
n order to estimate the risks posed 
by indoor radon, for example, re

sults from epidemiologic studies of 
underground miners who were ex
posed to high concentrations of ra
don's decay products are extrapolat
ed to the lower exposures charac
teristic of a typical house. Based on 
these estimates, the average indoor 
concentration of radon in the U.S. 
corresponds to a chance of contract
ing lung cancer of about one in 250, 
or .4 percent, which would account 
for approximately 10,000 lung-can
cer deaths per year in the country. 
Although the risk estimates for in
door radon exposure do have a de
gree of uncertainty, it is much less 
than for estimates of risk from other 
environmental-pollutant exposures, 
such as those from toxic chemicals, 
which are usually based on extrapo
lating doses and responses a thou
sandfold. In fact, no extrapolation is 
needed to estimate the health risks in 
houses with exceedingly high levels 
of radon. For example, people who 
have lived for 20 years in houses that 
have 1 ,000 becquerels of radon per 
cubic meter (which number in the 
tens of thousands in the U.S.) face an 
additional 2 or 3 percent chance of 
contracting lung cancer. 
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drinking water and food (pale red). The risk of death from exposure to indoor pollut

ants, however, is no more than that from certain voluntary activities (red), such as 

smoking, and occupational hazards (gray), such as those faced in mining uranium. 

These figures are nothing short 
of remarkable. Pollutants in the out
door environment are regulated so 
that the estimated risks of premature 
death from exposure to them are usu
ally less than .001 percent. Indeed, 
just about the only environmental 
risks-at least for fatal disease-that 
are comparable to indoor radon arise 
from other indoor pollutants. Al
though the estimate is highly tenta
tive, the risk of cancer arising from 
exposure to a wide range of organic 
chemicals in the indoor environment 
can be said to be about .1 percent. 
The risk of premature death due to 
typical exposures to asbestos is 
thought to be about .02 percent, with 
most of this risk resulting from in
door exposures. Both of these esti
mates require more than an order of 
magnitude greater extrapolation 
from epidemiologic or animal studies 
than the estimates of the risk associ
ated with radon exposure. Finally, 
the risk of lung cancer attributed to 
breathing smoke from other people's 
cigarettes is estimated to be about .1 
percent. 

Yet the level of risk posed by pol
lutants at concentrations found in-

doors is either in the same range as 
or lower than other risks that are 
accepted in exchange for some per
sonal benefit. These risks include 
diseases caused by occupational ex
posures to toxic chemicals and work
related accidents as well as automo
bile accidents, which people are will
ing to accept-within reasonable 
bounds-in order to earn a salary or 
to have the convenience of person
al transportation. The risk of death 
from automobile accidents, for exam
ple, averages about 2 percent in the 
U.S. People also seem willing to ac
cept a .5 percent risk of dying in a fall 
or fire at home in return for the com
fort of living indoors. Many are even 
ready to accept the 30 percent risk of 
premature death associated with 
smoking-a risk that is rivaled only 
by exposure to the highest indoor ra
don levels known-for the sake of 
personal pleasure. 

H
ow, then, can one approach the 
problem of indoor air pollution, 

which entails risks that exceed com
mon "environmental" risks but not 
the risks people tacitly accept when 
driving, smoking or simply living 
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DISTRIBUTION OF RADON CONCENTRATIONS suggests that about 2 percent of the 

houses in the U.S. (numbering some one million) have concentrations greater than or 

equal to 300 becquerels per cubic meter of air, which is five times the average level. 

in houses? Any overarching strategy 
for controlling the risks associated 
with indoor-pollutant exposures re
quires three basic, interdependent el
ements: a system of advisory or reg· 
ulatory standards that determines 
the overall attack on the problem, a 
methodology for identifying the situ
ations of greatest concern and a 
framework for selecting control tech
niques suited to each situation. 

The underlying system of stan
dards can take fundamentally dif· 
ferent forms, depending on the ob
jectives. One objective might be to 
control the average exposure of the 
entire population; a contrasting ob
jective is to avoid extreme levels, 
thereby limiting individuals' risk of 
disease, fatal or otherwise. In any 
case, the objectives can be achieved 
by formulating standards that either 
control the factors affecting pollutant 
concentrations or establish limits on 
the concentrations themselves. 

Actually both types of standard are 
applied in the control of outdoor 
pollution. The release of pollutants 
from automobiles and power plants, 
for example, has been controlled by 
standards that modify such factors as 
combustion processes. Concentra
tion limits in turn are embodied in 
standards for outdoor air and water, 
which are meant to protect the popu
lation at large to a higher degree than 
individuals who are exposed to the 
same pollutants in the workplace. 
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Concentration limits for outdoor 
air usually apply to a large environ
mental region-an "air basin," such 
as that of Los Angeles-so that expo
sures are more or less consistently 
limited throughout a large popula
tion. Because conditions vary greatly 
from one building to another, a com
parable approach to controlling in
door pollution would entail dealing 
with some 80 million air-quality-con
trol "districts" in the U.S.-one for 
each building. As a result concentra
tion limits for indoor pollutants are 
most effectively aimed at avoiding 
excessive individual exposure rather 
than controlling the average expo
sure of a population. 

The fact that the indoor environ
ment has significant inherent risks 
has to be recognized and near-term 
attention focused on the exceptional 
situations-including truly high lev
els of radon, organiC chemicals or 
combustion products, as well as the 
occasional excessive levels of flaking 
asbestos and even house mites. This 
approach contrasts sharply with sug
gestions to limit formaldehyde con
centrations to zero (within the lim
its of instrumental sensitivity) or to 
limit indoor radon concentrations to 
outdoor levels (about 10 becquerels 
per cubic meter of air). These pro
posals do not appear to recognize 
that the risks associated with aver
age exposures to formaldehyde and 
radon are solidly within the range 

of risks that are normally accepted. 
Nevertheless, average exposures 

to indoor pollutants can also
'
be grad

ually lowered as a long-term goal. 
This can be achieved by establishing 
standards that regulate the factors 
affecting indoor-pollutant concentra
tions. For this reason it is important 
to identify how source, ventilation 
and structural characteristics affect 
the concentrations. Such knowledge 
can be applied in the formulation of 
speCific criteria for the design, fabri
cation and utilization of new build
ings and furnishings that will ensure 
acceptable indoor air quality in the 
great majority of cases. 

Studying the behavior of indoor 
pollutants also helps in the develop
ment of a methodology by which to 
identify buildings that have or are 
likely to have excessive pollutant 
levels. For example, knowledge that 
certain materials or appliances are 
often associated with high levels of 
organic pollutants or combustion 
emissions can lead to monitoring in 
buildings containing those products. 
Similarly, analysis of the general geo
logic, architectural and meteorologic 
factors affecting indoor radon con
centrations might serve to identify 
regions where excessive levels are 
likely to occur. 

O
nce a building has been identi
fied as needing remedial action 

(whether it is already constructed or 
still in the planning stages), control 
techniques dm be implemented. A 
number of control techniques have 
already been developed, corre
sponding roughly in both design and 
effectiveness to the fundamental fac
tors affecting indoor concentrations. 
Given that the emission or entry rate 
is the primary determinant of con
centration levels, measures to re
duce pollutant sources provide the 
primary control-assuming that ven
tilation rates are in the normal range. 
Emissions of formaldehyde and other 
volatile organic substances, for in
stance, can be lessened by changing 
the way particle board, adhesives 
and other products are manufac
tured. Good burner and exhaust de
signs in heaters and cooking appli
ances can decrease the concentra
tion of combustion products. Entry of 
radon from the ground can be dimin
ished markedly by means of simple 
systems of pipes and fans that draw 
air from (or blow air on) the soil or 
gravel immediately under the sub
structure of a house. 

If it is determined that neither infil
tration nor opening windows is suffi-
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cient to ensure an adequate ventila
tion rate, mechanical systems can be 

. installed. In large buildings these sys
tems can be quite complex, designed 
to meet performance criteria that 
are often incorporated into building 
codes. In houses with little infiltra
tion much simpler systems can be 
employed, such as a single exhaust 
fan. (To save energy the system can 
be designed so that exhaust and in
take airstreams exchange heat.) Al
though infiltration and mechanical 
ventilation can provide a basic level 
of protection, they cannot be relied 
on to reduce pollutant concentra
tions substantially: the required in
crease in ventilation rate would ordi
narily be more difficult and more 
costly to achieve than eliminating or 

reducing the source of the pollutants. 
An alternative means of control 

might be to physically clean the air of 
airborne gases or particles. This ap
proach suffers some of the same lim
itations as ventilation, namely that 
marked reductions in pollutant con
centrations would require high rates 
of processing the air. In fact, many of 
the less expensive and popular table
top air cleaners provide only very 
low and generally inadequate clean
ing rates. Of more concern is the fact 
that better devices may not even re
duce the overall exposure. For exam
ple, in drastically reducing the total 
concentration of radon's decay prod
ucts, filter systems and electrostat
ic precipitators (which remove parti
cles suspended in air by imparting an 

electric charge to them) increase the 
fraction of the decay products that 
are not attached to airborne parti
cles. Unfortunately the free decay 
products appear to cause the greater 
radiation dose to the lung. Hence in 
spite of the fact that air cleaning may 
reduce the total concentration of ra
don's decay products, it does not 
necessarily reduce the exposure to 
radiation. 

Air cleaning may find a role in con
trol of biologic particles, such as bac
teria, fungi or residue from house 
mites, that do not behave like chemi
cal or radioactive pollutants. In par
ticular these organisms actually mul
tiply given the right conditions, re
quiring a different perspective on 
control. The most effective approach 

SOURCES OF AIRBORNE POLLUTANTS in a typical house are 

myriad. Combustion products (green) are traced to cigarette 

smoke, heating and cooking appliances and perhaps automobile 

exhaust. Organic chemicals (blue) are given off by substances in 

paints, plywood, solvents and adhesives. Radon (orange) is 

drawn into a house by small differences between outside and in

side air pressure; the gas seeps through cracks in the house's 

foundation and through openings around loose drainage pipes. 
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in their case would be to combine air 
cleaning or increased ventilation and 
a reduction in indoor humidity. 

C
urrent efforts to control indoor air 
quality have in fact followed the 

two basic approaches: setting spe-
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outdoor air with outfiowing indoor air. 
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cific concentration limits and mod
ifying the design and manufacture 
of buildings and their contents. The 
Netherlands has adopted standards 
limiting indoor formaldehyde con
centrations to 120 micrograms per 
cubic meter, and Canada has set a 
limit of 150 becquerels per cubic me
ter for indoor radon in uranium-min
ing communities. West Germany and 
the U.S., on the other hand, have set 
standards that limit formaldehyde 
emission from wood products, such 
as plywood, and have considered 
regulating the emissions from un
vented fossil-fuel heating appliances. 
Policymakers, however, have come 
to acknowledge their naivete in 
adopting concentration limits as the 
primary basis for control: emission 
and ventilation standards have been 
found to be more workable. 

Attempts have also been made in 
recent years to include optional con
centration limits for identified clas
ses of pollutants as part of the venti
lation standards incorporated into 
building codes. This illustrates a dan
gerous tendency to expand each of 
the approaches in an overall control 
strategy to include the other, leading 
to an overt or implicit confusion 
of objectives. A self-consistent and 
comprehensive strategy would rely 
on the factors that determine ventila
tion and emission rates as "handles" 
for keeping concentrations with
in (impliCitly) acceptable ranges in 
most new buildings and adopt explic
it concentration limits mainly as cri
teria for reducing truly excessive lev
els found in existing structures. 

In spite of the confusion in objec
tives, there at least is some consen
sus on where the major responsi
bilities lie for implementing control 
strategies. This consensus is impor
tant, because many actors are direct
ly involved. They include national 
and local government agencies, pro
fessional organizations, manufactur
ers of building materials and house
hold appliances, builders and con
tractors. For that matter, anyone who 
is active in issues of health, environ
ment, housing, energy and consumer 
products as well as in related areas 
such as demography, meteorology 
and geography should necessarily 
be involved. 

Yet the success or failure of a pro
gram to control indoor air quality ul
timately hinges on the behavior of 
the owners and occupants of build
ings. At present occupants are often 
not aware of potential health prob
lems caused by the way they use cer
tain appliances or substances-or for 

that matter of the effect they have on 
others by smoking cigarettes in en
closed spaces. Even building' manag
ers may not know for what activities 
the building was originally designed 
or how the ventilation equipment in 
the building is meant to be operated. 

For this reason some local govern
ments are considering requiring ev
ery manager of a building to conform 
to the assumptions made in its de
sign. In this way a chain of responsi
bility from the engineer, architect 
and builder to the owner and occu
pants can be maintained. An impor
tant element in such a system might 
be a supporting document associated 
with a building, much like a deed, 
that describes the design assump
tions relevant to indoor air quality 
and records changes in the build
ing's occupancy or ventilation equip
ment. In the case of office buildings 
the document could list a building's 
smoking areas and indicate the ex
tent to which furnishings that emit 
organic chemicals can be used. 

A simpler document for private 
houses could maintain a record of 
radon measurements and of any re
medial techniques and maintenance 
procedures that may be needed. It 
would be similar to the document re
quired in many areas that certifies 
a house for sale is free of termites. 
Indeed, in areas where high radon 
concentrations have been reported 
real-estate transactions are already 
including this information. Such a 
document would be one of the more 
visible manifestations of a compre
hensive control strategy. 

T
he control of indoor air pollution 
goes beyond the conceptual ba

sis of current regulatory structures, 
which were built for controlling ex
posures to pollutants in industrial or 
outdoor settings. The fact is that the 
health risks posed by indoor pollut
ants have to be considered in their 
own right, and the objectives and 
approaches for a rational pollution
control strategy must be thought out 
anew. Such rethinking depends on 
science to evaluate the health risks, 
elucidate the correlation between 
pollutant concentrations and the fac
tors that influence them, develop 
methods for measuring pollutant 
concentrations and determine the ef
fectiveness of control techniques. 
The resulting science and policy of 
indoor air quality might even change 
how we think about other pollutant 
exposures, leading to a more realistic 
perspective on environmental risks 
in general. 
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Squeezed Light 
Quantum noise, or fluctuation, in light waves limits 
the preci�ion of measurements. A solution is to make 
part of a wave quieter by making another part noisier 

by Richart E. Slusher and Bernard Yurke 

S
ilent light. Can a beam of light 
ever be truly "quiet," free from 
the random fluctuations called 

noise? Or are physicists destined for
ever to make observations and meas
urements with imperfect, noisy light? 
After all, the quantum theory states 
that any light must be accompanied 
by a certain minimum amount of fluc
tuation, which limits the fundamen
tal precision of observations carried 
out with Iigllt beams. Nevertheless, 
there seems to be a ray of hope. Sev
eral groups of investigators, includ
ing our own, have found that it is 
sometimes possible to "squeeze" the 
noise in a light beam: to redistribute 
it so that parts of the light wave are 
less noisy than before, although oth
er parts of the wave become noisier. 
The resulting wave can then be used 
in highly precise measurements. 

A beam of light consists of an os
cillating electromagnetic field. In 
the world view of classical physics, 
the oscillations of the field can be 
pictured as a smooth wave, whose 
shape can be described with abso
lute certainty. According to the quan
tum-mechanical uncertainty princi
ple, however, such certainty is unat
tainable; the best one can say is that 
the wave's shape fits within a particu
lar "envelope" of uncertainty. That 
uncertainty is manifested as noise: 
small, random fluctuations in the 
electromagnetic field. 

. 

Indeed, according to quantum me
chanics there must be some amount 
of noise even in "darkness"-when 
no other light is present. In classical 
physics the wave representing dark
ness would be flat, with no undula
tions (in some sense, it would not 
really be a wave at all). In quantum 
mechanics, on the other hand, one 
can say only that the wave is flat to 
within some small degree of uncer
tainty; within the envelope of uncer
tainty the wave fluctuates randomly. 
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In practical terms, this means that 
even in a vacuum, with no exter
nal light sources, there must still be 
small fluctuations in the electromag
netic field. 

In a sense it is really these vacuum 
fluctuations that underlie the fluctua
tions within ordinary beams of light. 
The wave representing a light beam 
can be seen as consisting of the 
fuzzy, irregular vacuum fluctuations 
superposed on the smooth wave de
scribed by classical physics. One 
could say that it is interference with 
the vacuum fluctuations that causes 
ordinary light waves to be noisy. 

This noise fundamentally limits 
the degree of precision possible in 
measurements involving light. It lim
its, for example, the precision of in
terferometers that gauge the interfer
ence pattern arising between beams 
of light that have been reflected off 
massive objects and then combined; 
such interferometers, which detect 
very small changes in the relative po
sitions of the massive reflectors, are 
components of devices designed to 
detect gravitational waves. Noise 
also limits the precision of spectros
copy, in which the frequency and in
tensity of the radiation emitted by at
oms or molecules yield information 
about their properties. Eventually 
quantum noise will also limit the 
power of such technologies as opti
cal computing and optical communi
cations. 

Squeezed light provides a way 
around some of these limits. The 
noise that bedevils such measure
ments can be squeezed from some 
parts of a light beam or, more direct
ly, from the quantum-mechanical 
vacuum itself. The end product of 
squeezing the vacuum is a propagat
ing beam that, in a special sense, con
tains less fluctuation than does an ab
solute vacuum: a beam of "light" that 
is darker than dark. By making ob-

servatiuns with a beam of squeezed 
light and a detector that looks only at 
the squeezed part of the light wave 
and not at the noisy part, one can 
make measurements with more pre
cision than seems possible under the 
constraints of the uncertainty princi
ple. (In fact, the uncertainty principle 
is not actually violated; the neces
sary uncertainties are merely redis
tributed in time.) 

How does the experimenter go 
about squeezing Iight7 A some

what extended physical analogy is 
an aid to understanding the mech
anisms involved. The oscillations of 
the electromagnetic field are analo
gous in some ways to the motions of 
a child's playground swing. Like the 
motions of a light wave, the oscil
lation of the swing has a particular 
frequency (the number of cycles, or 
round trips, the swing makes in a giv
en amount of time) and amplitude 
(the height to which the swing rises 
in each cycle). The relative motion of 
two children on swings, like that of 
two light waves, is expressed as their 
relative phase: the children are said 
to be swinging in phase if in every cy
cle they both reach the top of their 
motion at the same time. They are 
out of phase, to a greater or lesser de
gree, if they reach the top of their mo
tion at different times. 

Suppose a child in a playground 
chooses to pump a swing in a slightly 
unconventional way. Instead of lean
ing back and then forward once per 
cycle (the conventional method of 
pumping), he decides to stand on the 
seat or squat down on it at different 
times during the swing's cycle. If he 
squats as the swing approaches the 
top of its motion and stands when 
the swing gets closest to the ground 
(thereby doing work against centrifu
gal force), he will be adding energy to 
the swing's motion and amplifying it: 
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QUANTUM NOISE-the random fluctuation required by the 

laws of quantum mechanics-undermines the precision of light 

waves. The two shapes depicted here represent light waves. The 

noise inherent in the waves is reflected in their thickness and 
irregularity; if there were no noise, light waves would be rep

resented by smooth, two-dimensional sheets. In ordinary laser 

light (top) the noise is uniform throughout the wave. Uniform 

noise is also present in the darkness outside the laser beam 

(represented here by the flat part of the irregular shape). In 

"squeezed" light (bottom) noise has been manipulated so that 

part of the wave is less noisy (thinner and smoother in this de· 

piction) than unsqueezed light, although other parts are noisier. 
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the swing will go higher in every cy
cle. On the other hand, if the child 
squats when the swing is nearest the 
ground and stands as it rises, he will 
de amplify the swing's motion and it 
will not go as high in each subse
quent cycle. 

For the sake of our analogy, the 
child's pumping motion has two im
portant characteristics. The first is 
that the child stands and squats twice 
for every round trip made by the 
swing. Put in more technical terms, 

i 
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the frequency of the pumping action 
is twice the frequency of the swing's 
motion. The second important char
acteristic is that the swing's motion 
can be amplified or de amplified, de
pending on the relative phase of the 
standing and squatting (that is, de
pending on whether the child stands 
or squats at the top of the cycle). 

A similar kind of pumping can be 
applied to a light wave confined in an 
elongated cavity that has mirrors at 
both ends. Suppose the length of the 

cavity is an exact multiple of the 
wavelength of the light, so that a 
whole number of wavelengths fit 
within the cavity. As it is reflected 
from each end of the cavity the con
fined wave interferes with itself and 
resonates as a so-called standing 
wave, much as a sound wave reso
nates within an organ pipe. 

Now suppose it were possible to 
move the mirror at one end of the 
cavity back and forth (and thereby 
change the length of the cavity) at ex-

LIGHT in a cavity is represented as a combination of oscillating 
electric and magnetic fields. In classical physics coherent light, 
such as the light from a laser (a), can be represented by a thin 
line, because at any time the strengths of the electric and mag
netic fields are known with certainty. According to quantum me
chanics, however, the electromagnetic field strengths can be 
known only within an envelope of uncertainty (b, shaded region), 
and the measured fields (solid lines) can fluctuate anywhere 
within the envelope. Even in complete darkness (c) there must be 
some quantum uncertainty, and so the field strengths are not ex
actly zero; they too fluctuate within an envelope of uncertainty. 
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actly twice the frequency of the light 
wave. Changing the length of the 

. cavity in such a regular way would 
add or subtract energy from the light 
wave as it bounced off the mirror. 
Like the child's pumping motion, the 
mirror's vibration would either am
plify or de amplify the light wave, de
pending on the relative phase of the 
mirror's vibration and the light 
wave's oscillation. If the mirror's mo
tion has the right phase in relation to 
the light wave's oscillation, the wave 
is amplified: the oscillating electro
magnetic field grows stronger. If the 
mirror's motion has the complemen
tary phase, the wave is de amplified 
and the oscillating electromagnetic 
field grows weaker. 

To return to our analogy, now im
agine an entire playground full 

of children, all on swings. They are 
all swinging at the same frequency, 
but they are not in phase: at any giv
en moment some <:hildren may be 
near the top of the cycle while others 
may be close to the ground. Suppose 
a teacher comes into the playground 
and shouts "Stand . . .  squat. . .  stand . . .  
squat. . .  " into a megaphone at exact
ly twice the frequency of the chil
dren's swinging. Some of the chil
dren will be at or near the bottom of 
the cycle every time the teacher 
shouts "Stand," and others will be at 
or near the top. Those who stand 
near the bottom of the cycle will am
plify the motion of their swings, 
while those who stand near the top 
will de amplify the motion of theirs. 

Eventually the children who stand 
near the bottom of the cycle will be 
swinging with much greater ampli
tude than before, and those who 
stand near the top of the cycle will 
hardly be swinging at all. Then the 
playground will contain a number 
of children who are swinging very 
high-and are swinging almost ex
actly in phase with one another and 
with the orders given by the teach
er-and a number of other children 
who are essentially not swinging at 
all, even though they continue to 
stand and squat. 

It turns out that the vacuum noise 
in a cavity (the noise that is present 
even in darkness) bears a close re
semblance to the playground full of 
children swinging randomly. The 
vacuum noise can be thought of as 
consisting of many waves, all hav
ing the same frequency but random
ly varying amplitudes and phases. 
When all these waves are added to
gether, they produce the fuzzy, un
certain wave of the vacuum noise. 

APPARATUS for squeezing light is centered on a cavity that has mirrors at both ends. 
The cavity's length is an exact multiple of the wavelength of the light to be squeezed, so 
that the light resonates within the cavity, forming a set of standing waves. A chamber of 
sodium gas is placed within the cavity (center), and a laser beam is directed through the 
gas. The laser beam is reflected back on itself by a mirror (lower right) to form another 
standing wave (not shown) within the sodium chamber. This wave causes rapid varia
tions in the optical properties of the sodium, and hence rapid variations in the time 
light takes to travel the length of the cavity. As a result some of the waves resonating 
within the cavity are amplified, whereas others are damped. The effect is to increase 
the total amount of noise in some parts of the light and decrease the noise in others. 

If the many waves that make up 
the vacuum noise are analogous to 
the many children on swings, what 
component of the cavity is analogous 
to the teacher? This role is played by 
the vibrating mirror. Remember that 
the mirror amplifies all waves that 
have a certain phase with respect 
to its vibration and deamplifies all 
waves that have the complementary 
phase. The mirror will therefore am
plify some components of the vacu
um noise and damp out other compo
nents. Eventually the noise inside the 
cavity will consist of a number of 
waves of relatively high amplitude 
that are nearly in phase with one an
other (and with the mirror's vibra
tion) and a number of other waves 
that have extremely low amplitudes 
and are out of phase with the high
amplitude waves. This combination 
of waves is called a squeezed state: 
the vacuum noise has been squeezed 
out of some phases and into others. 

Squeezed vacuum noise is fun
damentally different from ordinary 
noise. Ordinary noise is a constant 
fuzz of uncertainty; in the squeezed 
state, on the other hand, the amount 
of noise increases and diminishes 
periodically. To see why that is so, 
consider just one of the component 
waves and compare it with a single 
child on a swing. In one cycle of the 
swing the child goes from a position 
near the ground to a position high 
above the ground in front of the 
swing set, back down to a position 
near the ground, up to a position high 

above the ground behind the swing 
set, and back down again to a posi
tion near the ground. The wave in the 
cavity represents oscillations of the 
electromagnetic field. Like the posi
tion of the child in relation to the 
swing set, the strength of the electro
magnetic field during one wave peri
od goes from zero up to some maxi
mum value, back to zero, down to 
some maximum negative value and 
back up to zero again. 

In every cycle of the wave, then, 
there are moments during which the 
strength of the field passes through 
zero. In the squeezed state, the 
waves that make up the noise are all 
approximately in phase, and so they 
all pass through zero at about the 
same time. This means that the field 
strength in the cavity (the sum of the 
fields represented by all the waves) 
will periodically be very low-just as 
if there were almost no electromag
netic noise at all. Between these mo
ments the field strength will be very 
high as all the waves simultaneous
ly reach their maximum positive or 
negative amplitude. The squeezed 
state thus consists of moments of 
what seem to be very low noise alter
nating with moments of what seem to 
be very high noise. Put another way, 
the squeezed vacuum is represented 
by a wave made up of alternating re
gions of low-amplitude fluctuations 
and high-amplitude fluctuations [see 
illustration on next page]. The enve
lope of uncertainty within which the 
field fluctuates has been pinched to-
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gether in the former regions and 
made wider in the latter. 

Our analogy seems to make im
possible demands of the "teach

er": the vibrating mirror. In fact one 
cannot vibrate a mirror at the neces
sary high frequencies. Nevertheless, 
we and our colleagues at the AT&T 
Bell Laboratories have used a mecha
nism that has the same effect as the 
hypothetical mirror to generate the 
first squeezed light ever observed. 
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The role of the hypothetical mirror 
was to change the length of the cavi
ty periodically_ In our experiment we 
did not vary the actual length of our 
cavity. Instead we varied what is 
called the effective optical length of 
the cavity. We did so by means of a 
chamber filled with gaseous sodium, 
which we placed in the cavity. 

The speed of light in sodium gas is 
lower than the speed of light in a vac
uum, because the sodium atoms tem
porarily borrow some of the light's 

energy as it passes through the gas. 
Thus a beam of light takes longer to 
traverse a path through th

'
e sodium 

gas than to traverse an equivalent 
path through the vacuum, and so the 
path through the sodium is in a sense 
optically "longer." One can increase 
the speed of light in sodium gas, how
ever, by "exciting" the gas with a la
ser of the appropriate frequency. Ex
cited sodium atoms are less likely to 
borrow energy from a light wave, 
and so light is able to travel more 

SQUEEZED LIGHT can take several forms, In each of them the 
envelope of uncertainty is pinched close together in some parts 
of the light wave and made wider in other parts. In the squeezed 
vacuum (a) brief periods in which random fluctuations are very 
small (represented by a narrow envelope of uncertainty) alter
nate with periods in which the fluctuations can be quite large. In 
one form of squeezed laser light, called phase-squeezed light (b), 
the envelope of uncertainty is wide when the field strength 
passes through its maximum value but narrow when the field 
strength passes through zero. Hence the wave's amplitude is un
certain, but its phase-its timing-is relatively certain, because 
it is relatively certain when the wave will go through the start of 
its cycle. In amplitude-squeezed light (c), on the other hand, the 
amplitude is relatively certain but the phase fluctuates widely. 
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quickly through excited sodium than 
through unexcited sodium. A path 
through excited sodium gas is there
fore optically shorter than a path 
through unexcited sodium. A laser 
could thus make it possible for us to 
cause rapid changes in the optical 
length of the sodium chamber within 
our cavity, and hence in the effective 
optical length of the cavity. 

To squeeze the vacuum fluctua
tions in our cavity, then, we aimed 
a laser beam at an oblique angle 
through the sodium chamber. A mir
ror reflected the laser beam back on 
itself, forming a standing wave. The 
standing wave periodically excited 
the atoms in the sodium chamber. 
We had arranged the apparatus in 
such 'a way that the frequency with 
which the standing wave excited 
the sodium atoms was exactly twice 
the frequency of the vacuum fluc
tuations we wanted to squeeze. 

The effect was precisely the same 
as if we had moved one of the reso
nant cavity's end mirrors back and 
forth at the right frequency: the peri
odic change in the optical length of 
the cavity squeezed the vacuum fluc
tuations. The mirror at one end of the 
cavity was only partially silvered, so 
that about 2 percent of the light im
pinging on it emerged from the cav
ity as a beam of squeezed light. The 
mirror at the other end was as close 
to totally reflective as possible, to 
prevent unsqueezed vacuum fluctua
tions from entering the cavity. 

The technique we used to squeeze 
the vacuum fluctuations

' 
is an ex

ample of a more general technique 
known as four-wave mixing or opti
cal phase conjugation [see "Applica
tions of Optical Phase Conjugation," 
by David M. Pepper; SCIENTIFIC AMER
ICAN,january, 1986]. The first investi
gators to suggest that four-wave mix
ing could squeeze light were Horace 
Yuen and jeffrey H. Shapiro of the 
Massachusetts Institute of Technolo
gy. Although we used sodium gas as 
the active medium in our apparatus, 
four-wave mixing can be based on 

. any of a number of materials called 
nonlinear optical materials: gaseous, 
liquid or solid materials whose op
tical properties vary depending on 
the amount of light passing through 
them. Examples include glass fibers, 
organic polymers and semiconduc
tors such as gallium arsenide. 

Since our demonstration other in
vestigators have also squeezed the 
vacuum fluctuations. Ling-An Wu, 
H.jeffrey Kimble,John Hall and Huifa 
Wu of the University of Texas at Aus
tin have provided the most spectacu-

lar demonstration to date. They used 
a crystal of lithium niobate as their 
active medium and pumped it with a 
green laser at the right frequency to 
squeeze fluctuations in the near
infrared part of the spectrum. They 
have recently been able to reduce 
the noise in one part of the wave by 
as much as 70 percent. The corre
sponding noise increase in the other 
part of the wave was no larger than 
could be expected from the uncer
tainty principle. Their ability to re
duce the noise even further was lim
ited only by imperfections in the op
tical components of their apparatus. 

In another interesting result, Rob
ert M. Shelby, Marc D. Levenson, 
S. H. Perlmutter, Ralph G. DeVoe and 
Dan F. Walls of the IBM Almaden Re
search Laboratories have been able 
to squeeze fluctuations in an optical 
fiber rather than in a conventional 
resonant cavity. They were only 
able to achieve a noise reduction of 
about 13 percent, because of the scat
tering and absorption of light by the 
glass of which the fiber was made. 

Once squeezed light has been gen
erated, how can it be detected? 

How can an experimenter determine 
that he has indeed squeezed the vac
uum fluctuations? There are two ma
jor difficulties involved in designing 
a detector for squeezed light. First, 
the detector itself has to operate 
without adding noise to the delicate 
signal. Second, a squeezed-light de
tector must be able to look at only a 
part of the light emerging from the 
cavity. Remember that the squeezed 
vacuum consists of an alternating 
sequence of high-amplitude fluctua- . 
tions and low-amplitude fluctuations. 
Conventional photodetectors would 
register the high-amplitude fluctua
tions, obscuring the brief moments 
when the fluctuations were smaller 
than the vacuum noise. 

Our detector is too complex to de
scribe in detail here, but we shall 
give a brief account of the principles 
by which it operates. A key element 
in the detector is a beam of high-am
plitude laser light called the local os
cillator. The local-oscillator beam is 
actually a portion of the laser beam 
that "pumps" the sodium chamber, 
and so it has the same frequency as 
the squeezed light that emerges from 
the cavity. The squeezed light itself, 
when it emerges from the cavity, is 
divided into two beams by a half
silvered mirror. The local-oscillator 
beam is directed toward the same 
half-silvered mirror in such a way' 
that it will also be split into two 

beams, each of which combines with 
one of the squeezed-light beams. The 
result is two separate beams, each 
made up of a squeezed-light beam 
combined with a beam from the lo
cal oscillator. Each of the combined 
beams then impinges on a photo
detector, generating an electronic 
signal. 

The photodetectors measure only 
the amplitude of any impinging light 
wave; that is, they tell only how high 
the "peak" of the wave is. The local
oscillator wave has a much higher 
amplitude than the squeezed-light 
wave, and so the shape of the com
bined wave-including the location 
of its peak-is determined largely by 
the local-oscillator wave. Because the 
peak is the only part of the combined 
wave the detector looks at, the only 
part of the squeezed-light wave that 
can have any effect on what the pho
todetector registers is the one that 
roughly coincides with the peak of 
the local-oscillator wave. The func
tion of the local-oscillator wave, then, 
is to determine which part of the 
squeezed wave is able to register on 
the photodetector: in effect, to turn 
the photodetector on for a specific 
segment of the cycle. 

After the combined waves have im
pinged on the photodetectors, the 
signals from the two photodetectors 
are electronically combined in a way 
that subtracts out the amplitude of 
the local oscillator. This procedure 
also cancels any fluctuations there 
may be in the local-oscillator beam. 
What is left is the tiny signal due to 
the part of the squeezed wave that 
coincided with the peak of the local
oscillator wave. By changing the rela
tive phase of the squeezed wave and 
the local-oscillator wave (which can 
be done by causing the local-oscilla
tor beam to follow a slightly longer 
route on its way to the half-silvered 
mirror), the experimenter can exam
ine different parts of the squeezed 
wave and thereby build up a picture 
of the entire wave of squeezed light. 

Up to now we have discussed the 
squeezing of the vacuum fluctua

tions but said little about how the 
fluctuations in light beams, such as 
laser beams, can be squeezed. The 
techniques involved are similar to 
those by which the vacuum fluctua
tions are squeezed. The end product 
is quite different, however, because 
of the nature of the uncertainty that 
accounts for the fluctuations. 

The fluctuations inherent in laser 
light embody two kinds of uncertain
ty. For one, they represent uncertain-
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ty in amplitude: the amplitude of a 
wave of coherent light fluctuates ran
domly within an envelope of uncer
tainty. They also represent a subtler 
kind of uncertainty: the phase of the 
wave also varies within an envelope 
of uncertainty. Put another way, one 
cannot predict with absolute accura
cy either exactly what the maximum 
strength of the electromagnetic field 
will be or when the field strength will 
pass through zero. (One can describe 
the phase of a wave by specifying 
when it passes through the "start" of 
its cycle, at zero.) 

In squeezing laser light it is possi
ble to reduce either one of these un
certainties, but only at the expense of 
increasing the other. The reason is 
that, just as in squeezing the vacuum 
fluctuations, whenever the envelope 
of uncertainty is pinched together in 
one part of the wave, it must be made 
wider in other parts. 

For example, one can squeeze the 
envelope so that it is very narrow 
near the peak of the wave. Then 
one would know the wave's ampli
tude with great certainty. In order to 
do so, however, one would have to 
broaden the envelope in the region 
where the wave passes through zero, 
thereby increasing the uncertainty of 
the wave's phase. Conversely, one 
could squeeze the envelope of uncer
tainty near where the wave passes 
through zero, thus decreasing its un-

a 

certainty in phase, but only at the ex
pense of making the envelope wider 
near the wave's peak and so increas
ing uncertainty about its amplitude. 
Either kind of squeezed laser light 
can be useful, depending on whether 
one wants to measure an effect that 
depends on phase or one that de
pends on amplitude. 

Most applications for squeezed 
light that have been developed 

to date rely on squeezed vacuum 
fluctuations. One example involves 
interferometers that are being devel
oped to measure the gravitational 
waves thought to be caused by such 
catastrophic events as the gravita
tional collapse of a star that triggers 
the explosion of a supernova [see 
"Gravitational Wave Observatories," 
by Andrew D. Jeffries, Peter R. Saul
son, Robert E. Spero and Michael E. 
Zucker; SCIENTIFIC AMERICAN, June, 
1987]. In one such interferometer 
light from a laser is split into two 
beams. Each beam is sent down a 
separate arm of the interferometer, 
where it is reflected back toward the 
center of the device by a massive 
mirror. The beams are recombined, 
and changes in their interference pat
tern are used to gauge changes in the 
positions of the massive mirrors. 

According to an analysis by Carl
ton M. Caves of the California In
stitute of Technology, the precision 

INTERFEROMETER designed to detect gravitational waves could be made more pre· 
cise with the aid of squeezed light. In current designs (a) a laser beam (left) is split by a 
half-silvered mirror (center), bounced off massive reflectors (top and right) and recom· 
bined at the mirror, where the separated beams interfere with each other. Part of the 
combined beam strikes a detector. When one of the reflectors moves under the influ· 
ence of a gravitational wave, the interference pattern of the recombined beams chang
es, which changes the amount of light entering the detector. The interferometer's pre· 
cision is limited by noise, which enters the system at the beam-splitting mirror and ob
scures the beam that reaches the detector. A solution (b) is (0 aim a propagating beam 
of squeezed vacuum fluctuations at the mirror. Then the noise in the output beam 
would diminish periodically, a special detector measures unly quiet parts of the beam. 
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with which such devices can be oper
ated has already reached the limits 
set by the presence of vacuum fluc
tuations in the device. By ailTl,ing a 
propagating beam of squeezed vacu
um fluctuations into the device and 
thereby quieting the vacuum fluctua
tions during part of each wave cycle, 
it should be possible in principle to 
achieve an increase in accuracy by a 
factor of about a million. Practical 
considerations, such as the imperfec
tion of optical components, sharply 
limit the gain in precision that can ac
tually be achieved, but with present
day equipment it may still be possi
ble to increase the accuracy of inter
ferometers by as much as a factor 
of 10. Several squeezed-light interfer
ometers are now being built to dem
onstrate this increased sensitivity. 

Optical ring gyroscopes provide 
another area of application. Such de
vices detect and quantify rotational 
motion by gauging changes in the in
terference patterns of laser beams 
sent in opposite directions around a 
fiber-optic ring [see "Optical Gyro
scopes," by Dana Z. Anderson; SCIEN
TIFIC AMERICAN, April, 1986]. One in
teresting experiment involving op
tical ring gyroscopes would be to 
measure the distortion of space due 
to the earth's rotation that is predict
ed by the general theory of relativity. 
The effect should be very small; the 
experiment would require measur
ing a quantity about a billionth as 
large as the earth's rate of rotation. 
Nevertheless, the experiment might 
be possible if the accuracy of ring gy
roscopes could be increased by a fac
tor of 10; squeezed light could pro
vide that increase in sensitivity. 

In some fields, then, physicists have 
already achieved such a high de

gree of accuracy that in order to 
make any turther progress they must 
somehow evade the limits to preci
sion that seem to be demanded by 
the uncertainty principle. In these 
fields squeezed light, in which uncer
tainty is redistributed, can be put 
to work immediately. In the coming 
years we can expect that experimen
tal accuracy in an increasing number 
of other studies will also reach this 
point. One can even imagine that 
sometime in the future such practi
cal disciplines as optical communica
tions and optical computing will rely 
on devices so finely tuned that they 
too will have to turn to squeezed 
light for greater fidelity and preci
sion. This new kind of light is certain 
to help physicists see more clearly 
for many years to come. 
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NordicTrack 
is the Best ... 
Here's the evidence ... 
A major university performance 
laboratory concluded that Nordic
Track provided a greater workout than 
an exercise bike or a rowing machine. In 4 separate 
tests, NordicTrack users burned more calories and 
obtained significantly more cardiovascular exer
cise than from any other machine tested.* 

More complete workout 
than an exercise bike 
NordicTrack's efficient arm exerciser provides 
upper body exercise missing on a stationary bike. 
NordicTrack's standing position also exercises the 
lower body muscles much more uniformly. By 
exercising all major muscle groups, NordicTrack 
provides a higher total energy output with-
out fatiguing individual muscles. On an 
exercise bike, your legs do all the work, 
while your arms go along for the ride. 

Safer, more thorough exercise 
than a rowing machine 
Unlike rowing machines, NordicTrack's arm and 
leg resistance can be adjusted independently so 
you can set the tension ideally for your arms and 
legs. NordicTrack's standing exercise position 
avoids the lower back pain often associated with 
rowers, while more uniformly exercising all the 
body's major muscles. 

*Scientific Test Results included in NordicTrack Brochure 
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Best Way 
to Lose Weight 

cise is the most effective way to lose 
_a ""pi . And no other exercise machine burns 

more calories than NordicTrack ... so you can 
lose weight faster without dieting. 

Easiest way to the best workout 
Experience the best total-body aerobic exercise 
available in the comfort and convenience of your 
home. Easy and fun to use. NordicTrack occupies 
only 17 x 23 inches of floor space when stored
and it unfolds in just seconds. 

Duplicates the world's best exercise
Cross Country Skiing. 
IfNordicTrack is for everyone who wants the 

benefits of the world's best aerobic exercise, 
ross country skiing. Even if you've never skied 

(and never plan to), in a few minutes you'll soon 
be 'tracking.' T he smooth rhythmic motion used 
while on the NordicTrack makes exercising 
pleasant and easy to sustain." Bill Koch 

Olympic 
Silver Medalist 

FREE BROCHURE AND VIDEOi 
Call Toll Free or Write: I 

1-800-328-5888 I 
In Minnesota: 1-612-448-6987 I 
In Canada: 1-800-433-9582 I 
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New from W. H. Freeman and Company 
The book publishing arm of Scientific American 

A book for anyone with a computer 
and a love of adventure 

THE ARMCHAIR 
UNIVERSE An Exploration of 
Computer Worlds 
A. K. Dewdney 

Explore the infinitesimal 
reaches of the Mandelbrot 
set...visit the four
dimensional realm of hyper 
cubes ... or blast off to a 
distant galaxy of dancing 
stars. This collection of 
A. K. Dewdney's popular 
"Computer Recreations" 
column in Scientific 
American lets you try 
dozens of new computer 
recreations ranging from 
sci-fi games to practical 
applications of scientific 
thought. 

330 pages, 8 pages color, 125 illustrations 
0-7167-1938-8 $13.95 Paper 0-7167-1361-6 $19.95 Cloth 

A consumer's guide to help dog lovers 
choose the right breed-whether they live 
In a mansion or a studio apartment 

THE PERFECT PUppy 
Selecting Your Dog by Its Behavior 
Benjamin l. Hart 
and Lynette A .  Hart 

This new book gives dog 
lovers reliable professional 
advice on what they need 
to consider to choose the 
breed best suited to their 
lifestyles, their schedules, 
and their homes. The 
authors profile 56 
American Kennel Club 
breeds and computer
rank them in 13 
behavioral categories
including barking, biting, 
and trainability. 

182 pages, 147 illustrations 
0-7167-1829-4 $9.95 Paper 0-7167-1926-6 $19.95 Cloth 

A book to help us think critically about the 
statistics we see every day 

HOW TO THINK ABOUT 
STATISTICS 

John l. Phillips Jr. 

This common-sense intro
duction to the logic of 
statistical analyis and 
problem solving helps us 
understand and use sta
tistical concepts and 
make better sense of the 
social statistics, advertis
ing claims, economic 
forecasts, and political 
issues we encounter 
every day. 

198 pages, 63 illustrations 
0-7167-1923-1 $9.95 Paper 0-7167-1922-3 $17.95 Cloth 

A book to let the imagination soar 
to the limits of possibility-and beyond 

NO WAY 
The Nature of the Impossible 
Edited by Philip J. Davis and David Park 

This original. mind-opening 
book explores the 
challenges, goals, limits, 
and illusions at the 
frontiers of human 
endeavor. "A charming, 
engaging, thought
provoking book that 
challenges preconcep
tions at every turn." 
los Angeles Times 

Now in Paperback! 
352 pages, 14 illustrations 
0-7167-1966-5 $10.95 Paper 
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Available at fine bookstores or order direct from 

W. H. FREEMAN AND COMPANY 
The book publishing arm of Scientific American 
4419 West 1980 South, Salt Lake City, Utah 84104 
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Tumor Necrosis Factor 

First identified because of its anticancer activity, the factor is 
now recognized to be one of a family of proteins that orchestrate 
the body's remarkably complex response to injury and infection 

R
re events, properly interpret
ed, have been the source of 
much progress in science. The 

spontaneous regression of cancer is a 
case in point. Before the turn of the 
century a few astute physicians ob
served that shrinkage of malignant 
tumors in patients sometimes coin
cided with the development of bacte
rial infections. They postulated that 
infectious agents or their products 
might somehow fight cancer. 

This notion, and the later data that 
supported it, prompted decades of 
search for a mechanism that could 
lead from infection to cancer regres
sion. Some evidence suggested that 
the bacteria did not kill tumors di
rectly but instead strengthened the 
activity of forces in the body that are 
capable of restraining cancer. In pur
suit of this idea, my colleagues and I 
at the Memorial Sloan-Kettering Can
cer Center some 15 years ago dis
covered a small polypeptide, or pro
tein, that is produced by the body in 
the course of bacterial infections and 
that kills tumors in mice. We and oth
ers are now in the early stages of test
ing the substance, which we named 
tumor necrosis factor, as an antican
cer treatment for human beings. 

Although the factor was initially 
discovered because of its cancer-kill
ing activity, efforts to elucidate its 
functions further have revealed that 
it is also a central regulator of in
flammation and immunity, the inter
twined processes that limit and re
pair injuries and fight infection. It is 
one of a family of so-called cytokines: 
polypeptide mediators that transmit 
signals from one cell to another. To
gether with other substances, cyto
kines constitute the molecular lan
guage of inflammation and immunity 
and form a complex interacting and 
overlapping network of signals that 
orchestrate the body's defensive re
actions. These potent and sometimes 

by Lloyd]. Old 

toxic proteins can elicit, enhance or 
inhibit one another's effects. 

Like tumor necrosis factor, certain 
other cytokines, such as interferon 
(a general term for several structural
ly related molecules), are known to 
have anticancer activity and are also 

showing some promise as cancer 
therapies. A gradually deepening un
derstanding of the individual and 
combined effects of the cytokines is 
leading to treatments for other condi
tions as well. For example, interferon 
has been shown in human trials to 

HEMORRHAGIC NECROSIS of a cancerous tumor in a mouse occurs soon after the ani
mal is injected with endotoxin, a component of gram-negative bacteria. Whereas the 
cancer in an untreated animal thrives (top), the tumor in the treated animal bleeds into 

itself (hence the black color) and dies (bottom). It is now believed that this effect of en

dotoxin is not a direct one. Instead the endotoxin causes certain cells in the body to 
secrete tumor necrosis factor (TN F), which then acts as an agent of tumor destruction. 
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WILLIAM B. COLEY stimulated much of 

the research that led to the discovery of 

tumor necrosis factor. Near the turn of 
this century he began to treat cancer pa
tients with a killed-bacteria vaccine and 

observed that their tumors sometimes re

gressed. Later work showed that the vac
cine did not kill cancers in the test tube, a 

finding that provoked a search for latent 

anticancer forces aroused in the body by 
bacterial products. The search resulted 

in the identification of TNF in the 1970's. 

control certain viral infections; other 
cytokines that stimulate the produc
tion of infection-fighting blood cells 
are also being tested in the clinic. It 
seems likely that cytokines them
selves, or substances that induce 
their release, will eventually be ad
ministered to strengthen the body's 
ability to fight a wide range of dis
eases. Conversely, inhibitory factors 
that restrain the polypeptide media
tors in instances where they are toxic 
are also likely to become valuable 
therapeutic agents. 

The story of the discovery of tu
mor necrosis factor properly be

gins with William B. Coley, a surgeon 
at Memorial Hospital in New York 
from 1892 to 193 1. In the late 19th 
century he and a few other phYSi
cians had some success in treating 
cancer patients by infecting them 
with live bacteria. There were, how
ever, serious problems with this ap
proach. Infection could not be in
duced in some patients. Moreover, 
in the pre-antibiotic era the difficulty 
of controlling the infections that did 
result was cause for concern. Co
ley therefore developed vaccines of 
killed bacteria, which came to be 

60 

known as Coley's toxins. These re
produced many of the symptoms of 
bacterial infection, such as fever and 
chills, but they could be adminis
tered without fear of producing an 
actual infection. Tumors in some pa
tients treated with the toxins dimin
ished or disappeared, but (as was the 
case with infection by live bacteria) 
the results were inconsistent. In the 
end radiation therapy and chemo
therapy essentially supplanted Co
ley's approach. 

Interest in the potential value of mi
crobes as treatments for cancer 
might have died with Coley, but his 
daughter Helen Coley Nauts of the 
Cancer Research Institute dedicated 
herself to making physicians aware 
of his results. Interest also lived on in 
the laboratory. There investigators 
confirmed that a range of infectious 
agents and their products had anti
cancer effects in animals. In partic
ular, they demonstrated that the in
jection of live or killed strains of 
gram-negative bacteria could cause 
hemorrhagic necrosis of mouse tu
mors: the tumors bled into them
selves, turned black and dried up. 

In work that was important to the 
later discovery of tumor necrosis fac
tor, Murray ]. Shear and his col
leagues at the National Cancer Insti
tute in 1943 identified and purified 
the active component of the gram
negative bacteria, determining that it 
was a complex fat-and-sugar com
pound now called lipopolysaccha
ride (LPS). Subsequent work showed 
that the compound is a constituent 
of the bacteria's outer wall and that 
it has both beneficial and harmful 
effects. In addition to causing hem
orrhagic necrosis of tumors, LPS in
creases an animal's resistance to new 
bacterial infections and to lethal 
doses of X rays. In minute quanti
ties the substance also causes fever, 
which in moderation may well help 
to combat infection; in greater 
amounts LPS can lead to shock and 
death. (The toxic properties ofLPS ac
count for its other name, endotoxin.) 

In the late 195 0's Baruj Benacerraf, 
then at the New York University Med
ical Center, and I studied another 
bacterial agent that later would also 
play a role in the discovery of tumor 
necrosis factor: bacillus Calmette
Guerin, or BCG. This microbe, an at
tenuated form of the organism caus
ing tuberculosis, induces a self-limit
ing infection in mice and makes them 
more resistant to subsequent bacteri
al infection and to tumor growth. 

These animal studies and others 
demonstrated that bacterial products 

could indeed lead to the destruction 
of cancers, but the findings by no 
means explained how they did so. 
Test-tube studies provided a' hint: 
neither LPS nor BCG inhibited or killed 
tumor cells directly. Surely the mi
crobial action was indirect and was 
mediated by something in the host. It 
was at this stage that Elizabeth A. 
Carswell, Robert L. Kassel, Barbara D. 
Williamson and I discovered tumor 
necrosis factor. 

W hile searching for substances 
produced by the body that 

would restrain the growth of can
cer and yet leave normal cells un
harmed, we had noted that blood 
drawn from normal mice inhibited 
the growth of leukemic cells in other 
mice while exerting no apparent ef
fect on their healthy tissues. Now we 
wanted to find ways to increase the 
level of the putative cancer-inhibit
ing factor. Since LPS and BCG render 
mice more resistant to tumor growth, 
we injected these substances into 
healthy mice, drew blood and ex
amined the effect of the blood on tu
mors in other mice. 

In one set of tests we injected ani
mals with BCG and, some days later, 
injected them with LPS. Blood from 
these mice induced hemorrhagic ne
crosis in tumors of other animals and 
was highly toxic to cancer cells in the 
test tube. After ruling out the possi
bility that residual BCG and residual 

LPS (a more difficult possibility to ex
clude) in the blood might have been 
responsible for the tumor damage in 
the treated mice, we were left with 
one probable explanation for our 
findings: the animals injected with 

BCG and LPS had produced large 
amounts of an antitumor factor, and 
it was this factor that was responsible 
for the cancer killing. In view of the 
striking damage the substance did to 
mouse tumors, we called it tumor ne
crosis factor. The factor has subse
quently been found to reproduce
and to be a mediator of-many of the 
effects OfBCG and LPS. 

What was the source of tumor ne
crosis factor? For several reasons we 
assumed it came mainly from activat
ed macrophages, or cells that engulf 
and degrade bacteria, dead cells and 
other debris in the body. In particu
lar, we knew that both BCG and LPS 
activate macrophages and increase 
their number in the body, and we 
knew that when macrophages stimu
lated by LPS or BCG are mixed with tu
mor celis, the tumor cells are killed. 

Once we discovered tumor necro
sis factor in mice, we quickly showed 
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RAM-NEGATIVE 
BACTERIUM 

that rabbits, rats and guinea pigs also 
produce it. The next step was to iso
late it from blood serum and define 
its chemical characteristics so that 
enough of it could be produced for 
extensive study. The process of puri
fication was arduous because, al
though the factor can be detected in 
blood drawn from animals treated 
with BeG and LPS, it is usually present 
in extremely small amounts. More
over, at each stage of purification we 
had to satisfy ourselves that the fac
tor was still present. We did so by as
saying each isolate for specified ac
tivities. For example, the isolate had 
to cause hemorrhagic necrosis of tu
mors in animals; it had to kill certain 
types of cancer cells in the test tube, 
and the effect had to be produced by 

LI POPOl YSACCHARIDE 

LIPID A CORE 
, I 

I 
O-SPECIFIC 

CHAIN 

ENDOTOXIN, the most potent stimulator of TNF production known, resides in the cell 

wall (a) of gram-negative bacteria and protrudes from the outer membrane (b). The sub
stance, also known as lipopolysaccharide, or LPS (c), is composed primarily of fat (long 
squiggles) and sugar (hexagons). Phosphate (dots) and another phosphorus-containing 

compound (dot with tail) are also present. The length and number of fatty chains and 
the specific sugars in the LPS molecule vary with the bacterial species. The endotoxin 
core includes several sugars (distinguished by color); the O-specific chain, a major anti

gen recognized by the body, consists of a group of sugars (bracketed) repeated many 
(n) times. Lipid A is responsible for the antitumor effects (and for many properties) of 

LPS. The illustration of the LPS molecule is based on the work of Otto Westphal and his 

colleagues at the Max Planck Institute of Immunobiology in Freiburg, West Germany. 

progressively smaller quantities at 
successive stages of purification. 

S aul Green, a colleague of ours at 
Sloan-Kettering, began the purifi

cation process and isolated enough 
of the mouse factor to enable us to 
demonstrate that the effect on animal 
tumors and the effect on malignant 
cells in the test tube were the work of 
a single substance rather than of two 
associated substances, one active in 
the body and the other active in the 
test tube. We also demonstrated that 
the substance is a protein. Katsuyuki 
Haranaka, first as a member of our 
group and then with Nobuko Sato
mi of the University of Tokyo, con
tinued the effort and eventually 
succeeded in obtaining a single poly-

peptide-pure tumor necrosis fac
tor-from the blood of both mice and 
rabbits. 

Meanwhile Danielle N. Mannel and 
Stephan E. Mergenhagen of the Na
tional Institute of Dental Research 
and N. Matthews of the University of 
Wales proved that macrophages do 
indeed produce tumor necrosis fac
tor. In search of a human cell type 
that could be coaxed to produce high 
quantities of the factor in culture, Wil
liamson, Carswell and I, along with 
Berish Y. Rubin of the New York 
Blood Center, then screened many 
types of human cells and found that 
defensive cells other than macro
phages also secreted a factor that ex
hibited the known activities of tumor 
necrosis factor. 

MACROPHAGES (left) spread and enlarge (right) when they are 

exposed to LPS, indicating that they have become activated. The 

cells, which play a central role in inflammation and immunity 
and can kill cancer cells, secrete dozens of factors, including tu-

mor necrosis factor, that carry out many of their activities. For 
example, Hans Schreiber and his colleagues at the University of 
Chicago and Genentech, Inc., have shown that TNF is an impor

tant mediator of cancer-cell killing by activated macro phages. 
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20 

Ala Alanine Gin Glutamine Leu Leucine Thr Threonine 
Arg Arginine Glu Glutamic Acid Lys Lysine Trp Tryptophan 
Asn Asparagine Gly Glycine Phe Phenylalanine Tyr Tyrosine 
Asp Aspartic Acid His Histidine Pro Proline Val Valine 
Cys Cysteine lie Isoleucine Ser Serine 

MOLECULE of human tumor necrosis factor is a protein consist

ing of 157 amino acids_ The amino acid sequence was deter-

mined in 1984, the year the gene encoding TNF was first cloned 
by several groups associated with biotechnology companies. 

Our work with the mouse and hu
man factors soon enabled us to un
cover two features of tumor necrosis 
factor that may have important im
plications for treatment. We found 
that tumor necrosis factor and in
terferon-which was also known to 
have antitumor effects-act synergis
tically. Exposure of cancerous cells 
to both factors together results in a 
far greater cell kill than would be ex
pected if the individual effects of the 
two substances were simply added 
together. We also found that human 
tumor necrosis factor, like the mouse 
variety, lacks species specificity: it 
kills cancer cells from mice as well as 
from human beings. Interferon, in 
contrast, is species-specific. 
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The decade-long effort to purify tu
mor necrosis factor finally culminat
ed in 19 84 with the cloning of the 
gene, the identification of the pro
tein's amino acid sequence and the 
production of large quantities of the 
factor by several groups associated 
with biotechnology companies, in
cluding David V. Goeddel and his col
leagues at Genentech, Inc., and Wal
ter Fiers and his co-workers at the 
State University of Ghent and at Bio
gen SA. Since then there has been an 
explosion of information about the 
factor's activities. 

It is now clear that tumor necrosis 
factor elicits a remarkable range of 
reactions in the body and that it will 
be some time before a complete pic-

ture of its normal functions is con
structed. Nevertheless, research has 
shown that tumor necrosis factor is 
crucial to inflammation and immuni
ty, is secreted early in these proces
ses and stimulates defensive cells to 
produce many other polypeptides. 

In order to understand the role of tu
mor necrosis factor in inflamma

tion and immunity, one must have 
a sense of the events set in motion 
by an injury, whether it results from 
mechanical trauma, from chemicals 
or from infection. What follows is a 
highly Simplified outline and neces
sarily omits a host of important ac
tors and events. I should point out 
that, in theory, inflammation can be 
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viewed as the aspect of the defensive 
function that confines and repairs in
jury, and immunity as the aspect that 
specifically neutralizes invading mi
crobes and confers immunity to fu
ture infection by the same invader. 
In reality the two are inseparable: 
most of the cells and molecules that 
defend the body are involved in both 
inflammation and immunity. 

In the first phase of the response 
to injury white blood cells known 
as polymorphonuclear leukocytes, 
or granulocytes, leave the flowing 
blood and adhere to endothelial 
cells, the cells that line blood vessels. 
The endothelial cells spread apart 
somewhat and enable the granulo
cytes to pass into the injured tissue, 
where they ingest and destroy any 
microbes that may have entered the 
wound. (When large numbers of the 
white cells accumulate and die at the 
inflamed site, they form pus.) 

Macrophages soon join the battle 
in force and replace the granulocytes 
as the predominant cell type at the in
jury. The macrophages swallow and 
destroy bacteria, particularly those 
coated with antibody, and damaged 
cells. At the same time other blood 
cells also become more active: Tlym
phocytes (white cells that mature in 
the thymus) proliferate and arouse 
other defensive cells, including B 
lymphocytes, which divide, differen
tiate and secrete antibodies in quanti
ty. As the infection is controlled, con
nective-tissue cells called fibroblasts 
and other cells begin to repair dam
aged tissue. 

Tumor necrosis factor starts to ex
ert its many effects once macrophag
es, which also release the cytokines 
known as interleukin-l and colony
stimulating factors, take the offen
sive. Interleukin-l is unlike tumor 
necrosis factor in structure but has 
many of the same activities. Colony
stimulating factors cause the bone 
marrow to produce blood cells, such 
as polymorphonuclear leukocytes 
and monocytes (which are precur
sors of macro phages). 

Michael P. Bevilacqua, Jordan S. 
Pober and Michael A. Gimbrone, Jr., 
of the Harvard Medical School have 
found that both tumor necrosis factor 
and interleukin-l stimulate endothe
lial cells to synthesize molecules that 
increase the adhesion of granulo
cytes to the surface of blood vessels. 
Tumor necrosis factor also has a di
rect effect on the granulocytes, in
creasing their attachment to the ves
sel wall and their migration into dam
aged tissue. In addition, Michael A. 
Palladino, Jr., of Genentech and Carl 
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TNF-CONTAINING MATERIAL can be harvested from the blood of mice that have been 
injected first with the bacterium bacillus Calmette-Guerin (BeG) and then with LPS (a) or 

from the fluid produced by cultured macrophages mixed with LPS (b). Purification of 
such materials made it possible to clone the TNF gene and insert it into bacteria that 

produce the factor in quantity (c). Showing that TNF is present in a preparation (bottom) 
requires demonstrating that the collected material can cause hemorrhagic necrosis of 

tumors in animals and can kill L cells (a strain of malignant cells) grown in culture. 

ONE ACTIVITY of tumor necrosis factor can be demonstrated readily in the test tube. 

Endothelial cells (large bumps), which line blood vessels, do not ordinarily interact with 

polymorphonuclear leukocytes (bright bodies)-a type of white blood cell that digests 
bacteria-when the cells are mixed (left). Exposure of the endothelial cells to TNF or in

terleukin-l, another macrophage product, causes the cells to synthesize molecules that 
promote the adherence of leukocytes (right). A similar phenomenon presumably oc

curs in the body. in response to an injury, TNF and other factors promote the attach

ment of leukocytes to the blood-vessel wall, aiding their migration into injured tis

sue. Michael A Gimbrone, lr., of the Harvard Medical School provided the micrographs. 
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F. Nathan of the Cornell University 
Medical College have demonstrated 
that the factor is one of the most po
tent signals for stimulating granulo
cytes to produce toxic oxygen prod
ucts that destroy bacteria. 

gamma interferon (which further ac
tivates macrophages), several oth
er factors that trigger the multiplica
tion of B cells, and colony-stimulating 
factors [see illustration on opposite 
page]. Activated T cells produce a 
substance known as lymphotoxin as 
well; this cytokine is quite similar to 
tumor necrosis factor in both struc
ture and function. It was discovered 
by Gale A. Granger and T. W. Wil-

Tumor necrosis factor, along with 
interleukin-l, also plays a part in the 
activation of T lymphocytes. These 
cells in turn produce interleukin-2 
(a growth factor for T and B cells), 
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Mast Cell Growth Factor 
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(BSF-l) 
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Eosinophil Differentiation 
Factor, 8-Cell Growth 
Factor-II (BCGF-II) 
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(BSF-2), Interferon-�2 
Hepatocyte-Stimulating 
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Colony-Stimulating Factors Granulocyte Macrophage- CSF-2 
(CSF) CSF (GM-CSF) 
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Other Growth and Epidermal Growth Factor 
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Fibroblast Growth Factor 
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Insulin-like Growth 
Factor-l (lGF-l) 

Insulin-like Growth 
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Transforming Growth 
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Transforming Growth 
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PROTEIN FACTORS involved in inflammation, immunity and the growth and inhibition 

of cells are often grouped into families. There is considerable overlap in the activities 
of the factors, however: structurally unrelated molecules, such as tumor necrosis fac

tor and interleukin-l, elicit many of the same effects. Adding to the complexityl individ

ual factors can cause cells to secrete other factors and can potentiate or antagonize 

one another's effects. Lymphotoxin, which is in the TNF family, is produced by Tlym

phocytes: white blood cells critical to the killing of infected cells. It is grouped with TNF 
because it is structurally and functionally related to the TNF produced by macrophages. 
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Iiams of the University of California 
at Irvine and Nancy H. Ruddle and 
Byron H. Waksman of the Yale Uni
versity School of Medicine. 

Like the Tlymphocytes, B lympho
cytes are affected by tumor necrosis 
factor and interleukin-l .  The factors 
regulate the production of antibodies 
by B cells; they also cause many cell 
types, including endothelial cells and 
fibroblasts, to secrete still more of the 
colony-stimulating factors. 

Certain systemic effects of the in
flammatory and immune responses 
can also be traced in part to tumor ne
crosis factor and other cytokines. For 
instance, tumor necrosis factor and 
interleukin-l act on the temperature 
centers of the brain to produce fever. 
Another effect-the increased circu
lation in the blood of so-called acute
phase proteins-is an indirect result 
of the release of tumor necrosis fac
tor. The acute-phase proteins, pro
duced by the liver, are thought to 
increase the efficiency of inflamma
tory reactions, and they appear to be 
regulated by a recently described 
factor called interleukin-6. This fac
tor is synthesized by a variety of cell 
types in response to tumor necrosis 
factor, interleukin-l or interferon. 

Inflammation and immunity, like all 
other normal reactions of the body, 

are meant to preserve or restore 
health. They can nonetheless cause a 
range of uncomfortable symptoms. 
The typical effects were identified 
by the Roman physician Aulus Cor
nelius Celsus: rubor (redness), tu
mor (swelling), calor (heat) and dolor 
(pain). Symptoms can vary widely, 
however, and include such discom
forts as the stuffy, runny nose of a 
cold or an allergy. It generally is not 
the microbes invading the body that 
make one feel ill but the body's re
sponse to those invaders. If the de
fensive response is too vigorous or 
goes on too long-as it does when an 
infection is chronic-it can actually 
do permanent harm. Such is the case 
with rheumatoid arthritis, in which 
chronic inflammation can produce 
debilitating effects. A vigorous in
flammatory response can also cause 
shock and death. Recent work im
plicates tumor necrosis factor as a 
cause of many negative effects asso
ciated with the defensive response. 

For instance, studies have suggest
ed that tumor necrosis factor might 
contribute to cachexia: a condition 
marked by a profound weight loss 
stemming from the disappearance 
of fat deposits and the shrinkage 
of muscles. This disorder sometimes 
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STIMULATES OR SUPPRESSES OTHER 
TCELLS, B CELLS AND MACROPHACES; 
KILLS INFECTED CELLS 
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TUMOR NECROSIS FACTOR (colored arrows) secreted by an 

LPS-stimulated macrophage (center) activates an array of im
mune defenses_ Together with interleukin-l (IL-!) and many 

other macrophage products, TNF influences such cells as poly

morphonuclear leukocytes (PMN'S), T lymphocytes, antibody

producing B lymphocytes, endothelial cells, fibroblasts (connec-

live-tissue cells) and the blood-producing cells of the bone mar

row. These cell types all have specific roles in fighting infection 
and in limiting and repairing injury, and they carry out their 

tasks in part by secreting factors, including interleukins, inter

ferons (IFN-a, -/3 and -y), growth factors (GF) and colony-stimulat

ing factors (CSF)_ This drawing, as complex as it is, omits much_ 

develops when the body fails to over
come an infection; it is also observed 
in some patients with cancer. 

Several years ago Bruce Beutler 
and Anthony Cerami of Rockefeller 
University found that a factor pro
duced by activated macrophages in
hibits an enzyme, lipoprotein lipase, 
that is crucial for the normal storage 
of fat and is suppressed in cachectic 
individuals_ When the factor, which 
the workers called cachectin, was pu
rified and its amino acid sequence 
determined, it was found to be identi
cal with tumor necrosis factor. Subse
quent work showed that interleukin-

1 and interferon also inhibit lipopro
tein lipase activity in the test tube. 
The role of these three cytokines and 
other factors in causirig cachexia in 
patients with chronic infection or 
cancer needs further definition. 

Investigations into the ability of tu
mor necrosis factor to mediate the ef
fects of LPS provided other indica
tions of the factor's ability to do ill as 
well as good. Injection of enough tu
mor necrosis factor in mice and other 
animals has been found to cause tis
sue injury, shock and death, just as 

LPS does_ Yet at lower doses the fac
tor exhibits the protective activities 

associated with low doses of LPS: it 
protects mice against bacterial infec
tions, lethal doses of X rays and tu
mor growth_ 

Studies of parasitic diseases in ani
mals have also been revealing_ On 
the one hand, mice injected with tu
mor necrosis factor are more resis
tant to certain fo'rms of malaria, and 
the factor has been shown to stimu
late macrophages and other blood 
cells to kill the parasites that cause 
Chagas' disease and schistosomiasis_ 
On the other hand, Pierre Vassalli 
and his colleagues at the University 
of Geneva have recently shown that 
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,'INY BLOOD VESSELS normally feed a tumor (left), but the vessels inside the tumor are 
destroyed (right) and bleed within hours after a mouse is injected with tumor necrosis 

factor. Because such selective vascular damage deprives a tumor of oxygen and nutri

ents, most of its cells soon die. Much evidence suggests that vascular destruction is the 
major way TNF leads to hemorrhagic necrosis of tumors. Edward A. Havell and Robert 

1- North of the Trudeau Institute, Inc., in Saranac Lake, N.Y., provided the photograph. 

the substance has a role in the death 
of mice with malaria that has invad
ed the brain: it appears to mediate a 
lethal inflammation of the brain tis
sue. The mice do' not die if they re
ceive an antibody that neutralizes 
the brain-damaging effect of tumor 
necrosis factor. 

Another indication. of the poten
tial toxicity of tumor necrosis factor 
comes from human beings. A. Waage 

of the University of Trondheim in 
Norway has discovered that patients 
with severe meningococcal infec
tions who have relatively high levels 
of the factor in their blood are more 
likely to die from shock than patients 
who have no detectable levels of the 
polypeptide. 

With tumor necrosis factor as with 
many other factors produced by the 
body, there seems to be a fine line be-

MELANOCYTES, skin cells that produce the pigment melanin (top left), proliferate 

markedly when exposed to tumor necrosis factor in the test tube (top right). In contrast, 

cells from melanoma, a skin cancer (bottom left), stop growing after exposure to TNF 
(bottom right), as Yuko Arita and Magdalena Eisinger of the Memorial Sloan-Kettering 

Cancer Center have shown. Such findings indicate that in addition to damaging tumor 

blood vessels, TNF might exert a direct, selective toxicity on cancer cells in the body. 
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tween benefit and harm: an agent 
that is helpful in the local control of 
injury and infection may 'be toxic 
when it is released in large amounts 
or in the wrong place. The growing 
awareness of the harmful potential of 
tumor necrosis factor has given rise 
to interest in the design of drugs that 
will block its action when its detri
mental effects outweigh its protec
tive ones. 

-In spite of the rapid accumulation of 
new information about tumor ne

crosis factor, my colleagues and I still 
do not fully understand how it causes 
the effects for which it was named: 
hemorrhage and necrosis of tumors. 
One partial explanation has to do 
with the factor's directive role in in
flammation and immunity. Even if tu
mor necrosis factor were not directly 
toxic to tumors, the T cells and other 
cells it stimulates and the other cyto
kines those cells secrete when they 
are activated do sometimes join for
ces to destroy tumors. 

Beyond this generalized antitu
mor role, however, there is clear evi
dence that tumor necrosis factor has 
a more immediate effect on cancer. In 
animal studies it has been shown to 
damage the blood vessels that nour
ish tumors. This damage reduces the 
flow of blood and oxygen to the tu
mor cells, which then starve and die. 

In contrast, it appears that in non
cancerous tissue the cytokine actual
ly plays an important role in normal 
angiogenesis (the formation of new 
blood vessels during development or 
growth, or the replacement of in
jured vessels in existing tissue). Mar
ijke Frclter-Schroder of the University 
of Zurich and S. Joseph Leibovich of 
Northwestern University and their 
co

·
-workers have demonstrated that 

injection of tumor necrosis factor 
into an animal induces normal endo
thelial cells to grow and join together 
to form new vessels. Tumor necrosis 
factor is not alone in exhibiting angi
ogenic activity; four other cytokines 
do the same. Nature, it seems, has 
chosen not to construct a different 
mediator or set of mediators for ev
ery process in the body but rather to 
call on the same molecules repeated
ly for quite different purposes. 

Why would blood vessels in a tu
mor respond to tumor necrosis factor 
so differently from those in normal 
organs? Investigators need to learn 
more about the regulation of angio
genesis before the question can be 
answered. One idea holds that tumor 
cells themselves, or defensive cells 
attracted to the tumor, may produce 
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some factor that renders the tumor 
vessels susceptible to damage in

. duced by tumor necrosis factor. 
In addition to damaging a tumor's 

blood vessels, tumor necrosis factor 
in the body might also kill cancer 
cells directly, as it has long been 
known to do in the test tube. In one 
survey of cells from more than 60 dif
ferent human cancers, my colleagues 
and I demonstrated three distinct re
sponses to the factor: cell death, inhi
bition of cell growth and no effect. 
Approximately one-third of the test
ed cells fell into each category. Cells 
from breast cancer appeared to be 
most sensitive to the killing action of 
tumor necrosis factor, whereas cells 
from melanoma (a type of skin can
cer) responded to the substance by 
growing at a reduced rate. We also 
tested normal cells and found no in
hibitory effect. In fact, Jan T. Vilcek 
of the New York University School 
of Medicine has demonstrated that 
tumor necrosis factor actually stim
ulates cultured fibroblasts to grow 
more vigorously. 

Because the first step in the action 
of many substances that influence 
cell activity is binding to speCific re
ceptors on the surface of the cell, Ru
bin, Vilcek and others have indepen
dently looked to see whether the dif
ferential responses of cancer cells to 
tumor necrosis factor could be corre
lated with the presence or absence of 
receptors for the polypeptide. They 
did find factor-specific receptors but 
detected no relation between the 
number of receptors and the cells' 
responsiveness to tumor necrosis 
factor. Characteristics other than the 
number of receptors, then, must de
termine what the response to bound 
tumor necrosis factor will be. 

One characteristic that might make 
a cell particularly sensitive to the 
toxicity of tumor necrosis factor is 
a reduced ability to repair damage 
caused by the factor. When George E. 
Gifford of the University of Florida 
College of Medicine exposed cells to 
agents that inhibited their essential 
functions, such as the synthesis of 
RNA, he greatly enhanced the sensi
tivity of the cells to the toxic effects 
of tumor necrosis factor; even cells 
that would ordinarily not be affect
ed could be killed. These results im
ply that cells do have a mechanism 
for repairing injury caused by tumor 
necrosis factor and that when the 
mechanism is absent (as it may be 
in certain cancer cells) or compro
mised (as it apparently was by Gif
ford's agents), cells exposed to tu
mor necrosis factor die. What ac-

tually causes the cell death is not 
known, but there is evidence that 
the cytokine activates intracellular 
enzymes that liberate highly reac
tive molecules. It may be the action 
of these molecules that injures and fi
nally kills cancer cells. 

A major goal of the extensive cur
J-\.rent research into the activities 
of tumor necrosis factor is the devel
opment of treatments for cancer. Pre
liminary clinical trials of the factor 
are now under way at many medical 
centers around the world. When the 
polypeptide has been administered 
so that it circulates throughout the 
body, only a few patients have had 
tumor inhibition at the doses studied 
to date. In Japan and Germany the 
factor has been injected directly into 
cancers. A number of the patients in 
those trials have had tumor regres
sion, in some instances complete. 
There are side. effects. Like other cy
tokines under study as cancer treat
ments, tumo

'
r necrosis factor can 

cause fever, chills, lethargy and a 
drop in blood pressure. Many pa
tients feel as if they have come down 
with the flu. 

Although clinical trials of tumor ne
crosis factor and other individual cy
tokines are aimed at revealing what 
each substance can do by itself, it 
seems likely that combinations of cy
tokines, or of cytokines with other 
substances, will be needed in order 
to produce the most successful can
cer treatments. Indeed, on the basis 
of the fact that tumor necrosis fac
tor and interferon act synergistical
ly, Janice L. Gabrilove and Herbert F. 
Oettgen of Sloan-Kettering are now 
testing a therapy that couples these 
two agents. 

One of the preliminary findings is 
that certain doses of the combined 
agents cause patients to have sharp 
pain at the tumor site, where there 
had been no pain before. We do not 
yet know the cause, but such acute 
pain is suggestive of damage to blood 
vessels. We are now exploring the 
possibility that the treatment is dam
aging the blood vessels that feed the 
tumors. A number of other trials of 
combination therapies are planned 
as well: tumor necrosis factor will be 
paired with interleukin-2 (which has 
promise as an anticancer agent), che
motherapeutic agents, monoclonal 
antibodies or radiation. 

S tudies have now confirmed that 
William Coley's decision to treat 

cancer patients with microbes made 
good sense; when his toxins were 
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INTERFERON AND TNF have a synergis

tic effect on human breast-cancer cells. 

When the factors are mixed together, they 

'destroy more malignant cells (orange) 

than would be killed if the independent 

effects of the interferon (yellow) and the 

TNF (red) were added together. Such syn

ergy indicates that cancer treatments 

combining the two substances will prob

ably prove more effective than thera

pies consisting of either substance alone. 

successful, they almost certainly in
duced macrophages in the human 
body to produce tumor necrosis fac
tor and other factors that in com
bination exerted anticancer effects. 
Why then has Coley's approach been 
ignored by most clinicians for so 
many years? 

For one thing, an understanding 
of how the toxins worked required 
an understanding of inflammation 
and immunity; it has only been in re
cent years that critical molecules in
volved in these processes have been 
identified and isolated. In addition, 
the response to Coley's toxins varied 
widely from patient to patient, with 
many people not benefiting at all. 

From our current perspective it 
seems likely that patients who did 
not respond may have been unable 
to produce tumor necrosis factor or 
the other cytokines that activate in
flammation and immunity and are 
destructive to cancer. Now that tu
mor necrosis factor and many of the 
other factors elicited in the course 
of infection have been identified, it 
may be possible to employ them as 
new, more effective versions of Co
ley's toxins. 

We are just beginning. If we are 
fortunate, the new treatments will 
consistently arouse the body's natu
ral anticancer forces and produce the 
tumor regressions that have fueled 
the imagination of generations of 
cancer researchers. The forces exist; 
the task ahead is to find ways to un
leash them. 
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Ancient Magnetic Reversals: 
Clues to the Geodynamo 

Is the earth headed for a reversal of its magnetic {ield? No one can 
answer this question yet, but rocks magnetized by ancient {ields 
offer clues to the underlying reversal mechanism in the earth's core 

F
or well over a century geophys
icists have observed a steady 
and significant weakening in 

the strength of the earth's -magnetic 
field. Indeed, if this trend were to 
continue at the present rate, the field 
would vanish altogether in a mere 
1,500 years. Most investigators are 
inclined to think that the decay is 
merely an aspect of the restlessness 
inherent in the field and that the field 
will recover its strength. Yet one can
not dismiss out of hand the possi
bility that the weakening portends 
a phenomenon that has recurred 
throughout geologic time: the rever
sal of the geomagnetic field. 

Which of these two scenarios is 
correct? The answer lies concealed 
3,000 kilometers below the earth's 
surface within the outer core, a slow
ly churning mass of molten metal 
sandwiched between the mantle of 
the earth and the solid inner core. It 
is now generally accepted that the 
earth's magnetic field is generated 
by the motion of free electrons in 
the convecting outer core. This the
ory supposes the core behaves like 
a self-sustaining dynamo, a device 
that converts mechanical energy into 
magnetic energy. In the geodynamo 
the earth's rotation, along with gravi
tational and thermodynamic effects 
in and around the core, drives the flu
id motions that produce the magnetic 
field [see "The Source of the Earth's 
Magnetic Field," by Charles R. Carri
gan and David Gubbins; SCIENTIFIC 
AMERICAN, February, 19791. 

Although the basic principles of 
dynamo action are well established, 
geophysicists do not yet understand 
the thermodynamics, fluid mechan
ics and electrical properties of the 
earth's interior well enough to con
struct a universally accepted model 
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by Kenneth A. Hoffman 

of the geodynamo. Yet its workings 
can be glimpsed indirectly by ob
serving the present-day field. These 
measurements yield many details of 
the short-term behavior of the field, 
such as its shape and "secular varia
tion," or ordinary fluctuation. To 
study the activity of the dynamo 
over aeons one must turn to the pa
leomagnetic record-the ancient 
magnetism frozen into rocks from 
the time of their formation. 

Indeed, paleomagnetic evidence 
led to the first proposal that the 
earth's field has reversed itself, put 
forward in 1906 by the French physi
cist Bernard Brunhes. Brunhes was 
intrigued by the discovery of rocks 
that were magnetically oriented in 
the direction opposite to the earth's 
field. His startling suggestion was fu
riously debated for more than five 
decades. It was not until the early 
1960's, at about the time]. S. B. Van 
Zijl and his colleagues published the 
first detailed study of a paleomagnet
ically recorded field reversal in lavas 
from South Africa, that the idea was 
accepted by the scientific communi
ty at large. Today it is a fundamental 
tenet of geophysics that the earth's 
magnetic field can exist in either of 
two polarity states: a "normal" state, 
in which north-seeking compass nee
dles point to the geographic north, 
and a "reverse" state, in which they 
point to the geographic south. 

In the 1960's studies of radiometri
cally dated lavas yielded a consistent 
log of past polarity changes, includ
ing no fewer than nine major rever
sals in the past 3.6 million years, the 
most recent of which occurred 730,-
000 years ago [see "Reversals of the 
Earth's Magnetic Field," by Allan Cox, 
G. Brent Dalrymple and Richard R. 
Doell; SCIENTIFIC AMERICAN, Febru-

ary, 1967]. The time scale of polarity 
transitions has since been extended 
back nearly 170 million years. 

Paleomagnetic records show that 
the geomagnetic field does not re
verse instantaneously from one po
larity state to the other. Rather, the 
process involves a transition period 
that typically spans a few thousand 
years. Hence for perhaps 98 percent 
of the time the field is stable and its 
shape is well understood. But for the 
remaining 2 percent of the time the 
field is unstable and its shape is not 
obvious. The foremost task for geo
physicists in my field has been to 
chronicle the behavior of the re
versing field-its shifting shape and 
fluctuating intensities-based on the 
sometimes faint and complex record 
of past events, imprinted in stone. 
The findings provide an invaluable 
probe into the hidden mechanisms of 
the geodynamo. 

Clues to the Field's Geometry 

The paleomagnetic record has en
abled investigators to deduce the ge
ometry of ancient fields during both 
stable and unstable periods. It is well 
known that during times of stable po
larity the magnetic field of the earth 
is dominated by a dipole shape, as 
though there were a bar magnet in 
the core, slightly tilted away from the 
earth's axis of rotation. During nor
mal polarity a free compass nee
dle-one that can swing in three di
mensions-would everywhere point 
northward, dipping into the ground 
in the Northern Hemisphere and aim
ing skyward in the Southern Hemi
sphere. The angle of dip depends on 
the latitude of the compass. Con
versely, at times of reverse polarity 
the needle would point to the south, 
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tilting upward in the Northern Hemi
sphere and downward in the South

. ern Hemisphere. 
But what of the field during the 

process of reversal? This question 
can be resolved by examining rec
ords of the same reversal from sites 
scattered around the globe. For each 
recorded magnetic direction it is pos
sible to determine the location of the 
magnetic pole from the angle of dip 
and the horizontal orientation [see 
top illustration on page 19). Hence by 
examining the change in paleomag
netic field direction at various inter
vals during a transition, one can 
track the virtual, or suspected, geo
magnetic pole (VGP) as it travels from 
one polarity to the other. Moreover, if 
paleomagnetic records from differ
ent sites yield the same locations for 
the path of the pole, one can con
clude ·that the field was indeed dipo
lar. But if the different records sug
gest wildly dissimilar VGP paths, one 
must conclude that the geometry of 

the reversing field was more compli
cated than a dipole . 

John Hillhouse and the, late Allan 
Cox, both then at Stanford Universi
ty, were the first to attempt such an 
analysis. They studied a record they 
had discovered in the sediments of 
dry Lake Tecopa in California. The 
sediments chronicled the most re
cent reversal, the polarity transition 
that took place some 730,000 yeats 
ago and brought the field from the 
Matuyama reverse epoch into the 
Brunhes normal epoch. Noting that 
the vGP.path obtained from their data 
was quite different from the path as
sociated with a marine-sediment rec
ord from Japan, they concluded that 
the configuration of the transitional 
field was complex and predominant
ly nondipolar. Similar paleomagnetic 
records of the same reversal from 
other locations also indicated quite 
disparate VGP paths [see top illustra
tion on page 80). 

Assuming that these data are reli-
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able, can one analyze them in some 
other way to help determine the ge
ometry of the transitional field dur
ing the Matuyama-Brunhes reversal? 
Since the reversing field cannot be 
assumed to be dipolar, the'VGP meth
od described above is of limited use. 
One needs a way to analyze the data 
without making any prior assump
tions about the shape of the field. The 
method I now employ is to consider 
only the direction of the paleomag
netic field vectors at each location 
and to plot the path of the vectors on 
the surface of a "directional sphere" 
[see top illustration on page 19). 

For the Matuyama-Brunhes rever
sal there are now many records from 
separate locations in the Northern 
Hemisphere. One can therefore com
pare the data by plotting all the di
rectional paths on the same sphere 
[see top illustration on page 80). When 
this is done, an interesting feature 
emerges: during the change in polari
ty from reverse to normal, most of 

MAGNETIC LINES OF FORCE (blue) emanate from the earth's 
molten outer core in this see-through view. David Gubbins of the 
University of Cambridge has determined that patches of oppo
sitely oriented field lines (red) exist near the tip of Africa and of 

South America. These "core spots" can account for the observed 
weakening of the earth's field. The spots are growing iQ size and 
strength and are moving southward. Gubbins suggests that this 
may be the process that eventually reverses the earth's field. 
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EXPOSED INTRUSION 

ROCKS can record the direction (arrows) of the earth's magnetic field at the time of 
their formation. Igneous rocks contain magnetic grains whose magnetic moments be
come oriented with the prevailing field as the rock cools. Lava flows (yellow) cool rapid
ly and provide the most accurate "snapshots" of the paleomagnetic field. Because of 
the irregularity of eruptions, such records may contain significant gaps. Intrusions 
(brown), formed by magma cooling underground over thousands of years, provide a 
more continuous record, but because they take a longer time to cool, the recorded field 
orientation may be averaged over some time. Intrusions cool inward, so that the paleo
magnetic record is oldest near the surface and youngest in the interior. Sediments 
(gray) contain magnetic grains that become aligned with the field and fixed in place as 
the' sediment consolidates. Sediments take time to "lock in" their magnetic remanence. 

the intermediate field vectors-those 
that stray more than 30 degrees from 
either of the axial dipole field di
rections (or "pseudopoles")-sweep 
along the "underside" of the plot. 
That is, if one imagines that all over 
the Northern Hemisphere north
seeking compass needles are swivel
ing from geographic south to north 
as the field reverses polarity, most 
of the needles would flip downward 
rather than upward. Moreover, the 
needles would not stray far from the 
north-south vertical plane. The impli
cation is that the transitional field 
does not change much in the east
west direction and hence that it 
is roughly symmetrical about the 
earth's rotational axis. 

"Hot Spots" in the Geodynamo? 

the core and bringing about a rever
sal of the entire field. 

The Matuyama-Brunhes data im
pose constraints on such a theory: 
they are consistent with models in 
which this process begins near the 
equatorial plane of the core or in its 
southern hemisphere but are incon
sistent with a process that begins in 
the core's northern hemisphere [see 
bottom illustration on page 80]. Before 
one can decide whether this model is 
plausible it will be necessary to ob
tain reliable paleomagnetic data from 
additional sites, particularly in the 
Southern Hemisphere. 

In the meantime, support for this 
model comes from the investigation 
of the ongoing decline of today's 
field. David Gubbins of the Univer
sity of Cambridge surmises that the 
waning strength of the dipole field re
sults from the growth and intensifica
tion of regions at the surface of the 

JURASSIC 

outer core from which emerge mag
netic field lines, or flux, whose direc
tion is opposite to present-day polar
ity. These regions are at high south
ern latitudes of the core, below the 
tip of Africa and of South America 
[see illustration on preceding page]. 
They are thought to be associated 
with particularly hot parts of the low
ermost mantle, directly above the 
outer core. If this trend continues, 
Gubbins suggests, the sense of the di
pole can ultimately reverse. 

Gubbins' findings enable one to 
speculate that the reverse-to-normal 
Matuyama-Brunhes event and the 
possible onset of a normal-to-reverse 
transition today are both conse
quences of a similar process, initiat
ed in the southern hemisphere of the 
core. If they are, the field lines of the 
earth should eventually change di
rection in a manner similar but antip
odal to the behavior observed for the 
Matuyama-Brunhes reversal. In other 
words, one would expect compass 
needles around the world to trace out 
a path largely confined to the vertical 
plane. In contrast to the behavior of 
hypothetical compasses during the 
Matuyama-Brunhes reversal, howev
er, compass needles in both hemi
spheres should rotate upward in
stead of downward. 

Yet what reason is there to believe 
the reversing dynamo can repeat it
self in this way? Are there particular 
"hot spots" within the core that trig
ger geomagnetic field reversals? Ac
tually there exists very good paleo
magnetic evidence that the trigger
ing process in the core can remain 
essentially unchanged over the time 
span of several reversals. The most 
striking evidence comes from a se
ries of reversals recorded in marine 
sediments from the island of Crete. 
Of four recorded transitions (two of 
which were reverse-to-normal and 
two normal-to-reverse) reported by 
Jean-Pierre Valet and Carlo Laj of the 
French National Center for Scientif
ic Research, the three oldest events 

CRETACEOUS 

If all sites in the Northern Hemi
sphere recorded similar field behav
ior during the Matuyama-Brunhes re
versal, one would strongly suspect 
that the underlying activity in the 
earth's core was also roughly sym
metrical about the earth's rotational 
axis. Such axisymmetry can be ex
plained by supposing the reversal 
process begins within latitudinal
that is, axisymmetric-bands in the 
core fluid [see bottom illustration on 
page 80]. Such bands would be asso
ciated with local field lines oriented 
in a direction opposite to that of the 
overall field. The bands might grow, 
flooding their way through the rest of 

TIME SCALE of magnetic reversals for the past 170 million years was deduced from the 
magnetic field pattern observed over the ocean crust. The spreading ocean floor pre-
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DIPOLE FIELD has a clearly defined shape (a). Hence for a given 
paleo direction one can deduce the location of the magnetic pole, 
or virtual geomagnetic pole (VGP), simply from the field vector's 
horizontal direction and angle of dip. One can analyze a reversal 
by plotting the path of the VGP as the fiel4 changes polarity. This 
method is not wholly suited for more complex fields. A "direc· 
tional sphere" (b) makes no assumption about the shape of the 
field. The sphere is imagined to enclose a particular site. One can 
picture an observer standing at the site, plotting on the sphere's 

surface the directions indicated by a free compass needle. In 
practice one can take field directions recorded in strata of rock, 
such as the vertical sediment core depicted here, and trace out 
the path (black line) of the field vector during a reversal. "Up" 
and "down" are reference points corresponding to vertically up
ward and downward. The "pseudopoles" (N, R) represent direc
tions associated with pure axial dipole fields that have normal 
and reverse polarity. The "equator" defines all directions that 
are 90 degrees from each pseudopole, or midway between them. 

exhibit directional field behavior 
that indicates a similar underlying 
core mechanism. The two reverse-to
normal events trace out paths that 
are antipodal to the normal-to-re
verse event. (In contrast to the Matu
yama-Brunhes reversal, these events 
were characterized by strong east
west movements.) 

The most reasonable interpreta
tion of this finding is that the geome
try of the reversal process in the core 
did not change throughout the time 
interval-well over a million years
spanned by the three events. Demon
strating that other sets of contem
poraneous paleomagnetic records 
show a similar pattern would in
crease confidence in the interpreta
tion, however. 

It must also be pointed out that j ust 
as there is repeatability in the rever
sal process, there is also variability. 
For example, the fourth and young-

est of the transition records from 
Crete displays directional changes 
that are distinct from those in the old
er records, suggesting that the core 
process changes its spatial character
istics from time to time. Other back
to-back reversals reported by Scott 
w. Bogue and Rob S. Coe of the Uni
versity of California at Santa Cruz 
and by Bradford M. Clement and Den
nis V. Kent of the Lamont-Doherty 
Geological Observatory show back
to-back reversals in which the field 
directions follow similar rather than 
antipodal paths. These findings sug
gest that after a transition the dyna
mo sometimes "rewinds" like a film 
running backward. 

Excursions and Rebounds 

The "rewinding" reversals make 
one wonder whether the dynamo 
sometimes fails to complete the re-

versal process and ends up back
tracking. A similar question is raised 
by the observation of geomagnetic 
excursions, or large leaps in field d;
rection, a phenomenon that has long 
been noted in the paleomagnetic lit
erature. The chief question about 
these excursions is whether they are 
produced in times of abnormal secu
lar variation and have no relevance 
to the phenomenon of polarity rever
sal or, alternatively, are manifesta
tions of unsuccessful, or aborted, re
versal attempts. 

Evidence that there may indeed be 
a link between certain geomagnet
ic excursions and polarity reversals 
comes from a 34-million-year-old se
quence of lavas from the Liverpool 
Volcano in eastern Australia. I have 
found that these basalt flows record a 
series of three apparently rapid de
partures from reverse polarity to es
sentially the same intermediate field 
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serves a log of ancient fields in basalts formed by magma well
ing up along deep-sea ridges. The pattern of reversals varies 
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greatly. During the Cretaceous period there was a 35-million
year hiatus. The time scale is based on the work of Allan Cox. 
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PALEOMAGNETIC RECORDS of the Matuyama-Brunhes rever
sal are analyzed by the VGP method (a) and by the directional 
method (b)_ The paths are based on data from five northern-lati
tude sites: Japan (green), Maui (purple), California (yellow), the 
North Atlantic (blue) and West Germany (red). If the reversing 
field were a dipole, all the VGP paths should coincide. But in fact 

the paths are widely scattered, proving that the field was non
dipolar. Directional analysis reveals that during the transition 
the field vectors at all sites tended to tilt through a downward di
rection. This suggests east-west movements were small during 
reversal and hence the process was roughly symmetrical about 
the earth's axis. Maui data (unpublished) courtesy of Rob S. Coe. 

orientation [see illustration on page 
82]. The first two of these advances 
appear to be excursions because the 
lavas that immediately follow record 
the same (reverse) polarity direction 
that prevailed before the excursion. 
The lavas extruded directly after the 
third departure, on the other hand, 
possess normal polarity, indicating a 
successful reversal. 

The Liverpool data are consistent 
with the contention, first made by 
John Shaw of University College Car
diff in Wales, that the reversal proc
ess may involve an intermediate dy
namo state. This state seems to act as 
a kind of springboard from which re
versal attempts, both successful and 
unsuccessful, are made. Such rela
tively stable intermediate field direc-

tions, or "hang-up" points, are in fact 
quite common and suggest that cer
tain field geometries may offer ener
gy states that are preferred by the 
geodynamo during reversal events. 

The first investigator to describe 
apparently stable intermediate direc
tions was the late Norman D. Watkins 
of the University of Rhode Island, 
who in the late 1960's made a study 

AXISYMMETRY during the Matuyama-Brunhes reversal can be 
explained by a process that begins with a latitudinal band. (dark 

red) of core fluid that produces a field opposite to the dominant 
field. The field shown here begins in the reverse dipole state 
(blue arrows); the arrows point, like north-seeking compasses, 
toward the geographic South Pole. An equatorial band spreading 
northward and southward (a) would cause field vectors (red ar

rows) in the Northern Hemisphere to rotate downward (black ar-
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row). A band starting near the geographic South Pole and ex
panding northward (b) would also cause field vectors to tilt 
downward. But a band near the geographic North Pole spreading 
southward (c) would result in an upward rotation, contrary to the 
observed pattern. Data from the Southern Hemisphere would re
veal whether the reversal process began near the equatorial 
plane, in which case field vectors would rotate upward, or in 
the south, in which case field vectors would rotate downward. 
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of the 15-million-year-old reverse-to
normal transition recorded in the la
'vas from Steens Mountain in south
eastern Oregon. The extent of this 
lava record is without parallel: it con
tains numerous, successive flows 
that preserve the field direction at 
some 55 distinct times throughout 
the reversal. Because of the rarity of 
such complete, high-resolution pa
leomagnetic records of a reversing 
field, the Steens Mountain lavas have 
remained the focus of an intensive 
investigation. 

The work has proved well worth 
the effort. The study, carried out by 
Coe, Michel Prevot of Montpellier, 
France, and Edward A. Mankinen and 
C. Sherman Gromme of the U.S. Geo
logical Survey, provides the most de
tailed account of both the field's di
rectional behavior and its changes in 
intensity during a polarity transition. 
Their result suggests that the core 
process is rather complicated. A free 
compass needle at the Steens Moun
tain site at first would have traced 
out a generally downward path. But 
when the field reached a particular 
intermediate orientation, it apparent
ly made a rapid directional jump 
and attained normal polarity. The 
new polarity, however, did not last 
for long, because what is observed 
next is yet another directional jump 
in which the field vector rebound
ed to the very same intermediate 
orientation. After the rebound the 
field direction swept out a loop to 
the east while again approaching 
normal polarity. This time the po
larity change was successful. 

Stop-and-Go Dynamo 

The Steens Mountain lavas give the 
distinct impression that changes in 
polarity involve a kind of stop-and
go behavior of the dynamo. Further
more, the investigators argue that be
cause the observed jumps return the 
field vector to the same intermediate 
position, the changes result not from 
gaps in the record but from rapid 
shifts, perhaps taking only a few 
years, in the direction of the field. 
Support for this idea comes from the 
discovery of significant differences 
in paleomagnetic field direction be
tween the faster-cooling edges and 
slower-cooling center within a single 
lava flow. If these results are reliable, 
they suggest that certain mecha
nisms for rapidly changing the mag
netic flux must play a dominant role 
in the core dynamo during reversal. 

The best way to test our confi
dence in this interpretation is to com-
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THREE SEQUENTIAL REVERSALS recorded in sediments from Crete all seem to have 
been initiated in the same manner. The oldest reversal (green) and the youngest rever
sal (blue), both of which took the field from reverse polarity to normal polarity, fol
lowed paths on the west side of the sphere. In contrast, the middle reversal (red) from 
normal to reverse polarity followed an eastward path. This antipodal behavior sug
gests that spatially the same process was played out in the core during all three events. 

pare records such as the one from 
Steens Mountain with contemporane
ous records, preferably from a near
by site, obtained from material that 
provides more continuous data than 
intermittent lava flows do. Unfortu
nately transition records of any kind 
are hard to find. A reversal from a 
similar period, however, has left a de
tailed record at the Tatoosh Intrusion 
from Mount Rainier, not far from 
Steens Mountain. Although the re
verse-to-normal polarity change re
corded in this intrusion is most like
ly not the same event recorded at 
Steens Mountain, the two sets of data 
share certain features in common. 

Michael D. Fuller and his fellow 
workers at the University of Califor
nia at Santa Barbara reported that 
early directional changes appearing 
in the Tatoosh Intrusion record are 
dominated by what appears to be a 
quite rapid movement to an interme
diate position, where the field more 
or less stabilized. The field then un
derwent an unsuccessful attempt to 
reverse: normal polarity was ap
proached and then lost as the field 
direction returned to about the same 
intermediate position in a pattern 
resembling the rebound seen in 
the Steens Mountain record. Follow
ing that aborted attempt the polarity 

change was successfully completed. 
Thus two different types of rec

ord-the lava record from Steens 
Mountain and the Tatoosh Intrusion 
record-both support the contention 
that during reversal attempts the 
field can move rapidly as well as re
main stationary and can undergo di
rectional rebounds and unsuccessful 
attempts to complete the reversal 
process. Remarkably similar behav
ior in another reversal from the same 
geologic epoch has just been report
ed by Laj and his colleagues, who ob
tained their data on the island of Za
kinthos in Greece from yet a third 
type of paleomagnetic record, ma
rine sediments. 

So far I have focused exclusive
ly on the directional aspects of the 
reversing field, and yet a complete 
comprehension of the underlying dy
namo activity also requires one to 
know about accompanying changes 
in field strength, or paleointensity. 
The latter is considerably more diffi
cult to determine than direction. Nev
ertheless, many sites have now yield
ed intensity data, which indicate that 
intermediate orientations tend to be 
associated with weak field strengths, 
sometimes as low as 10 percent of the 
stable-polarity field strength. 

The most detailed information on 
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intensity changes comes once again 
from the reversal event recorded at 
Steens Mountain. The field recovered 
to pre transition intensities when it 
approached full reverse polarity dur
ing its first, unsuccessful attempt, 
prior to the rebound. The intensity 
plunged again as the field retreated 
to the intermediate position. During 
the final stage of the reversal the in
tensity seems to have varied widely, 
sometimes becoming stronger than 
the ordinary field, as the dynamo 
regained equilibrium in the new 
polarity state. My own preliminary 
results from studies of a reversal 
recorded in lavas on the Hawaiian is
land of Molokai indicate that paleo-
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intensities fluctuated to more than 
three times the pre transition value as 
the dipole field recovered. 

Two Core Processes 

The paleomagnetic record is begin
ning to provide a picture of a revers
ing geodynamo that is capable of 
both slow and rapid changes in direc
tion and intensity. First principles 
of physics allow two basic dynamo 
mechanisms, a slow mechanism and 
a potentially fast one, by which the 
pattern of magnetic field lines emerg
ing from the core can change. One 
mechanism rests on "flux diffusion," 
which makes it possible for magnetic 

lines of force to move through the 
core fluid from higher to lower flux 
concentrations. Diffusion is a passive 
process that provides a way for the 
field to decay but not regenerate.· 

The dipole field today, however, is 
decaying about 10 times faster than 
can be accounted for by diffusion 
alone. Clearly there must be a more 
active process that builds up and al
ters the field dynamically. This 
mechanism is provided by "frozen
in flux," in which the magnetic flux 
lines are carried along with the flow
ing core fluid. The more closely the 
core fluid resembles a perfect con
ductor of electricity, the more rigidly 
the field lines move along with it. 

LOOPING EXCURSION by the earth's magnetic field to a posi
tion halfway between the two polarity states was recorded in 
28,OOO-year-old sediments at Mono Lake, Calif. (a). Could this ex
cursion represent an attempt by the dynamo to reverse its polar
ity? Evidence from Liverpool Volcano in Australia (b) suggests 
that excursions can be correlated with successful reversals. The 
evidence, from lavas dating from the Oligocene, some 34 million 
years ago, testifies to a series of three advances (red and blue 

lines) by the field to essentially the same intermediate orienta
tion (blue patch), just prior to a completed reversal (green line). 

Lavas at Steens Mountain, Ore. (c), indicate that a newly reversed 
field can "rebound" (green line) to an intermediate orientation. 
The reversal depicted here occurred in the Miocene, about 15 
million years ago. Mono Lake data courtesy of Joseph Liddicoat 
and his colleagues at the University of California at Santa Cruz. 
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Based on observations of the pres
ent-day field, frozen-in flux appears 
to dominate short-term changes
changes that occur over a period of a 
few decades. 

A successful theory of the geody
namo, and in particular the mecha
nism of polarity reversal, will rest 
in part un determining the relative 
importance of these two processes. 
Again the paleomagnetic data are be
ginning to yield a reasonably consis
tent picture. The reversing geodyna
mo appears to take a very active role 
at times and a rather passive role at 
other times. It is thought that during 
the rapid directional jumps unusu
ally high accelerations in fluid flow 
drive the frozen-in flux into continu
ously changing patterns. In times 
when the field is relatively quiet, 
such as the hang-up periods, flux dif
fusion must play a larger role. 

In some way that is not yet fully un
derstood, gravity and the earth's ro
tation, acting on density differences 
within the core fluid, provide the 
driving forces behind the geodyna
mo and control this dichotomy of dy
namo processes. The reversal phe
nomenon may be triggered when 
something disturbs the convection 
pattern of the core fluid, and with it 
the magnetic flux. Phillip L. McFad
den of the Bureau of Mineral Resour
ces, Geology and Geophysics in Aus
tralia and Ronald T. Merrill of the Uni
versity of Washington suggest that 
the triggering process is intimately 
related to the way the outer core 
vents its heat into the mantle. For ex
ample, heat transfer could create hot
ter (rising) or cooler (descending) 
blobs of material from the inner and 
outer boundaries of the fluid core, 
thereby perturbing the main convec
tion pattern. 

Among the more unorthodox and 
controversial theories is the "aster
oid-impact hypothesis" proposed by 
Richard A. Muller and Donald E. Mor
ris of the Lawrence Berkeley Labora
tory. Their scenario begins with the 
impact of an asteroid or other extra
terrestrial object large enough to 
send a great cloud of dust into the at
mosphere. A kind of "nuclear win
ter" is seen as resulting, during 
which the polar ice caps would grow, 
abruptly altering the distribution of 
water on the earth's surface and with 
it the moment of inertia of the earth. 
The rotational acceleration of the 
mantle would then be increased to 
conserve angular momentum, caus
ing friction and turbulence near the 
core-mantle boundary and initiating 
a reversal of the geomagnetic field. 

FLUX DIFFUSION FROZEN-IN FLUX 

FIELD LINES AND CORE FLUID can interact in two ways. Flux diffusion occurs when 
field lines (red) from regions of high field density spread to regions of low field densi
ty. This process accounts for field decays. Frozen-in flux occurs because the field lines 
are dragged along with the highly conductive core fluid and so can build up local fields. 

How well do these two hypotheses 
account for such observations as the 
long-term increase in the frequency 
of reversal? In support of their mod
el, Morris and Muller argue that the 
gradual cooling of the average ocean 
temperature would enable progres
sively smaller asteroid collisions 
(which occur more frequently) to in
duce ice-cap growth and reversals. 
But theories that depend on extrater
restrial intervention seem less con
vincing than theories such as the one 
offered by McFadden and Merrill, ac
counting for observed features of 
the geodynamo based solely on the 
thermodynamic state of the core 
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and its effect on the deep mantle. 
Geophysics today stands at a his

toric juncture. For the past three dec
ades workers have combed the globe 
for the ghostly traces of ancient field 
reversals, correlated evidence from 
scattered sites, tried to sift reality 
from a less than ideal record and 
pieced together bit by bit a picture of 
the reversing field. Their results now 
challenge theorists to develop geo
dynamo models that can account for 
the observed behavior. As more pa
leomagnetic evidence is brought to 
light, it will play a critical role in de
termining which of these models are 
plausible and which ones are not. 

30 20 10 0 
MILLIONS OF YEARS AGO 

DWINDLING length of the average polarity interval, when the earth's field is in the nor
mal or the reversed state, reveals that polarity reversals have been taking place at 
an increasing rate. A complete geodynamo model will have to account for this trend. 
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The Platypus 
This ancient mammal is surprisingly specialized. It has mechano
and electroreceptors on its beak for detecting prey and is better 
than many placental mammals at regulating its body temperature 

T
he platypus was brought to the 
attention of the Western world 
in 1799, when George Shaw of 

London described it in The Natural
ists Miscellany, where he wrote: "Of 
all the Mammalia yet known it seems 
the most extraordinary in its confor
mation; exhibiting the perfect resem
blance of the beak of a Duck engraft
ed on the head of a quadruped . . . . At 
first view it naturally excites the idea 
of some deceptive preparation by ar
tificial means. " 

Shaw guessed that the platypus, 
whose feet were webbed, "must be a 
resident in watery situations; that it 
has the habits of digging or burrow
ing in the banks of rivers or under
ground and that its food consists 
of aquatic plants and animals." He 
gave it the name Platypus anatinus 
(flatfooted ducklike animal), which 
was later changed to Ornithorhyn
chus anatinus (ducklike animal with 
a bird's snout). 

His description was based on mea
ger evidence: a single skin and a 
sketch that are thought to have been 
sent to Newcastle-upon-Tyne from 
Australia by Captain John Hunter of 
the Royal Navy, who became ac
quainted with the platypus while 
serving a term as governor of the 
British penal colony in New South 
Wales. Nevertheless, Shaw's early ac
count was surprisingly accurate. 

Even now a casual observer would 
remark that the platypus has the ap
pearance of several animals rolled 
into one. Covered in beautifully soft 
fur, this graceful amphibious mam
mal has a tail not unlike that of a 
beaver and a bill not unlike that of 
a duck. Its feet are webbed and, al
though it has mammary glands with 
which it suckles its young, it does not 
give birth but lays eggs that are in
cubated and hatch outside the body. 
Adult males weigh only 1.7 kilo
grams (3.8 pounds) and measure 50 

84 

by Mervyn Griffiths 

centimeters (20 inches) from the tip 
of the beak to the tip of the tail. fe
males are even smaller: 43 centime
ters (17 inches) in length and .9 kilo
gram (two pounds) in weight. 

The platypus is one of three spe
cies belonging to two families-the 
Ornithorhynchidae and the Tachy
glossidae (the latter includes two 
genera of spiny anteaters called 
echidnas)-that together are known 
as the Monotremata, or egg-laying 
mammals. The name Monotremata 
(from the Greek, mono meaning one 
and trema meaning hole) refers to the 
fact that these animals have a single 
external opening, or cloaca, for both 
excretion and reproduction. 

A lthough the monotremes are 
.t-\.highly specialized, they repre
sent a branch of mammals that is 
quite ancient. They are more closely 
related to marsupial and placental 
mammals than to any group of rep
tiles, yet they have retained a sur
prising number of ancestral reptilian 
traits over the course of evolution 
and possess an interesting mosaic of 
mammalian and reptilian character
istics. When their similarity to rep
tiles was first noted early in the 19th 
century, there was much confusion 
within the scientific community; 
some even suggested that the platy
pus might be a missing link between 
mammals and reptiles. 

In 1802 the English anatomist Sir 
Everard Home published a descrip
tion of the platypus in which he stat
ed that male platypuses, like reptiles, 
have internal testes and that females 
have a cloaca. The latter finding was 
particularly interesting because it 
was a trait known to occur in ovovi
viparous lizards: those that retain 
their eggs in the genital tract until the 
young are just ready to hatch. 

The evolutionary link between 
reptiles and monotremes was rein-

forced in 1826, when the German 
anatomist Johann f. Meckel reported 
that the platypus has several bones 
in its pectoral girdle (the coracoids, 
epicoracoids, clavicles and median 
interclavicle) that are known only 
from fossil therapsids: extinct mam
mal-like reptiles thought to be the 
stem group from which all mammals 
evolved. At the same time he report
ed finding mammary glands in the fe
male, an anatomical trait that is un
questionably mammalian. 

The way in which a platypus repro
duces remained a mystery, however, 
until some 82 years after Home's de
scription, when an energetic young \ 
Scottish investigator, W. H. Caldwell 
of the University of Cambridge, set 
out for Queensland. Intrigued by 
Home's description of the reproduc
tive tract, he wanted to settle· the 
question of ovoviviparity in the 
monotremes. Soon after arriving in 
southern Queensland he found the 
answer he had been seeking: the 
platypus and the echidna do not bear 
young as other mammals do but lay 
eggs, like reptiles. Moreover, he 
found that monotreme eggs, like rep
tile eggs, are meroblastic: only the 
nuclei and cytoplasm at the upper 
pole, or anterior end, of the egg di
vide; the yolk does not. 

S ince that time additional data link
ing the platypus to its reptilian an

cestors have come to light. Even at a 
cellular level the platypus is more 
similar in some ways to reptiles than 
it is to marsupial and placental mam
mals. Peter D. Temple-Smith of the 
Australian National University and 
frank N. Carrick and R. Leon Hughes 
of Queensland University found that 
platypus sperm is long and slender, 
with a filiform, or threadlike, head, 
much like the sperm of reptiles; the 
arrangement of the subcellular ele
ments called microtubules, howe v-
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er, is typical of mammalian sperm. 
Monotreme chromosomes also re

flect a mixture of reptilian and mam
malian traits. Although these animals 
are unique in having two categories 
of chromosomes, large and small, the 
large ones (macrochromosomes) are 
typical of those found in mammals, 
whereas the small ones (microchro
mosomes) are similar to those found 
in many species of reptiles and do 
not occur in other mammals. 

A t the turn of the century the platy
.t-\.pus was almost rendered extinct 
by hunters seeking its thick, soft 
fur. Today it is heavily protected 
throughout its range with severe 
penalties imposed on anyone caught 
with one, and as a consequence the 

species has experienced a remark
able comeback in numbers. Surveys 
published by Temple-Smith, Tom 
Grant of the University of New South 
Wales, Gordon Stone of the Queens
land National Parks and Wildlife 
Service and me in 1973, 1983, 1985 
and 1988 show that the platypus .is 
now present, and even abundant, in 
waters east of the Great Dividing 
Range-from northern Queensland 
to the southern part of Tasmania. 

The platypus has been the focus of 
much attention in recent years, with 
many investigators studying its bio
chemistry and physiology in the lab
oratory, yet few have studied the ani
mal in its natural habitat, in large part 
because it is so elusive. Endemic to 
freshwater streams and lagoons in 

eastern Australia, it is most active 
at night, when it dives for bottom
dwelling invertebrates such as insect 
larvae, shrimps and bivalve mol
lusks. During the day the platypus re
tires to a burrow it has constructed in 
the bank of the waterway, where lit
tle is known of its behavior. In spite 
of these drawbacks to its study, the 
image of the platypus as an evolu
tionary leftover, midway between 
reptiles and mammals and poorly 
adapted to modern life, is disappear
ing; instead it appears to be a highly 
specialized and successful mammal. 

Life-history data collected by Grant 
over the past 15 years have provided 
a wealth of information on the lon
gevity of the platypus and its move
ments. By suspending gill nets in the 

PLATYPUS is amphibious in its habits, spending several hours a 

day foraging for invertebrate prey on the bottom of freshwater 
rivers and lakes. During a dive, often in murky water, the animal 

closes its eyes, ears and nostrils. To find its prey and navigate 

around obstacles, it relies on thousands of receptors in its duck
like snout that respond both to touch and to electric currents. 
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STREAMLINED BODY of the platypus is efficient both in the wa

ter and on land. When underwater, as is shown here, the animal 

PREMAXILLA BONE�
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PECTORAL 
GIRDLE 

SKELETON of a modern platypus (in ventral view) is partly mam

malian and partly reptilian. Like all mammals, the platypus has 
seven cervical vertebrae, but other features (color), including 
the cervical ribs, the interclavicle of the pectoral girdle and the 

FORE AND HIND FEET of the platypus are short and close to the 

body. The fore foot (left) is broadly webbed and is the animal's 

main means of propulsion in the water. On land the webbing is 

retracted, exposing strong nails with which the animal grips the 
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maneuvers about, propelling itself with paddle like forefeet. On 

land it moves forward by gripping the substrate with its claws. 

PELVIC 
GIRDLE 

epipubic bones of the pelvic girdle, resemble those of a reptile. 
The premaxilla bone has been extended to form a bill, and horny 

grinding plates on the jaw replace teeth. Juveniles have degener
ate molars that are replaced by the horny pads at weaning time. 

terrain and excavates its burrow. The hind foot (right) has claws 

that also provide traction; in addition males have a hollow spur 

near the ankle that connects to a venom gland and delivers a 

deadly toxin during aggressive encounters with other animals. 
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water, Grant was able to trap the ani
mals, fit them with a numbered metal 

'band on the hind leg and then release 
them from the spot where they were 
captured. He has marked and recap
tured 468 platypuses to date along 11 
kilometers of the Shoal haven River 
in New South Wales. Because of 
Grant's work it is now known that a 
platypus lives for up to 12 years, suc
cessfully breeds into old age (Grant 
has captured females at least 11 years 
old that are still lactating) and may 
spend most of its life in the same 
body of water. 

Temple-Smith has done much to 
elucidate the processes of reproduc
tive physiology in the platypus. The 
animals are seasonal breeders; in 
summer and early fall the reproduc
tive organs in both males and fe
males are small and inactive. During 
May, June and July the glands associ
ated with reproduction begin to en
large and secrete hormones. At the 
same time there is a distinct change 
in the temperament of the males: 
they become aggressive, engaging in 
frequent combat with other males. 

Each male has a sharp, inwardly di
rected hollow spur on the hind leg, 
up to I.S centimeters long and filled 
with a powerful toxin. These spurs 
are used in combat against other 
males; Temple-Smith believes they 
may play an important role either 
in establishing territories or in com
petition with other males for access 
to a female. The toxin is produced 
in a special gland called the crural 
gland at the top of the leg. In August, 
when crural-gland development and 
spermatogenesis have reached their 
peak, the males exhibit maximum 
levels of aggression. 

The toxin secreted by the crural 
gland is unquestionably powerful: an 
animal the size of a dog dies after 
being spurred, apparently from res
piratory and cardiac arrest. Temple
Smith tested the sublethal effects of 
the toxin by injecting .OS milliliter of 
it into his forearm; his account con
firms previous reports of the agoniz
ing pain experienced by human be
ings who have been accidentally 
spurred by a male platypus. 

Courtship among platypuses is an 
elaborate ritual, involving vari

ous acrobatic activities in the water. 
Ronald Strahan and David E. Thomas 
of the Taronga Park Zoo have often 
seen a male grab the tail of a recep
tive female. The two then swim slow
ly in circles for several days, after 
which copulation takes place. Fol
lowing copulation from one to three 

A U T R A L a 

. '" 

I N 0 I A N o C E A N 

RANGE of the platypus is limited to freshwater systems in eastern Australia. There the 
animals can be found-sometimes in relative abundance-both east and west of the 

Great Dividing Range, where they may inhabit streams with temperatures varying from 
near-freezing in the Australian alps to subtropical at the northern end of their range. 

(usually two) yolk-laden eggs be
tween four and 4.S millimeters in di
ameter are shed into the left fallopian 
tube. (The right ovary in the platypus 
is nonfunctional.) It is in the fallopian 
tube that fertilization takes place and 
the egg acquires its first shell layer. 

Sex determination takes place at 
the time of fertilization. The male is 
heterogametic, that is, he produces 
two kinds of sperm, as humans do, 
one with a Y chromosome and the 
other with an X chromosome. Caro
lyn E. Murtagh and Geoff Sharman of 
Macquarie University found that 
platypus and echidna males differ 
from all other mammals in that sex is 
determined by the presence of a mul
tivalent XY/AXcomplex: at meiosis in 
the male the X and Y chromosomes 
are associated with small autosomal 
chromosomes, four unpaired and 
two paired. 

After the first shell layer has been 
deposited, the egg passes to the uter
us, where a second layer is added. 
There the egg increases in size, ab
sorbing secretions from the uterine 
glands that nourish the developing 
embryo. When the egg has grown to 
12 millimeters in diameter, a third 
and last layer of shell is added. The 
oval egg is now encased in a protec
tive outer shell; when it is laid, it 

measures approximately 14 millime
ters at its middle and 17 millimeters 
from end to end. Although the exact 
gestation period is not known, it is 
thought to span about 20 days. 

A female prepares for the arrival of 
her eggs by constructing a special 
nesting burrow that is deeper and 
more elaborate than the normal bur
row. The Australian naturalist David 
Fleay has seen a pregnant female car
rying grass and leaves, which are 
tucked between the tail and the ab
domen, to a terminal chamber in 
the nesting burrow, where the vege
tation provides moisture and cush
ioning for the young. 

Egg laying in the platypus has nev
er been seen, but it is surmised that 
the female platypus sits on her rump 
so that the eggs, which are covered 
with a sticky secretion, pass directly 
from the cloaca to the abdomen. The 
female then curls her tail around 
them, incubating them with the 
warmth of her body. Even when the 
ambient temperature is as low as 20 
degrees Celsius, the temperature of 
the incubatorium the female creates 
is maintained at 31.S degrees C. 

Although the incubation period is 
not known, it is probably similar to 
that of the echidna, which lasts for 10 
or 11 days. The hatching process is 
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also thought to be the same for both 
the platypus and the echidna. Their 
hatchlings are the s.ame size and 
have a sharp egg tooth on the upper 
jaw (as do many reptiles), which en
ables them to tear open their rubbery 
shells. When an echidna hatches, it 
is only about 1.5 centimeters long 
and weighs about 380 milligrams. 
At this stage it looks much like a 
newborn marsupial: its forelimbs are 
well developed and its hind limbs 
are rudimentary. 

The tiny suckling platypuses are 
held securely against the mother's 
abdomen by her tail, which she curls 
around them. Here they imbibe milk 
from her two nipples, which are cov
ered with fur but are otherwise simi
lar to the nipples of other mammals. 
The milk is produced in a pair of 
mammary glands of extraordinarily 
large size: in a female that measures 
43 centimeters from snout to tail, 
the lactating glands may be almost 
one-third her length, or 13.5 centime
ters long. 

A s early as 1831 Lieut. the Hon. Lau
.t-\.derdale Maule of the 39th Regi
ment of the British army demonstrat
ed, with the help of soldiers stationed 
in New South Wales, that the platy
pus has mammary glands that pro
duce true milk. Nevertheless, in 1959 
Physiological Review published the 
statement that monotremes produce 
a fatty exudate that is licked up by 
the young from hairs covering pores 

in the skin-an erroneous finding of
ten cited in popular accounts. Any 
question about the nature of milk 
production in the platypus was set
tled by research I carried out with my 
colleagues Gutta Schoefl and Carmel 
Teahan of the Australian National 
University, Michael Messer of the 
University of Sydney, Robert Gibson 
of Flinders University and Tom 
Grant. Our work demonstrates that 
the mammary glands of the platypus 
are as well developed and elaborate 
as they are in most mammals. 

Each gland consists of a collection 
of club-shaped lobules, bound to
gether by connective tissue, that con
verge to form a fan-shaped mass. As 
is the case for all mammary glands, 
the lobules are filled with innumer
able alveoli, hollow sacs covered 
by a network of filamentous myo
epithelial cells. A second layer of epi
thelial cells lines the inside of the al
veoli, and it is these cells that secrete 
the various "milk components. As in 
other milks, the components are ca
sein (the primary protein), whey pro
teins, carbohydrates, fat globules 
and minerals. 

In response to suckling at the teat, 
the pituitary gland secretes the hor
mone oxytocin, which then enters 
the bloodstream. When oxytocin 
reaches the mammary glands, it 
causes the myoepithelial network to 
contract, thereby raising the intra
alveolar pressure and forcing milk 
to the exterior. This phenomenon, 

known in the dairy industry as milk 
let-down, occurs in all mammals and 
can be artificially triggered with oxy
tocin injections. About five minutes 
after a platypus is injected there is a 
copious flow of milk, which can then 
be analyzed biochemically. Because 
only females that have laid eggs pro
duce milk, studies of milk let-down 
provide a gauge of how many fe
males in a given year are breeding. In 
this way investigators have deter
mined that female platypuses do not 
breed every year. 

Monotreme milk, like the milk of 
marsupials, differs from that of pla
cental mammals in being particularly 
rich in iron. It contains from two to 
three milligrams per 100 grams; in 
contrast, the milk of humans and 
cows contains only .05 milligram of 
iron per 100 grams. Such high levels 
are apparently necessitated by the 
fact that the liver of newly hatched 
monotremes and marsupials is much 
too small to store an adequate supply 
of iron. During the months when 
their sole sustenance is milk, an in
fant must therefore get the iron it 
needs from its mother. 

After being weaned (limited data 
suggest that this occurs around the 
age of three and a half months), a 
young platypus begins diving for 
food much as adults do, snapping it 
up from the bottom and storing it in 
one of its two cheek pouches. When 
both pouches are full, the platypus 
swims to the surface, where it trans-

ACTIVITIES of the platypus are mostly solitary. During the day 
platypuses live in burrows along the water's edge. Sometimes 

they bask in the sun, grooming themselves with their hind feet 
(a). Females guard their eggs and young in nesting chambers (b), 

building their nests with leaves carried into the burrow tucked 

between the tail and the abdomen (c). For protection from pred
ators, platypuses often plug the end of their burrows with a 

mound of dirt (d). At night they are active and take to the water, 
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fers the pouch contents to its mouth, 
grinding the prey between horny 

. pads in its upper and lower jaws. 
By removing the contents of the 

cheek pouch with a long spoon, Rob
ert Faragher and a team from the 
New South Wales State Fisheries de
partment found that the platypus 
varies its diet according to the sea
son. In mid-December it feeds pri
marily on insect nymphs and larvae 
that live at the bottom of streams and 
lakes. Of these, caddisfly larvae are 
by far the commonest. As the year 
progresses, the percentage of caddis
flies in the diet drops and the platy
pus supplements its food supply with 
small shrimplike crustaceans. 

The ability of the platypus to lo
cate its prey in murky water

while avoiding all kinds of obsta
cles-is truly remarkable. During the 
minute and a half it remains under
water the platypus is essentially cut 
off from the outside world: its eyes 
and ears are situated in a muscu
lar groove, the lips of which close 
tightly, and its nostrils, at the dor
sal surface of the end of the snout, 
also close. How under these circum
stances does the animal find its prey? 

Recent investigations of the feed
ing behavior of the platypus have led 
to some astonishing findings. As long 
ago as 1884 it was known that the ex
quisitely soft surface of the bill is per
forated with openings that contain 
sensitive nerve endings. Neurophys-

iological studies by Ros C. Bohringer 
of the University of New South Wales, 
Hennig Scheich of the Technical Uni
versity in Darmstadt, West Germany, 
and Uwe Proske of Monash Universi
ty revealed not long ago that within 
these pores there are two kinds of 
sensory receptors: mechanorecep
tors, which are tiny pushrods that re
spond to tactile pressure, and elec
troreceptors, which respond to weak 
electrical fields. 

Bohringer and her colleague Mark 
Rowe discovered that tactile stimula
tion of the push rods sends nerve im
pulses to the brain, where they 
evoke an electric pot�ntial over an 
area of the neocortex much larger 
than the one stimulated by input 
from the limbs, eyes and ears. They 
concluded that the bill must be the 
primary sensory organ for the platy
pus. That finding was supported by 
studies showing the bill is extraordi
narily sensitive to tactile stimulation: 
stimulus with a fine glass stylus sent 
a signal by way of the fifth cranial 
nerve to the neocortex and from 
there to the motor cortex. Presum
ably nerve impulses from the motor 
cortex then induced a snapping 
movement of the bill. But it was still 
not clear how the animal locates its 
prey at a distance. 

Scheich and his colleagues carried 
out experiments showing that when 
a platypus feeds, it swims along, 
steadily wagging its bill from side to 
side at the rate of two or three sweeps 

per second, patrolling in this manner 
until prey is encountered. It there
upon switches to searching behav
ior, characterized by erratic move
ments of the bill over a small area at 
the bottom, which is followed by 
homing in on the object and seizing it 
with a rapid snap of the jaws. 

These experiments show that the 
animal clearly orients to objects in 
the water, but how it accomplishes 
that task was not known. How was it 
able to distinguish a suitable prey 
item from other objects on the bot
tom? A series of electrophysiological 
experiments provided the answer. 

Scheich and his colleagues hypoth
esized that a sensory system based 
on electroreception as is found in 
some fishes and sharks might exist in 
the platypus. Experiments showed 
this to be true. The investigators 
found they could trigger the switch 
from patrolling to searching behav
ior in the platypus by creating a di
pole electric field in the water with 
the aid of a small 1.5-volt battery. The 
platypus, sensitive to the weak elec
tric current that was created, rapidly 
oriented toward the battery at a dis
tance of 10 centimeters and some
times as much as 30 centimeters. 
Once the battery was detected, the 
platypus would inevitably attack it as 
if it were food. Investigators then dis
covered that the tail flicks of freshwa
ter shrimp also produce weak elec
tric fields and elicit an identical re
sponse. The assumption is that all 

where they feed and mate. After foraging a platypus may return 
to its burrow to rest (e). Courtship is an elaborate ritual and fre

quently involves tandem swimming: a male grabs a female by 
her tail and the two circle about for several days before mating 

(f); feeding takes place mostly on the bottom, where prey is de
tected by receptors on the platypus's bill (g). This illustration 

is a composite of behaviors; it is not meant to suggest that the 
animal is communal or that the activities occur at the same time. 
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ECHIDNA Tachyglossus aculeatus, also known as a spiny anteater, is one of three kinds 
of living monotremes, or egg-laying mammals, endemic to Australia and New Guinea. 

Unlike the platypus, the echidna is terrestrial, feeding mostly on termites and ants, 
which it extracts from their nests with its long, sticky tongue. Interspersed with 
its fur are barbless spines, which give it a superficial resemblance to the hedgehog. 

MONOTREMES, in this case an echidna, emerge from their eggs after about 10 days of 

incubation. The hatchlings have a sharp tooth at the tip of the upper jaw with which 
they tear open the rubbery eggshell. A similar egg tooth also occurs in some reptiles. 
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the invertebrates on which the platy
pus feeds must do so too. 

The means by which the platypus 
detects weak electric currents re
mained a mystery, however. When 
Scheich and his team exposed the 
platypus bill to an electriC stimulus, 
it became apparent from evoked-po
tential experiments that the region of 
the brain being stimulated was an 
area of the neocortex adjacent to the 
area stimulated by the mechanore
ceptors. Moreover, it was found that 
maximum sensitivity was recorded 
at some but not all of the pores in the 
skin of the bill. 

Proske and his team discovered 
that receptors inside those pores 
were insensitive to probing with a 
glass stylus but responded to low
level electrical stimuli. Conversely, 
the mechanoreceptors, which were 
extremely sensitive to touch, re
sponded electrically only when an 
electric current three orders of mag
nitude larger was applied. 

Detailed examination of the pores 
in cross section revealed that special 
nerve endings sensitive to electric 
currents are indeed present and that 
they occur in association with mu
cus-secreting glands. The lubrication 
provided by these glands apparently 
ensures that the electroreceptors will 
not desiccate when the platypus is 
holed up in its burrow. 

A nother remarkable specialization 
J-\.of the platypus is its ability to 
thermoregulate, which it is able to do 
more effectively than some placental 
mammals. Grant and his colleagues 
have found that the platypus, in spite 
of its similarities to cold-blooded rep
tiles, is an excellent thermoregulator 
under both laboratory and natural 
conditions. When the platypus for
ages for food in winter, it must con
tend with water that may drop to 
zero degrees C, yet, like any mam
mal, it maintains its normal body 
temperature (which in the platypus is 
32 degrees) by adjusting its metabol
ic rate. When the temperature of the 
air drops from 25 to five degrees, the 
platypus increases its standard meta
bolic rate (SMR) 1.8 times; in water 
that is five degrees it increases its 
SMR by a factor of 3.2. 

The finding that the platypus can 
maintain an internal body tempera-· 
ture of 32 degrees for several hours 
even in zero-degree water was a sur
prising one. That it can do so is relat
ed both to its ability to raise its SMR 
and to the insulative value of its fur, 
which is higher than that of most 
mammals. Polar bear and beaver fur, 
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for example, lose from 90 to 96 per
cent of their insulative value in wa

'ter; in contrast, platypus fur loses 
only from 60 to 70 percent of its insu
lative value. Amphibious placental 

, mammals such as the muskrat Onda
tra zibethicus and the Australian wa
ter rat, Hydromys chrysogaster, are 
poor thermoregulators by compari
son. In water of five degrees the wa
ter rat's internal temperature drops 
in a matter of one or two hours from 
37 to 28 degrees. 

In spite of all that is now known 
about the platypus, one mystery 

that remains unsolved is its antiq
uity. The animal's weird mixture of 
reptilian and mammalian traits sug
gests a long evolutionary history, 
perhaps as long as 15 0 million years. 
The fossil record on the animal is no
toriously poor, however. That situa
tion can be attributed at least in part 
to the lack of teeth in the adult platy
pus, since most mammals are repre
sented in the fossil record on the ba
sis of teeth andjawbones. 

In recent years, though, some in
triguing fossil remains have been 
found. First Michael Archer and his 
colleagues at the University of New 
South Wales discovered a beautifully 
preserved skull of an adult platypus 
in a Miocene deposit some 15 million 
years old in northwest Queensland. 
The skull, Obdurodon dicksoni, is par
ticularly interesting because it has 
teeth similar in some respects to 
those of juvenile platypuses. Such a 
finding suggests that loss of teeth in 
the group must have been a relative
ly recent event. In 1985 a piece of 
lower jaw containing three molar 
teeth similar to those of Obdurodon 
was found by Archer, Timothy F. 
Flannery, Alex Ritchie and Ralph E. 
Molner in a deposit thought to be ear
ly Cretaceous in age, roughly 100 mil
lion years old. The fossil, named Ster
opodon gaimani, is significant be
cause it sets a minimum date for the 
age of the monotremes and is the first 
proof that mammals existed in Aus
tralia long before the Tertiary. 

Many questions about the platypus 
and its habits remain unanswered. 
Although research on the animal 
continues (studies are currently un
der way on the biochemistry of lacta
tion and the endocrinology of repro
duction), it is now clear-in spite 
of its antiquity and its mosaic of rep
tilian and mammalian characteris
tics-that the platypus is a highly 
specialized animal, well adapted to 
its amphibious existence in the wa
terways of eastern Australia. 
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REPRODUCTIVE SYSTEM of monotremes is unique among mammals: its anatomy is 

more reptilian than it is mammalian. Eggs are shed by the left ovary (the right ovary is 

nonfunctional) into the fallopian tube, where they are fertilized. They then pass to the 

uterus, where they acquire a rubbery shell, and they are eventually laid through the clo

aca_ As in reptiles, both the rectum and the bladder open into the cloaca; all other pla

centals perform excretory and reproductive functions through separate openings. 

SENSORY RECEPTORS in the bill of the platypus enable it to navigate and to locate 

prey underwater. Electroreceptors (left) respond to weak electric currents generated 

by the movement of small bottom-dwelling invertebrates; when electroreceptors are 

stimulated, the animal swims toward the signal. Tactile stimulation by the prey causes 

the mechanoreceptors (right) to fire; the pushrod is deflected and a nerve impulse is 

sent to the brain, resulting in a snapping movement of the bill and capture of the prey_ 
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Aerogels 
As the name implies, these unusual solids are remarkably light and 
porous, made more of air than of gel. Their structure endows them 
with intriguing properties that science has only begun to exploit 

�. ellyfish that has washed up on 
the shore dries in the sun and 

leaves very little collapsed 
tissue behind. Like the jellyfish, most 
gelatinous substances will shrink to 
10 percent of their original volume 
when they dry in the air. In spite of 
the shrinkage such air-dried gels are 
still about 50 percent empty space. 
The gels are riddled with pores that 
make them half as dense as a compa
rable nonporous solid. 

In the early 1930's S. S. Kistler of 
Stanford University found a way 
to dry gels without shrinking them. 
By extracting the fluid from a wet 
gel under pressure and at a high 
temperature he was able to produce 
extremely light materials with poros
ities as high as 98 percent. Kistler 
called the solids aerogels. The first 
ones he produced were translucent 
slabs made from silica, the major 
component of ordinary glass. Later 
Kistler succeeded in fabricating aero
gels of alumina, tungsten, iron and 
tin oxides, nickel tartrate, cellulose, 
gelatin, egg white and rubber. He saw 
no reason the list could not go on 
indefinitely. 

Thirty years later a research group 
in France demonstrated that aerogels 
could serve as components of parti
cle detectors in high-energy physics 
experiments. The French team also 
devised a new way to make the gels 
that took hours rather than weeks. 
Since then aerogels have attracted a 
small but rapidly growing scientific 
community whose interest is drawn 
by the unique properties of these cu
rious materials as well as by their po
tential applications. 

As Kistler had noted, the thermal 
conductivity of aerogel tiles is about 
100 times smaller than that of fully 
dense silica glass. The combination 
of this excellent insulating ability 
with high transparency suggests that 
aerogels might act as superinsulating 
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spacers in window systems or as 
shields to trap solar energy in pas
sive collectors. Furthermore, recent 
work in my laboratory at the Univer
sity of Wiirzburg has revealed that 
sound moves through aerogels even 
more slowly than it does through air. 
This property could tremendously 
improve the efficiency of devices 
that emit ultrasonic waves in order 
to gauge distances, such as the auto
focus systems in cameras. 

Most of the acoustic and mechani
cal properties aerogels exhibit can be 
related to the intriguing structure of 
the delicate gel body. We are just be
ginning to explore how this structure 
can be altered in the course of syn
thesis to optimize the performance of 
aerogels in practical systems. Before 
discussing the application of aero
gels, I shall therefore describe the art 
of making them. 

Vistler's aerogels started out as a 
.r\...solution of sodium silicate called 
water glass that, when mixed with 
hydrochloric acid, gelled in about 24 
hours. Kistler rinsed the acid from 
the gel with water to yield what is 
known as an aquagel, and then sub
merged the gel body in alcohol to 
make an "alcogel." 

Kistler knew that as soon as liquid 
begins to evaporate from a gel, sur
face tension creates concave menisci 
in the gel's pores. A meniscus is the 
crescent-shaped contour on the sur
face of a liquid contained in a col
umn such as a test tube. As evapo: 
ration continues, the menisci retreat 
into the gel body, compressive for
ces build up around its perimeter 
and it contracts. Eventually surface 
tension causes the collapse of the 
gel body, just as it does in the case 
of the stranded jellyfish [see top il
lustration on page 94]. 

In order to prevent surface tension 
from building up, Kistler dried the gel 

in a pressure vessel called an au
toclave. When the temperature and 
pressure in the vessel are increased 
above a critical threshold, the liquid 
is transformed into a "supercritical" 
fluid in which every molecule can 
move about freely and surface ten
sions cease. Without surface tension 
menisci do not form. The fluid is 
slowly released from the autoclave, 
leaving the gel body behind. Finally, 
the temperature in the autoclave is 
lowered to the ambient temperature 
and the aerogel is removed. 

The critical parameters governing 
this drying procedure depend on the 
liquid employed. A gel wetted with 
methanol, for instance, requires tem
peratures of about 240 degrees Cel
sius (water boils at 100 degrees C.) 
and pressures of about 81 bars (com
parable to the pressure exerted by 
250 feet of water). The gel body does 
not experience any compressive for
ces, and so it retains its original size 
and shape. The silica gels Kistler 
produced had densities of between 
30 and 300 kilograms per cubic me
ter, corresponding to porosities of 
between 86 and 98 percent. 

Although Kistler succeeded in dry
ing gels without shrinking them, his 
method of preparation is time-con
suming and tedious. In particular, 
washing the aquagel and then chang
ing the solvent to alcohol is a labo
rious business. Yet the gel has to 
be bathed in alcohol because water 
would dissolve the gel structure at 
high temperatures. When in the early 
1960's Stanislas ]. Teichner and one 
of his students at the University of 
Lyons tried to duplicate Kistler's re
sults, it took them weeks to prepare 
just two aerogel samples. 

The student, whose thesis rested 
on the aerogel research, was thor
oughly dismayed a fthe prospect of 
spending years procuring the materi
al he needed. He ended up having 
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a nervous breakdown. Soon after 
he recovered, a new method for gel 

·preparation was introduced that took 
only one day. The technique became 
the standard one. 

To make a silica aerogel according 
to Teichner's method, a colorless 

liquid chemical called tetramethox
ysilane (TMOS) is mixed with water; 
when an acid or base catalyst is add
ed, silicic acid and methanol are pro
duced. Molecules of the silicic acid 
start to aggregate and to form mi
croscopic clusters. These clusters in 
turn stick together to form larger en
tities, finally building up the coher
ent gel body [see illustration on page 
95]. The structure and density of the 
resulting aerogels can be influenced 
by the pH value, the temperature 
and the concentration of the ingre
dients employed in the synthesis, 
which is called a sol-gel process. 

Other methods of aerogel synthe
sis have been explored. A research 
group at the University of Califor-

nia at Berkeley makes pieces of aero
gel from tetraethoxysilane (TEOS) in
stead of the poisonous TMOS. The 
Berkeley group, which is led by Ar
Ion]. Hunt, also substitutes carbon di
oxide for the alcohol that is tradition
ally used as the fluid phase. Carbon 
dioxide is nonexplosive and needs 
to be heated only above 31 degrees 
C. during drying. That methodolo
gy is much slower than the French 
technique, however, because the ex
change between alcohol and carbon 
dioxide takes a long time. 

At B.A. S.F. in Ludwigshafen, West 
Germany, pellets rather than tiles of 
aerogels are fabricated by spraying 
an acid and water-glass solution from 
a mixing jet into a flask, where the 
pellets are washed and then super
critically dried. The resulting grains 
have diameters of a few millimeters 
and densities of some 200 kilograms 
per cubic meter. The granular aero
gels are less expensive to manufac
ture than monolithic tiles. 

The French group's incentive for 

reviving research on aerogels came 
from a government initiative to find 
porous materials with which to store 
oxygen and rocket propellants. The 
subsequent development of aero
gels, however, was most strongly 
promoted by their utility in detectors 
of Cerenkov radiation. Cerenkov ra
diation is emitted by charged parti
cles such as pions, muons and pro
tons moving in a medium at a veloci
ty greater than the speed of light in 
that medium. Such particles give off 
light in a cone-shaped front sur
rounding their flight path. This elec
trical shock wave is comparable to 
the acoustic shock front around an 
airplane flying at supersonic speed. 

The velocity of the particle can be 
deduced from the angle of the cone; 
that is, the angle between the wave
front and the particle's flight path. 
The speed of light in a given medium 
is determined by the medium's index 
of refraction, and the index of refrac
tion for aerogels happens to be in the 
range that can be covered neither 

AEROGEL FRAGMENT is translucent. On a white background it 

has a pale yellow tint; against a dark background it looks milky 

blue. The low-density structure that gives rise to these optical ef

fects also slows sound waves and enhances thermal insulation. 
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GLASS 

LIQUID 

FORCES FROM 
SURFACE TENSION 

LIQUID MENISCI 

SURFACE TENSION shrinks gels when they dry in the air. The same tension creates a 

meniscus on the surface of a liquid contained in a tube (left). Compressive forces exert 

a powerful inward pull (arrows). Menisci also form in the pores of a gel bathed in liquid 

(right). As the liquid evaporates, the menisci retreat and draw the gel body inward. 

by compressed gases nor by liquids. 
Aerogels have already been incorpo
rated in several Cerenkov detectors 
worldwide. Indeed, this is currently 
the widest practical application of the 
material. 

Two groups adopted Teichner's 
method to produce aerogel tiles for 
such detectors. Gunter Poelz and his 
co-workers at the Deutsches Elektro
nen-Synchrotron (DESY) in Hamburg 
supplied a detector there with about 
1,700 liters of silica aerogel. At the 
University of Lund in Sweden, Sten 
Henning and Guy v. Dardel generat
ed about 1,000 liters of aerogel for an 
experiment at the European labora
tory for particle physics (CERN). To 
make large 60-by-60-centimeter tiles, 
the Swedish group set up a facility 
with a 3,OOO-liter autoclave. In 1984 
the main gasket of the autoclave 
failed and more than 1,000 liters of 
methanol leaked out into the build
ing. The explosion that ensued de
stroyed the entire facility. Undaunt
ed, the Swedish team built a new fa-

cility with an equally voluminous 
autoclave and expects to resume pro
duction soon. 

Today the main goal of aerogel 
research is to produce large 

amounts of tiles or pellets cheaply for 
use as spacers in windows and in pas
sive solar collectors. The utility of 
aerogels in this context rests on their 
excellent thermal insulation, which 
is obviously a result of their high po
rosity. The source of this porosity 
can best be visualized if! address the 
unusual structure of the gels. 

The first clues to the size of the 
structural entities in aerogels came 
from evidence of Rayleigh scattering, 
the phenomenon responsible for the 
scattering of sunlight in the atmos
phere. Rayleigh scattering occurs in 
a medium when it contains inhomo
geneities that are smaller than the 
wavelengths of visible light. The in
homogeneities deflect rays of light; 
the efficiency of scattering decreas
es dramatically as the wavelength of 

the light increases. Consequently red 
light, which has wavelengths' near 
700 nanometers, is scattered only 
about one-tenth as strongly as blue 
light, which has wavelengths o( ap
proximately 400 nanometers (a na
nometer is a billionth of a meter). 

That is why the setting sun, seen 
through the atmosphere, looks yel
low or red, and why at the sun's ze
nith the sky looks blue. Similarly, 
aerogel tiles show a yellowish hue 
when they are held against the light 
and a bluish tint when they are held 
against a dark background. Hence it 
appears that the structural entities in 
aerogels am smaller than the wave
lengths of visible light; in fact, from 
preCise measurements of these opti
cal effects one can deduce that the 
largest entities are roughly 50 nano
meters in size. 

The microscopic technique that is 
most reliable for structural analysis 
of aerogels involves bouncing X rays 
or neutrons off the gel body at very 
small angles. This technique makes it 
possible to probe aerogel structure 
from atomic levels to the 50-nano
meter range. It is also possible to 
glean information on structure by ob
serving the influence of gas pressure 
on the material's thermal properties. 
Data from these various methods are 
not always easy to interpret. The 
composite model that investigators 
have been able to contruct for base
catalyzed aerogels is represented by 
spheres, clusters and chains [see illus
tration on opposite page]. 

In silica aerogels made from TMOS 
under basic conditions, the densest 
structures are nonporous spheres 
with diameters of less than one nano
meter. These "primary particles" are 
as dense as ordinary silica glass: 
about 2,000 kilograms per cubic me
ter. The primary particles cluster to
gether and form porous "secondary 

RAYLEIGH SCATTERING in aerogel tiles gives clues to the ma

terial's structure. It occurs when light, generated in this case by a 

laser beam, passes through a medium containing inhomogenei

ties that are smaller than the wavelengths of visible light. The 

particles that make up aerogels are of a size that causes the 

short wavelengths of blue light (left) to scatter much more than 

the longer wavelengths of red light (right). These photographs 

were made by Wolfram Gorlitz of the University of Wiirzburg. 
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particles" with diameters of about 
two nanometers. These clusters have 

. half the density of silica glass; their 
surface areas average a remarkable 
600 to 800 square meters per gram. 
Given these figures, one should not 
be surprised at the large amounts of 
moisture aerogels can absorb. 

The delicate aerogel skeleton is 
built up between two and 50 nano
meters. As far as anyone can tell, it 
consists of chains that branch and 
contact one another to create the 
exceptionally porous macrostruc
ture. The degree of branching and 
of interchain contact depends on 
the aerogel's density and probably 
accounts for most differences in opti
cal, thermal and acoustic properties. 

I have already touched on the fasci
nating optical properties of aero

gels. The basics of their thermal 
properties were established by Kis
tler's early work and-more than 20 
years ago-by the investigations of 
M. G. Kaganer of the All-Union Scien
tific Research Institute of Oxygen, 
Cryogenic and Compressor Machin
ery Construction in Moscow. In the 
past five years my thermal physics 
research group at Wurzburg has pro
vided more detailed analyses. 

The thermal losses typical of an in
sulating system are measured in 
terms of a quantity called the thermal 
loss coeffiCient. This coefficient gives 
the power in watts that penetrates an 
area of the material measuring one 
meter by one meter when the tem
perature difference across the mate
rial is equal to one degree C. In my 
group Dietrich Buttner, Peter Scheu
erpflug and Ulrich Heinemann found 
that an evacuated layer of low-densi
ty aerogel only 15 millimeters thick 
has a thermal loss coeffiCient of 
about .5 watt per square meter and 
degree C. for temperatures between 
10 and 20 degrees C. In comparison, a 
single pane of ordinary glass would 
have a thermal loss coeffiCient of ap
proximately six watts per square me
ter and degree C. 

Even the best available window 
systems, made of double-pane, sil
ver-coated glass and filled with argon 
gas, experience thermal losses three 
times as high as systems incorpo
rating evacuated aerogel spacers 
would. Hence aerogel layers in win
dows could greatly reduce heating 
bills in cold countries, particularly in 
regions where there is ample sun
shine in the winter. Windows with 
aerogel spacers would look slight
ly frosted and so would not replace 
ordinary windows universally. The 

fact that in a couple of years several 
glass manufacturers expect to pro
duce aerogel window systems com
mercially attests to the savings these 
systems could yield, even with limit
ed application. 

In a similar way aerogels could im
prove the passive use of solar ener
gy. A blackened house wall, thermal
ly protected by a layer of aerogel, 
could trap the heat provided by solar 
radiation. Because the aerogel coat 
insulates so well, most of the heat 
would pass through the wall and into 
the house [see illustration on next 
page]. The insulating wall would ap
pear to be gray because of reflected 
and scattered light and would be ef
fective with eastern, southern or 
western exposure. 

In order to optimize the perform
ance of aerogels in such insulating 
and solar-collection systems, the fac
tors influencing thermal losses must 
be taken into account. The ther
mal loss aSSOCiated with a material 
depends on the efficiency of ther
mal transport within the material. In 
evacuated, disperse mediums such 
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as aerogels, heat can be transport
ed in two ways. First there is ther
mal conduction along the contacting 
chains in the delicate aerogel struc
ture. This contribution lessens with 
increasing porosity (or decreasing 
density), but it shows only a weak 
temperature dependence. The oth
er means of transfer, however, is 
strongly dependent on temperature: 
it is transfer by thermal radiation. 

Thermal radiation in the form of 
photons emanates from all warm 

bodies and is absorbed or scattered 
by surfaces obstructing the photons' 
paths. With rising temperatures the 
spectrum of thermal radiation gets 
shifted toward shorter wavelengths: 
very hot bodies such as the sun emit 
photons with wavelengths in the vis
ible spectrum, whereas walls, win
dows and the human body radiate 
photons with infrared wavelengths 
measuring roughly from five to 20 
micrometers (a micrometer is a mil
lionth of a meter). 

Silica aerogels can absorb infrared 
radiation from walls and windows 

PRESUMPTIVE AEROGEL STRUCTURE is built up from molecular clusters. The small

est, "primary particles," are spheres less than one nanometer (one billionth of a meter) 

across; they have the same density as ordinary, nonporous glass. These spheres cluster 

together into so-called secondary particles, whose density is about half that of glass. 

The secondary particles are strung out in chains to create the delicate and extreme

ly porous aerogel skeleton, whose density is typically 5 percent that of ordinary glass. 
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quite well at wavelengths above five 
micrometers and are there'fore able 
to block thermal radiation effectively 
at ambient temperatures. Between 
three and five micrometers, how
ever, their absorption is low. Conse
quently the insulating properties of 
aerogels deteriorate as temperatures 
rise and increasingly more heat can 
penetrate-and escape-the aerogel 
layer. This phenomenon was investi
gated in detail by Roland Caps in my 
research group. 

In window spacers the problem of 
radiation leakage can be reduced by 
lining one of the inner sides of the 
two glass panes with a "low emis
sivity" layer of silver. Such layers, 
which are already employed in dou
ble-pane, argon-gas-filled window 
systems, emit about 10 times less 
thermal radiation than normal glass 
surfaces. 

The variation of the thermal loss 
coefficient with gas pressure might 
likewise pose a problem to would
be manufacturers of aerogel window 
systems. With aerogel tiles, thermal 
losses rise significantly only above 
100 millibars; a window system evac
uated to one millibar at production 
could maintain a vacuum below that 
threshold for 30 years if the leak rate 
were less than 100 micrograms of air 
per day per square meter of glass 
area. Such a leak rate might be at
tained with durable, high-quality or
ganiC rim seals such as those used in 
argon-gas-filled systems. 

The thermal loss coefficient of 
aerogel pellets shows a much greater 
sensitivity to air pressure. The coeffi
cient escalates considerably at pres
sures as low as a tenth of a millibar. 
Windows with pellet spacers would 
therefore probably have to be sealed 
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TRANSPARENT INSULA nON is provided by an aerogel layer sandwiched between two 

panes of glass. Such insulation on the wall of a house could increase dramatically the 

feasibility of passive solar collection. The wall is covered with a black absorptive mate

rial that converts the sun's rays into heat. Because aerogel is a much better insulator 

than the wall, most of the heat generated penetrates the wall and enters the house in

stead of escaping to the outside. In summer a shade could be drawn over the absorber. 
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with metal or glass rims, which are 
only in the development stage. Pellet 
spacers filled with argon gas are sim
pler to make but do not insulate as 
well as evacuated pellet layers. 

. 

Finally, before aerogel layers can 
be implemented in insulating sys
tems the problem of "creeping" will 
have to be overcome. Creeping is the 
tendency of aerogels to change their 
shape when they are subjected to 
a constant external load. Joachim 
Gross in my group discovered and is 
exploring this phenomenon, which 
probably is related to the water ad
sorbed on the expansive internal 
surface of the material. It might be 
possible to minimize the effects of 
creeping by baking off adsorbed wa
ter after the aerogel is made. 

My group at Wurzburg has also 
done extensive studies on the 

acoustic properties of aerogels. Our 
first measurements of sound velocity 
in aerogels were carried out about 
four years ago. We sent pulses of ul
trasonic waves through aerogel tiles 
using a +piezoelectric transducer, a 
device that vibrates when an alter
nating electric field is applied to it. 
When we first examined our results, 
we hesitated to believe what we saw: 
sound travels in aerogels at speeds of 
from 100 to 300 meters per second! 
Although such low velocities are typ
ical for materials that are easily com
pressed, such as rubber, they are sur
prising in a material made of the 
same components as ordinary glass, 
which can transmit sound waves at 
speeds of 5,000 meters per second. 

Even more remarkable is Gross's 
discovery that the velocity of sound 
decreases in aerogels when they are 
subjected to mechanical stress. Most 
solids get stiffer when they are com
pressed, and so sound travels at 
greater speeds. Aerogels instead be
come softer, due perhaps to changes 
in the skeleton's conformation. 

The combination of low sound ve
locity and low density means that 
in aerogels the product of the two 
quantities, called the acoustic imped
ance, will also be low. In fact, the im
pedance of aerogels is intermediate 
between the impedance of ceramic 
piezoelectric transducers and that 
of air. As a consequence aerogels 
could help to boost the efficiency of 
such transducers, which are com
mon components of cameras and of 
robotic systems that gauge distance 
by emitting ultrasonic waves. 

A thin aerogel layer spread on the 
surface of the transducer could act as 
a buffer between the drastically dif-
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ferent impedance values of air and 
.transducer, thereby reducing the re
flection of sound waves. We estimate 
that aerogel layers could increase by 
a factor of 100 the ultrasonic energy 
emitted by piezoelectric devices. So 
far, however, aerogels have not been 
implemented in these devices, and 
so their actual utility has not been 
ascertained. 

I do not want to end this article with
out mentioning two other inter

esting ramifications of aerogel struc
ture. The first is a phenomenon in 
aerogels called percolation. The ex
pression, from the Latin word mean
ing "to flow through," can refer to 
water dripping through ground cof
fee or to an electric current flowing 
through a highly porous conducting 
body. In an aerogel system it refers to 
thermal conduction by the gel body. 
In order for percolation to occur the 
gel body must be coherent; during 
the sol-gel process there is a certain 
critical point at which the density of 
molecular clusters is sufficient to 
form a coherent body . 

This "percolation threshold" can 
be estimated with the help of com
puter simulations that build simple 
chessboard patterns in two or three 
dimensions. Sites meant to represent 
the gel clusters are randomly painted 
black, with a parameter called occu
pation probability that is correlat
ed with gel density. The higher the 
occupation probability is, the more 
likely it is that any given site will be 
"occupied," or painted black . In this 
scheme a low occupation probabili
ty corresponds to a small density of 
clusters in the solution; with increas
ing probability, more clusters appear 
until the percolation threshold is sur
passed and the clusters make up a co
herent field. The percolation thresh
old for aerogels is extremely low, 
as can be surmised from their low 
density. 

The chessboard simulations have 
also helped to reveal that at densities 
above the threshold the mechanical 
properties of aerogels "scale" with 
the density excess; that is, the prop
erties vary with the difference be
tween the actual density and the criti
cal density taken to a power larger 
than 1. For instance, my colleague 
Ove Nilsson demonstrated that ther
mal conduction in an aerogel sample 
changes when the sample is com
pressed; in a certain range of com
pression, conduction is proportional 
to the excess density taken to the 
power of 1.6. In my laboratory at 
Wurzburg we have found that the 

COMPUTER-GENERATED CHECKERBOARD PATTERNS simulate the sol-gel process. 

Light boxes represent the solution, dark boxes the gel. Interconnected sections of the 

checkerboard are shown in color. The probability that a square will be painted black 

corresponds to the time elapsed since gel formation began. At a critical probability P 
the squares in the checkerboard become contiguous; likewise in the sol-gel process 

there is a critical threshold at which the clusters that make up the gel body become co

herent. These patterns were created by Manfred Gronauer in the author's laboratory. 

elastic modulus of aerogels, which 
influences their acoustic properties, 
scales even more dramatically, with 
the excess density taken to the pow
er of 3.7. 

Scaling laws are important not only 
from a theoretical point of view but 
also in terms of optimizing practical 
systems such as the thermal insula
tion of aerogel pellet layers in win
dows. Recently, for example, Ernst 
Hummer in my laboratory concluded 
from our scaling studies that the sol
id thermal conduction in such sys
tems varies only weakly with the pel
let density. 

Another intriguing aspect of aero
gel structure pertains to its fractal
ity . It seems that the aerogel skele
ton is fractal: a self-similar system 
whose geometric properties repeat at 
innumerable scale lengths. Dale W. 
Schaefer and his colleagues at the 
Sandia National Laboratories were 
the first to document the fractal na
ture of aerogels; recently systemat
ic investigations of aerogels made 

under controlled conditions showed 
that their fractal behavior changes 
with the pH value and with the con
centration of the starting solution. 
These last investigations were car
ried out by Rene Vacher, Thierry 
Woignier and Jacques Pelous of the 
University of Montpellier as well as 
by Eric Courtens of the IBM Zurich 
Research Laboratory. 

The recent studies of aerogels as 
fractals were contingent on precise 
control of the sol-gel process. Further 
understanding of the process in the 
.l-to-IOO-nanometer range will also 
be necessary to tailor the aerogel mi
crostructure to particular applica
tions. Yet aerogels are not just valu
able materials in and of themselves: 
they can also serve as important pre
cursors in the production of optical
quality glass. Proper discussion of 
the gel-to-glass transition and its po
tential benefits makes a story in its 
own right, and as knowledge of these 
unusual solids grows there will prob
ably be many more stories to tell. 
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The Indian Neck Ossuary 
A 1,OOO-year-old group burial on Cape Cod is the first clue 
on a trail of evidence implying that the southern New England 
coast had a settled population centuries before the Pilgrims 

by Francis P. McManamon and James W. Bradley 

I
n September, 1979, National Park 
Service archaeologists surveying 
prehistoric remains in the Cape 

Cod National Seashore were called to 
a site on Indian Neck, a peninsula in 
Wellfleet Harbor on outer Cape Cod. 
A backhoe operator digging a hole 
for a cottage's septic tank had un
earthed human bones. The archaeol
ogists suspected a prehistoric burial; 
so that the rest of the deposit could 
be salvaged, the cottage owners al
lowed us and our colleagues from the 
Park Service to excavate the remain
ing material. The excavation began 
the following week, and after two 
days of careful fieldwork an unex
pected but intriguing burial feature 
had been exposed. 

The backhoe had cut through a col
lection of bones that proved to con
tain the remains of at least 56 peo
ple-men, women and children-in
terred together about 1 ,000 years 
ago. It is the best-documented exam
ple of an ossuary (the technical term 
for such a deposit of bones) in New 
England, and one of the best-docu
mented outside northwestern New 
York State, adjacent parts of Ontario 
and the area around the Potomac Riv
er and Chesapeake Bay. It is also per
haps the strongest evidence to date 
bearing on what is still an open ques
tion about the prehistory of coast
al New England: how settled were 
the native inhabitants in the centu
ries before Europeans arrived? We 
believe the ossuary, combined with 
other archaeological data and the 
testimony of the first Europeans to 
explore the region, tips the balance 
of evidence away from scenarios in 
which the coast saw no more than oc
casional visits or seasonal camps and 
toward a picture of permanent coast
al habitation. 

That the deposit was prehistoric 
became evident even before we had 
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dug down to the bone layer through 
the undisturbed ground next to the 
backhoe cut. Under a few inches 
of topsoil we found a midden: an 
ancient rubbish dump containing 
shells, animal bone, broken stone 
tools and the like. The midden's up
per layer also yielded a scrap of sheet 
brass that had served as a cutting 
tool; at least some of the deposit, 
then, had been laid down after Euro
peans had introduced such material. 
The kind of stone artifacts, however, 
suggested that much of the midden 
dated from the final period of prehis
tory in the Northeast, the Late Wood
land, which began about A.D. 900 and 
ended with the arrival of Europeans. 
Because the midden lay above the 
bones (to which it is probably not re
lated) the ossuary had to date from 
before European contact. 

The ossuary itself, at a depth of a 
little more than a foot, was a startling 
sight: a dense, compact mound of 
bones about four feet across. The pile 
may originally have been twice that 
lo

'
ng in the north-south direction: a 

good part of it-perhaps half-had 
been cut away by the backhoe. The 
face of the backhoe cut showed that 
the bone layer was about a foot thick 
at its thickest point. 

At first glance one saw only a jum
bled mass, but on close inspection 
some organization was evident. Cra
niums tended to be concentrated 
along the east and west margins of 
the deposit, with other bones in be
tween. Some of the long bones were 
arranged in parallel clusters, as if 
they had originally been bundled. 
Several clusters later proved to con
sist of what might be the bones of a 
single individual: two humeri, two fe
murs and two tibiae, for example. 
The fact that most of the bones were 
no longer connected at the joints sug
gested that flesh had been scraped 

off or left to decompose before the 
bones were placed in the ossuary. 

After we had exposed and cleaned 
the bones of this layer we began re
moving them for further cleaning 
and study in the laboratory. In the 
process we found that many of the 
bones at the bottom of the layer were 
slightly charred on their underside. 
The cause soon became apparent. 
Underlying the first bone layer was 
a second layer, containing densely 
packed bone that had been partially 
reduced to ash. This mass of cremat
ed remains, perhaps half as big as the 
first layer in each dimension, showed 
no signs of internal organization. 

Even though these bones had been 
thoroughly incinerated, the reddish 
orange sand underlying the crema
tion layer showed relatively little 
discoloration. Moreover, the layer 
contained no charcoal. It therefore 
seems unlikely that the remains were 
cremated in the pit itself. Instead the 
cremation probably took place else
where (albeit nearby), after which 
the remains were placed in the pit 
while still smoldering. Then the un
burned bones, some of them in bun
dles, were piled on top of the cre
mated material, which was still hot 
enough to singe the added bones. 

Just when did this mass burial take 
place, and why? A prehistoric de
posit is often dated by the styles of 

the stone artifacts and pottery frag
ments found within it. In the ossuary 
such relics were rare, but one edge of 
the deposit did yield a large, triangu
lar point made of felsite, a light-col
ored igneous rock. The point, which 
may have ended up in the ossuary by 
chance or may have been placed 
there intentionally, was of the style 
known as Levanna, which is charac
teristic of the Late Woodland period, 

Carbon- 14 analysis of the bones 
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confirmed this preliminary dating. 
Samples of bone collagen (the pro
tein component of bone) and apatite 
(the mineral component) from the 
unburned layer yielded ages of ap
proximately 900 years, with an un
certainty of some 200 years. Bone 
charcoal from the cremation layer 
was dated to about 800 years ago, 
with an uncertainty of 200 years. We 
concluded that the ossuary was built 
early in the Late Woodland, probably 
in the 10th or early 1 1  th century A.D. 

The bones also revealed some
thing about the circumstances of the 
burial. In a detailed analysis of the 
bones, Ann L. Magennis of the Uni
versity of Massachusetts at Amherst 
counted the remains of 47 people in 
the unburned layer and at least nine 
more in the cremated layer. The de
posit contained individuals of both 
sexes (sex was determined for a total 
of 14 individuals, from the shape of 
the pelvis) and virtually all ages. The 
demographics suggested that burial 
in the ossuary was not limited to peo
ple of a speCific age or station; rather, 
the deposit seemed to hold the skele
tal remains of everyone in the com-

munity who died in a certain period. 
Was the ossuary built to hold the 

dead from a massacre, a famine or 
an epidemic, as popular speculation 
held when the site was discovered? 
Magennis' study of the bones re
vealed no unusual incidence of trau
ma and only a modest frequency of 
the structural changes in bone that 
result from infectious disease or 
malnutrition. Indeed, the health of 
the ossuary population was remark
able compared with some other pre
historic groups, extending even to a 
low incidence of dental caries. (That 
finding, together with a high frequen
cy of chipped teeth, prompted Ma
gennis to hypothesize that the ossu
ary builders' diet included relatively 
little ground maize but many wild 
foods.) The ossuary, then, is proba
bly not a monument to a prehistoric 
catastrophe; more likely it is evi
dence of a regular mortuary practice. 

Removing flesh from the bones be
fore interring them evidently was 
one part of the practice. Magennis' 
examination of the unburned bones 
suggests that the task was left to the 
process of decomposition, either in a 

primary burial site or aboveground. 
She found only two instances of the 
cut marks that would suggest flesh 
had been physically cut away from 
the bones: sets of gouges near the 
eye sockets of two adult males. The 
bones in the cremated layer also 
seem to have been bare when they 
were incinerated. Rather than serv
ing as a means of cleaning bones 
before they were interred, Magen
nis proposes, cremation may have 
been reserved for a segment of the 
community that was awarded spe
cial burial treatment. 

What does the ossuary say about 
the way of life of the people 

who built it? Were they nomads, driv
en from place to place by the shift
ing availability of food resources, 
or were they a sedentary people 
for whom a variety of resources lay 
within reach of their settlements? 
The question goes to the heart of an 
intensifying debate about the nature 
of the settlement system along the 
New England coast in the centuries 
before the arrival of Europeans. In 
other areas, such as the territory 

TOP OF THE OSSUARY is exposed. The deposit, which dated 
from the 10th or early 1 1  th century, contained the bones of at 
least 56 individuals; it is thought to reflect the ceremonial burial 

practices of a sedentary population. Archaeological excavation 
began after human bones were unearthed by a backhoe digging 
the trench at the right in the course of a construction project. 
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OUTER CAPE COD has yielded prehistoric remains at a number 
of sites: the ossuary on the peninsula of Indian Neck and many 
concentrations of remains around Nauset Bay and Wellfleet Har
bor and on High Head. The artifacts seem to have been deposited 

by a prehistoric population that lived year-round on the outer 
Cape, exploiting resources from the ocean, salt marsh, freshwa
ter wetlands and inland woods. The inset map, shows locations 
of known and suspected ossuaries in the coastal Northeast. 

of the Iroquoian people in western 
New York and southern Ontario, the 
remains of grain-storage pits and 
densely clustered dwellings, some
times ringed by a palisade, give clear 
evidence of permanent settlements. 
The archaeological record of the 
coast, in contrast, is dominated by 
middens, isolated habitations and a 
few storage pits; unequivocal signs 
of permanent habitation are rare. 

In recent years, as archaeologists 
in unparalleled numbers have poked 
into coastal remains from Maine to 
Manhattan, three broad models of the 
coastal settlement pattern have 
emerged. The first model, put for
ward by Lynn Ceci of Queens College 
of the City University of New York, 
holds that the coast was occupied 
only sporadically, by people living 
inland who made occasional summer 
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forays to fish or gather shellfish. In 
Ceci's picture, sedentary villages 
would only have sprung up along the 
coast during the Contact period, as a 
result of trade with Europeans and 
the stimulus to manufacture wam
pum (shell beads), which could be ex
changed with inland tribes for the 
furs prized by Europeans. 

A second model has the coast ex
ploited regularly and intensively ev
ery summer. Dean R. Snow of the 
State University of New York at Al
bany has interpreted coastal sites 
dating from the Late Archaic period 
(from about 2500 to 500 B.C.) on Mar
tha's Vineyard, Long Island. and the 
Hudson River estuary as being sum
mer camps. The sites, he argues, are 
evidence of a pattern of seasonal 
movement in which the inhabitants 
regularly shifted their dwellings to 

exploit a variety of food resources: 
shellfish at coastal summer camps, 
for example, and deer in winter forest 
camps in the interior. Bert Salwen 
of New York University has suggest
ed that the same pattern prevailed 
through the entire Woodland period 
( 500 B.C. to A.D. 1 500) and into the pe
riod of European contact. 

A third model envisions perma
nent residence at some sites along 
the coast beginning in about 2 500 
B.C. The inhabitants would also have 
established temporary camps along 
the coast for hunting and specialized 
activities and conceivably seasonal 
camps inland, and their permanent 
base may not have been a dense and 
elaborate compound. Nevertheless, 
it was occupied continuously. David 
Sanger of the University of Maine at 
Orono, who has found evidence of 
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year-round activities at sites on the 
Maine coast, is a proponent of this 
view, together with Arthur E. Spiess 
of the Maine Historic Preservation 
Commission and Bruce ]. Bourque 
of the Maine State Museum. Kent G. 
Lightfoot of the University of Califor
nia at Berkeley and his co-workers 
recently reported evidence of a sim
ilar settlement pattern on eastern 
Long Island. 

We think the Indian Neck ossuary 
can help us to choose among 

the models. Even though the ossuary 
is the best-established instance of 
such a deposit in New England, it is 
unlikely to be an anomaly. Contem
poraneous accounts suggest, for ex
ample, that another ossuary was un
earthed in 19 1 1  at Grove Field, near 
the town of Bourne at the base of 
Cape Cod. Ossuaries are known or 
suspected at four sites in coastal New 
York, an area that may have been 
culturally similar to coastal New En
gland in late prehistory. If ossuaries 
were a regular feature of the region's 
prehistoric culture, it"seems reason
able to judge the significance of the 
Indian Neck deposit by examining 
the features of other native societies 
that interred their dead in ossuaries. _ The evidence suggests that such 
burial practices are the hallmark of a 
sedentary way of life such as the one 
described in the third model of coast
al settlement. The clearest picture of 
ossuaries and their cultural context 
comes from the region of the Hu
rons, in Ontario. Archaeological find
ings and the detailed accounts left 
by the first Europeans to penetrate 
the area-French missionaries of the 
Recollect and Jesuit orders-indicate 
that each ossuary was built near a 
sedentary village, usually within 100 
yards of it. The ossuary received re
mains not only from that village but 
also from surrounding villages, some 
of them 10 or 12 miles away. 

Modern interpretations of the mis
sionaries' accounts indicate that the 
ossuaries served as the centerpiece 
of rituals designed to reassert social 
ties among villages that had budded 
from a single, ancestral village as its 
population grew. Every eight, 10 or 
12 years the outlying villagers would 
collect the remains of their dead rela
tives and return to the ancestral vil
lage. There, amid reunions and 
feasts, the celebrants would contrib
ute the bones to the ossuary. 

Near the mouth of the Potomac Riv
er, along Chesapeake Bay and on 
the North Carolina coastal plain os
suaries have also been unearthed. 

These areas lack the detailed de
scriptions of native life the mission
aries left for the Hurons. Archaeolog
ical data, however, again record 
a strong association between ossu
aries and settled village life. 

To confirm that this same link be
tween ossuary burial and a sed

entary way of life existed on Cape 
Cod, we turned to the broader ar
chaeological record of the Cape. That 
record is particularly rich for the Late 
Woodland period, whose beginning 
roughly coincides with the date of 
the ossuary. A survey of 779 sites on 
Cape Cod, Martha's Vineyard and 
Nantucket done by the Massachu
setts Historical Commission found 
that on the basis of artifact styles 
more sites could be definitively as
signed to the Late Woodland than 
to any other period. The prehistoric 
population of Cape Cod may well 
have been at its largest then. 

For the outer Cape, clues to that 
population's way of life come from 
the Park Service archaeological sur
vey (under whose auspices the ossu
ary was excavated). The survey, 
which continued from 1979 through 
1986, sought to determine what kinds 
of human activities took place at 

prehistoric sites in the National Sea
shore and how they were organized 
geographically and seasonally. In an
swering the last question an analysis 
of shells recovered from prehistoric 
middens proved invaluable. 

The prehistoric inhabitants of Cape 
Cod gathered large numbers of the 
hard-shelled clams called quahogs 
(Mercenaria mercenaria). The age of a 
harvested clam is often evident in its 
discarded shell. During each year of 
its life the mollusk lays down a band 
of new shell that is etched with hun
dreds of microscopic growth lines re
cording the daily tidal cycle. Count
ing the fine growth lines in a shell's 
last annual increment can sometimes 
give a rough indication of the season 
or even the month of the creature's 
death. The shells in a prehistoric de
posit can thus reveal the timing of 
shellfish harvesting and hence offer 
clues to the season of occupation. 

Mary E. Hancock and Alison Dwy
er, who worked on the Park Service 
survey during the early 1980's, ana
lyzed shells from 16 concentrations 
of prehistoric remains in the National 
Seashore. The concentrations also 
included various combinations of 
other relics-stone pOints and flakes, 
fire-cracked rock and organic debris 

LEVELS OF THE EXCAVATION include topsoil, several layers of sand, one of them con
taining a midden-a refuse heap, this one consisting largely of shells-and the ossuary. 
A mass of unburned bones makes up the ossuary's upper layer, with skulls concentrat
ed at the edges and long bones at the center; the deeper layer consists of cremated 
bones. At the right is the cut made by the backhoe, which may have destroyed as much 
as half of the unburned layer. The cross-sectional illustration is based on one by Thom
as F. Mahlstedt, now the Metropolitan District Commission Archaeologist in Boston. 
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PREHISTORIC TIME LINE for eastern North America is divided 
into periods associated with distinct artifacts. The artifacts, 
which serve for dating archaeological deposits, vary from region 
to region; the stone points shown here are typical of coastal New 
England. (It is still unclear what artifacts characterize the Early 

Woodland period of southern New England.) The ossuary yield
ed a Levanna point, which dates the burial to the Late Woodland 
period; the overlying midden contained a scrap of sheet brass, 
indicating that at least part of that deposit was laid down after 
the first contact with Europeans, who introduced such material. 

such as charcoal and animal bone. 
From artifact styles or by carbon- 14 
dating, each concentration had been 
assigned to a general time period, 
from the Late Archaic through the 
Late Woodland. The analysis showed 
that in every period of prehistory, 
shell collecting was most intense 
during the winter and early spring. 

Hypotheses that natives journeyed 
to the New England coast only occa
sionally or on a seasonal basis have 
generally assumed summertime oc-

b 

cupation. The seasonality findings 
suggest at the very least that begin
ning as early as the Late Archaic the 
inhabitants were present along the 
coast in winter. We think it is most 
plausible to suppose they lived there 
permanently. 

Snell fish collecting did not go on 
year-round, however, as one might 
expect if the coast was inhabited con
tinuously; indeed, its timing seems 
to have become progressively more 
limited. In two of the concentrations, 

c 
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GROWTH LINES in the shell of a quahog (a hard-shelled clam) record the time of year it 
was harvested. During the winter a living clam grows slowly, laying down a translucent 
zone of shell material. When the clam begins to grow faster, in February or March, the 
added material is opaque and the daily growth cycles-set by the tides-are recorded 
in fine growth lines. The month of a clam's death can often be determined by sectioning 
the shell (a, b) and counting the microscopic lines in the last annual increment (e). 
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from the Late Archaic and the Middle 
Woodland, the growth lines suggest 
shellfish harvesting continued be
yond the winter and early spring into 
the summer. In all the Late Woodland 
sites, in contrast, shellfish seem to 
have been gathered in the winter and 
early spring exclusively. 

The significance of this scheduling 
shift is obscure, but it may have ac
companied the emergence of a prac
tice that is a hallmark of sedentary 
populations: horticulture. Accounts 
of life among the Hurons indicate 
that the tending of corn hills was a 
time-consuming chore; furthermore, 
an early observer of native life in 
New England, William Wood, wrote in 
1634 that tending corn and collecting 
shellfish were both women's tasks. 
Conceivably shellfish gathering be
came confined to winter in the Late 
Woodland because increased atten
tion to crops during the rest of the 
year left the women with little time 
for shellfish gathering. Other wild 
foods would have been scarcest, 
moreover, in winter. 

Artifact concentrations studied in 
!-\.the Park Service survey yield
ed a second kind of evidence that 
the outer Cape was populated year
round at least by the Late Woodland 
and perhaps earlier. It is a reason
able assumption, and one that has 
been confirmed in studies of other 
cultures, that the longer a group oc
cupies a single location, the more 
abundant and diverse its trash and 
garbage will be. It is also reasonable 
to expect that whereas a migratory 
group may leave stone chips, ani
mal bones and other waste within its 
campsite, a sedentary group will con
centrate its refuse in a site at or be
yond the edge of the actual habita
tion area. The dense middens of a 
sedentary group are known as sec-
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ondary deposits, to distinguish them 
from the sparser and less diverse pri
'
mary deposits found at actual habita
tion sites. 

By examining the density of each 
concentration we could identify it as 
either a primary or a secondary de
posit. Some of the densest secondary 
deposits consisted almost entirely of 
shells, however, and so we also dis
tinguished concentrations according 
to the variety of artifacts they held. 
We designated deposits that con
tained high densities of at least two 
kinds of remains (animal bones and 
fire-cracked rock, for example), as 
well as smaller quantities of other 
artifact types, as general middens; 
we took them to be strong evidence 
of a nearby permanent settlement. 

We identified 17 general middens 
in the National Seashore. Most of 
them date from the Late Woodland, 
although a few of them represent ear
lier parts of the Woodland period and 
the Late Archaic. By the Late Wood
land, then, and probably earlier, a 
cultural system that included perma
nent settlements had developed on 
the outer Cape. To judge from the lo
cations of the artifact concentrations 
and other collections that we studied, 
the prehistoric settlement w.as partic
ularly dense near Nauset Bay, around 
Wellfleet Harbor and at the very tip 
of the Cape near a bluff called High 
Head-areas within a few miles of 
Indian Neck. 

Those sections of the Cape were 
among the first to be explored by 

Europeans, at the beginning of the 
17th century. The reports of those 
early visitors seem to confirm the ev
idence of the archaeological record 
and the ossuary itself. It is true that 
the ossuary and many of the artifact 
concentrations in the Park Service 
survey predate European contact by 
centuries. But the Massachusetts His
torical Commission survey showed 
that the archaeological record of the 
Cape is remarkably consistent, both 
in variety of sites and in their distri
bution, throughout the Late Wood
land and into the Contact period. 
What the first Europeans saw is likely 
to have been representative of the 
settlement pattern of centuries past. 

The earliest detailed reports stem 
from a French effort to explore and 
chart the New England coast begin
ning in the summer of 160 5. Samuel 
de Champlain, later known as the Fa
ther of New France, served as the ex
pedition's cartographer. In late July 
the explorers reached the southern 
extreme of their voyage, \\ihich had 

begun in the St. Croix River at the 
present U. S.-Canada border. Their 
haven was Nauset Bay, which Cham
plain described as "a bay with wig
wams bordering it all around." 

The French returned to Nauset Bay 
in the fall of 1606 to find the shores 
still populous; as the leader of the 
party rowed ashore, according to 
Champlain, "there came to meet him 
some 1 50 Indians, singing and danc
ing in accordance with their cus
tom." Champlain's account suggests 
that the natives not only remained on 
the coast longer than a single season 
but also wintered there. At Stage Har
bor, about 20 miles south of Nauset, 
Champlain noted that "all the inhab
itants of this place are much given to 
agriculture, and lay up a store of Indi
an corn for the winter." The grain 

PERIOD 

was stored, he reported, in pits dug 
in sandy hillsides. 

The next Europeans to visit the out
er Cape, the Pilgrims, saw similar evi
dence of permanent habitation. The 
Pilgrims eventually settled in Plym
outh, but for more than a month after 
their landfall in the winter of 1620 the 
Mayfloweranchored in Provincetown 
Harbor, at the tip of Cape Cod. From 
there the settlers staged three short 
explorations of the surroundings in 
order to learn whether the land and 
the supply of fresh water would sup
port a settlement and whether the 
disposition of the natives would al
low one. Edward Winslow and Wil
liam Bradford, two of the Pilgrim 
leade�s, recorded what they saw. 

In their first exploration, which 
took them south about 10 miles to 
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TIMING of the prehistoric shellfish harvest on outer Cape Cod yields clues to the in
habitants' way of life. The chart shows data derived from growth lines in clam shells 
found in various artifact concentrations; each number indicates how many shells could 
be assigned to the month or months spanned by the bar. Throughout prehistory shell
fish harvesting was most intense in winter, indicating that the outer Cape was populat
ed in winter (and probably year-round). Some shells from older artifact concentrations 
may also have been harvested in summer, but shellfish seem to have been gathered 
exclusively in winter during the Late Woodland period. By then, the authors speculate, 
an increasing emphasis on horticulture left little time for clamming in the summer. 

103 
© 1988 SCIENTIFIC AMERICAN, INC



... :.>. 

I I I I loise. m.lOo.{"oo. goo 

MAP OF NAUSET BAY is from the works of the French explorer 
Samuel de Champlain. who visited outer Cape Cod in 1605 and 
1606. In addition to recording incidents during the French explo-

ration, including skirmishes with the native inhabitants. the map 
depicts a landscape that gives evidence of a sedentary pop
ulation: it is patterned with fields and dotted with wigwams. 

the Pamet River. the Pilgrims passed 
through a landscape that gave every 
sign of intensive human activity, in
cluding horticulture. They reported 
clearly marked, well-worn paths and 
land that seemed to have been re
cently cleared and cultivated, includ
ing one tract estimated to cover 50 
acres. They noted a series of smaller 
cornfields that had been cultivated 
that same year, and near one of them 
they found the remains of a wigwam. 
The explorers also found a buried 
cache of corn, probably some of that 
year's harvest. Their encounter with 
the cultural landscape of the New 
World was completed when Bradford 
(the future governor of Plymouth 
Colony) accidentally became snared 
in a deer trap. 

The Pilgrims' later forays turned 
up graves, food caches containing 
corn, beans and acorns, fallow fields 
and unoccupied wigwams, perhaps 
abandoned as the explorers drew 
near. Particularly tantalizing, in the 
light of the ossuary, is their report 
of "a great burying place": a pali
sade partially enclosing a cluster of 
graves, some of which were roofed 
or surrounded by smaller palisades. 
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It was only at the end of their third 
expedition that the Pilgrims met the 
inhabitants face to face. Unfortunate
ly the encounter took the form of an 
attack on the explorers' camp and 
had the effect of encouraging the set
tlers to look for a more hospitable 
site, which they found at Plymouth. 

Jike Champlain before them, the Pil
Lgrims provided a glimpse of a 
fully settled culture in their descrip
tions of extensive land use, food stor
age and signs of winter occupation. 
What those visitors did not report are 
dense, enclosed villages such as the 
ones the French missionaries dis
covered among the Hurons and Iro
quois or the village-and-mound com
plexes that have been excavated in. 
the middle western and southeastern 
U.S. The fact that such villages are 
absent both from the accounts and 
from the archaeological record sug
gests that native settlements on 
the outer Cape, even though they 
were permanent, were small and dis
persed-perhaps no more than the 
clusters of wigwams the European 
explorers did note. 

In the light of the present-day ge-

ography of Cape Cod one can easily 
picture how year-round residents 
could have sustained themselves 
there without migrating seasonally 
in search of food. Occupying sites 
such as the land bordering Nauset 
Marsh and Wellfleet Harbor, they had 
easy access to a variety of micro en vi
ronments, ranging from tidal flats 
and salt marsh to freshwater wetland 
and wooded upland. Deer, acorns, 
shellfish, waterfowl and other wild 
foods. each available in a particular 
microenvironment at a speCific sea
son, contributed to their economy. 
Horticulture added to but probably 
did not dominate their diet. 

As the quincentenary of Columbus' 
arrival approaches, the intensive en
counter between Europeans and Na
tive Americans that began with his 
landfall will more than ever be the 
subject of study and fascination. Un
derstanding the course and results of 
the encounter requires a clear im
age of preexisting native culture and 
its adaptations. We think the Indian 
Neck ossuary and the archaeological 
and historical analyses it has stimu
lated have sharpened that picture for 
southern New England. 
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Are Koko and Michael 
the world's first twotftalking"gorillas ... 

Through the historic 
and pioneering work 

of the Gorilla Foun
dation, these two low
land gorillas have 
given us the first true 
glimpse into the 
mind of this magnifi
cent, endangered 
species. 

By first teaching, 
then communicating 
with Koko and Michael in 
American Sign Language, we 
now know gorillas are capable 
of thought, feelings, joys and 
fears-even making jokes and 
telling lies. It's a story that is 
as amazing as it is poignant. 

natural habitat. And there 
are few successful captive 
breeding projects. 

It is vitally impor
tant to establish 
the preserve as 
soon as possible. 
Koko's remaining 
child-bearing 

are now few in 
umber. And 

··unless she 
starts her family 

soon, the oppor
tunity to observe and record 
sign language communica
tion betweeh Koko and her 
offspring will be lost to us 
forever. 

But as a member of the Please join now. Don't let 
Gorilla Foundation you can this amazing story end here. 

But will the story continue? help us establish an open- There is much that we can 
Not just for Koko and air preserve for Koko, learn by "talking" with Koko 
Michael, but for all the world's Michael and other endan- and Michael. Not only about 
gorillas. There are only a few gered great apes. A place gorillas-our GOR I LLA 
thousand still alive in the for them to begin raising closest relative- �� 
wild today. Civilization con- families in security, but also about 
tinues to encroach on their tranquility and dignity. ourselves. 
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The Mystery of the 
Cosmological Constant 

According to theory, the constant, which measures the energy of 
the vacuum, should be much greater than it is. An understanding 
of the disagreement could revolutionize fundamental physics 

W
hat determines the struc
ture of space and time in the 
universe? According to Ein

stein's general theory of relativity, 
the geometric properties of space are 
related to the density of energy (and 
momentum) in the universe. To un
derstand the structure of spacetime, 
therefore, we must identify potential
ly relevant sources of energy and 
evaluate their contributions to the to
tal energy (and momentum) density. 
The most obvious energy sources 
that come to mind are ordinary mat
ter and radiation. A much less obvi
ous source of energy that can have 
an enormous impact on the structure 
of the universe is empty space itself: 
the vacuum. 

The notion that the vacuum can be 
a source of energy may seem coun
terintuitive. But present theories of 
elementary particles and forces not 
only allow for a nonzero vacuum en
ergy density but also strongly sug
gest that it should have a large value. 
Is the vacuum energy density really 
as large as these theories appear to 
suggest it is? 

The answer is most emphatically 
no. The geometric structure of the 
universe is extremely sensitive to the 
value of the vacuum energy density. 
So important is this value that a con
stant proportional to the vacuum en
ergy density has been defined. It 
is called the cosmological constant. 
If the vacuum energy density, or 
equivalently the cosmological con
stant, were as large as theories of ele
mentary particles suggest, the uni
verse in which we live would be dra
matically different, with properties 
we would find both bizarre and un
settling. What has gone wrong with 
our theories? We do not know the an-
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swer to this question at present. In
deed, a comparison of our theoretical 
and experimental understanding of 
the cosmological constant leads to 
one of the most intriguing and frus
trating mysteries in particle physics 
and relativity today. 

M
ost people are unaccustomed to 
the idea that the vacuum might 

have a nonzero energy density: How 
can a unit volume of empty space 
contain energy? The answer in part 
lies in the fact that, according to 
quantum mechanics, physical quan
tities tend to fluctuate unavoidably. 
Even in the apparent quiet of the vac
uum state pairs of particles are con
stantly appearing and disappearing. 
Such fluctuations contribute energy 
to the vacuum. 

The notion of a vacuum energy is 
also unfamiliar because that energy 
cannot be detected by normal tech
niques. Energies are usually deter
mined by measuring the change in 
the energy of a system when it is 
modified in some way, or by measur
ing a difference in energy between 
two systems. For example, we might 
measure the energy released when 
two chemicals react. Because of this, 
energy as we normally define it is a 
relative quantity. The energy of any 
state of a system only has meaning in 
relation to some other state. 

By convention, energies are often 
measured in relation to the vacuum. 
When it is defined in this way, the 
vacuum automatically has zero ener
gy in relation to itself. The traditional 
approach will not work if we want to 
discuss the energy of the vacuum in 
an absolute and significant way. We 
must use a different technique to 
measure its value. 

The only way to establish an abso
lute measure of energy is by using 
gravity. In general relativity, energy 
is the source of gravitational fields in 
the same way that electric charge is 
the source of electric fields in the 
Maxwell theory of electromagnet
ism. An energy density of any kind, 
including that produced by fluctu
ations in the vacuum, generates a 
gravitational field that reveals itself 
as a change in the geometry of space
time. The gravitational field of the 
earth, for instance, is produced by its 
rest energy, which equals the mass of 
the earth multiplied by the square 
of the speed of light (as given by the 
famous formula E = me2). The gravi
tational field produces a small dis
tortion in the spacetime geometry 
near the earth, resulting in the attrac
tive force that pulls us all toward the 
ground. In general relativity the en
ergy density of the vacuum has an 
absolute meaning, and it can be de
termined by measuring the gravita-

UNIVERSE with a large cosmological constant would be vastly different from the exist

ing one. Here an artist has painted a scene as it might appear if the constant were as 

large as theoretical estimates suggest it could be. The illustration is based on a positive 

value for the constant on the order of 1/(1 kilometer)2. With such a value the structure 
of space would be so distorted that the radiation from distant objects would be red

shifted, or shifted toward longer wavelengths. The farther an object is from an observ

er, the greater the red shift would be. A spectral blue object about a kilometer away 

would look red; objects more than a kilometer or so away would have such large red 
shifts that they would be invisible. Distant objects would appear spatially distorted. 
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COSMOLOGICAL CONSTANT = 8TTG/C4 X VACUUM ENERGY DENSITY 

Here G is Newton's gravitational constant and c is the speed of light. Defined in 
such a way, the cosmological constant has units of lover distance squared. 

tional field produced not by matter 
but by the vacuum itself. 

Of course, determining the energy 
density of the vacuum is tantamount 
to determining the cosmological con
stant, since one is proportional to the 
other. It turns out that the cosmolog
ical constant can be assigned units 
of lover distance squared. In other 
words, the square root of the recipro
cal of the cosmological constant is a 
distance. This distance has a direct 
physical meaning. It is the length 
scale over which the gravitational ef
fects of a nonzero vacuum energy 
density would have an obvious and 
highly visible effect on the geometry 
of space and time. By studying the 
geometric properties of the universe 
over length scales on the order of 
that distance, the value of the cosmo
logical constant can be measured. 

P
hysicists have been struggling 
with the issue of the cosmological 

constant for more than 70 years. The 
constant was first introduced by Ein
stein in 19 17 in an attempt to elim
inate two "problems" in his origi
nal formulation of the general theo-

a 

ry of relativity. First, he thought that 
without a cosmological constant the 
general theory could not account for 
a homogeneous and isotropic uni
verse: one that looks much the same 
everywhere. (It is remarkable that 
Einstein even cared about such mat
ters in 19 17, since at the time there 
was no evidence that the universe 
was homogeneous and isotropic, 
which indeed it is.) Unfortunately 
Einstein's reasoning was incorrect. 
In 1922 Alexander A. Friedmann 
showed that the general theory does 
allow for a homogeneous and iso
tropic universe, although not a static 
one: the universe must be expand
ing (or contracting). Subsequent as
tronomical observations have con
vincingly demonstrated that models 
based on Friedmann's work accu
rately describe the large-scale struc
ture of the universe. 

Einstein was also dissatisfied with 
his original formulation because the 
theory did not provide an explana
tion of inertia. He believed that by 
adding a cosmological constant he 
might produce a theory capable of re
lating the inertial properties of mat-

ter directly to the distribution of en
ergy and momentum in the un�verse, 
in a manner first suggested by the 
Austrian physicist and philosoph�r 
Ernst Mach. The hope was dashed 
soon after Einstein's paper appeared 
by an argument advanced by the 
Dutch physicist Willem de Sitter, who 
discovered the spacetime we shall 
discuss. 

After such an ignominious start it is 
not surprising that in 1923 Einstein 
wrote, perhaps somewhat bitterly, 
"away with the cosmological term." 
As we shall see, it has not been so 
easy to eliminate the cosmological 
constant-it has survived to frustrate 
many theoretical physicists since 
Einstein. George Gamow has written 
that Einstein felt "the introduction of 
the cosmological term was the big
gest blunder he ever made in his 
life," but once introduced by Einstein 
"the cosmological constant. . .  rears 
its ugly head again and again." 

At the present time we would ap
pear to be in an excellent position to 
address the issue of the cosmological 
constant, because we possess one of 
the most successful physical theories 
ever developed, namely the standard 
model. The standard model is the 
rather unimaginative name given to 
a collection of theories that success
fully describes all the known elemen
tary particles and their interactions. 
The remarkable ability of the stan
dard model to interpret and predict 

QUANTUM FLUCTUATIONS are among the phenomena that 

contribute to the energy density of the vacuum (a). According to 
quantum mechanics, the values of physical quantities tend to 

fluctuate unavoidably. As a consequence pairs of so-called virtu-
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the results of an enormous range of 
particle-physics experiments leaves 
it unchallenged as a model for parti
cle physics (at least up to the highest 
energies accessible to current parti
cle accelerators). 

The standard model is a quantum 
field theory. This means that for ev
ery distinct type of fundamental par
ticle in nature there exists a corre
sponding field in the model used to 
describe the properties and interac
tions of that particle. Thus in the 
standard model there is an electron 
field, a field for the photon (the elec
tromagnetic field) and a field for each 
of the known particles. 

The standard model depends on a 
fairly large number of free parame
ters: numbers that must be deter
mined by experiment and fed into 
the theory before definite predic
tions can be made. Examples of free 
parameters include the values of the 
masses of the particles and numbers 
characterizing the strengths of their 
interactions. Once the numbers have 
been determined the model can be 
used to predict the results of fur
ther experiments, and it can be tested 
on the basis of its predictions. In the 
past such tests have been spectacu
larly successful. 

The free parameters of the stan
dard model will play a central role in 
our discussion. Although the stan
dard model is highly successful, the 
fact that it depends on such a large 

number of free parameters seriously 
limits its predictive power. The mod
el, for example, predicts that an ad
ditional particle called the top quark 
remains to be discovered, but is un
able to provide a value for its mass, 
because this is another free param
eter of the theory. A key challenge in 
particle physics today is to develop 
a more powerful theory based on a 
smaller number of free parameters 
that nonetheless incorporates all 
the successes of the standard model. 
Such a theory would be able to deter
mine the values of some of the pa
rameters that cannot be predicted by 
the standard model. In their search 
for such a theory, physicists are con
stantly looking for relations among 
the parameters of the standard mod
el that might reveal a deeper struc
ture. As we shall see, the cosmolog
ical constant will provide us with 
such a relation, but in this case we 
shall get more than we bargained for. 

I
n the standard model, as in any 
quantum field theory, the vacuum 

is defined as the state of lowest ener
gy, or more properly as the state of 
least energy density. This does not 
imply that the energy density of the 
vacuum is zero, however. The ener
gy density can in fact be positive, 
negative or zero depending on the 
values of various parameters in the 
theory. Regardless of its value, there 
are many complex processes that 

d 

contribute to the total vacuum ener
gy density. 

In essence the total energy density 
of the vacuum is the sum of three 
types of terms. First there is the bare 
cosmological constant: the value the 
cosmological constant would have if 
none of the known particles existed 
and if the only force in the universe 
were gravity. The bare cosmological 
constant is a free parameter that can 
be determined only by experimental
ly measuring the true value of the 
cosmological constant. 

The second type of contribution to 
the total energy density of the vacu
um arises in part from quantum fluc
tuations. The fields in the standard 
model, such as the electron field, 
experience fluctuations even in the 
vacuum. Such fluctuations manifest 
themselves as pairs of so-called vir
tual particles, which appear spon
taneously, briefly interact and then 
disappear. (Each pair of virtual par
ticles consists of a particle and its 
corresponding antiparticle, such as 
the electron and the positron, which 
have identical masses but opposite 
electric charges.) Although virtual 
particles cannot be detected by a 
casual glance at empty space, they 
have measurable impacts on phys
ics, and in particular they contribute 
to the vacuum energy density. The 
contribution made by vacuum fluc
tuations in the standard model de
pends in a complicated way on the 

al particles can appear spontaneously in the vacuum (b), interact 
briefly (e) and then disappear (d). Here fluctuations are depicted 

in an abstract and highly symbolic manner. Each pair of virtual 
particles consists of a particle and corresponding antiparticle. 

109 

© 1988 SCIENTIFIC AMERICAN, INC



masses and interaction strengths of 
all the known particles. 

The second type of term also de
pends on at least one additional field 
known as the Higgs field, which rep
resents a massive particle, the Higgs 
boson, that has not yet been detect
ed. The Higgs field should have a par
ticularly dramatic effect on the ener
gy density of the vacuum state [see 
"The Higgs Boson," by Martinus]. G. 
Veltman; SCIENTIFIC AMERICAN, No
vember, 1986]. 

The last type of term that must be 
included is essentially a fudge factor 
representing the contributions to the 
vacuum energy density from addi
tional particles and interactions that 
may exist but we do not yet know 
about. The value of this term is of 
course unknown. 

The cosmological constant is de
termined by adding together the 
three terms we have discussed. Our 
ability to predict its value using the 
standard model is frustrated by the 
existence of the bare cosmological 

constant-a free parameter that can 
be determined only by carrying out 
the very measurement we are at
tempting to predict-and by the sen
sitivity of the vacuum energy to un
known physics. All is not lost, how
ever, at least not yet. Although all the 
terms that go into making up the cos
mological constant depend in a com
plicated way on all the parameters 
of the standard model, the values 
of many of the terms can be fairly 
accurately estimated. The constitu
ents of protons and neutrons, the 
"up" and "down" quarks, contribute 
an amount of about 1/0 kilometer)2 
to the cosmological constant, for in
stance, and the Higgs field contrib
utes an even larger amount, roughly 
1/00 centimeters)2. 

Each of the terms that contributes 
to the cosmological constant de
pends on the parameters of the stan
dard model in a distinct and inde
pendent way. If we assume that the 
parameters of the standard mod
el are really free and independent 

HIGGS POTENTIAL 

(an assumption we are continual
ly checking in our search for .deep
er structure), it seems unlikely that 
these apparently unrelated terl1\s 
would cancel one another. As a con
sequence it seems reasonable to as
sume that the total cosmological con
stant will be at least as large as or 
larger than the individual terms we 
can compute. Such an argument is 
too crude to predict whether the 
cosmological constant should be 
positive or negative, but we would 
conservatively estimate that its mag
nitude should be at least I/O kilome
ter)2, that it could well be something 
on the order of 1/( 10 centimeters)2 
and perhaps that it is even larger. 
In other words, we expect the grav
itational effects of a nonzero vacu
um energy density to appear as dis
tortions in spacetime geometry over 
distances of one kilometer or less. 

I
t does not require any sophisticat
ed experimentation to show that 

the theoretical estimate we have just 

HIGGS FIELD, if it exists, would make a particularly large contri

bution to the energy density of the vacuum. The Higgs field is 
the conjectured field corresponding to the particle called the 

Higgs boson, which is thought to give rise to particle masses. 

Here the Higgs potential-the part of the vacuum energy density 

that depends on the value of the Higgs field-is plotted against 

the value of the field, 4>. Although the Higgs potential is com

pletely symmetric about the vertical axis, the vacuum must 

break the symmetry by choosing a certain position in the trough 

(ball). Such a selection is known as spontaneous symmetry 

breaking, and it plays a key role in the standard model: the the

ory that describes elementary particles and their interactions. 
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given is wildly wrong. We all know 
that ordinary Euclidean geometry '
provides a perfectly adequate de
scription of space over distances 
much greater than one kilometer. 
While walking around the block 
none of us has ever noticed large dis
tortions in the spacetime structure of 
our neighborhood. If the magnitude 
of the cosmological constant were as 
large as our standard model estimate, 
ordinary Euclidean geometry would 
not be valid over distance scales of 
one kilometer or even less. If the 
cosmological constant were negative 
with a magnitude of 1/( 1 kilometer)2, 
then the sum of the angles of a tri
angle with sides on the order of one 
kilometer would be significantly less 
than 180 degrees, and the volume of a 
sphere of radius one kilometer would 
be significantly greater than 47T/3 cu
bic kilometers. 

A positive cosmological constant 
of order 1/( 1 kilometer)2 would have 
even more bizarre consequences. If 
the cosmological constant were that 
large, we would not be able to see 
objects more than a few kilometers 
away from us owing to the tremen
dous distortions in spacetime struc
ture. In addition, if we walked farther 
than a few kilometers away from 
home to see what the rest of the 
world looked like, the gravitation
al distortion of spacetime would be 
so great that we could never return 
home no matter how hard we tried. 

What if the cosmological constant 
is nonzero but quite small? In this 
case we would have to look over 
large distances to see its effects on 
spacetime structure. Of course, we 
cannot draw triangles the size of the 
universe and measure their angles, 
but we can observe the positions and 
motions of distant gaJaxies. By care
fully charting the distribution and 
velocities of distant galaxies, astron
omers can deduce the geometric 
structure of the spacetime in which 
they exist and move. 

It has long been recognized that 
the dominant source of gravitational 
distortion in the spacetime geometry 
of the universe at large scales ap
pears to be the energy density of mat
ter and not that of the vacuum. Al
though the energy density of matter 
and that of the vacuum both affect 
the geometric structure of the uni
verse, they do so in different and dis
tinguishable ways. Numerous obser
vations have shown that the galax
ies in the universe are moving away 
from one another, a fact that is one of 
the cornerstones of the expanding 

GEOMETRIC DISTORTIONS produced by a nonzero cosmological constant can affect 

both space and time. Here the effect on spatial geometry is shown, assuming that the 

distortions are independent of time. A negative cosmological constant would produce 
a space with negative constant curvature (left); a positive constant would produce posi

tive constant curvature (right). (The positive case corresponds to the illustration on 

page 107.) In a space with negative curvature the sum of the angles of a triangle would 

be less than 180 degrees; with positive curvature the sum would be greater than 1 80. 

universe in the "big bang" cosmolo
gy currently accepted. The ordinary 
gravitational attraction among galax
ies tends to slow this expansion. As 
the galaxies get farther away from 
one another their gravitational at
traction weakens, and so the rate 
at which the expansion slows de
creases with time. Thus the effect of 
ordinary matter on the expansion of 
the universe is to decelerate the ex
pansion at an ever decreasing rate. 

W
hat effects would a nonzero 
cosmological constant have on 

the expansion rate of the universe? 
A negative cosmological constant 
would tend to slow the expansion 
of the galaxies, but at a rate that is 
constant, not decreasing with time. 
A positive cosmological constant, on 
the other hand, would tend to make 
the galaxies accelerate away from 
one another and increase the expan
sion rate of the universe. Compre
hensive studies of the expansion 
rates of distant galaxies show no evi-

dence for either a positive or a nega
tive cosmological constant. 

A good example of how astrono
mers can measure the geometry of 
the universe and look for a nonzero 
cosmological constant is provided 
by the recently published work of 
Edwin D. Loh and Earl]. Spillar of 
Princeton University. Their survey 
counts the numbers of galaxies in re
gions of a speCific size at various lo
cations in space. If we assume that on 
the average the number of galaxies 
per unit volume is the same every
where, then by counting galaxies in a 
region we are estimating the volume 
of that region. By measuring volumes 
of regions far from us we are deter
mining the relation between distance 
and volume over very large scales 
and at earlier times, since the light 
from distant galaxies takes a long 
time to reach us-billions of years in 
the case of this survey. 

Although such surveys contain 
many subtle sources of potential er
ror, the results differ so startlingly 

III 

© 1988 SCIENTIFIC AMERICAN, INC



3 

N 

Vi 
a:: 
w 
f- 2 w 
::;;: 
0 
...J 
>2 
M 

'0 
::::::: 
:=. 
f-
z 

� 
V'l 
Z 
0 
U 
...J 
<! 
I:::! 
LJ 
0 
00 
::;;: 
V'l 
0 
·u 

-1 

stant add up to a quantity more than 
46 orders of magnitude smaller than 
the individual terms in the sum. In 
other words, the small value of t\;1e 
cosmological constant is telling us 
that a remarkably precise and total
ly unexpected relationship exists 
among all the parameters of the stan
dard model, the bare cosmological 
constant and unknown physics. 

A relationship among the free pa
l-\.rameters of the standard model 
is just what we seek in our quest to 
discover deeper and more predictive 
theories. How could such a complex 
relationship among what we thought 
were free and unconstrained param
eters arise, and what does it mean? 

In answering this question it is well 
to keep in mind two examples from 
an earlier period in the history of 
physics. In the mid-19th century the 
speed of light had been measured 
and theories existed describing elec
tric and magnetic phenomena, but it 
had not yet been shown that light 
propagation is an electromagnetic 
effect. Several physicists noticed, 
however, a curious relation between 
the speed of light and two parame
ters that enter into the equations for 
electric and magnetic phenomena. 

o 2 3 4 In modern notation what they no-

MATTER DENSITY (10-29 GRAM PER CUBIC CENTIMETER) 

COSMOLOGICAL CONSTANT has been probed by counting the number of galaxies in 

regions of the universe and thereby determining the geometry of those regions. The 

graph plots allowed values of the cosmological constant versus the matter density of 
the universe. (The black area corresponds to values that are allowed with a confidence 

of 67 percent; the gray area is a region of 95 percent confidence.) The units are approxi

mate, but the graph shows that the magnitude of the cosmological constant must be 

less than about 1/(1023 kilometers)2, some 46 orders of magnitude smaller than the val

ue predicted on the basis of the standard model. The graph is from an analysis by Ed

win D. Loh of Princeton University, based on work with Earl J. Spillar, also of Princeton. 

from our theoretical estimate that er
rors of a factor of two or even 10 are 
fairly insignificant. All galactic sur
veys agree that there is no evidence 
for any spacetime distortions due 
to a nonvanishing cosmological con
stant out to the farthest distances 
accessible to astronomers, about 10 
billion light-years, or 1023 kilome
ters. This implies that the magnitude 
of the cosmological constant must 
be smaller than 1/(1023 kilometers)2. 
Our theoretical estimate suggesting a 
magnitude larger than 1/( 1 kilome
ter)2 is incorrect by, at the least, an 
astonishing factor of 1046. Few theo
retical estimates in the history of 
physics made on the basis of what 
seemed to be reasonable assump
tions have ever been so inaccurate. 

1 12 

The stupendous failure we have 
experienced in trying to predict the 
value of the cosmological constant 
is far more than a mere embarrass
ment. Recall that the basic assump
tion we used to obtain our estimate 
was that there are no unexpect
ed cancellations among the various 
terms in the sum determining the to
tal energy density of the vacuum. 
This expectation was based on the 
assumed independence of the free 
parameters of the standard model. 
Clearly this assumption is spectacu
larly wrong. There must in fact be 
a miraculous conspiracy occurring 
among both the known and the un
known parameters governing parti
cle physics, so that the many terms 
making up the cosmological con-

ticed was that the electromagnetic 
permittivity constant Eo and the mag
netic permeability constant fLo could 
be combined in the form �, 
yielding a quantity that is numerical
ly equal to the measured velocity of 
light (at least within the rather large 
experimental errors of that time). 

The workers appreciated the· fact 
that this was either a miraculous nu
merical coincidence or evidence of 
a fundamental and as yet undiscov
ered relation between electromag
netic phenomena and light. James 
Clerk Maxwell was also aware of this 
numerical curiosity, and it served as 
an important inspiration for him in 
showing, through the set of equa
tions now bearing his name, that the 
propagation of light is indeed pro
foundly related to electric and mag
netic phenomena. 

Does the remarkable relation 
among the parameters of the stan
dard model implied by the small val
ue of the cosmological constant sug
gest that a wonderful unifying theory 
awaits our discovery? Before jump
ing to such a conclusion, I should like 
to relate another example from the 
history of electromagnetic theory. 

After Maxwell had incorporated 
light propagation into electromag-
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netic theory it was generally as
sumed that light waves traveled 
·through a medium known as the 
ether. Using an interferometer, Al
bert A. Michelson and Edward W. 
Morley attempted to measure the 
velocity of the earth as it traveled 
through the ether. They found that 
the relative velocity was zero: the ve
locity of the earth and the velocity 
of the ether were identical. This is 
another relationship involving what 
was then thought to be a fundamen
tal par'ameter of nature, namely the 
velocity of the ether. Did the discov
ery point the way to a unified theory 
relating a fundamental property of 
electromagnetism to the motion of 
the earth? 

Although the idea that the ether 
drifted with the earth was suggested, 
the zero result of the Michelson-Mor
ley experiment is actually explained 
by Einstein's special theory of rela
tivity, which showed that the con
ception of the ether being used in 
that era was inconsistent with the 
symmetries of space and time. No 
theory providing a fundamental rela
tion between the velocity of the ether 
and something as idiosyncratic as 
the velocity of the earth has sur
vived. That is hardly surprising. The 
velocity of the earth is affected by 
many things-the shape and size of 
its orbit around the sun, the mass of 
the sun and the motion of the sun in 
the galaxy, for instance-that seem 
completely unrelated to issues in the 
theory of electromagnetism. There is 
no fundarriental relation between the 
velocity of the ether and the velocity 
of the earth because the ether itself 
as the 19th-century theorists imag
ined it does not even exist. 

I
n both examples a surprjsing rela
tion between parameters of nature 

foreshadowed dramatic and revolu
tionary new discoveries. We have ev
ery reason to believe the mysterious 
relation implied by the vanishingly 
small value of the cosmological con
stant indicates that discoveries as im
portant as these remain to be made. 
The two examples we have consid
ered are quite different. The first rela
tion, which involves two parameters 
of electromagnetism and one from 
light propagation, is what physicists 
today would call a "natural" relation: 
one that involves a small number 
of well-known parameters. The exis
tence of a natural relation may indi
cate that a unifying theory exists, 
and, more important, it suggests that 
such a theory can be discovered. 

The second example, in which the 
velocity of the ether was related to 
the velocity of the earth, is what to
day would be called an "unnatural" 
relation: one that involves many 
parameters, some of which are 
unknown or even unknowable. It 
seems unlikely, for instance, that 
we will ever know and understand 
all the many factors that determine 
what the velocity of the earth is in 
relation to the distant galaxies. Any 
unified theory developed to account 
for an unnatural relation would have 
to explain the values of many known 
and unknown parameters all at once. 
It seems quite unlikely that such a 
theory could be discovered even if it 
did exist. 

Our example indicates that an un
natural relation suggests a deep mis
understanding about the essence of 
what is being measured and related, 
rather than the existence of an un
derl¥ing unified theory. As a conse
quence an unnatural relation may 
point to an even more dramatic revo
lution in our thinking than a natural 
one would. 

If we discount the possibility that 
the vanishingly small value of the 
cosmological constant is accidental, 
we must accept that it has profound 
implications for physics. Before we 
launch into constructing new unified 
models, however, we must face the 
dilemma that the relation implied by 
the vanishing of the cosmological 
constant is unnatural. The miracu
lous cancellations required to pro
duce an acceptably small cosmologi
cal constant depend on all the param
eters relevant to particle physics, 
known and unknown. To predict a 
zero (or small) value for the cos
mological constant, a unified theory 
would face the imposing task of ac
counting for every parameter affect
ing particle physics. Even worse, 
achieving a suffiCiently small cos
mological constant requires that ex
tremely precise (one part in 1046 or 
more) cancellations take place; the 
parameters would have to be predict
ed by the theory with extraordinary 
accuracy before any improvement in 
the situation regarding the cosmo
logical constant would even be no
ticeable. Constructing such a theory, 
even if it does exist, seems to be an 
awesome if not impossible task. 

Although certain theories of the 
"ether drift" variety have been pro
posed, most efforts concerning the 
cosmological constant now focus on 
finding the underlying misunder
standing, the missing piece of the 

standard model or the misconcep
tion about the vacuum, which once 
understood will either eliminate the 
problem or at least turn it into a natu
ral one. As long as the problem of the 
cosmological constant remains un
natural, the only hope we have for 
finding a solution is to stumble on an 
all-encompassing theory capable of 
accounting for all particle-physics 
parameters with nearly perfect accu
racy. If we can change the relation 
required to produce an acceptably 
small vacuum energy density into a 
natural one, then, even though we 
have not yet accounted for its val
ue, we at least reduce the issue of 
the cosmological constant to a more 
manageable problem involving a rea
sonable number of known parame
ters that only have to be predicted 
with a moderate degree of accuracy. 
There is little to report to date about 
this effort. In spite of a lot of hard 
work and creative ideas we still do 
not know why the cosmological con
stant is so small. 

E
ven though nature does not, in 
the words of Aristotle, "abhor 

a vacuum," perhaps it does abhor a 
vacuum that is not empty. By intro
ducing the ether in the early days of 
electromagnetic theory, Maxwell and 
others cluttered the vacuum with a 
hypothetical fluid that had complex 
properties. Michelson and Morley 
showed that this view of the vacuum 
was inconsistent with experimental 
reality, and Einstein showed that it 
was inconsistent with the symme
tries of the universe. 

Quantum field theories also fill the 
emptiness of the vacuum, this time 
with quantum fluctuations and fields 
rather than ether. These modern 
forms of clutter are consistent with 
the special theory of relativity, but 
they seem to cause problems when 
they are viewed in the framework of 
the general theory. With the mystery 
of the cosmological constant, per
haps we are again paying the price 
for dumping too much into the vacu
um. The standard model, which has 
a large number of fluctuating quan
tum fields including a Higgs field, is a 
particularly egregious polluter of the 
vacuum. There is no doubt that the 
resulting theory is a beautiful and 
highly successful structure, but it 
may be based on a conception of 
the vacuum or of spacetime that is 
flawed. It is our challenge to repair 
that faulty foundation without de
stroying the towering edifice we 
have built on it. 
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THE AMATEUR 
SCIENTIST 

Icicles ensheathe a number of puzzles: 
just how dOe� 

. .. 

the . .. � .. ater freeze? 

� 
by learl Walker 

T
hose icicles that were droop
ing from eaves and telephone 
lines not long ago may have 

appeared to be simple constructions, 
but in fact their shapes and the way 
they develop have long perplexed 
people who investigate them. Why is 
an icicle usually cone-shaped, with a 
tip no wider than a few millimeters? 
Why does a narrow, liquid-filled tube 
of ice extend several centimeters up 
the center of the icicle from the tip? 
(You can probe the tube with a tooth
pick.) What accounts for the white 
line that traces the central axis of 
the column? Why do horizontal ribs 
spaced about a centimeter apart de
velop along the sides of the column? 
Why is the ice solid in some places 
but spongy in others? What bends 
and twists some icicles? 

The physics involved in any freez
ing of water is always richly com
plex. In a simple model the freezing 
interface between liquid and ice con
sists of dendritic fingers of ice that 
stretch into the liqUid. Along the fin
gers molecules in the liquid gradual
ly join the crystal structure of the ice 
by giving up part of their energy and 
becoming immobile. The lost energy, 
called heat, is conducted to some re
gion colder than the freezing inter
face-often to nearby cold air. 

Icicles grow by such a process. 
One way they begin to grow has 
been studied by Norikazu Maeno 
and Tsuneya Takahashi of Hokkaido 
University. Picture a slowly melting 
blanket of snow on a rooftop. When 
water first trickles over the edge of 
the roof, it forms a pendent drop in 
the cold air. As the sides of the drop 
begin to freeze, forming a thin shell 
of ice, the heat released by the freez
ing is transferred to the air and to the 
roof edge. 

As more meltwater runs down the 
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ice shell, part of it freezes on the way, 
widening the fledgling .icicle. The 
rest joins the drop dangling at the 
bottom of the structure [see upper 
illustration on page 116). The gradu
al freezing of the sides of the drop 
lengthens the icicle. If the drop ever 
becomes too large-somewhat wid
er than five millimeters-it falls, but 
additional meltwater soon adds a 
new drop. As long as the supply of 
meltwater continues, the icicle grows 
wider and longer. The tip, whose 
width is set by the diameter of the 
pendent drop, remains narrow. 

H. Hatakeyama of the Tokyo Dis
trict Meteorological Observatory and 
S. Nemoto of the Meteorological Re
search Institute in Tokyo reported 
another way an icicle might be initi
ated [see lower illustration on page 
116). The top part of the initial drop 
may freeze uniformly, creating a hor
izontal freezing interface that moves 
downward. If the water supply is fee
ble and the roof edge is cold, all the 
water may freeze rather than just 
a thin shell. The structure may then 
lengthen in steps as successive melt
water drops develop at the bottom 
and freeze solid. If, however, there is 
enough water to maintain a pendent 
drop, at some stage in the growth of 
the icicle the sides of the drop will 
freeze and form an ice shell, as in 
Maeno and Takahashi's scheme. 

Whenever an ice shell forms, the 
liquid inside the shell from then on 
freezes only slowly. According to 
Lasse Makkonen of the Technical Re
search Center in Espoo, Finland, the 
heat released by the internal freezing 
is conducted through the ice to the 
top of the icicle (called the "root") 
and then to the edge of the roof. The 
conduction is so gradual that the in
ternal freezing interface may move 
down the central axis of the icicle 

very slowly; if the interface is well 
separated from the root, as it is in the 
case of a mature icicle, it may' even 
be stationary. 

From the interface to the tip of the 
icicle, liquid is trapped in a narrow 
ice tube. In spite of its weight the liq
uid is stable, in part because of the 
surface tension between it and the. 
tube's walls. In addition the tube is 
so narrow that chance disturbances 
along the bottom of the water col
umn or in the pendent drop are usu
ally insufficient to allow air to seep 
up into the tube to drain the liquid. In 
typical winter temperatures the inte
rior freezing interface can reach the 
tip, leaving a completely frozen ici
cle, only if the meltwater supply is 
cut off and growth at the tip ceases. 

The external surface of the ice is 
sheathed by a thin layer of liquid [see 
illustration at top right on page 111). 
Freezing at the external ice-liquid in
terface is rapid, because the heat re
leased by the freezing is quickly con
ducted through the liquid and lost to 
the air. (Maeno and Takahashi find 
that the liquid sheath on active ici
cles is no thicker than .1 millimeter.) 
The temperature at the freezing in
terface is the freezing pOint of water, 
which is zero degrees Celsius for 
pure water but may be lower if the 
water is impure. The temperature in 
the rest of the water layer is slightly 
lower than the freezing point, a con
dition known as supercooling. The 
coldest water borders the air, which 
may of course be considerably cold
er than the water. 

Charles A. Knight of the National 
Center for Atmospheric Research in 
Boulder, Colo., pOints out that icicles 
can grow in air warmer than the 
freezing point provided the air has 
little water vapor. The scarcity of wa
ter vapor promotes the evaporation 
of water from the external surface of 
the water sheath. As water molecules 
escape from the liqUid, they carry 
away energy, supercooling the water 
surface. The chilled water acts as a 
heat dump, into which water freezing 
along the ice surface sends its heat. 

Why is the heat released along the 
internal freezing interface not con
ducted horizontally through the thin 
layer of ice separating it from the air? 
The reason is that both the internal 
and the external freezing interface 
are at the freezing pOint of water. 
With no temperature difference, con
duction is eliminated. If the internal 
interface is to advance, the released 
heat must be conducted to the root 
of the icicle. 
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When the water in or on an icicle 
freezes, air is driven out of solution, 
forming bubbles imprisoned in the 
ice. The most striking bubbles are 
the tiny ones that develop along the 
central axis as the internal freezing 
interface descends. When the icicle is 
illuminated by white light, some of 
the light scatters from the bubbles, 
giving the appearance of a white line 
along the central axis. 

According to Maeno and Takaha
shi, an icicle lengthens between eight 
and 32 times faster than it widens. I 
think one reason for the dissimilar 
growth rates is that more water col
lects at the tip than at any place along 
the sides. Another reason may have 
to do with the way ice crystals grow. 
The basic geometry of an ice crystal 
is a thin hexagonal plate. The central 
axis perpendicular to the plane of the 
plate (the basal plane) is called the 
c axis. As molecules join the plate, 
it grows more rapidly in the basal 

plane than along the c axis. If crystals 
in an icicle are oriented with the c 

axis pointed radially outward, per
pendicular to the freezing interface 
and thus approximately perpendicu
lar to the central axis of the icicle, 
then the icicle should be expected to 
lengthen faster than it widens. 

Early research about the dominant 
orientation of icicle crystals was of
ten contradictory. Some investiga
tors even argued that there is no 
dominant orientation-that an icicle 
is a hodgepodge of small, randomly 
oriented crystals. In an attempt to 
settle the matter, Robert A. Laudise 
and Robert L. Barns of the AT&T Bell 
Laboratories in Murray Hill, N.]., set 
out with a group of young volunteers 
to examine icicles collected from 
nearby houses. Icicles with diame
ters larger than about an inch were 
sawed from their perch. The spec
imens were then sawed. again to 
provide both horizontal and verti-

cal cross sections. Working in a cold 
room, the investigators reduced each 
slice to a thickness of about an eighth 
of an inch by rubbing it on a thick 
plate of aluminum that had been 
warmed with hot water. 

Inspection involved two "crossed" 
polarizing filters mounted on a plat
form that had a glass top. (The ar
rangement was described in this de
partment in july, 1986.) In this proce
dure one filter is laid on the glass and 
a specimen slice is placed on it; a sec
ond filter is laid over the slice and is 
rotated so that its direction of polar
ization is perpendicular to that of the 
first filter. Lamplight scattered from 
white cardboard under the platform 
becomes polarized when it passes 
through the lower filter. 

In the absence of the icicle speci
men, the light could not pass through 
the second filter. When, however, the 
light passes through an ice crystal, its 
polarization is rotated and so-de-

Ribbed icicles (left) and a section phorographed through crossed polarizing filters 
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pending on the extent of the rota
tion-all or some of the light does 
pass through the second filter. When 
you peer down through the arrange
ment, the individual ice crystals dif
fer in brightness depending on how 
much each one rotates the polariza
tion of the light passing through it. If 
the slice is thin enough, the regions 
are even colored differently. If the 
slice is rotated about the vertical, the 
brightness of each crystal changes 
unless it happens to have its c axis 
approximately along your line of 
sight, in which case it remains dark 
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Liquid water ice shell 

Pendent 
drop 

The thin-shell mode of growth 

�[� Liquid� 
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The uniform-freezing mode of growth 
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throughout the rotation. By thus in- becoming buried in ice as the interior 
specting an icicle slice with polarized freezing interface descends. 
light, you can detect both the size Geer investigated the growth of an 
of the crystals and the orientation of icicle by photographing it every five 
their c axis. minutes for about 90 minutes. Froin 

When Laudise and Barns examined the negatives he constructed a com
specimens from some 60 icicles, they po site drawing to learn whether the 
found that the width of the crystals horizontal ribs along the sides of the 
varied from less than .8 millimeter to icicle migrate vertically in the course 
more than 20 centimeters. Some ici- of growth. He found that the ribs 
c1es consisted of a multitude of small are approximately stationary; they 
crystals randomly oriented; others are regions that grow outward faster 
had large single crystals whose c axis than the intermediate hollows do. 
seemed never to be aligned with the Maeno and Takahashi offer two ex
icicle's central axis. planations for the fast growth of the 

Knight later added the idea that the ribs. The liqUid layer is thinner on a 
orientation of the c axis of the large rib than it is in the adjacent hollows, 
crystals may result from recrystalli- allowing the heat from the freezing 
zation as the icicle grows. As heat is on the ice surface to be conducted 
supplied from the freezing, initially quickly to the external surface of the 
small and randomly oriented crystals water. The rib is also more exposed, 
may change their boundaries and enhancing heat transfer to the air and 
merge, becoming oriented as Laudise perhaps the evaporation of water. 
and Barns observed. Variations in Evidence for the rapid growth of 
the air temperature or the supply of the ribs can be seen in horizontal sec
sunlight and meltwater may also tions cut from an icicle. A section 
play a role. Knight cautions, howev- - from a rib region displays abundant 
er, that crystal orientation may actu- air bubbles collected in bands that re
ally have little influence on the shape semble the growth rings in a cross 
of an icicle. Instead the dissimilar section cut from a tree. Each band 
growth rates may be due to the way in the icicle is created when the rib 
heat is removed from an icicle, some- grows outward, trapping air bub
what as modeled by Makkonen. bles in ice before they can escape. 

The relation between the growth Presumably the bands are linked to 
rate of an icicle and the rate at which variations in air temperature and 
meltwater is supplied is surprising. water supply. 
According to Maeno and Takahashi, Knight found that the ribs are usu
the rate of widening is largely inde- ally solid ice, whereas the hollows 
pendent of the supply rate; the rate are often spongy: they consist of liq
of lengthening, on the other hand, is uid separating sheets of ice that are 
actually slowed by an increase in extensions of the basal planes of the 
the supply rate. The first finding sug- crystals. He reports that he could 
gests that the liquid sheath maintains insert a knife blade a centimeter or 
a constant thickness, thereby regu- more into the spongy sections, forc
lating the rate of heat conduction ing out some of the liquid. Knight 
through it and the rate of freezing suggests that the spongy sections de
on the ice surface. The second find- velop during periods when heat loss 
ing is more difficult to understand. by the icicle is rapid and the water 
Is the lengthening slowed by heat supply is abundant, but he thinks 
that is released when a larger sup- more study is needed. 
ply of water arrives at the drop and Mature icicles also develop vertical 
then is supercooled? Does the more ridges, which are often complex and 
frequent detachment of drops re- branched. They may be due to wind 
duce the chance that drops at the tip that increases the removal of heat, 
will freeze, or does it somehow dis- and therefore the rate of freezing, on 
rupt the ice growth? one side of an icicle. Another factor is 

Ira W. Geer of the State Universi- the possible asymmetry of the water 
ty College at Brockport in New York supply. On a wide icicle water may 
found that an icicle tip is sometimes flow along a narrow trail instead of 
so irregular that air spurts up into wetting the icicle uniformly. Geer no
the ice tube, dumping the liqUid. The ticed that water draining along a dor
tube is soon refilled by liquid that has mant icicle tends to follow one track 
drained to the tip along the exterior as long as the track remains wet. The 
of the icicle and then is drawn up ridge it produces may grow outward 
the tube by surface tension. Usually a five millimeters or more before the 
large air bubble remains trapped in water veers off onto a new track. 
the upper reaches of the tube, later A drop of water may follow a wet 
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track because it encounters less sur
face tension there than it encounters 
on a dry, icy region. 

Icicles are sometimes decorated 
with tiny spikes extending from the 
surface. Maeno and Takahashi me as· 
ured spikes about a millimeter wide 
and as much as 20 millimeters long. 
The spikes are created when the wa· 
ter sheath freezes during a meltwater 
drought. When liquid water trapped 
under a skin of ice begins to freeze, 
its expansion can rupture the skin, 
ejecting the remaining liquid out· 
ward from the surface; the ejected 
liquid freezes to form a spike. Are 
the spikes more likely to form in the 
initially spongy ice where liquid is 
slow to freeze? 

I noticed a different kind of spike 
on an icicle tip. The collapse of the 
liquid bridge between a detaching 
drop and the liquid remaining on 
the tip frequently left a thread of wa· 
ter that immediately froze. The ice 
thread, less than a millimeter thick 
and only two or three millimeters 
long, was twisted-evidence of the 
rapid freezing. A touch of my bare 
finger would melt the thread, and 
so would the formation of the next 
pendent drop. 

Icicles are often crooked, asym· 
metric or misaligned from the verti· 
cal. Maeno and Takahashi offer sev· 
eral reasons for such growth. Com· 
plex shaping can develop from an 
asymmetric supply of water, particu
larly on wide icicles. A steady wind 
can also bias the growth by pushing 
the pendent drops leeward and by in
creasing the heat loss on the wind
ward side of the icicle. If the icicle 

Heat transfer through the water sheath 

grows on a branch, the gradual ad
dition of weight bends the branch, 
curving the icicle as the fresh growth 
at the tip continues to follow the ver
tical. Similarly, if the icicle grows on 
the edge of a roof, partial melting of 
the ice and snow on the roof may al
low the layer to creep and curve over 
the edge, changing the direction of 
the icicle's growth. To this list of ex
planations one should add the pos
sibility that wind-driven snow may 
accumulate on the icicle and distort 
its shape. 

Several helpful suggestions for the 
study of icicles are available [see 
"Bibliography," page 1261. For exam
ple, Geer wonders how icicle growth 
might be influenced if an impurity 
such as salt, soap, aIcohol or food col
oring were added to the water sup
ply. What would the bubbles be like 
in an icicle grown with unsalted car-

bonated water? When a natural icicle 
becomes dormant, how does subli
mation gradually smooth its surface? 

More projects can be added to the 
list. How might a nail embedded in 
the ice tube at the tip alter the icicle's 
later growth? What is the temper
ature distribution inside a mature 
icicle? What factors determine the 
length of the ice tube and the size and 
spacing of the horizontal ribs? Does 
infrared radiation from nearby warm 
objects or air turbulence on the lee
ward side of an icicle bias its shape? 
How do icicles grow from seawa
ter or freshwater spray? If you are 
prepared for painstaking work, you 
might try to correlate the growth rate 
of an icicle with the ambient air tem
perature and the wind speed. I shall 
be interested to hear about your ob
servations of these often ignored 
sculptures of ice. 

Horizontal ribs along the sides of the icicle 
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COMPUTER 

RECREATIONS 
The invisible professor holds a 

chalk-talk session on the display monitor 

by A. K. Dewdney 

I
f the darkened screen of a com
puter display is like a chalkboard, 
who is drawing the curves that 

arc gracefully across its matte sur
face? The hand must belong to the 
invisible professor, an electronic in
carnation of all the academicians 
who have ever lovingly sketched the 
curves of analytic geometry. These 
curves have romantic and mysteri
ous names such as the witch of Ag
nesi, the kampyle of Eudoxus and the 
nephroid of Freeth. They include pa
rabolas, cycloids, spirals and serpen
tines. Nearly forgotten when mathe
matics rushed to become general and 
geometry became non-Euclidean, the 
curves remain a testament to the 
forms that follow function in phys
ics. The curves mark beautiful dis
coveries, some famous, some less 
than famous, by mathematicians of 
past centuries. 

The invisible professor is a collec
tion of the simplest computer pro
grams imaginable. In drawing the 
curves it captures their beauty with 
a piquancy their discoverers could 
scarcely have imagined; a single, 
bright point is the new chalk. It traces 

an equation called Tschirnhausen's 
cubic, for example, by gliding onto 
the screen from the upper right, 
swooping through the origin, then 
looping up and back through the ori
gin. The point burns its way to the 
lower right· hand corner of the dis
play, where it is extinguished [see left 
halfofillustration belowl. 

If asked, the invisible professor 
will even draw a family of curves. 
The equation of Tschirnhausen's cu
bic has a special constant symbol. 
When different numbers are substi
tuted into the symbol, different ver
sions of the curve are drawn: the 
screen is filled with variations on a 
theme. The only thing missing is the 
professor's frail old voice: "It will be 
seen at once, from a mere glance at 
the equation, that this curve is a gen
eralized, semicubical parabola." 

The invisible professor can also 
render transcendental landscapes as 
undulating sheets of parallel curves 
and hint at complex oceans by mak
ing curvilinear distortions of grids. 
Such programs, which have been 
written by lovers of geometry, are 
distributed for a price. 

Twenty versions of Tschirnhausen's cubic (leftl and five of the hippopede (right) 

118 

In order to lay down a minimal 
background on how to draw curves, 
it is my turn to be an invisible profes
sor. The humble Circle will serve as 
an example of a curve. Three prinCi
pal formulations of it will lead to 
curve-drawing programs. 

The first and most familiar formula
tion was encountered by the major
ity of us in high school: 

The equation distinguishes points 
that lie on the circle from those that 
do not. A pOint that has Cartesian co
ordinates x and y lies on the circle if 
the square of c (the radius of the cir
cle) results when x and y are squared 
and added. Whenever the program is 
run, the user supplies a value for c. 

The formula can be employed by a 
Circle-drawing program if the curve 
is divided into an upper section and 
a lower one. The program runs 
through a series of x values, plotting 
the corresponding y values. To be 
useful, y is best unsquared. Conse
quently the equation must be solved 
in terms of y. The two branches differ 
only in sign: 

y= +Jf!-X' 
y= -� 

This formulation is already rather 
awkward, however. Perhaps polar 
coordinates would serve better. 

'
The Cartesian coordinates x and y 

measure distance vertically and hor
izontally from a central point called 
the origin. Polar coordinates, rand 
0, establish a point quite differently. 
The point lies r units from the origin, 
and the line joining it to the origin 
makes an angle 0 with the horizontal. 
The Cartesian equation of a circle is 
simply r= c. No matter what the an
gle 0 may be, the distance r must be c. 
Unfortunately few readers will be us
ing languages that employ polar co
ordinates for plotting. 

The third principal presentation 
involves so-called parametric equa
tions. For many curve-drawing pro
grams these are ideal: 

x= c· cos(t) 
y = c· sin(t) 

Here a parameter t runs from zero to 
360 degrees. At each degree, say, the 
x and y values are plotted. Readers 
not familiar with the functions sine 
and cosine may at least discover how 
to use them by consulting their lan
guage manual. 

At the algorithmic level a bare-
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boned version of the program I call 
CIRCLE might appear as follows: 

input c 
for t..- 1 to 360 

x..-c· cos(t) 
y..-c· sin(t) 
point (x,y) 

The exact form employed will not 
differ greatly from the formulation 
shown. Similarly, there will be a plot 
command somewhat like the one im
mediately above. 

The circle-drawing program will 
not, of course, be quite as simple. For 
one thing, most personal comput
ers have the origin in one corner of 
the screen. Offsets must be added 
to place the circle in the center. A 
screen that has 200 points horizon
tally and 150 pOints vertically, for ex
ample, will need the following modi
fication in the program: 

x..- c· cos(t) + 100 
y..-c· sin (t) + 75 

The invisible professor can now be 
incarnated through a host of little 
programs that all share the same ba
sic structure just outlined. Only the 
equations are different. Tschirnhau
sen's cubic, for example, has para
metric equations that do not involve 
sine or cosine: 

x= 3a(f - 3) 
y= at (f- 3) 

The mini program called TSCHIRN
HAUSEN therefore employs a parame
ter t that runs from a minimum value 
to a maximum value, both deter
mined by screen size. The 150-by-
200 screen mentioned above, for in
stance, will accommodate the curve 
from t= -4.4 to t= +4.4 when a is 
equal to 1. No digital computer can 
vary the parameter t continuously 
through such a range of values; in
stead it must increase t by incre
ments small enough to give the im
pression of continuity. The chalk 
must not squeak on the board. Be
cause this particular board has 200 
points horizontally, a reasonable 
step size for t might be obtained 
by dividing the range of values for t, 
namely 8. 8, into 200 equal steps. The 
calculation yields .044. On the other 
hand, the curve is not traced out 
evenly. Some parts are drawn faster 
than others, resulting in separation 
of points. Fortunately computation of 
this kind is so cheap (and fast) that 
we can drop the step size to .01 in a 
perfectly cavalier fashion: 

Stanley S. Miller's MADNESS illustrates serendipity in constants 

input a 
for t..--4.4 to +4.4 step .01 

x..-3a(f - 3) + 10 0 
y..-at(f- 3)+ 75 
point (x,y) 

Another simple way to improve 
the smoothness of the curves in
volves the use of line segments. 
TSCHIRNHAUSEN and any of the other 
curve-drawing programs described 
here can be modified so that each 
time a new point is obtained a line
drawing command joins it to the 
point previously plotted. The coordi
nates of the old point are then re
placed by those of the new. To the 
eye even a coarsely polygonal curve 
may look graceful. 

In either version of the program 
one can add a new outer loop that 
varies the' constant a from .1 to 2 in 
steps of .1. In this case the invisible 
professor will draw a family of 20 
beautifully nested cubic curves that 
would make Tschirnhausen proud. 

The hippopede, first investigated 
by the Greek philosopher Proclus in 
about A.D. 475, has two forms. It 
can appear as an 8 lying on its side 
or it can assume a dumbbell shape, 
depending on the values of its two 
constants, a and b [see right half of 
illustration on opposite page]. The par
ametric equations are only slightly 
complicated: 

x= 2cos(t) Jab- b2sin2 t 
y= 2sin (t) Jab- b2sin2t 

The parameter t runs from -18 0 to 
+180 degrees. A small economy of 
computation is available in that the 

same square-root function appears in 
both equations. As a result the pro
gram HIPPOPEDE needs to compute 
the function only once, store it as a 
variable called temp and then multi
ply 2cos(t) and 2sin(t) by temp. Here 
again readers setting up their own 
invisible professor must consider 
the step size. Although it depends to 
some degree on a and b, the screen 
size and other factors, a step size of 
one degree will work well in most 
cases. Again, different values of the 
constants a and b can be tried, any
where from 1 to 10 with stops either 
at integer or at fractional values. The 
wise old Athenian owl will be found 
staring out from the screen if for each 
of four curves a is set to 20, 25, 30, 40 
and 50 and b is held at 20. 

Spirals, among the most beautiful 
forms found in nature, are second na
ture, so to speak, for the invisible 
professor. It is no surprise that they 
grow best in the polar medium. A 
point on the spiral of Archimedes has 
the polar coordinates (r, O). The equa
tion is, as mathematicians say, trivial: 
r= aO. The angle 0 begins at 0 and can 
run as high as one's screen (and the 
constant a) will allow. Step size can 
be 1 or less. If a is chosen to be .01, 
the spiral will be tightly wound; at .1 
it will be much less so. 

The invisible professor can also 
easily handle the famed logarithmic 
spiral (also called the equiangular 
spiral for the sake of people who 
are frightened by the idea of loga
rithms). The spiral inhabits seashells 
and the heads of sunflowers. The in
visible professor uses the polar equa
tion r= eao, where the transcendental 
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Two Bowditch curves, one of which retraces itself 

number e can be taken as 2.7183. The 
step size used with the Archimede
an spiral can be used here, but read
ers must be warned about the awe
some speed with which the expo
nential function grows: even when 
a is equal to .01, the curve does not 
stay tightly wrapped for long. 

There are hundreds of curves in a 

handy little paperback called A Cata
log o{5pecial Plane Curves, by]. Den
nis Lawrence. The invisible profes
sor will thrive on these forms. For 
more advanced programmers it is an 
interesting project to assemble all the 
curve-drawing programs one can 
write into a single package the user 
can access through a menu. 

A surface constructed from simple functions 
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In some cases It IS not necessary 
to incorporate several distinct pro
grams into a single package. The 
magic of generalization leads to a sin
gle program that generates all the 
curves involved. It becomes simply a 
matter of selecting values for various 
constants that appear in the master 
formula. The circle, for example, is 
just one member of a class of forms 
called the Bowditch curves, or Lissa
jous figures, that arise from a single 
parametric equation: 

X= a· sin(ct + d) 
Y= b· sin(t) 

These curves are familiar to owners 
of cathode-ray oscilloscopes. Elec
tronic signals that vary sinusoidally 
will produce such curves on the tube. 

The constants a and b define a rec
tangle a units long and b units high. 
Within this rectangle a Bowditch 
curve will weave its wild dance. The 
constants c and d are the ones that 
make a difference. When d is equal to 
0, for example, values for c of 3/5 and 
1/4 produce the two curves shown 
above. If c happens to be rational, a 
Bowditch curve will come back to its 
starting point, tracing itself for as 
long as the invisible professor does 
not run out of breath. There is no 
point in worrying about whether the 
numbers in one's computer are ratio
nal; a digital computer accepts only 
such numbers. (The foregOing re
marks apply when the units of t are 
radians. To convert the equations 
into degrees, one must multiply the 
input of the function sin by 'IT/180.) 

If the parameter t starts at 0 de-
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grees, a Bowditch curve begins 
somewhere on the x axis. In general it 
weaves back and forth, in and out, 
before rejoining itself. But how large 
will t get before that happens? Here is 
a small puzzle for rational readers. 
For puzzle dodgers, let t get no bigger 
than 3, 600 in steps of 1 and stick to 
rational numbers whose components 
are small. For the curious, humorous 
or simply insane, open-ended adven
tures are available; exhaust the old 
professor by setting no upper limit to 
t. One can then decide, by watching 
the drawing of the curve in process, 
how long it takes to rejoin itself. The 
loop one uses must be mechanically 
constructed in this case. At the bot
tom of the loop place a simple "go to " 
statement that redirects execution to 
the top of the loop. To save the elder
ly academician from an eternity at 
the chalkboard, it would be a kind
ness to insert an "if " statement in the 
loop, so that if a key is pressed, the 
program goes to an instruction out
side the loop. 

Among the factors prompting the 
invisible professor to come out of 
hiding was a letter from Stanley S. 
Miller of Concord, Mass. Miller, a 
management consultant by profes
sion, has fallen in love with the trails 
left by various functions. It all began 
with a commercially available pro
gram called CURVES, about which I 

. shall have more to say below. 
"One late, rather winy evening, " he 

writes, "I hit the wrong button and 
produced something entirely differ
ent from any cycloids I had gener
ated before .. .l thought, at first, that 
some of the Brie I had been eating 
had got into my computer, but I ran·it 
through again with different parame
ters [that is, constantsl, and produced 
a close relative. " The encounter with 
serendipity gave Miller a glimpse of 
the profound power and variety pos
sible with a curve-generating pro
gram that is reasonably general. I in
clude a trophy of his hunt on page 
ll8. It looks like a three-dimensional 
net thrown out to ensnare impres
sionable minds. If the curve needs a 
name, let it be called Miller's MAD
NESS. Its parametric equations have 
an innocent simplicity about them: 

x= sin(. 9 9t) - .7cos(3.01 t) 
Y= cos(l.Olt) + . lsin(l5.0 3t) 

I have no idea how large t must be
come to complete the plot. Readers 
who want to view Miller's MADNESS 
on their own computer are advised 
to use the unending loop described 
above; the units of t are radians. 

When programming MADNESS, the 
reader may as well make it general 
by putting constants in front of the 
four trigonometric functions. This 
will put a virtually infinite space at 
their disposal for exploration. 

CURVES, the program that inspired 
Miller, is a highly general program 
produced by Bridge Software, P. O. 
Box ll8, New Town Branch, Boston, 
Mass. 02258. Filled with useful op
tions and sophisticated functions, it 
represents something like the ulti
mate invisible professor. But there is 
more. Bridge Software also sells a 
program called SURF, an output sam
ple of which is shown at the bottom 
of the opposite page. Users of this 
program specify a function of two 
variables and then watch as the pro
gram draws a landscape in three di
mensions, complete with mountains, 
valleys and hidden lines. Neither pro
gram is too pricy. 

Bridge Software is not the only 
small company producing mathe
matical software. For lovers of com
pleX functions, Lascaux Graphics, 
3220 Steuben Avenue, Bronx, N.Y. 
10467, has created a program called 
f(z). Many will remember the Man
delbrot set featured in this depart
ment as recently as last November. 
Perhaps a few readers will remember 
that all the action there took place 
in the complex plane. The functions 
produced by Lascaux Graphics map 
the complex plane onto itself. We 
cannot visualize a four-dimensional 
space but we can almost feel a com
plex function when its effect on the 
complex plane is clearly seen; a reg
ular polar grid [see illustration belowl 
embedded in the plane is trans
formed by a complex function into 
something of curvilinear grace, like 
currents in a mathematical sea. 
Somewhat more expensive than the 
CURVES program, f(z) is a bargain 
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for those awaiting initiation into the 
higher mysteries of the chalkboard. 

N
anotechnology, the topic of this 
department in January, drew re

sponses from skeptics and enthusi
asts alike. An amusing version of 
skepticism arrived from the Human
ist Association of Oklahoma, an or
ganization represented by Clinton L. 
Wiles of Oklahoma City. Wiles puts 
little store in the promise of eternal' 
life that some enthusiasts see in na
notechnology. In particular, the na
nosubmarine I took some delight in 
describing may never be built, much 
less deliver eternal life, according 
to Wiles. He writes: "Being skeptical 
enough not to have bought any su
pernatural eternities, we'll suggest 
that anyone investing in nanotech
nology expectations be prepared to 
wait awhile for a return on the invest
ment. ... Even if submarines in the 
bloodstream is a godless idea, we'll 
file it as an incredible claim requiring 
incredible proof, right next to the su
pernatural eternal-life claims." Wiles 
would be glad to receive any and all 
opinions on the subject at P.O. Box 
94043, Oklahoma City, Okla. 73143. 

Eric Drexler is among the princi
pal defenders of nanocomponents. 
Responsibly enough, he carefully 
avoids any claim beyond the ulti
mate prolongation of human life at 
the hands of his "engines of healing." 
Science-fiction author Paul Preuss of 
San Francisco admires Drexler and 
has studied some of the possibili
ties nanotechnology seems to offer. 
Preuss's latest book, Human Error, 
describes a hypothetical, self-repli
cating nanomachine that is acciden
tally ingested by a brilliant but unlov
able investigator at a biotechnology 
company on the West Coast. The in
vestigator changes in surprising 
ways and even learns about love. 

A complex function (left) and its logarithm (right) 
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BOOKS 
A celebration of design: Voyager, nautilus, 
the Veterans Memorial, the periodic table 

by Philip Morrison 

THE COMPLETE GUIDE TO RUTAN AIR

CRAFT, by Don and julia Downie. 
Third edition. Tab Books Inc. (paper
bound, $14.95). VOYAGER, by jeana 
Yeager and Dick Rutan, with Phil Pat
ton. Alfred A. Knopf, Inc. ($19.95). 

During World War I I  the Navy 
trained many young pilots out on 
the glaciated flatlands near Oshkosh, 
Wis. The vast airfield they left behind 
is now host every August to 15,000 
aircraft and three-fourths of a million 
people, who gather for the world's 
largest aviation meet. It is not for 
the supersonic fighters or the jet 
transports the truest devotees have 
come; this is the Fly-In Convention 
of the Experimental Aircraft Associ
ation. The somewhat eclectic EAA 

has 100,000 members throughout the 
world. It remains at heart the expres
sion of those remarkable amateurs, 
most of them linked in some other 
way with the aviation industry, who 
fly aircraft they have built them
selves. Some 700 of those creations 
are certified yearly by the FAA to fly 
at large, a third or more of all new 
u.S. light aircraft. 

Most of the homebuilts are slowly 
and carefully constructed from de
signs, some even from kits of parts, 
for prototypes that were first seen 
and admired at Oshkosh. The engi
neers and designers who conceive 
and produce the planes are a small 
group of professional innovators. 
These two books sum up the remark
able work of one such man, Burt Ru
tan (an original even among such 
originals), and his gifted coterie. The 
guide is a knowing and personal in
troduction to the long, demanding 
work in the shop and to flight itself. It 
is a homebuilder's look at the Ru
tan way. (To build a flyable aircraft at 
home requires a few thousand hours 
of work and $10,000 to $20,000 for 
engines and equipment; it is easy to 
understand that many more are be
gun than are in fact completed.) 

The second book, a candid account 
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of adventure and despair, meant for 
general readers, sets out years of sin
gle-minded effort and one week aloft 
in danger and aching sacrifice by the 
pilot couple, jeana Yeager and Dick 
Rutan. At the end of 1986 they filled 
up the tanks of Burt Rutan's most fa
mous design, the one-of-a-kind Voy

ager, and in nine nonstop days flew 
it out and back around the bulge of 
the world. 

Voyager is much the largest of 
some 10 Rutan Aircraft Factory de
signs; all of them share family traits. 
They are built of composites, white, 
sleek and slender. This is not the old 
way of canvas stretched taut over 
spruce, nor the sturdy but intricate 
structures of Rosie the Riveter, a 
bucket of rivets, bent metal sheet, 
spars of forged aluminum. Layers of 
woven fibers, glass, graphite and ara
mid polymers are bound into a sin
gle immobile yet forgiving structure 
by the right mixture of epoxy resin 
polymer and its hardeners. Cores of 
foamed urethane shaped by hand 
tools give form to the light, �trong 
skins of wings and tanks and fuse
lage. The scales control every part; 
tyros make heavy sections, and then 
learn to remake them. The home
builder and the FAA inspector alike 
can see through the translucent 
forms to check the layers of lay-up 
and matrix. 

Apt Rutan aerodynamics go with 
the new materials. Most of these craft 
are pushers; instead of a tail they 
have small canard wings in front of 
the main airfoil. The arrangement 
confers simple control, efficient low
drag flight and virtual immunity to 
stalling. These birds have no tail to 
drag. (A few pages by Burt Rutan give 
a clear, qualitative account of how all 
this happens.) 

On top of his Dodge, Burt Rutan 
carries well-instrumented models. 
His rather low-speed wind tunnel is 
as long as the faster highways of 
southern California after midnight. 

Inspired designer though he is, at 
44 he is no amateur but a trained 
aero engineer and a fine pilot. Burt's 
brother, Dick, a few years older, js 
a virtuoso test pilot, strong-mind
ed veteran of 100 fighter missions 
against the little MiG's over Vietnam, 
and for years a record setter in one 
after another of Burt's prototypes. 
jeana Yeager, Dick's partner, copilot 
and coauthor-their book is written 
in short passages first for one voice 
and then for the other-iS equally 
skilled and sharply defined in char
acter. Big Voyager was built out of 
just 11 sketches by Burt, and plenty 
of printout from his PC; jeana creat
ed all the formal drawings from that 
material. 

This group raised and spent a mil
lion dollars the hard way, without 
compromise of personal principles. 
They would accept neither foreign 
corporate sponsors, cigarette manu
facturers nor any who set excessive 
constraints on their design, materials 
or route. Volunteer professionals of 
many specialties and a large number 
of individual donations complement
ed the well-known avionics firm, the 
fuel and lube ·supplier, an audio firm 
and a few others who took a chance 
with expensive equipment or with 
money. 

The round-the-world plane real
ized the famous old flight-range for
mula of Louis Breguet. Long range 
means large lift-to-drag ratio, big fuel 
load for low structural weight, and 
high efficiency of prop and engine. 
"If the Voyager was easy to fly, Burt 
didn't do his job right. " Stiff, pitching 
steadily, controls ineffectual, com
fortless and crowded, Voyager gave 
up everything to haul fuel with low 
drag and minimal weight. But it did 
the pilots' joint will: after a heavy, 
dragging takeoff (during which wing
tip fittings rubbed off on the runway), 
Voyager circumnavigated against un
favorable weather, returning to Ed
wards Air Force Base with 2 percent 
of the fuel it had carried off the two
mile runway. 

The chief design deficiency seems 
to have been the complicated fuel 
plumbing, a little of it misrouted. Two 
engines fed by 17 tanks-gas was 
stored in every volume not other
wise filled-meant that the flight 
crew lost track of fuel use in spite of 
their elaborate routines to log and in
terpret the minimal gauges. These fli
ers were never free; the radio link to 
the Mojave was a bond tighter than 
they liked, but indispensable. The 
drama of technical brilliance and 
personal adventure, sociology and 
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character, is honestly played against 
the looming backdrop of a powerful 
paramilitary industry, itself the gain
er from the work. 

Dick presents one unexpected in
sight. "All of Burt's airplane designs 
have been ... an extension of his fas
cination with building model air
planes. . .. The legacy of modeling 
is physically visible .... The methods 
live on ... in the stage of design after 
the plans are drawn, the period of 
'tweaking,' the 'cut and fit' method 
that only composites make possi
ble. Burt always wanted ...  the same 
control over the design as model 
airplane building afforded .... Some
times he was in love with the de
sign ... to the exclusion of market 
considerations." We hear snatches of 
an old tune; this is the tale of an artist 
and his trusting, daring friends. 

THE NATURAL HISTORY OF NAUTILUS, 

by Peter Douglas Ward. Allen & Un
win, Inc. ($34.95). 

The chambered nautilus is found 
here and there over a wide stretch 
of ocean, from the Andaman Islands 
westward to Fiji and beyond, and 
from Japan south to New Caledonia. 
Once their kind were the masters of 
the ancient seas: 10,000 species and 
more are found in the fossil record. 
Now there are extant only five, quite 
similar species of this, the last of 
the shelled cephalopods. Creatures 
of the middle depths, they live be
tween 150 and 400 meters down, 
usually along the undersea slopes 
of some steep coral forereef, in a 

band a couple of kilometers wide 
out from the coral shore. 

This book is the work of Peter 
Douglas Ward, a paleontologist who 
has taken a field trip in time; he has 
gone to the modern ocean to follow 
living examples of the ammonite fos
sils he seeks to understand. His own 
studies and those of others conduct
ed over some two decades have 
brought a certain understanding of 
this remarkable survivor, whose 
way of life is now unique. Most of 
what is described is recent work, 
documented here with graphs and 
photographs. There are imploded 
shells and X rays of air-filled cham
bers. There are close ups and dia
grams. One illustration shows the 
eyes, tongue and beaky jaw of this 
strange pedigreed head, from which 
sprout about 90 tentacles, sensory, 
grasping and reproductive. 

These beautiful animals are rare in 
warm surface waters; night scuba 
dives on the reef fringe will disclose 
them. For several years nautiluses 
have been kept for observation in 
aquariums, such as the one at Nou
mea in New Caledonia. Even more re
cently Ward and others have tracked 
nautilus individuals in the wild for as 
long as a week. The surface trackers 
"began to appreciate the problems 
of anti-submarine warfare." Graphs 
map the vertical position of a few ani
mals followed around the steep walls 
of the reef of Palau, running deep 
by day, shallower at night, possibly 
deep again at the full of the moon. Te
lemetry enabled the investigators to 

track the animals. A small ultrasonic 
transmitter affixed to the shell, draw
ing power from a tiny lithium bat
tery, encoded the pressure readings 
of a strain gauge and pulsed them up 
for two weeks from the submarine 
depths to alert hydrophones above. 

The eight-inch-diameter nautilus 
forages vigorously over hundreds of 
kilometers, covering a few kilome
ters a day. It can rise and dive swiftly, 
nearly vertically at a rate of a couple 
of meters per minute. It appears to 
dwell in the cool waters below the 
reef system, taking live hermit crabs 
from the deep slopes for food, and 
scavenging as well. Its enemies are 
not well known; there are big reef 
fish with jaws powerful enough to 
take the nautilus. The beast propels 
itself by a flexible siphon that can 
point in almost any direction. Swim
ming with head trailing is fastest. 
In this mode the nautilus's graceful 
rounded shell experiences minimal 
drag; it is also shaped and aligned to 
minimize pinwheeling, induced by 
the strong pulses of the off-center jet. 
Most fossil forms must have been far 
poorer and less stable swimmers. 

This living submarine has a hard 
protective shell, an elegant pressure 
hull that fails by implosion at a pres
sure depth of some 70 atmospheres, 
below the working range of many a 

steel submarine. This hull is a com
plex interlayered composite of horny 
protein bolstered with calcareous mi
croneedles. The lovely chambers are 
fully or partly air-filled; the X-ray pic
tures prove it. A complicated tube 

Beginning its world flight, Voyager leaves California behind 
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links all the chambers. The nautilus, 
like a submarine, operates at near
neutral buoyancy, all but weightless, 
a few grams of net weight out of a to
tal displacement of a pound or two. It 
must keep moving to avoid sinking 
to unsafe depths. Its pumps are os
motic ones, and the residual fluid in 
its partly filled ballast tanks is some
what modified seawater, low in mag
nesium and sulfate. 

With powerful pumps and strong 
tanks, a submarine takes care to 
keep both from rising toward its 
enemies and from sinking to a pres
sure depth it cannot sustain. So does 
the nautilus. In addition it has to 
do what no manmade submarine has 
ever done: the nautilus must grow. 
It grows from a hatchling swimmer 
an inch across, equipped with seven 
tiny chambers, to a big adult three or
ders of magnitude greater in volume. 

Each of the couple of dozen succes
sively larger chambers is thought to 
be first filled by the animal's body, 
at ambient seawater pressure, and 
then emptied as the animal grows 
and moves out. During this process 
gas slowly replaces fluid as the en
closing partition of the shell becomes 
strong enough to support the pres
sure difference between chambers. It 
is still uncertain whether or not the 
gas is ever at sufficiently high pres
sure to help resist the stress of the 
deep. Growth is slow, for the chemi
cal pumps work slowly, particularly 
at depth. The nautilus cannot use its 
gas chambers to adjust density in its 
everyday motion; it empties its tanks 
to match buoyancy to the bigger, 
thicker shell only in accord with 

the deliberate rates of growth. The 
statelier mansions take longer to 
grow and longer to pump dry. The 
so-called growth rings once thought 
to mark daily or monthly increments 
of shell growth in fossil specimens 
now seem to have little to do with the 
passage of time. 

A nautilus lives from hatching to 
maturity for some 10 or 12 years and 
then, unlike other cephalopods, sur
vives for years the start of its repro
ductive period. The unornamented 
but beautiful nautilus produces rath
er few, large eggs. The ornate ammo
nites of the ancient past had thinner 
shells, much ribbed and adorned, 
perhaps to strengthen them against 
fishy predators. They laid far more 
eggs and grew much faster. 

The last word has not yet been 
said, but Ward speculates that "the 
impression is one of the ammonites 
being forced into ever deeper wa
ter, where their. .. advantages of high 
growth rates become blunted by in
creasing ... pressure, and hence the 
necessity to take ever longer to emp
ty chambers.'� The chambered nauti
lus had found the way, a victory for 
patience and clean design. Those fan
cy ammonites did not survive the 
Cretaceous. 

DRAWING THE FUTURE: A DECADE 

OF ARCHITECTURE IN PERSPECTIVE 

DRAWINGS, by Paul Stevenson ales. 
Van Nostrand Reinhold Company 
($37.95). 

The future here is not the airy fu
ture that year by year recedes from 
us, like that of dreamers both before 
Gatsby and after him, but one that 

Tentacled head and coiled shell of the nautilus 
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usually comes within grasp. Indeed, 
many of the 100 drawings her.e are 
fair renderings of buildings designed 
by American architects from 1976 to 
1986 and now quite tangible in brick, 
glass and steel. Others remain on pa
per, a variety of projects still to come 
and some projects and contest en
tries that did not find realization. 

All of them were made with metic
ulous honesty of form and purpose 
and rendered with a dazzling tech
nique. This presentation shows the 
delighted eye-particularly of inex
pert client or public-what it cannot 
glean from a big sheaf of technical 
working drawings. Such plans and el
evations are dense with arrows and 
annotations, all pressed flat into two 
dimensions. The drawings instead 
unify the parts of a complex whole, 
and they convincingly unfold the 
third dimension largely by an utter 
mastery of the clues of light and 
shadow. One journal calls ales "the 
profession's favorite architectural 
renderer." The collection of perspec
tives is a pleasure to eye and mind; 
"visual poetry can also be practical," 
in the phrase of the foreword. 

Possibly the showiest of these 
black-and-white plates offers a night 
view of Kennedy Airport seen appro
priately during an approach by air, at 
a low altitude of 1 ,000 to 2,000 feet. 
We look toward the center of the big 
ring road that the main airline ter
minals flank. But this is the future, 
JFK 2000. In the midst of the ring is 
shown a proposed central customs 
and information hall, able to accom
modate 45 million passengers a year 
and distribute them through a web of 
enclosed pedestrian transport ways 
to their chosen airlines. 

The form is accurate; it was con
trolled from the architects' plans and 
elevations, augmented by a photo
graph of the scaled model. The con
text was not left to whim; helicopter 
photographs were made at twilight 
to fix the existing structures and to 
provide the artist with the patterns 
of light shed. He then proceeded to 
reckon and supply the glow of the 
proposed building and its ribbons of 
outliers. Luminous present and fu
ture were matched, and "the amount 
of moisture in the atmosphere pro
duced a speCific degree of flare" for 
each point source of light that gives 
the scene a haunting reality, even to 
the subtle reflection of the lights of 
distant suburbs in the waters of the 
bay beyond the runways. The mag
ical drawing was eight days' work, 
white pencil on black board. 

About a dozen examples are given. 
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Some are rendered-with attention 
to verisimilitude-as they might look 
'by night and day or in different sea
sons. The proposed buildings are 
large and small; they are located in 
New England, New York, Washing
ton, several cities in Texas and other 
U.S. cities. Some are abroad: London, 
Paris, Canberra and Buenos Aires. Al
ways there is a true framework: a 
computer perspective made from the 
plans, or a model. There are street 
scenes, interiors and textures and re
flections in wide variety. The artist 
is above all aware of the extent to 
which small clues add highlights and 
ground, and his technique has made 
him able to foresee quite accurately 
how the entire scene will look, docu
mented by calculation of sun angle, 
light reach and repeated reflection. 
Nor are these drawings mechanical; 
this is personal pencilwork, interpre
tation of a space-time volume by a 
gifted hand and mind. 

The new courtyard of the Louvre 
with its glazed pyramid is shown 
in three drawings, under gray Paris 
skies on a wet night. The drawings 
are as classical as the old palace, 
and as responsible as the carefully 
designed glazed framework. 

Two other drawings show the Viet
nam Veterans Memorial by Maya 
Ying Lin, a 2 1-year-old Yale under
graduate whose proposal won in 
competition among 1 ,400 entries. By 
now her simple, somber and yet heal
ing work has deservedly become a 
focus of public devotion. Her compe
tition drawings, however, eloquent 
to the wise and expert jury, were 
"very abstract and legible only to 
professionals." The public, in partic
ular the sponsoring veterans, were 
"bewildered" by the spare design. 
Oles-himself a bested competitor
quickly made a pair of views, one in 
snow, one in summer green, spend
ing two days on each (the originals 
were in color; all the reproductions in 
this book are in black and white). 
These beautiful renderings "provid
ed a catalyst" for defeating proposed 
changes in the design and helped to 
win over many who had not yet ap
preciated what the purity of Lin's 
modernism might bring. 

Here is a remarkable way to view 
a defined future, a prediction of ar
chitecture yet to come in something 
of the way a successful theory pre
dicts the outcome of a well-planned 
experiment. 

ELSEVIER'S PERIODIC TABLE OF THE 

ELEMENTS, compiled by P. Lof. Else
vier Science Publishing Co., Inc., P.O. 

Box 1663, Grand Central Station, New 
York, N.Y. 10163 ($17.50). 

This presentation of the elements 
occupies more than 12 square feet of 
heavy paper. It bears some two doz
en black-bordered rectangles, filled 
with colorful patterns in a variety of 
sizes and forms. At first the poster 
evokes the modern Dutch master 
Piet Mondrian. A closer look suggests 
kinship with still older painters, 
those Dutch and Flemish masters 
who crowded canvases in tireless de
tail with the painted pleasures of an 
unstinted harvest feast: too much! 
Yet just as those overflowing old im
ages charm us by their mastery and 
redeem their good-humored super
fluities by an honest delight in plen
ty, so does this dense new graphic 
compilation by the atomists of Am
sterdam. Dr. Lof, scrupulous in citing 
specific references to some 90 sour
ces of data and aided by a set of inter
national advisers, has gathered here 
a bumper harvest of the atoms. 

Even the advertising brochure has 
style: "Do you need to know the 
melting point of beryllium, the crys
tal structure of germanium, the mass 
of the electron, the price of yttrium, 
the heat capacity of iron, the half-life 
of cobalt-60, the charge of the strange 
quark, or the nuclear spin of tin-119?" 
They are all here and of course there 
is much more. 

The large central panel is a color
coded periodic table of the elements 
from hydrogen out to undiscovered 
element 118, accompanied by the 
usual atomic weights and electron 
configurations and, less usual, the 
discoverer and date of discovery. 
The smaller frames that surround the 
center carry out the theme across 
a flood of variations, always in the 
adopted tabular pattern and color 
code. Most frames also offer a strik
ing graph of some property related 
to atomic number. Nuclear and par
ticle data are included. There is a 
clever mapping of all stable isotopes, 
and data are provided on radioactive 
ones that have lifetimes of five days 
or more. The information also en
compasses nuclear gamma-ray and 
magnetic-resonance energies. Even 
mere supersymmetrical hopes for 
particles, with too cute names such 
as squark and slepton, are duly list
ed here. 

Element abundances are particu
larly well treated. There are data for 
the solar atmosphere, the solar sys
tem as a whole, the earth's crust and 
mantle and the Orgueil chondrite. In 
one small periodic table is entered 
the human intake of all the atoms, 

placed in four classes by the weight 
taken each day. Another unusual 
table and graph compile calculated 
electron energy levels for the outer
most orbitals, atom by atom. 

The cheapest pure element in com
merce is abundant and useful iron, at 
a dime per kilogram in 1984 dollars. 
(The elements are here priced by 
weight for a purity of better than 99 
percent. These price tags announce 
no bargains; they are probably often 
quotations for small quantities, ex
trapolated without reduction to kilo
gram lots.) Gold and industrial dia
monds are marked at about $11,000 
per kilo; the rarest earth, lutetium, 
useful as a reaction catalyst in the 
petrochemical industry, is the dear
est stable element, at $75,000 per 
kilo. Tritium and long-lived plutoni
um 239 are not listed. The most ex
pensive cited are two short-lived ra
dioactive isotopes, radon and berke
lium 249, both quoted at about $ 1  
million million a kilogram. 

The peaks of molar volume against 
atomic number stand out very well 
among many such periodic graphs. 
There is a little unexpected history
Mendeleev's handwritten draft of his 
first scheme-and some unexpect
ed practicality: an element classifica
tion according to principal hazard
ous property. Five pure elements (Be, 
Cr, Ni, As and Cd) are "established 
carcinogens"; others poison, burn, 
explode, radiate or corrode. 

Nine graphed correlations, some 
lacking entries for many elements, 
are "hard to resist as exercises for the 
reader. Why is antimony (and three 
of its kin) so anomalously high on the 
fine plot of heat of fusion versus melt
ing temperature? Why is lithium 100 
times commoner in a meteorite than 
in the photosphere of the sun? Other 
properties fill the curves without 
exceptions. 

The chart is not without flaw. It is 
rather big to consult with ease, even 
when posted. The printed colors are 
far from painterly. The official tem
porary Latinate names and symbols 
for the seven claimed elements be
yond the last accepted actinide (law
rencium 103), and for eight more 
extrapolated elements not yet even 
claimed, make a conspicuously ugly 
jargon; that cannot be helped. The 
entire chart is a madly rich chal
lenge to students from high school 
on and full of information useful 
to professionals. This dazzlingly in
tricate poster, chiefly well-rounded 
truth and not mere human opinion, 
deserves to spread its amusing sur
feit of learning across many a wall. 
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FIGHT 
HEART 

DISEASE, 
KIDNEY 
DISEASE 

AND 
BLINDNESS. 

the� 
Diabetes 

ASSOCiilion. 

Diabetes is a major contributor 
to heart disease, kidney disease 
and blindness. So when you 
support the American Diabetes 
Association, you fight som:A 
of the worst diseases of 
our time. ' 

" 

FIGURE IT OUT 

FOR YOURSELF 

If you can figure out this puzzle, 
you may be able to qualify to 
join ME NSA, the society for 
people whose intelligence is at 
or above the 98th percentile on 
a standard "IQ" test. 

Unscramble the follow
. ing letters to make an 
English word: 

A TARENGLIAI 
--------------. 

Send to: MENSA, Dept. SA58 
2626 East 14th Street 
Brooklyn, NY 11235 
o Send brochure, telling how I 

may have already qualified. 
o I'll take the at-home test. Enclosed 

is $9.00 (check or money order 
in U.S. funds only, please). 

Name ________________ __ 

Address __ ---------------

City/State/Zip __ -=-________ _ 

L ______ �I��!;;i�=::.J 
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3 axes, with a digital indicator calibrated in ten thousandths. This is basically 
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features of the QM 1 is a variable focal length over a working range of 22 to 
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rising centerpost and is easily portable. 
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