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Nuclear theft and smuggling could 

put weapons into terroristsÕ hands.

The diet-aging connection.

Microchip progress: end in sight?

The ultimate physics theory.
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70 Cleaning Up the River Rhine
Karl-Geert Malle

The Rhine is EuropeÕs most economically important river: 20 percent of its water is
diverted for human purposes, and it is a vital artery for shipping and power. Twen-
ty years ago pollution threatened to ruin both the RhineÕs beauty and its utility. In-
ternational cooperation, however, has now brought many troublesome sources of
chemical contamination under control.
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The Real Threat of Nuclear Smuggling
Phil Williams and Paul N. Woessner

Technology and Economics in the Semiconductor Industry
G. Dan Hutcheson and Jerry D. Hutcheson

64 Neural Networks for Vertebrate Locomotion
Sten Grillner

Caloric Restriction and Aging
Richard Weindruch

The amount of plutonium needed to build a nuclear weapon could Þt inside two
soft-drink cans. Much less is needed for other deadly acts of terrorism. Those facts,
coupled with the huge, poorly supervised nuclear stockpiles in Russia and else-
where, make the danger of a black market in radioactive materials all too real. Yet
disturbingly little is being done to contain this menace.

Semiconductor Cassandras have repeatedly warned that chipmakers were ap-
proaching a barrier to further improvements; every time, ingenuity pushed back
the wall. With the cost of building a factory climbing into the billions, a true slow-
down may yet be inescapable. Even so, the industry can still grow vigorously by
working to make microchips that are more diverse, rather than just faster.

Want to live longer? Eating fewer calories might help. Although the case for hu-
mans is still being studied, organisms ranging from single cells to mammals sur-
vive consistently longer when fed a well-balanced but spartanly lo-cal diet. Good
news for snackers: understanding the biochemistry of this beneÞt may lead to a so-
lution that extends longevity without hunger. 

How does the brain coordinate the many muscle movements involved in walking,
running and swimming? It doesnÕtÑsome of the control is delegated to local sys-
tems of neurons in the spinal cord. Working with primitive Þsh called lampreys, in-
vestigators have identiÞed parts of this circuitry. These discoveries raise the pros-
pects for eventually being able to restore mobility to some accident victims.
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76 The Evolution of Continental Crust
S. Ross Taylor and Scott M. McLennan

The continents not only rise above the level of the seas, they ßoat atop far denser
rocks below. Of all the worlds in the solar system, only our own has sustained
enough geologic activity through the constant movement of its tectonic plates to
create such huge, stable landmasses. 

82 SCIENCE IN PICTURES

Working Elephants
Michael J. Schmidt

In the dense forests of Myanmar (formerly Burma), teams of elephants serve as an
ecologically benign alternative to mechanical logging equipment. Maintaining this
tradition might help save these giants and the Asian environment.

88 TRENDS IN THEORETICAL PHYSICS

Explaining Everything
Madhusree Mukerjee, staÝ writer

Ever since Einstein, physicists have dreamed of a Theory of EverythingÑan equa-
tion that explains the universe. Their latest, greatest hope is that a newly recog-
nized symmetry, duality, may help inÞnitesimal strings tie reality together.
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Letter from the Editor 

M
aybe life would just seem longer. That was my Þrst reaction upon

learning that we might be able to extend our life spansÑand 

improve our general healthÑby putting ourselves on a tough

diet. As Richard Weindruch explains in ÒCaloric Restriction and AgingÓ

(page 46), a growing stack of evidence hints that cutting way back on our

calories while still getting enough essential vitamins, minerals and other

nutrients could add years to our lives. It works for rats. It works for gup-

pies. Why not people?

Alas, this is not what we want to hear. Most of us have prayed that a

lab-coated Ponce de Le�n would discover a Soda Fountain of Youth 

to vindicate our guilty appetites. Chocolate, we would Þnd, built strong

bones. Cr�me br�l�e improved eyesight and restored hair. A thick slab of

barbecued ribs with extra sauce and a side order of french fries could

cure whooping cough, erase wrinkles, lower blood pressure and make us

better dancers. Instead we may be moving into an era when waiflike 

model Kate Moss will look unhealthy be-

cause sheÕs a little too zaftig.

Fortunately, thereÕs hope. Weindruch

notes that biomedical research may yet

provide us with drugs or other interven-

tions that can block the deleterious

eÝects of an energy-rich diet. In the

meantime, though, read up on the state

of the research and mull the conse-

quences before ordering your next ice

cream cone.

This monthÕs cover storyÑÒThe Real

Threat of Nuclear SmugglingÓÑconcerns

a diÝerent threat, one that has perhaps

been dismissed too readily by many 

policymakers and pundits. As Phil Wil-

liams and Paul N. Woessner argue, the

possible rise of a thriving black market in radioactive materials could put

at least a measure of the deadly force once restricted to the superpowers

into the hands of unstable nations, gangsters and terrorists. Is there

cause for alarm? Judge for yourself, starting on page 40.

O
n a brighter note, congratulations to Ian Stewart, author of our

monthly ÒMathematical RecreationsÓ column. The Council of the Roy-

al Society in London recently bestowed its Michael Faraday Award on Ian

for his achievements in communicating mathematics to the general public.

Few writers have ever done so with such charm or with such avidityÑas in

his books, including Does God Play Dice? and The Collapse of Chaos, on

television and radio and, not least of all, in ScientiÞc American.

COVER art by Slim Films

JOHN RENNIE, Editor in Chief
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Back to the Future

David A. Patterson predicted that the
computer chips of tomorrow will merge
memory and processors [“Micropro-
cessors in 2020,” SCIENTIFIC AMERI-
CAN, September 1995]. That was actu-
ally done several years ago. The result-
ing product is embedded in plastic and
called a smart card. They are currently
used in France in banking and are the
subject of the recently completed spec-
ifications jointly developed by Visa,
MasterCard and Europay. The future of-
ten arrives much sooner than we think.

KENNETH R. AYER
Visa International
San Francisco, Calif.

Out of Gas?

In “Solar Energy” [SCIENTIFIC AMERI-
CAN, September 1995], William Hoag-
land states that the solar energy reach-
ing the earth yearly is 10 times the to-
tal energy stored on the earth, as well
as 15,000 times the current annual con-
sumption. This seems to mean that we
have a 1,500-year supply of energy. But
the usual estimate is that existing re-
serves will last 50 to 100 years. 

RALPH M. POTTER
Pepper Pike, Ohio

Hoagland replies:
The 50-to-100-year figure is for fossil

energy in the mix that is currently used
(oil, coal, natural gas); it is also depen-
dent on many estimates of the future
demand for energy. It does not consid-
er, for example, the broader use of coal
and nuclear energy to meet these needs.
The issue is really whether we want to
incur the economic and environmental
consequences of this route given the
opportunities of solar energy.

Airport 2075

The engineers who dream of 800-
passenger aircraft [“Evolution of the
Commercial Airliner,” by Eugene E. Co-
vert; SCIENTIFIC AMERICAN, September
1995] must have had little experience
in today’s jets. The time spent checking
in, loading passengers, stowing luggage,
clearing for takeo› and then reversing

the process at the destination may take
as long as the actual flight. Logistical
problems are roughly proportional to
the square of the number of partici-
pants. Giant jets will spend most of
their time on the ground with a mob of
very unhappy passengers.

ROBERT GREENWOOD
Carmel, Calif.

L’Homme Machine

Simon Penny’s essay, “The Pursuit of
the Living Machine” [SCIENTIFIC AMERI-
CAN, September 1995], reminded me of
the mechanical chess player construct-
ed in 1769 by the Hungarian inventor
Wolfgang von Kempelen. This mysteri-
ous construction defeated many adver-
saries and could move its head and say,
“Check!” in several languages. It was, of
course, a technical joke, as there was a
chess player hidden in the chess table,
but the optical and mechanical con-
struction was remarkable. Kempelen’s
lifelong aim was to construct a speak-
ing machine for deaf-mutes and a writ-
ing machine for the blind.

J. DOBO
Budapest, Hungary

AIDS Concerns

In “How HIV Defeats the Immune
System” [SCIENTIFIC AMERICAN, August
1995], Martin A. Nowak and Andrew J.
McMichael observe that HIV infection
“always, or almost always, destroys the
immune system” and acknowledge that
“chemical agents able to halt viral repli-
cation are probably most e›ective when
delivered early.” They fail to mention
that such agents are available now and
are being withheld. AZT, ddI, ddC, d4T
and alpha-interferon slow viral replica-
tion but are commonly not prescribed
until after the disease progresses.

KENNETH W. BLOTT
Toronto, Ontario

Nowak and McMichael reply:
Studies of early therapeutic interven-

tion are yielding encouraging early re-
sults (see, for instance, papers in the
New England Journal of Medicine, Au-
gust 17, 1995). It is possible, however,

that antiviral drugs will have serious
toxic side e›ects or that they could se-
lect resistant viral strains that would
preclude use of the drugs at a later
stage. Therefore, it is essential to study
these drugs first in controlled trials.

Tracking Tunneling

In “J. Robert Oppenheimer: Before the
War” [SCIENTIFIC AMERICAN, July 1995],
John S. Rigden credits Oppenheimer as
“the first to recognize quantum-me-
chanical tunneling.” Actually, the first
treatment of tunneling was given by
Friedrich Hund in a remarkable pair of
papers submitted in November 1926
and May 1927 to Zeitschrift für Physik.
This work came to our attention while
preparing an article for a Festschrift
celebrating the centennial of Hund’s
birth, which arrives in February.

BRETISLAV FRIEDRICH
DUDLEY HERSCHBACH
Harvard University

No Boys’ Club

In “Magnificent Men (Mostly) and
Their Flying Machines” [“Science and
the Citizen,” SCIENTIFIC AMERICAN, Sep-
tember 1995], David Schneider misrep-
resents my beliefs and those of the
M.I.T.–Draper Aerial Robotics team.
Schneider had remarked that there were
no women on our team, and my re-
sponse—“Well, we’re M.I.T.”—reflected
the unfortunate demographics of our
institute. For the record, our volunteer
team was open to all. Both men and
women contributed to the e›ort.

DAVID A. COHN
Massachusetts Institute of Technology

Letters may be edited for length and
clarity. Because of the volume of mail,
we cannot answer all correspondence.
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LETTERS TO THE EDITORS

´

ERRATUM

In “Down to Earth,” by Tim Beardsley
[“Science and the Citizen,” SCIENTIFIC
AMERICAN, August 1995], William H.
Schlesinger of Duke University was mis-
takenly identified as W. Michael Schle-
singer. We regret the error.

COPYRIGHT 1995 SCIENTIFIC AMERICAN, INC.



JANUARY 1946

The new multiplier phototube,
called the image orthicon,

picks up scenes by candle- and match-
light, and can even produce an image
from a blacked-out room. The image or-
thicon tube has been a military secret
until now, but as early as 1940, success-
ful demonstrations of pilotless aircraft
had been made with a torpedo plane
which was radio-controlled and televi-
sion-directed from 10 miles distant.Ó

ÒThose gasoline fractions with low
octane numbers have long been a prob-
lem to oil reÞners. Researchers eventu-
ally determined that a mineral known
as molybdenum oxide, when dispersed
in activated alumina and used as a cat-
alyst in an atmosphere of hydrogen, al-
tered the molecular structure of the
low-grade gasoline most eÝectively. The
newly discovered process, ÔHydroform-
ing,Õ doubled the octane rating of many
low-grade gasolines, and guaranteed our
war-time airplanes and those of our Al-
lies vast quantities of high-octane gaso-
line, far superior to any in use by the
enemy, and at reasonable cost.Ó

JANUARY 1896

Many of our readers will have al-
ready been appraised of the death

of Mr. Alfred Ely Beach, inventor, engi-
neer and an editor of this journal. Our
illustration shows one of his many in-
ventions, the pneumatic system applied
to an elevated railway. Visitors to the
American Institute Fair, held in New
York in 1867, will remember the pneu-

matic railroad suspended from the roof
and running from Fourteenth to Fif-
teenth Streets.Ó

ÒN. A. Langley has succeeded in ob-
taining helium perfectly free from ni-
trogen, argon, and hydrogen. This gas,
when weighed, proves to be exactly
twice as heavy as hydrogen, the usual
standard. Guided by purely physical con-
siderations, the experimenter arrived at
the conclusion that the molecule of he-
lium contains only one atom. Hence the
atomic weight must be taken as 4.Ó

ÒAt a special meeting of the Anthro-
pological Institute, held in London, Dr.
Eugene Dubois, from Holland, read a
paper describing his explorations in
Java, and gave a demonstration of the
interesting fossil remains discovered by
him during six yearsÕ residence there.
Most attention was attracted by the re-
mains of a human-line femur, an anthro-
poid skull, and two molar teeth found
in a Pliocene stratum on the banks of a
river in Java. He holds that they form
the strongest evidence yet adduced in
favor of the doctrine of manÕs progres-
sive development along with the apes
from a common progenitor; for he as-
serts that these indicate a transitional
form between man and an anthropoid
ape, to which he has given the name
Pithecanthropous erectus.Ó

ÒWithin a recent period cocaine has
come into use on the race track, as a
stimulant. Horses that are worn and ex-

hausted are given ten to Þfteen
grains of cocaine by the needle
under the skin at the time of
starting, or a few moments be-

fore. The eÝects are very prominent,
and a veritable muscular delirium fol-
lows, in which the horse displays un-
usual speed. The action of cocaine grows
more transient as the use increases,
and drivers may give a second dose se-
cretly while in the saddle. Sometimes
the horse becomes delirious and un-
manageable, and leaves the track in a
wild frenzy, often killing the driver, or
he drops dead on the track from the
cocaine, although the cause is unknown
to any but the owner and driver.Ó

JANUARY 1846

Anew use of mesmerism has been re-
cently put in requisition, at Oxford,

Mass. A barn was destroyed by Þre, last
spring, and supposed to have been the
work of an incendiary. A few weeks ago
a professed mesmerizer was employed
to put a subject to sleep, from whom
such intelligence was elicited as to lead
to the arrest of a person, who is now in
prison awaiting trial. Should he be con-
victed, in consequence of the mesmeric
relation, knaves may well dread the ap-
proach of mesmerism henceforth; and
if this practice is successful, there will
be no such thing as concealment of a
crime, nor escape from detection.Ó

ÒThere are 90,000 slaves and 61,000
free blacks in Maryland. A member of
the Maryland legislature lately pro-
posed to seize and sell all the free
blacks in the State, and apply the pro-
ceeds to the payment of the State debt.
The bill would not pass.Ó

ÒIt is well known that a convex lens
made of ice will converge the rays of
the sun and produce heat. It may there-
fore be inferred that if a large cake of
iceÑsay, twelve feet in diameterÑbe re-
duced to the convex form (which might
readily be done by a carpenterÕs adz)
and placed as a roof over a cabin, it
would eÝectually warm the interior. And
were the sunÕs rays admitted to pass
through a trap-door into the cellar, and
that of suÛcient depth to bring the
rays nearly to a focus, a suÛcient heat
would be produced to bake or roast
provisions for a family.Ó
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Mr. BeachÕs pneumatic railway exhibit
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L
ast April, a Bangladeshi woman who

complained that she was pos-
sessed by a ghost arrived at the

department of psychiatry at University
College London. The woman, who had
come to England through an arranged
marriage, had at times begun to speak
in a manÕs voice and to threaten and
even attack her husband. The familyÕs at-
tempt to exorcise the spirit by means

of a local Muslim imam had no eÝect.
Through interviews, Sushrut S. Ja-

dhav, a psychiatrist and lecturer at the
university, learned that the woman felt
constrained by her husbandÕs demands
that she retain the traditional role of
housebound wife; he even resented her
requests to visit her sister, a longtime
London resident. The womanÕs discon-
tent took the form of a ghost, Jadhav
speculated, an aggressive man who rep-
resented the opposite of the submis-
sive spouse expected by her husband.
By bringing the husband into the thera-

py, Jadhav made a series of subtle sug-
gestions that succeeded in getting him
to relent on his strictness. The specterÕs
appearances have now begun to subside.

Jadhav specializes in cultural psychi-
atry, an approach to clinical practice
that takes into account how ethnicity,
religion, socioeconomic status, gender
and other factors can inßuence mani-
festations of mental illness. Cultural

psychiatry grows out of a body of theo-
retical work from the 1970s that cross-
es anthropology with psychiatry.

At that time, a number of practition-
ers from both disciplines launched an
attack on the still prevailing notion that
mental illnesses are universal phenom-
ena stemming from identical underlying
biological mechanisms, even though
disease symptoms may vary from cul-
ture to culture. Practitioners of cultural
psychiatry noted that although some
diseases, such as schizophrenia, do ap-
pear in all cultures, a number of others

do not. Moreover, the variants of an ill-
nessÑand the courses they takeÑin dif-
ferent cultural settings may diverge so
dramatically that a physician may as
well be treating separate diseases.

Both theoretical and empirical work
has translated into changes in clinical
practice. An understanding of the im-
pact of culture can be seen in JadhavÕs
approach to therapy. Possession and
trance states are viewed in non-Western
societies as part of the normal range of
experience, a form of self-expression
that the patient exhibits during tumul-

tuous life events. So Jadhav did
not rush to prescribe antipsychot-
ic or antidepressive medications,
with their often deadening side
eÝects; neither did he oppose the
intervention of a folk healer.

At the same time, he did not
hew dogmatically to an approach
that emphasized the coupleÕs na-
tive culture. His suggestions to the
husband, akin to those that might
be made during any psychothera-
py session, came in recognition of
the womanÕs distinctly untradi-
tional need for self-assertion in
her newly adopted country.

The multicultural approach to
psychiatry has spread beyond
teaching hospitals in major urban
centers such as London, New York
City and Los Angeles. In 1994 the
fourth edition of the American
Psychiatric AssociationÕs hand-
book, the Diagnostic and Statisti-

cal Manual of Mental Disorders,
referred to as the DSM-IV, empha-
sized the importance of cultural
issues, which are mentioned in
various sections throughout the
manual. The manual contains a
list of culture-speciÞc syndromes,

as well as suggestions for assessing a
patientÕs background and illness within
a cultural framework.

For many scholars and practitioners,
however, the DSM-IV constitutes only a
limited Þrst step. Beginning in 1991,
the National Institute of Mental Health
sponsored a panel of prominent cultur-
al psychiatrists, psychologists and an-
thropologists that brought together a
series of sweeping recommendations for
the manual that could have made cul-
ture a prominent feature of psychiatric
practice. Many of the suggestions of the

SCIENCE AND THE CITIZEN

Listening to Culture
Psychiatry takes a leaf from anthropology

PARACHUTE GAME is played by patients at a psychiatric unit at San Francisco General
Hospital, which takes into account cultural background during the course of treatment.
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Culture and Diagnosis Group, headed by
Juan E. Mezzich of Mount Sinai School
of Medicine of the City University of
New York, were discarded. Moreover,
the DSM-IVÕs list of culture-related syn-
dromes and its patient-evaluation guide-
lines were relegated to an appendix to-
ward the back of the tome.

ÒIt shows the ambivalence of the
American Psychiatric Association [APA]
in dumping it in the ninth appendix,Ó
says Arthur Kleinman, a psychiatrist
and anthropologist who has been a pi-
oneer in the Þeld. The APAÕs approach
of isolating these diagnostic categories
Òlends them an old-fashioned butterßy-
collecting exoticism.Ó A Western bias,
Kleinman continues, could also be wit-
nessed in the APAÕs decision to reject
the recommendation of the NIMH com-
mittee that chronic fatigue syndrome
and the eating disorder called anorexia
nervosa, which are largely conÞned to
the U.S. and Europe, be listed in the
glossary of culture-speciÞc syndromes.
They would have joined maladies such
as the Latin American ataques de ner-

vios, which sometimes resemble hyste-
ria, and the Japanese tajin kyofusho,

akin to a social phobia, on the list of
culture-related illnesses in the DSM-IV.

Eventually, all these syndromes may
move from the back of the book as a
result of a body of research that has be-
gun to produce precise intercultural de-
scriptions of mental distress. As an ex-

ample, anthropologist Spero M. Man-
son and a number of his colleagues at
the University of Colorado Health Sci-
ences Center undertook a study of how
Hopis perceive depression, one of the
most frequently diagnosed psychiatric
problems among Native American pop-
ulations. The team translated and mod-
iÞed the terminology of a standard psy-
chiatric interview to reßect the perspec-
tive of Hopi culture.

The investigation revealed Þve illness
categories: wa wan tu tu ya/wu ni wu

(worry sickness), ka ha la yi (unhappi-
ness), uu nung mo kiw ta (heartbroken),
ho nak tu tu ya (drunkenlike craziness
with or without alcohol) and qo vis ti

(disappointment and pouting). A com-
parison with categories in an earlier
DSM showed that none of these classi-
Þcations strictly conformed to the diag-
nostic criteria of Western depressive
disorder, although the Hopi descrip-
tions did overlap with psychiatric ones.
From this investigation, Manson and his
co-workers developed an interview tech-
nique that enables the diÝerences be-
tween Hopi categories and the DSM to
be made in clinical practice. Understand-
ing these distinctions can dramatically
alter an approach to treatment. ÒThe
goal is to provide a method for people
to do research and clinical work with-
out becoming fully trained anthropolo-
gists,Ó comments Mitchell G. Weiss of
the Swiss Tropical Institute, who devel-

oped a technique for ethnographic anal-
ysis of illness. 

The importance of culture and eth-
nicity may even extend to something as
basic as prescribing psychoactive drugs.
Keh-Ming Lin of the HarborÐU.C.L.A.
Medical Center has established the Re-
search Center on the Psychobiology of
Ethnicity to study the eÝects of medi-
cation on diÝerent ethnic groups. One
widely discussed Þnding: whites appear
to need higher doses of antipsychotic
drugs than Asians do.

The prognosis for cross-cultural psy-
chiatry is clouded by medical econom-
ics. The practice has taken hold at plac-
es such as San Francisco General Hos-
pital, an aÛliate of the University of
California at San Francisco, where teams
with training in language and culture fo-
cus on the needs of Asians and Latinos,
among others (photograph). Increasing-
ly common, though, is the assembly-
line-like approach to care that prevails
at some managed-care institutions.

ÒIf a health care practitioner has 11
minutes to ask the patient about a new
problem, conduct a physical examina-
tion, review lab tests and write prescrip-
tions,Ó Kleinman says, Òhow much time
is left for the kinds of cross-cultural
things weÕre talking about?Ó In an age
when listening to Prozac has become
more important than listening to pa-
tients, cultural psychiatry may be an
endangered discipline. ÑGary Stix
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Changing Their Image

On a cool October evening, troops
of female journalists congregated

at the august New
York Academy of Sci-
ences in Manhattan
to appraise a group
of blushing male sci-
entists. The coura-
geous men had mod-
eled for the first-ever
“Studmuffins of Sci-
ence” calendar. “I
want to change the
image of science,” ex-
plained “Dr. Septem-
ber,” Bob Valentini of
Brown University,
with the wide-eyed
earnestness of a Miss
Universe desiring to
eradicate world hun-
ger. Karen Hopkin,
who co-produces “Science Friday” for
National Public Radio and is the calen-

dar’s creator, offered a more believable
rationale for the enterprise: “It was an
elaborate scheme for me to meet guys.”

To the disappointment of many in
the audience, the studs turned out in
modest suits and ties. Even the calendar

featured only Dr. Jan-
uary, Brian Scotto-
line of Stanford Uni-
versity, in bathing
trunks. “We wanted
them to be whole-
some, PG-13,” said
Nicolas Simon, the
calendar’s designer.
“So we can sell to
schoolgirls. It’s edu-
cational.” Dr. Octo-
ber, John Lovell of
Anadrill Schlumberg-
er, presented an al-
ternative view of the
creative process. He
had offered to take
off his shirt in the
service of science,

he declared, but “the photographer
took one look at my chest and told me

to put it back on.” Still, three editorial
assistants from Working Mother were
suitably impressed. “All our readers
will fall over their faces for these guys,”
one testified.

The truth is, surveys show that male
scientists are not the ones who have
trouble attracting mates, especially the
kind who willingly follow wherever the
scientific career leads. “I wish I had a
wife” is the oft-heard sigh of female re-
searchers who are not similarly blessed
with portable (or culinarily capable)
spouses. Some American women who
are scientists even speak of how the
decision to study mathematics and sci-
ence, made in high school, was trau-
matic because it made them instantly
unattractive to boys.

In addition to “Studmuffins,” Hopkin’s
plans for 1997 include “Nobel Studs”
(which one wag has redubbed “Octo-
genarian Pinups”). That should be as
much of a hit. But her third venture,
“Women in Science,” may be the only
one with a hope of offering a truly dif-
ferent image of scientists to schoolgirls
and schoolboys. —Madhusree Mukerjee
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Conjuring images of “meteor storms” in bad science-fic-
tion movies, the map below includes 7,800 of the

larger man-made objects—including dead satellites—that
are circling the earth. But contrary to appearances, “the
sky is not falling just yet,” says Nicholas L. Johnson of Ka-
man Sciences Corporation, which created the image. For
clarity, the dots representing bits of debris are enormous-
ly exaggerated in size—which can give a false impression
of the magnitude of the problem. Not a single functional
satellite has been lost owing to space junk.

Nevertheless, the dan-
ger is real. Collisions in
earth orbit occur at ve-
locities of up to 15 kilo-
meters per second, so
a discarded bolt or lens
cap could destroy a sat-
ellite or endanger as-
tronauts. Objects as
small as one centimeter
across—hundreds of
thousands of which lie
in near-earth orbit—
could knock out critical
components on a space-
craft. And such tiny
items cannot be tracked
by current technology,
so they strike without
warning.

The most pressing
concern, obviously, is
loss of life, and here na-
ture works in our favor.
The density of debris at
altitudes below 400
kilometers, where most
manned space activities take place, is comparatively low
because aerodynamic drag from the upper reaches of the
atmosphere quickly causes little objects to spiral down-
ward and burn up. Hence, for the space shuttles, orbiting
junk “is not as serious a problem,” Johnson comments. 

Because of its large size and long intended life, the up-
coming international space station faces a greater threat.
But Johnson questions a claim, published in the New York
Times, that because of space junk the station faces a 1-in-

10 chance of incurring a “death or destruction of the craft”
over its expected 10-year projected lifetime. “That’s a mis-
leading statement,” he remarks dryly. Shielding will pro-
tect parts of the orbiting outpost, which is also designed
to dodge oncoming objects. Still, undetectable, small items
do pose a definite, if slight, hazard.

The greatest density of debris actually resides much
higher, some 900 to 1,500 kilometers above the earth’s
surface. From a practical standpoint, however, the gar-
bage problem may be most problematic in geosynchro-

nous orbit, 35,785 ki-
lometers up, where
satellites’ orbital peri-
ods match the 24-hour
rotation of the earth.
Real estate is tight at
those heights, and or-
bits there may remain
stable for millions of
years, so inactive satel-
lites and detritus are
unwelcome.

Cleaning up existing
space pollution is no
easy task, concludes a
new report by a Na-
tional Research Council
panel (which included
Johnson). But some
simpler measures are
under way: space-far-
ing nations are reduc-
ing debris emanating
from exploding rock-
ets, and government
and private users are
moving old satellites

out of geosynchronous orbit. Ultimately, all spacecrafts
may be designed to crash back to the earth or to move to
uncrowded orbital zones after they end their useful lives.
For now, however, Johnson and his fellow NRC panelists
are spreading the word that even if the current risk is small,
space environmentalism makes sense. Johnson likens the
situation to pollution of the oceans: for a long time the ef-
fects are invisible, but when they finally turn up, they are
exceedingly difficult to reverse. —Corey S. Powell

Star Dreck

T
he universe became a slightly less
lonely place last October 6, when
Michel Mayor and Didier Queloz

of the Geneva Observatory announced
the detection of a planet around 51
Pegasi, a nearby star similar to our sun.
The landmark discovery bolsters the
belief that planetary systemsÑsome of
which may include habitable worldsÑ
are a common result of the way that
ordinary stars are born.

Mayor and Queloz inferred the pres-

ence of the planet by monitoring the
light from 51 Pegasi, which is faintly
visible to the naked eye in the constel-
lation Pegasus. The two astronomers
noted a slight, repeating shift in the
starÕs spectrum, indicative of a back-
and-forth motion having a period of
4.2 days. After 18 months of painstak-
ing observations, Mayor and Queloz
concluded that the star is being swung
about by the gravitational pull of a small,
unseen objectÑa planet. They reported

that Þnding in Florence, Italy, at an oth-
erwise quiet workshop on sunlike stars.

Astronomers initially greeted the an-
nouncement with skepticism, in part
because the inferred planet around 51
Pegasi is so bizarrely unlike anything
in our solar system. On the one hand,
the planet is hefty, at least one half the
mass of Jupiter. On the other hand, it
orbits just seven million kilometers
from 51 Pegasi, about one seventh the
distance between the sun and Mercury;
its surface must therefore be baking at
a temperature of about 1,000 degrees
Celsius. Theorists have believed that gi-
ant planets can form only in remote re-

Strange Places
An astronomical breakthrough reveals an odd new world

ORBITAL DEBRIS MAP shows objects as tiny as 10 centimeters
across. Space junk poses a small but growing risk.
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gions where ice and chilled gases can
gather in great abundance.

ÒMy Þrst reaction when I heard the
report was ÔGive me a break!Õ Ó laughs
GeoÝrey Marcy of San Francisco State
University and the University of Cali-
fornia at Berkeley. When Marcy and his
co-worker Paul Butler checked 51 Pegasi
themselves, however, they, too, detected
a 4.2-day wobble; other observers have
also conÞrmed the Þnding. ÒOur atti-
tude has totally changed,Ó Marcy says. 

If the discovery is real, it confounds
nearly all preconceptions of what a
planetary system should look like.
Computer simulations have suggested
that other solar systems should broad-
ly resemble ours, having small bodies
close to the central star and Jupiter-like
gas giants in the cold outlying areas.
But the 51 Pegasi planet seems not to
follow that pattern at all. ÒNobody ex-
pected it,Ó remarks Robert Stefanik of
Harvard University. ÒIt will change our
views about how planets form.Ó

Now the race is on to Þnd additional
planets. Marcy relates tentative evidence
of a second body around 51 Pegasi, in
a much more distant orbit; the exciting
implication is that the star may possess
a full system of planets. Mayor and
Queloz are rumored to have similar ev-
idence. Both teams of observers are
tearing through their data to come up
with decisive proof. ÒWeÕve given up on
sleep,Ó says Butler, pleasantly weary. He
and Marcy expect to have something
fairly Þrm to report in the next few
months.

All told, about half a dozen groups
are performing similar high-resolution
planetary searches, and the Þerce com-
petition is sure to yield more discover-
ies soon. MarcyÕs group alone has about
eight yearsÕ worth of observations wait-
ing for computer analysis, and Òthere
are almost certainly planets in there,Ó
Butler claims. Indeed, the lack of previ-
ous results is itself signiÞcant. It sug-
gests that Òonly a few percent of stars
have Jupiter-like companions,Ó Stefanik
says, Òbut that does not mean there
arenÕt Earth-like planets.Ó

Finding Earth-size worlds lies beyond
todayÕs technology, although a sophis-
ticated technique known as optical in-
terferometry might bring them into
view in the coming years. The current
search techniques, in contrast, require
patience more than they do money. ÒWe
can Þnd other Jupiters for half a mil-
lion dollars a year,Ó Butler says. He has
no doubt that the eÝort is worth the
modest cost, especially given its philo-
sophical implications. ÒAs they say, itÕs
been a million years since people looked
up and wondered. Well, as of two weeks
ago, we know.Ó ÑCorey S. Powell
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C
hecking water quality was once
a simple matter of sample jars
and chemical tests. But these

days many researchers no longer pull
out the litmus paperÑinstead they just
turn on their computers. Simulations of
air, soil and water contamination are
increasingly being hailed as cheap and
eÛcient ways of studying the environ-
ment. And as recent Þndings regarding
the Chesapeake Bay indicate, computers
can demonstrate complex interactions
that simply cannot be determined us-
ing other methods.

Computer modeling has revealed that
approximately 25 percent of the nitro-
gen in the Chesapeake comes from air
pollution wafting in from as far away as
western Pennsylvania, Ohio and Ken-
tucky. This Þnding alters the current
perception that the bayÕs greatest prob-
lems stem from more local waterborne
pollution, such as sewage and runoÝ
from agricultureÑwhich conservation
eÝorts now seek to lessen.

To arrive at this conclusion, Robin
Dennis of the Environmental Protection
Agency and his colleagues digitally re-
created the atmosphere above the east-
ern U.S. and combined this information
with another model that examined how
water ßows into the Chesapeake. In
particular, the group simulated how air
moves across the country and how ni-
trogen pollution reacts with other air-
borne compounds and then drops to
the ground directly or in rain.

Conventional wisdom has generally
held that nitrogen pollution falls out
fairly quickly. Thus, simple models had
suggested that air pollution from local

sources probably contributed to the
bayÕs condition. But the more extensive
model revealed that such pollution pre-
sents a much larger problem: 25 per-
cent of nitrogen pollution is still being
carried aloft 500 miles from its source.

Although water testing helps to mon-
itor the state of the bay, models dem-
onstrate how the pollution gets there.
According to Dennis, Òit can be diÛcult
to disentangle measurementsÓ to deter-
mine exactly where the pollution comes
fromÑand which sources should be tar-
geted. Despite several years of regula-
tions on waterborne pollution, nitrogen
levels have not decreased as much as
expected. Dennis asserts that although
controls on water pollution must not
be abandoned, attempts to lower nitro-
gen levels in the bay may not be fully
successful unless air pollution is also
reduced.

Much of the Chesapeake modeling
was carried out at the EPAÕs three-year-
old National Environmental Supercom-
puting Center, the worldÕs only such fa-
cility devoted entirely to environmental
issues. Currently the center provides
computer time for about 40 diÝerent
projects on topics such as urban air
pollution or the eÝects of landÞlls. In-
stead of having to sample a huge re-
gion to determine where a toxic com-
pound might end up if released by a
factory, researchers using computers
need only a few samples to establish
original conditions. Then, intricate com-
puter programs, which consider details
down to the movement of atoms, Þll in
aspects such as how a compound will
degrade in the environment, whether

any secondary products will be toxic,
how the chemicals might percolate
down to the water table or how they
might accumulate in wildlife. In some
cases, the toxic compound being stud-
ied may not have been produced yet.

Such techniques can often save a
great deal of money. In the early 1980s,
researchers assessing the feasibility of
a Þeld experiment to study acid rain in
the eastern U.S.Ña project similar in
scale to one that might test the Þnd-
ings from the Chesapeake modelÑput
the price tag at $500 million. In con-
trast, Dennis estimates that the project
to model the air pollution aÝecting the
bay has cost around $500,000.

Hundreds of other major supercom-
puting centers oÝer services worldwide
for research on topics ranging from
ozone depletion to nuclear-waste dis-
posal. Maureen I. McCarthy of PaciÞc
Northwest Laboratories has used com-
puters to predict how radioactive con-
taminants might behave in the soil
around the Hanford, Wash., nuclear
site. She argues that advances in theory
and technology in the past Þve years
have been so outstanding that re-
searchers can now simulate chemical
processes in the environment much
more realistically. Realism is especially
important in studies of hazardous-
waste removal: experiments in the Þeld
can be expensive, time-consuming and
diÛcult to carry out.

Yet for all their power, models can-
not include every aspect of a natural
system. And although experiments also
cannot evaluate every detail, models in
particular trigger complaints about ac-
curacy. For instance, predictions about
global warming have been controver-
sial, because, as critics point out, vari-
ous models, each with distinct assump-
tions, can give vastly diÝerent results.

If people will not believe a computer
model that forecasts a rise in global
temperature over the next century, it is
unclear whether they will accept a com-
puterÕs assessment of what is safe to
put in drinking water. Having absolute
faith in a simulation of an environmen-
tal problem can be tough, even for com-
puter experts. Stephen E. Cabaniss of
Kent State University notes that on a
personal level, he might want to see re-
sults of toxicity experiments on ani-
mals before he would consider his tap-
water safe. Indeed, Cabaniss and other
high-tech types emphasize that for
now, old-fashioned laboratory experi-
ments as well as actual sampling of
water, soil and air are still vital pieces
of information needed to validate com-
puter data to or nudge models in the
right direction. DonÕt put away those
lab coats yet. ÑSasha Nemecek

Virtual Pollution
Computers modeling the environment yield surprising results

COMPUTER MODEL of the eastern U.S. reveals that pollution from western Penn-
sylvania, Ohio and Kentucky contributes to nitrogen levels in the Chesapeake Bay.
Air pollution is shown in purple and rainfall in gray diamonds. Pollution that has
fallen to the ground is represented in orange and water pollution in blue.
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A NTI G RAVITY

Into the Wild 
Green Yonder

The test of a first-rate intelligence,
F. Scott Fitzgerald wrote between

drinks, is the ability to hold two op-
posing ideas in the mind at the same
time and still retain the ability to func-
tion. Such Fitzgeraldian thinking may
help explain a U.S. Air Force program
that was recently honored with an In-
novations in American Government
Award from the John F. Kennedy School
of Government at Harvard University
and the Ford Foundation.

Wanting to do its part to ensure that
the earth remains blanketed by an un-
broken, dependable layer of ultravio-
let radiation–blocking ozone, the air
force program phased out a particular
use of ozone-depleting chemicals.
The schizoid nature of this award-win-
ning plan involves the ultimate pur-
pose of the new, greener procedure:
the air force is now employing envi-
ronmentally friendly techniques to
clean and repair ballistic-missile guid-
ance systems.

On the environmental scoreboard,
this is one of those good news–bad
news stories, like the one about the Ro-
man galley slaves who get extra food
rations because the captain wants to
go waterskiing:

¥ According to the air force, the
phaseout cut the use of ozone-bust-
ing CFC-113 from two million pounds
a year before 1988 to 18,000 in 1994.
Good news.

¥ The new cleaning system uses
only detergent and water, so it is actu-
ally much cheaper and faster than the
old one. Good news.

¥ Methyl chloroform, an ozone de-
pletor that posed a health risk to air
force workers, has also been retired.
Good news.

¥ The Aerospace Guidance and
Metrology Center at Newark Air Force
Base in Ohio, where the new cleaning
procedure was developed, says the
$100,000 award will be used to pre-
pare and distribute a report on the
program and to educate others using
ozone-depleting solvents about the
greener cleaning techniques. Good
news.

¥ Ballistic-missile warheads can ex-
plode. Bad news.

Oddly enough, the air force was not
behind another Kennedy School–Ford
Foundation award winner: the Early
Warning Program. It may sound like
some strategy for intercepting bomb-
carrying projectiles, but the U.S. Pen-
sion Benefit Guaranty Corporation ac-
tually came up with the program as a
way to protect private pension plans.
What with the cold war over, it may be
that the greatest threats to national
security include environmental dam-
age and shaky investments.

So here’s to the U.S. Air Force, whose
environmental awareness is a promis-
ing sign that when the time comes to
beat ballistic missiles into plowshares,
we might still have an ozone layer un-
der which to sow and reap. Provided,
of course, that the earth isn’t scorched
first. —Steve Mirsky
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T
he book-reading and moviegoing
public has for some time been in a
state of high anxiety about emerg-

ing infections. But the World Health Or-
ganization (WHO) Þnally put its seal of
recognition on the topic last October,
when it established a special bureau
dedicated to Þghting new and reemerg-
ing microbial threats. Although the
amount of money set aside for the sur-
veillance program so far is paltryÑ$1.5
millionÑhopes are high that the initia-
tive will spur collaborations among ex-
isting research centers as well as stim-
ulate other sources of funds.

The Rockefeller Foundation is con-
sidering expanding its sup-
port for infectious-disease
laboratories in developing
countries, according to Seth
F. Berkley of the founda-
tionÕs health sciences divi-
sion, and the Federation of
American Scientists is de-
vising a global monitoring
network. Member nations
of the Pan-American Health
Organization agreed last
September on a plan of ac-
tion, which was immediate-
ly activated to investigate
an outbreak of leptospiro-
sis in Nicaragua. The U.S.
Centers for Disease Control
and Prevention also has a
new strategy for surveillance
and prevention. Unfortu-
nately, as several partici-
pants noted at a recent con-
ference, the CDC programÕs
budget last year was hardly
more than Dustin HoÝman
was paid for his perfor-
mance in Outbreak, a recent
movie about a deadly viral plague.

Alarm bells have been set ringing not
only by the epidemics of pneumonic
plague in India and of Ebola virus in
Zaire but also by the continuing spread
of resistance to antibiotics among many
more familiar microbes. ÒThe most
frightening of these [microbial] threats
is antibiotic resistance,Ó declares June E.
Osborn of the University of Michigan, a
prominent public health expert. Malar-
ia and tuberculosis, the infectious dis-
eases that kill probably the most peo-
ple worldwide, are now often resistant
to standard drugsÑand sometimes to
second- and third-tier drugs, too.

In the U.S., pneumococci, which cause
middle-ear infections and meningitis as
well as pneumonia, are increasingly un-
fazed by many of the weapons in the

pharmaceutical armory. Yet there are
few organized and eÝective eÝorts to
keep tabs on the new strains of germs.
ÒResistance has historically been a
problem in hospitals, but it is now a
problem equally in the community, and
this is new this decade,Ó notes Stuart B.
Levy of Tufts University.

It is in hospitals that people are most
vulnerable. Staphylococcus aureus, a
cause of serious infections in wounds,
is now resistant both to penicillin and,
increasingly, to a semisynthetic form
of the drug known as methicillin. The
organism remains susceptible to a top-
of-the-line antibiotic called vancomycin,

but authorities fear that may not last.
The American Society for Microbiolo-

gy reported last year that between 1989
and 1993 there was a 20-fold increase
in resistance to vancomycin among en-
terococci, a group of less dangerous
bacteria that cause wound, urinary tract
and other infections. But because the
genes that confer vancomycin resis-
tance can be carried on plasmidsÑsmall
hoops of genetic material that occasion-
ally cross the barrier between speciesÑ
the resistance may yet jump to S. au-

reus. If so, surgery could become a mar-
kedly less safe proposition.

New drugs would be one solution. But
despite some promising early-stage re-
search, pharmaceutical companies do
not expect to bring any new antimicro-
bial drugs to market until the end of

the decade at the earliest. Meanwhile
some workers, including Levy, are trying
to devise other strategies to counter
the threat. ÒDrug resistance is not in-
evitable if we use antibiotics wisely,Ó he
says. ÒItÕs sustained pressure that makes
resistant strains predominate.Ó Levy
notes that a high proportion of the 150
million prescriptions for antibiotics
written every year in the U.S. are for
conditions that cannot be treated with
such agents. Moreover, about half of
the antibiotics used in the U.S. are fed
to animals to prevent disease.

Levy has founded the Alliance for the
Prudent Use of Antibiotics, which col-
lects information about resistance and
will try to counter it by recommending
that drugs be rotated. ÒThese are soci-
etal drugs,Ó he maintainsÑmeaning

that their use has impacts
beyond the patient for
whom they are prescribed.
Already some hospitals are
putting restrictions on the
use of vancomycin. But as
Levy admits, the obstacles
to countering resistance are
formidable. Bacteria tend
not to forget about drugs to
which they have been ex-
posed, so resistance declines
only slowly after a drug is
no longer used.

The WHOÕs oÛcial recogni-
tion of emerging infections,
after decades of neglect, has
been welcomed by most in-
fectious-disease experts. But
some question whether the
agency has enough inßuence
to make headway in coun-
tries that may be reluctant
to admit that an epidemic is
under way; after all, the WHO
relies on voluntary coopera-
tion from member countries.

Jonathan Mann, who re-
signed as head of the WHOÕs AIDS pro-
gram in 1990, says the organization is
not yet ready to assume a leadership
role. Mann is promoting a binding in-
ternational treaty to protect global
health. The treaty would ensure that all
worrisome outbreaks of disease are
promptly investigated by an internation-
al team of qualiÞed personnel. Mann
has called for the U.S. to set an example
the next time a mysterious outbreak of
disease occurs within its own borders
by inviting researchers from overseas
to investigate the incident.

MannÕs proposal is unlikely to be the
last word on the subject. But the atten-
tion being focused on infectious disease
indicates that a turning point may at
least be in sight in one of humankindÕs
oldest struggles. ÑTim Beardsley
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Resisting Resistance
Experts worldwide mobilize against drug-resistant germs

STAPHYLOCOCCUS AUREUS, a common cause of infection in
wounds, is becoming more resistant to penicillin.
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I
n 1981 Francis Crick commented
that Òthe origin of life appears to be
almost a miracle, so many are the

conditions which would have to be sat-
isÞed to get it going.Ó Now, several Þnd-
ings have rendered lifeÕs conception
somewhat less implausible. The results
all bolster what is already the dominant
theory of genesis: the RNA world.

The theory helped to solve what was
once a classic chicken-or-egg problem.
Which came Þrst, proteins or DNA? Pro-
teins are made according to instructions
in DNA, but DNA cannot replicate itself
or make proteins without the help of
catalytic proteins called enzymes. In
1983 researchers found the solution to
this conundrum in RNA, a single-strand

molecule that helps DNA make protein.
Experiments revealed that certain

types of naturally occurring RNA, now
called ribozymes, could act as their own
enzymes, snipping themselves in two
and splicing themselves back together
again. Biologists realized that ribozymes
might have been the precursors of mod-
ern DNA-based organisms. Thus was
the RNA-world concept born.

The Þrst ribozymes discovered were
relatively limited in their capability. But
in recent years, Jack W. Szostak, a mo-
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The World According to RNA
Experiments lend support to the leading theory of lifeÕs origin

Amillion people worldwide, about 145,000 of them in 
the U.S., will be diagnosed with colorectal cancer this

year. Up to half a million, about 55,000 in the U.S., will die
of the disease. Mortality from colorectal cancer rises pro-
gressively with age: in western Europe and English-speak-
ing countries, it typically increases from fewer than one
per 100,000 among those in the age 25 to 34 group to
170 or more in the age 75 to 84 group.

The highest rates are in Hungary and the former Czech-
oslovakia, which recorded, respectively, 46 and 47 deaths
per 100,000. In the U.S., white males average 26 deaths
per 100,000, whereas black men, who generally receive
inferior medical care, average 32 per 100,000. The lowest
mortality from colorectal cancer is in developing coun-
tries, such as India, which is estimated to have a rate less
than one twentieth that of Western countries.

The large differences between developed and develop-
ing countries reflect differences in environment, genetic
inheritance, way of life and, most important, diet. Coun-
tries such as the U.S. and Great Britain, where people typi-
cally eat meals rich in fat, meat, dairy products and pro-
tein, tend to have high rates of colorectal cancer; coun-
tries such as India and China, where diets are traditionally

high in fiber, cereals and vegetables, tend to have low
rates. People who migrate from a low-rate to a high-rate
country—such as Greek migrants to Australia—tend to de-
velop high rates of the disease as they acquire the habits
of the host country, especially diet. The role of individual
elements of diet in colorectal cancer is not clear, but di-
etary fat is perhaps the chief suspected culprit. There is
also evidence supporting a beneficial effect from the con-
sumption of vegetables.

In most industrial countries, mortality rates from col-
orectal cancer have declined in recent years because of
greater use of early-detection methods and also, possibly,
because of increasing awareness of the hazards of rich di-
ets. A significant exception to the overall trend is in Japan,
where rates have more than doubled since the 1950s as
traditional diets were replaced by richer foods.

Exposure in the workplace to carcinogens such as as-
bestos may explain, at least in part, the high rates in Hun-
gary and the former Czechoslovakia, where environmen-
tal safeguards have been lax, and in the northeastern U.S.
Men have more exposure to workplace carcinogens than
women do, which may help explain why rates for women
are generally below those for men. —Rodger Doyle

Age-adjusted rates are shown for 36 industrial countries tabulated by the 
U.S. Centers for Disease Control and Prevention. Also shown are data for 
13 developing countries (stars), as estimated from incidence data supplied 
by the World Health Organization. Data for most countries are for 1989, 
1990 or 1991. Data for the individual successor states to the U.S.S.R.,
Yugoslavia and Czechoslovakia are not available separately.
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lecular biologist at Massachusetts Gen-
eral Hospital, has shown just how ver-
satile RNA can be. He has succeeded in
ÒevolvingÓ ribozymes with unexpected
properties in a test tube.

Last April, Szostak and Charles Wil-
son of the University of California at
Santa Cruz revealed in Nature that they
had made ribozymes capable of a broad
class of catalytic reactions. The cataly-
sis of previous ribozymes tended to in-
volve only the moleculesÕ sugar-phos-
phate Òbackbone,Ó but those found by
Szostak and Wilson could also promote
the formation of bonds between pep-
tides (which link together to form pro-
teins) and between carbon and nitrogen.

One criticism of SzostakÕs work
has been that nature, unassisted,
was unlikely to have generated mol-
ecules as clever as those he has
found; after all, he selects his ribo-
zymes from a pool of trillions of
diÝerent sequences of RNA. Szo-
stak and two other colleagues, Eric
H. Ekland and David P. Bartel of
the Whitehead Institute for Biomed-
ical Research in Cambridge, Mass.,
addressed this issue in Science last
July. They acknowledged that it
would indeed be unlikely for nature
to produce the most versatile of the
ribozymes isolated by SzostakÕs
methods. But they argued that the
ease with which these ribozymes
were generated in the laboratory
suggested that they were almost
certainly part of a vastly larger
class of similar molecules that na-
ture was capable of producing.

SzostakÕs work still leaves a ma-
jor question unanswered: How did

RNA, self-catalyzing or not, arise in the
Þrst place? Two of RNAÕs crucial com-
ponents, cytosine and uracil, have been
diÛcult to synthesize under conditions
that might have prevailed on the new-
born earth four billion years ago. The
origin of life Òhas to happen under easy
conditions, not ones that are very spe-
cial,Ó says Stanley L. Miller of the Uni-
versity of California at San Diego, a pio-
neer in origin-of-life research.

Last June, however, Miller and his
U.C.S.D. colleague Michael P. Robertson
reported in Nature that they had syn-
thesized cytosine and uracil under plau-
sible ÒprebioticÓ conditions. The work-
ers placed urea and cyanoacetaldehyde,

substances thought to have been com-
mon in the Òprimordial soup,Ó in the
equivalent of a warm tidal pool. As evap-
oration concentrated the chemicals,
they reacted to form copious amounts
of cytosine and uracil.

Nevertheless, even Miller believes that
a molecule as complex as RNA did not
arise from scratch but evolved from
some simpler self-replicating molecule.
Leslie E. Orgel of the Salk Institute for
Biological Studies in San Diego agrees
with Miller that RNA probably Òtook
overÓ from some more primitive pre-
cursor. Orgel and two colleagues re-
cently noted in Nature that they had
observed something akin to Ògenetic
takeoverÓ in their laboratory.

OrgelÕs group studied a recently dis-
covered compound called peptide nu-
cleic acid, or PNA; it has the ability to
replicate itself and catalyze reactions,
as RNA does, but it is a much simpler
molecule. OrgelÕs team showed that PNA
can serve as a template both for its own
replication and for the formation of RNA
from its subcomponents. Orgel empha-
sizes that he and his colleagues are not
claiming that PNA itself is the long-
sought primordial replicator: it is not
clear that PNA could have existed under
plausible prebiotic conditions. What the
experiments do suggest, Orgel says, is
that the evolution of a simple, self-repli-
cating molecule into a more complex
one is, in principle, possible.

Szostak, Miller and Orgel all say that
much more research needs to be done
to show how the RNA world arose and
gave way to the DNA world. Neverthe-
less, lifeÕs origin is looking less miracu-
lous all the time. ÑJohn Horgan

A
toms, photons and other puny 
particles of the quantum world 
have long been known to be-

have in ways that defy common sense.
In the latest demonstration of quan-
tum weirdness, Thomas J. Herzog, Paul
G. Kwiat and others at the University of
Innsbruck in Austria have veriÞed an-
other prediction: that one can ÒeraseÓ
quantum information and recover a
previously lost pattern.

Quantum erasure stems from the
standard Òtwo-slitÓ experiment. Send 
a laser beam through two narrow slits,
and the waves emanating from each slit
interfere with each other. A screen a
short distance away reveals this inter-
ference as light and dark bands. Even
particles such as atoms interfere in this
way, for they, too, have a wave nature.

But something strange happens when
you try to determine through which slit
each particle passed: the interference
pattern disappears. Imagine using excit-
ed atoms as interfering objects and, di-
rectly in front of each slit, having a spe-
cial box that permits the atoms to travel
through them. Each atom therefore has
a choice of entering one of the boxes be-
fore passing through a slit. It would en-
ter a box, drop to a lower energy state
and in so doing leave behind a photon
(the particle version of light). The box
that contains a photon indicates the slit
through which the atom passed. Ob-
taining this Òwhich-wayÓ information,
however, eliminates any possibility of
forming an interference pattern on the
screen. The screen instead displays a
random series of dots, as if sprayed by

shotgun pellets. The Danish physicist
Niels Bohr, a founder of quantum theo-
ry, summarized this kind of action un-
der the term ÒcomplementarityÓ: there
is no way to have both which-way in-
formation and an interference pattern
(or equivalently, to see an objectÕs wave
and particle natures simultaneously).

But what if you could ÒeraseÓ that tell-
tale photon, say, by absorbing it? Would
the interference pattern come back?
Yes, predicted Marlan O. Scully of the
University of Texas and his co-workers
in the 1980s, as long as one examines
only those atoms whose photons dis-
appeared [see ÒThe Duality in Matter
and Light,Ó by Berthold-Georg Englert,
Marlan O. Scully and Herbert Walther;
SCIENTIFIC AMERICAN, December 1994].

Realizing quantum erasure in an ex-
periment, however, has been diÛcult
for many reasons (even though Scully
oÝered a pizza for a convincing demon-
stration). Excited atoms are fragile and
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Making quantum information reappear

JACK W. SZOSTAK is creating new forms of
RNA, a model of which he holds.

S
A

M
 O

G
D

E
N

Copyright 1995 Scientific American, Inc.



SCIENTIFIC AMERICAN January 1996       31

easily destroyed. Moreover, some theo-
rists raised certain technical objec-
tions, namely, that the release of a pho-
ton can disrupt an atomÕs forward mo-
mentum (Scully argues it does not).

The Innsbruck researchers side-
stepped the issues by using photons
rather than atoms as interfering objects.
In a complicated setup, the experimen-
ters passed a laser photon through a
crystal that could produce identical
photon pairs, with each part of the pair
having about half the frequency of the
original photon (an ultraviolet photon
became two red ones). A mirror behind
the crystal reßected the laser beam back
through the crystal, giving it another op-
portunity to create photon pairs. Each
photon of the pair went oÝ in separate
directions, where both were ultimately
recorded by a detector.

Interference comes about because of
the two possible ways photon pairs can
be created by the crystal: either when
the laser passes directly through the
crystal, or after the laser reßects oÝ the
mirror and back into it. Strategically
placed mirrors reßect the photons in
such a way that it is impossible to tell
whether the direct or reßected laser
beam created them. These two birthing
possibilities are the ÒobjectsÓ that in-
terfere. They correspond to the two
paths that an atom traversing a double
slit can take. Indeed, an interference
pattern emerges at each detector. Spe-
ciÞcally, it stems from the Òphase dif-
ferenceÓ between photons at the two
detectors. The phase essentially refers
to slightly diÝerent travel times through
the apparatus (accomplished by mov-
ing the mirrors). Photons arriving in
phase at the detectors can be consid-
ered to be the bright fringes of an in-
terference pattern; those out of phase
can correspond to the dark bands.

To transform their experiment into
the quantum eraser, the researchers
tagged one of the photons of the pair
(speciÞcally, the one created by the la-
serÕs direct passage through the crys-
tal). That way, they knew how the pho-
ton was created, which is equivalent to
knowing through which slit an atom
passed. The tag consisted of a rotation
in polarization, which does not aÝect
the momentum of the photon. (In Scul-
lyÕs thought experiment, the tag was the
photon left behind in the box by the
atom.) Tagging provides which-way in-
formation, so the interference pattern
disappeared, as demanded by BohrÕs
complementarity.

The researchers then erased the tag
by rotating the polarization again at a
subsequent point in the tagged pho-
tonÕs path. When they compared the
photon hits on both detectors (using a

so-called coincidence counter) and cor-
related their arrival times and phases,
they found the interference pattern
had returned. Two other, more compli-
cated variations produced similar re-
sults. ÒI think the present work is beau-
tiful,Ó remarks Scully, who had misgiv-
ings about a previous claim of a
quantum-eraser experiment performed
a few years ago.

More than just satisfying academic cu-
riosity, the results could have some prac-
tical use. Quantum cryptography and
quantum computing rely on the idea
that a particle must exist in two statesÑ

say, excited or notÑsimultaneously. In
other words, the two states must inter-
fere with each other. The problem is that
it is hard to keep the particle in such a
superposed state until needed. Quan-
tum erasure might solve that problem
by helping to maintain the integrity of
the interference. ÒYou can still lose the
particle, but you can lose it in such a
way that you cannot tell which of two
states it was inÓ and thus preserve the
interference pattern, Kwiat remarks.
But even if quantum computing never
proves practical, the researchers still
get ScullyÕs pizza. ÑPhilip Yam

T
he legislative corridors of Wash-
ington, D.C., have recently been
resounding with howls about red

wolves. At issue is the ongoing, federal-
ly sponsored program to reintroduce
red wolves in parts of North Carolina
and Tennessee. Some critics of the pro-
gram question whether or not the red
wolf is really a speciesÑthat is, biologi-
cally distinct from other groups of
wolves and coyotes.

In early August 1995 the National Wil-
derness Institute (NWI), a wildlife man-
agement organization, submitted a pe-
tition to the Department of the Interior,
recommending the removal of the red
wolf from the Endangered Species List.
Citing Robert K. Wayne of the University
of California at Los Angeles and John L.
Gittleman of the University of Tennes-
see [authors of ÒThe Problematic Red
Wolf,Ó SCIENTIFIC AMERICAN, July 1995],
the NWI petition contends that Òthe Ôred

wolfÕ is not a separate species but a hy-
bridÓ and therefore Òcannot meet the
Endangered Species ActÕs deÞnition of
species.Ó

Drawing on genetic clues, Wayne and
Gittleman suggest that the red wolf is
probably a relatively recent hybrid of
the coyote and a now extinct subspe-
cies of the gray wolf. This hypothesis,
however, contradicts research by Ron-
ald M. Nowak of the U.S. Fish and Wild-
life Service. Nowak points to fossil evi-
dence indicating that Òa small red wolf-
like animal was present in the southern
United States throughout the Pleisto-
cene and right down to our times.Ó No-
wak states that fossils also reveal that
ancestors of todayÕs wolves and coyotes
evolved into separate groups around one
million years ago; red and gray wolves
diverged about 300,000 years ago. Thus,
Nowak proposes that the similar genet-
ic makeup of the three species could

Return of the Red Wolf
Controversy over taxonomy endangers protection eÝorts
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QUANTUM ERASURE relies on a special crystal, which makes pairs of photons (red)
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I
n an era when Congress may ask
schoolchildren to skip lunch to help
balance the budget, it sounds emi-

nently reasonable that bureaucrats at
arcane federal agencies such as the Bu-
reau of Economic Analysis (BEA) or the
Bureau of Labor Statistics (BLS) should
share in the general pain. The same log-
ic might lead a skipper trying to lighten
an overburdened ship in the middle of
the ocean to jettison sextant, chronom-
eter and compass. Economists worry
that, without social science data to mea-
sure their eÝects, there may be no way
to tell whether the various policy ex-
periments now being enacted are suc-
ceeding or failing.

The status of U.S. economic statistics
is already Òprecarious,Ó says Alan B.
Krueger of Princeton University. He
notes that the BLS has reduced the size
of its statistical samples (thus compro-
mising accuracy) and dropped many
kinds of data entirely. Even such seem-
ingly basic information as manufactur-
ing turnoverÑthe rate at which people
quit factory jobs and companies hire
replacementsÑis no longer available.

Krueger also laments the passing of
the annual census of occupational fatal-
ities. Although the BLS retains its gen-
eral surveys of job safety, those Þgures
rely on complaints Þled with the Occu-
pational Safety and Health Administra-

tion and so tend to be less reliable, he
says. If proposed House and Senate
budget cuts go through, international
price, wage and productivity compar-
isons will have to be scrapped, forcing
U.S. policymakers to rely on dead reck-
oning when they try to compare domes-
tic workers with their European or Asian
counterparts.

Important though such data may be,
says William G. Barron of the BLS, no law
requires its collection, and his agency
will have its hands full preserving core
programs such as the consumer price
index and national unemployment sta-
tistics. The BLS would also eliminate its
long-term economic projections, surveys
of relative employment in 750 diÝerent
occupations and its tracking of the em-
ployment status of older women.

The BEA, meanwhile, would stop col-
lecting most of the data it currently ac-
quires on multinational corporations,
according to acting director J. Steven
Landefeld. If anyone wants to know
whether U.S. companies are producing
an increasing proportion of their wares
overseas or how many conglomerates
from elsewhere are opening plants in
the U.S., they could be out of luck. The
same will hold for those who want to
Þnd out how much the U.S. is spending
on pollution control or how much it is
taking in from tourists.

Cutbacks at the bureau may also
force it to delay publication of such ba-
sic statistics as quarterly estimates of
the gross national product. The agen-
cyÕs 1996 budget calls for 40 days of
ÒfurloughsÓÑessentially distributing
eight weeksÕ worth of temporary lay-
oÝs throughout the year.

Even more troubling, however, Lan-
defeld says, is the probable elimination
of state-by-state breakdowns for nation-
al income estimates. If Congress does
not know who is earning how much (at
least on average), it will have only a
sketchy basis for apportioning more
than $100 billion in federal transfers to
the states. If plans to replace a raft of
additional federal programs with block
grants go forward, the amount of mon-
ey to be allocated by guesswork could
increase substantially.

Will a later Congress come to what
economists would call its senses and
restore some of the nationÕs Þnancial
instrumentation? Assuming that noth-
ing has run seriously aground in the
meantime, restoring the databases will
still be diÛcult. Many of the numbers
that economists depend on are cumula-
tive, Krueger notes: each month builds
on the preceding monthÕs data, and any
gap must be papered over by intellectu-
ally shaky estimates. Similarly, survey
results become notoriously less accurate
if respondents must reconstruct their
behavior from months or years ago. At
the moment, however, enforcing the
ÒContract with AmericaÓ seems upper-
most in the legislatureÕs mind. Lande-
feld probably speaks for his profession
when he observes, ÒWeÕre not at the
top of the agenda.Ó ÑPaul Wallich

mean that the groups still retain many
of their original genetic traits.

Although Wayne and Gittleman ques-
tion the red wolfÕs status as a species,
they have also argued that reintroduc-
tion eÝorts are still merited in loca-
tions where the wolf can serve an im-
portant ecological function. But accord-
ing to James R. Streeter, policy director
at the NWI, Òthe question is not wheth-
er it is ecologically useful to have a large
carnivore [such as the red wolf] in the
Southeast.Ó The question, Streeter con-
tends, is whether the animal qualiÞes
for protection under the Endangered
Species Act, given that it is not, in the
opinion of some experts, a species.

In the past, lawyers from the Depart-
ment of the Interior ruled that the act
does, in some cases, cover hybrids, but
now there is no official policy on the
matter. So biologists at the Fish and
Wildlife Service must decide how to re-
spond to the NWI petition. Initially,

Gary Henry, the serviceÕs red-wolf coor-
dinator, recommended that the petition
be denied because he felt it did not in-
clude any new information on the red
wolfÕs taxonomic status.

ÒI had already Þnished this Þnding,Ó

Henry comments, when he received
word that oÛcials at the Fish and Wild-
life Service headquarters in Washington,
D.C., also wanted to see arguments in
favor of accepting the petition. Accep-
tance requires the service to evaluate
data for one year before making a deci-
sion about whether the red wolf should
be protected under the Endangered Spe-
cies Act. Henry submitted both memo-
randums to the serviceÕs regional oÛce
in Atlanta; a decision is pending.

Coincidentally, shortly after the NWI
petition was written, Senator Jesse
Helms of North Carolina proposed leg-
islation that would have canceled all
funding for the red-wolf program. A
spokesperson for Helms states that the
senator was not aware of the NWI peti-
tion; instead Helms was responding to
constituentsÕ complaints about the sup-
posed dangers presented by the red
wolf. The legislation was defeated by a
vote of 50 to 48. ÑSasha Nemecek
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Flying Blind

RED WOLF is endangered, but is it a
species? Some critics of the federally
sponsored protection program say no.
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O
nce upon a time, when fuel pric-
es were high, nuclear fast-breed-
er reactors enjoyed brief fame

based on a singular claim. While pro-
ducing energy by splitting some urani-
um atoms, they could create an even
larger number of plutonium atoms. This
plutonium could then be turned into
fuel to generate much more energy.

Economics and politics, though, have
not been kind to breeder reactors. With
oil prices at historic lows and former
cold war adversaries awash in plutoni-
um and uranium, the idea has seemed
to lose considerable luster. In February
1994 Secretary of Energy Hazel R.
OÕLeary ended U.S. research into breed-
er technologyÑafter some $9 billion
had been spent on it.

Almost two years later, however, in a
climate as hostile as ever to the technol-
ogy, breeder reactors areÑalmost in-
crediblyÑresurging. In the past year the
largest such reactor ever built, the 1,240- 
megawatt Superph�nix near Lyons,
France, was restarted after a long hia-
tus following some technical problems.
A smaller breeder reactor in Japan gen-
erated electricity for the Þrst time last
August. And in recent months, engi-
neers in India, which is pursuing two
diÝerent breeder-reactor technologies,
were preparing to connect a tiny
experimental breeder reactor near
Madras to the electricity grid.

These operational milestones
were supplemented by a study and
conference supporting the tech-
nology. Last August a panel led by
Nobel laureate Glenn T. Seaborg
issued a report calling on indus-
trial countries to develop and use
breeder and other reactors as a
way of making more fossil fuels
available to less developed coun-
tries, many of which are strug-
gling to electrify. The panel, as-
sembled by the American Nuclear
Society, also chided the U.S. gov-
ernment for halting its breeder re-
search. Then, in early October, a
technical meeting, held in Madras
under the auspices of the Vienna-
based International Atomic Energy
Agency, drew experts from Rus-
sia, Japan, China, the Republic of
Korea, Brazil and India. According
to an attendee, participants con-
cluded that breeders have a high

level of operational reliability and safety.
But others looking at the same data

might call the record mixed. In the U.S.,
for example, three breeder reactors
were built, two of which were signiÞ-
cant. Argonne National LaboratoryÕs Ex-
perimental Breeder Reactor II operated
for three decades (until 1994) without
any serious problems. On the other
hand, a commercial, power-generating
plant named Fermi began operating in
1963 near Detroit and suÝered a par-
tial core meltdown three years later. It
was repaired but soon closed because
of safety concerns. FranceÕs Superph�-
nix, too, has had problems, mostly
linked to ßaws in its liquid-sodium cool-
ing system. (Such a coolant is necessary
in a fast-breeder reactor because the
water used in conventional reactors
would slow the neutrons liberated by
Þssion, limiting the number that could
cause breedingÑthe conversion of ura-
nium 238 to useful plutonium 239.) In
late October a steam leak forced a tem-
porary shutdown of the plant.

There are several reasons for the in-
terest in expensive, exotic plants to
make fuel, even though there is plenty
of it around. For Japan and India, espe-
cially, the impetus is national self-suÛ-
ciency. These countries have relatively

few fuel resources and appear to be
planning for a day when fuel is not so
cheap. ÒIn Japan, actually, we donÕt
need a fast-breeder reactor in this cen-
tury,Ó says Toshiyuki Zama, a spokes-
man for Tokyo Electric Power Compa-
ny, the largest Japanese utility. ÒBut we
have to develop technologies for the
future.Ó More pragmatically, Japanese
oÛcials spent some $6 billion on the
280-megawatt breeder reactor, named
Monju after the Buddhist divinity of
wisdom, and are eager to recoup some
of this outlay by generating electricity.

France, which already has large
amounts of plutonium from its exten-
sive nuclear power program, plans to
convert Superph�nix so that it can de-
stroy plutonium rather than produce it.
According to engineering manager Pat-
rick Prudhon, a reactor core and fuel
rods are being designed for this pur-
pose as part of a project budgeted at
$200 million a year. The new hardware,
to be tested after the year 2000, will let
the reactor consume about 150 kilo-
grams of plutonium per year, Prudhon
Þgures. Unfortunately, FranceÕs power
reactors add about 5,000 kilograms of
plutonium every year to an already siz-
able stockpile. Growing accumulations
of plutonium have fueled concerns that
some of the poisonous, Þssile element
could fall into the wrong hands [see
ÒThe Real Threat of Nuclear Smuggling,Ó
by Phil Williams and Paul N. Woessner,
page 40].

ÒOur aim is to demonstrate the capa-
bility, to let the politicians of the next
century decide whether it is a good op-
portunity to use fast reactors to de-

stroy plutonium,Ó Prudhon com-
ments. In fact, in this mode the
reactor can destroy not just plu-
tonium but virtually all the ac-
tinides present in nuclear waste.
Actinides are isotopes with atom-
ic numbers between 89 and 103.
Some are radioactive for thou-
sands of years, making them the
most troublesome components of
waste.

Far from the esoteric, futuristic
notion it has become, this appli-
cation was envisioned even before
the nuclear power industry was
born. ÒFrom the 1940s on, it was
always [Enrico] FermiÕs idea to
use fast-spectrum reactors to con-
sume all the actinides,Ó says H.
Peter Planchon, associate director
of the engineering division of Ar-
gonne National Laboratory. This
way Òyou would be faced with dis-
posing of Þssion products with
relatively short half-lives. ThatÕs
still the view of the French and
Japanese.Ó ÑGlenn Zorpette
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Return of the Breeder
Engineers are trying to teach an old reactor new tricks

FUEL-HANDLING and coolant-pump machinery
are visible in the dome over the Superph�nix reac-
tor vessel. The reactor is near Lyons, France. 
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A
ccording to conventional econom-
ic theory, the Internet is impossi-
ble. Textbooks say people will

only innovateÑor do anything, for that
matterÑif they are Þnancially rewarded.
Yet the software that has created and
that runs the worldÕs biggest computer
network is for the most part given away.
So the network should not have been
built, let alone grown to be one of the
most innovative realms in the fast-mov-
ing world of computing.

Part of the solution to this conun-
drum is, of course, that there are other
ways of rewarding people. For many a
hacker, the excitement of innovation
and the prospect of being known as a
ÒNet godÓ are enough reason to toil over
free software. But as the Net becomes
more commercialized, fame alone will
pale beside riches. Which brings back
the original puzzle: How can the coop-
erative Internet make room for individ-
ual gain without losing the shared core
of technology and information that
sustains it?

One way is to emulate Netscape, the
most successful of the companies rush-
ing to commercialize the Internet. When
Marc Andreessen wrote MosaicÑwhich
quickly became the most popular brows-
er for reading the World Wide WebÕs

vast array of text, sounds, pictures and
just plain neat stuÝÑhe sensed oppor-
tunity and joined with Jim Clark of Sil-
icon Graphics. The two founded Net-
scape and developed a second, com-
mercial generation of the software. 
Although the team made its Þrst, bare-
bones product available for free, it now
sells more advanced products.

But NetscapeÕs way is not the only
one. Many of the basic tools used to
build the Web are still given away. PERL
(the Practical Extraction and Report Lan-
guage) makes it easy to write programs
that respond to text messages with spe-
ciÞc actionsÑmaking it exactly the right
tool for building Web sites. Written by
Larry Wall, PERL is distributed for free.
So is TCLÑthe Tool Control Language,
pronounced ÒtickleÓÑwhich was creat-
ed by John Ousterhout when he was at
the University of California at Berkeley
and which is used to build quick and
easy programs on Unix workstations.

Now that big-money projects are com-
ing to rely on this software, however,
Þrms are worried. Users are dependent
on the goodwill of others to Þx bugs,
provide technical support and make im-
provements. So far goodwill has worked
wonders, but cynical executives are re-
assured only by clear-cut contractual

responsibilities. Enter Michael Tiemann,
who built Cygnus Support into a $10-
million-a-year company by making Òfree
software aÝordable.Ó

Most of CygnusÕs business centers on
gccÑa compiler for the C++ program-
ming language originally written by leg-
endary hacker Richard Stallman of the
Massachusetts Institute of Technology
but since improved by Tiemann and
others. At StallmanÕs insistence, the
source code to gcc is free, but compa-
nies can pay Cygnus to modify gcc,
adapt it to new hardware and answer
their technical queries.

The key distinction between Cygnus
and Netscape lies in the ownership of
the product. Although Netscape may
make public some of the technical stan-
dards to which its product complies,
the product itself is a jealously guard-
ed source of competitive advantage.
CygnusÕs competitive advantage lies in
the expertise it brings to modifying its
products. Cygnus approaches the soft-
ware business as a service industry
rather than a manufacturing one.

Although at Þrst blush it sounds an
unlikely way to make money, CygnusÕs
software-for-free, service-for-fee strate-
gy could foster innovation. It creates an
easy-to-cross bridge between the aca-
demic world and the commercial one.
It removes software buyersÕ perennial
fear of being held hostage to the suc-
cess of their favorite supplier. It dis-
tributes, and thereby speeds, the work
of adapting software to all the diÝerent
bits of hardware used on the Internet.
It enables rapid, continuous innovation
that is directed by users and also bene-
Þts all users. It provides a straightfor-
ward mechanism for a group to inno-
vate rapidly and yet remain united by a
common core of technology.

The drawback is that Cygnus does
not oÝer much incentive to invest in
the original product. Nevertheless, there
are plenty of products on the Internet
to which the model is perfectly suited.
CygnusÕs Tiemann is thinking of oÝer-
ing a support package for PERL, TCL
and other popular Web tools. Still lan-
guishing in academia are a variety of
other useful toolsÑranging from e-mail
programs to programming languages
and sophisticated modeling software.

Perhaps in the future some compa-
nies will band together to jump-start
the process of creating free software in
order to build common technology for
their shared use and improvement. Af-
ter all, networks are making a world in
which machines share work across cor-
porate boundaries as well as those of
space and time. Giving away software
to reach that end may be more proÞt-
able than it sounds. ÑJohn Browning
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Most people would think that a wheelchair with “legs” makes about as
much sense as a fish with a bicycle. Vijay Kumar of the General Ro-

botics and Active Sensory Perception Laboratory at the University of Penn-
sylvania thinks differently. His ungainly, motorized wheelchair can tackle all
but the most difficult terrains—in fact, wheelchair-bound people may soon
be able to roam the beach.

Unlike traditional wheelchairs, which are conveyed solely by their wheels,
Kumar’s creation uses two legs to help the wheels along. A computer detects
whether the wheels or the legs are getting better traction and channels the
motor’s power accordingly. On a flat, smooth surface, the wheels work easi-
ly. But in sand or mud, “the wheels slip, so the legs dig in and pull,” Kumar
explains. The result is as graceful as a bionic sea turtle, but it works.

Inside the house, the new wheelchair can open doors, push debris aside
and step over small objects. It
can also climb over curbs a foot
high; a small modification will al-
low it to climb stairs. Future mod-
els may use the “feet” to dip into
a toolbox for attachments such
as claws for turning doorknobs.
Although the wheelchair is only a
prototype, and there are no plans
for mass production, Kumar’s
approach might open whole new
worlds to people confined to
wheelchairs. —Charles Seife

Freewheeling

Making Free Software Pay
The Internet creates an alternative economics of innovation
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A
t midnight, computer screens 
across Tokyo light up as Internet 
users take advantage of cheaper

telephone rates to surf the World Wide
Web. In Japan, where telephone fees

make Internet access Þve to 10 times
costlier than in the U.S., the new night-
owl pricing is bringing more people
into cyberspace. ÒTwo years ago I was
the Þrst commercial Internet provider

in Japan,Ó says Roger Boisvert, presi-
dent of Global OnLine Japan. ÒToday
there are 45 Internet service providers
in Tokyo alone.Ó

Driven by strong computer sales and
popular fascination with the Web, Ja-
pan is just catching the Internet fever
already widespread in the U.S. and Eu-
rope. ÒThe Internet and the World Wide

Most computer artists use high-tech tools but old-fashioned
techniques, such as painting with electronic brushes,

sculpting with virtual chisels and altering with digital versions
of darkroom tricks. Ken Musgrave, a computer scientist and
landscape artist at George Washington University, produces his

works in a way only computers can: he programs them. The re-
sults are spectacularly realistic vistas that can be explored from
virtually any perspective and distance.

At the heart of Musgrave’s art are fractals, surfaces drawn by
repeating certain relatively simple equations over and over.
Fractal surfaces have infinite detail—the closer you look, the
more you see—yet require only a few lines of computer code. 

Recently Musgrave has been writing a
system to produce an entire virtual planet,
called Gaea, accompanied by a moonlike
satellite named Selene. Gaea looks similar
to an earth barren of life, not only from
outer space (far left ) but also up close.
Musgrave has “discovered” some of his
favorite landscapes (near left and right )
wandering the surface of Gaea.

“I call my program the Slartibartfast sys-
tem, after the character in The Hitchhiker’s
Guide to the Galaxy who created Earth,”
Musgrave says. The system’s power is ri-
valed by its simplicity: it comprises about

Playing Slartibartfast with Fractals 
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All mass-produced computer chips are 
etched from disks of silicon using flash-

es of light, projected through stencils, to
draw circuit patterns. Cranking up the fre-
quency of the light, from green to blue and
recently to ultraviolet, engineers have shrunk
circuits’ size and boosted their speed. But
the technique will soon hit its limits: at fre-
quencies higher than ultraviolet, light turns
into unwieldy x-rays that are hard to focus.

One alternative may be to use light as the
stencil and to project the matter. Jabez J. Mc-
Clelland and his colleagues at the National
Institute of Standards and Technology re-
cently used this strategy to draw a grid of
chromium dots on a tiny slab of silicon. The
dots are just 80 nanometers wide—signifi-
cantly smaller than anything ultraviolet light
can paint. With further development, the
physicists believe, their technique could
draw two billion circuit patterns on a cen-
timeter-square chip in just a few minutes.

The trick to writing so small is to use
lasers as lenses. McClelland and cohorts
boiled atoms off a block of chromium in an
oven, then focused them into a tight, tiny
beam. They directed the stream through
“optical molasses”—a laser beam set just

Light over Matter

below the frequency at which chromium atoms resonate like struck bells—which
slowed the atoms. Just before the chilled particles hit the silicon slab, they ran
into another laser beam skimming the silicon surface. This second beam was

The Midnight Hour
Japan ventures onto the Net in the dark of night

CRISSCROSSED LASERS focused chromium atoms into tiny dots, each just 80
nanometers wide. The technique may one day draw circuits.
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Web have become popular trends, es-
pecially with the young people,Ó says
Masaya Nakayama of JapanÕs Network
Information Center in Tokyo.

Shinichi Maeda, Tokyo marketing
manager for Cisco Systems, a top ven-
dor of network routers, says Internet
hosts are growing at the rate of 300
percent a year in Japan. That compares

with the 50 percent annual growth of
the countryÕs on-line services. Such ser-
vicesÑJapanÕs versions of CompuServe
and America OnlineÑhave three million
subscribers. Although the number of
Internet users is as elusive in Japan as
elsewhere, Maeda says that at current
rates, the number may surpass on-line
service subscribers by late 1997.

As in the U.S. and Europe, Japanese
on-line services are racing to stay ahead.
Many are trying to provide Internet ac-
cess lest their subscribers desert them
for the Web. Yet they are somewhat in-
sulated from direct competition because
their services are in Japanese, whereas
most Internet resources are in English.

Internet providers are, of course, try-
ing to come out ahead as well. So in-
tense is the competition that one Tokyo
provider is even giving away accounts
in hopes of building a following. Just-
net is a division of Just System Corpo-
ration, which controls 50 percent of the
word-processing market with a program
called Ichitaro. Justnet built a Web
browser into the version of Ichitaro re-
leased in August and began oÝering
free Internet usage. JustnetÕs Timothy
Gleeson states 100,000 users signed up
in the Þrst four months. ÒThe target is
a million users by 1997,Ó says Gleeson,
who is not sure when Justnet will start
charging for Internet service.

But even these free Internet accounts
cost money. Unlike in the U.S., where
consumers pay a ßat rate for local calls,
Japanese telephone customers pay sev-
en to 10 yen for each three minutes on a
local call: a surcharge of $1.40 to $2.00
per hour. ÒThe lack of a ßat rate for lo-
cal calls is limiting Internet develop-
ment in Japan,Ó comments Naoki Ya-

mamoto, editor of Digital Highway Re-

port, a newsletter for Japanese infor-
mation managers.

Under government pressure, Nippon
Telephone & Telegraph recently began
oÝering a ßat rate for accessing the In-
ternet between 11:00 P.M. and 8:00 A.M.
ÒWe get our heaviest usage at midnight,Ó
says Boisvert of Global OnLine Japan.
But observers say real price competition
must wait until Japan undergoes tele-
phone industry deregulation similar to
that in the U.S. and Europe.

Indeed, JapanÕs legendary industrial
planners seem to have misjudged Inter-
net policy so far. While the U.S. Defense
Advanced Research Projects Agency and
National Science Foundation pushed
the InternetÕs technology through in the
1970s and 1980s, various Japanese gov-
ernment agencies backed competing
network protocolsÑnone of which be-
came popular. Fortunately, Jun Murai
of Keio University won corporate back-
ing for his Japan University Network,
the precursor of todayÕs academic and
commercial Internet services in Japan.

Regardless of the regulatory hurdles
and the high cost, it is clear that the psy-
chology of getting connected has taken
root in Japan. The tendrils of the Inter-
net are spreading beyond the big cities,
deep into traditional land. Noriyosi Yo-
shida, vice president of Hiroshima City
University, is helping to create a local
network to give Hiroshima residents
access to municipal and academic re-
sources as well as to the Internet. ÒWe
sincerely expect to maintain an eternal-
ly peaceful world,Ó Yoshida says. ÒI be-
lieve one of the most eÝective ways to
promote this is through the Internet
and the World Wide Web.ÓÑTom Abate
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aimed at a mirror and carefully tuned to
form a standing wave (one whose troughs
and peaks stay fixed in space), again just
below the resonant frequency of chromium.

Stumbling upon a standing wave, atoms
feel a strong urge to surf up onto a crest or
down into a trough. The wave thus acts
like a lens, deflecting the atoms passing
through it into neat lines spaced a half
wavelength apart on the silicon. Cross two
lasers over the substrate, as McClelland
did, and the lines split into a grid of dots.
The next step is scanning the lasers across
the surface to draw arbitrary patterns:
nanocircuits.

Laser-focused atomic deposition, physi-
cists’ catchy name for this technique, still
has many hurdles to clear on the way to
factory floors. Not all the atoms get fo-
cused, for instance, so the peaks are con-
nected by a bed of metal that would short
any circuit. It may not be possible to etch
material away without destroying the pat-
tern. But because the technology could the-
oretically produce wires 10 times smaller
than those made by the photolithography
processes used today, it is likely at least to
focus attention. —W. Wayt Gibbs

1,000 lines of computer code (fewer than a typical Nintendo
game). Musgrave’s aesthetic, which he calls proceduralism, dic-
tates that the programs should be as short and fast as possible.
As a result, Musgrave’s worlds look right for all the wrong rea-
sons: the models have nothing whatsoever to do with the laws
of physics. His rings of Saturn, for example (far right ), consist
of a fractal line, varying in transparency along its length, swept
around a circle.

“My goal is to get an interac-
tive renderer in a $200 box,”
Musgrave chuckles. “I figure
that every kid who can afford it
will have to have one, because
it will let them explore an
infinite universe of detailed
planets. Of course, game mak-
ers will inevitably infest all
these lovely worlds with hostile
aliens.”

Musgrave will have to accel-
erate his program by several or-

ders of magnitude for that to happen. A Gaean landscape still
takes several minutes to render. Of course, just a few years ago
it would have taken hours. It may not be long before anyone
can play Slartibartfast in a virtual universe. —W. Wayt Gibbs

Additional images and a video clip zooming from outer space
to the mountains of Gaea are available from Scientific Ameri-
can on America Online.
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T
he building of the atomic bomb
is the tale of the century. From
that experience have come many

stories of scientists ensnared in the
web of national politics or entranced by
the search for the fundamentals of the
universe. There was one physicist, how-
ever, who marched to a diÝerent drum-
mer, who left the Manhattan Project
when it was discovered the Germans
were not building a bomb.

ÒThe one who paused was Joseph
Rotblat,Ó the physicist Free-
man Dyson once wrote, Òwho,
to his everlasting credit, re-
signed his position at Los
Alamos.Ó Joseph Rotblat left
Los Alamos National Labora-
tory in New Mexico in 1944,
while there was still time to
write a diÝerent history for
this century. A nuclear phys-
icist, Rotblat transformed his
career to medical physics and
passionately pursued disar-
mament. Last year Rotblat
was awarded the Nobel Peace
Prize for his eÝorts to elimi-
nate nuclear weapons from
the planet.

A vigorous man with thin-
ning white hair, Rotblat spoke
about his decision several
years ago at a meeting of
Physicians for Social Respon-
sibility in Chicago: ÒThis was
truly a choice between the
devil and the deep blue sea,Ó
he said. ÒThe very idea of
working on a weapon of mass
destruction is abhorrent to a
true scientist; it goes against
the basic ideals of science.
On the other hand these very
ideals were in danger of be-
ing uprooted, ifÑby refusing
to develop the bombÑa most vile re-
gime were enabled to acquire world
domination. I do not know of any other
case in history when scientists were
faced with such an agonizing quandary.

ÒFour years after I started work on
the bomb, serious doubts began to oc-
cupy my mind about this work. It be-
came daily clearer to me that Germany,
with its vastly extended military opera-
tions and crippling damage to its in-
dustry, was most unlikely to be able to
build the bomb, even if its scientists hit
on the right idea of how to make it. The

reasons for which I sacriÞced my prin-
ciples were rapidly wearing oÝ. This
led me to the decision to resign from
the project.Ó

Rotblat lost his wife, his home, his
world, to the Nazis. Many people suÝer-
ing such losses would have retreated
into themselves. Instead, from reserves
that few can fathom, he took on a very
public career and began working for
nuclear disarmament. An intensely pri-
vate man, he agreed to tell me his story.

Rotblat was born in Warsaw in 1908.
Turn-of-the-century Poland was a peas-
ant nation with a veneer of sophisticat-
ed city gentry. RotblatÕs parents were
Jewish; his father was in the paper-trans-
port business. Life included a pony and
summers in the country. World War I
ended that idyll. The family business
failed. ÒIn the basement in the house in
which we were living we distilled somo-
gonkaÑillicit vodkaÑas a way of earn-
ing a living,Ó Rotblat recalled. ÒOne had
to Þght for oneÕs survival.Ó

Rotblat obtained his degree in 1932

and began research at the Radiological
Laboratory of Warsaw. Working in Po-
land in the 1930s with few of the amen-
ities of his Western European colleagues,
Rotblat asked the right questions and
found some of the answers. During this
period, Rotblat married Tola Gryn, a
student of Polish literature. In 1939 he
accepted an invitation from James
Chadwick to work at the University of
Liverpool. LiverpoolÕs cyclotron was
part of the attraction; Rotblat hoped to
build one in Warsaw upon his return.
Just as Rotblat was planning his trip to
England, nuclear physics was thrown
into turmoil. Two German chemists,
Otto Hahn and Fritz Strassmann, split
the uranium atom by Þring neutrons at
it; the process of nuclear Þssion result-
ed. The experiment had not converted

lead into gold, but its conse-
quences were as signiÞcant.
A large amount of energy is
released during Þssion. So
are some neutrons.

How many was crucial. If it
were just a single neutron,
there was little chance that
the new neutron would also
hit a uranium nucleus and so
continue the process. But if
two or more were products of
the splitting, then the proba-
bility of a chain reaction
would increase. A number of
physicists around the globe,
including Rotblat, set out to
Þnd the answer. He soon dis-
covered that several surplus
neutrons are released from
each Þssioning uranium
atomÑbut he was beaten to
publication by FranceÕs Fr�-
d�ric Joliot-Curie.

ÒI began to think about the
consequences and the possi-
bility that a chain reaction can
proceed at a very fast rate,Ó
Rotblat said. ÒThen, of course,
there could be an explosion
because of the enormous
amount of energy produced
in a short time.Ó Rotblat trav-
eled to England on his own;

his fellowship gave him too little mon-
ey for two. Six months later he received
additional funds, and in late August
1939, Rotblat returned to Poland to
make arrangements for his wife to join
him in Liverpool.

He left Poland Þrst; Tola was to join
him shortly. Because there had been a
partial news blackout in Poland, Rot-
blat and his wife were unaware of how
serious the situation had become. The
Nazis invaded Poland on the Þrst of Sep-
tember, and the conßict was over with-
in a few weeks. Rotblat sought transit
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From Fission Research to a Prize for Peace

PROFILE: JOSEPH ROTBLAT

JOSEPH ROTBLAT, who received the 1995 Nobel Peace Prize,
left the Manhattan Project in 1944, before its completion.
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visas for his wife through Belgium,
Denmark and Italy; each time, borders
closed before his wife could leave Po-
land. Rotblat would never see her again.

Back in England, Rotblat decided the
immediate danger from the Nazis was
so great that Òone had to put aside oneÕs
moral scruples regarding the bomb.Ó
With ChadwickÕs help, Rotblat began
experiments in Liverpool to investigate
the potential for an atomic bomb. Con-
ditions were not exactly easy. ÒAlmost
every night, I was doing several hours
of Þrewatching, for incendiary bombs.Ó
Nevertheless, by 1941 British research-
ers had established that the bomb was
theoretically possible.

Although U.S. researchers had made
much progress toward a self-sustaining
nuclear reactionÑa reactorÑtheir ef-
forts toward an explosive device had
been stymied. The British restored the
AmericansÕ belief in the bomb. Churchill
and Roosevelt agreed to set up a joint
research facility in the U.S. The British
team, including Rotblat, would work
with the Americans. After moving to
Los Alamos, Rotblat learned of Ameri-
can plans for the bomb. He recalled
that one night at dinner General Leslie
Groves, military commander of the Man-
hattan Project, Òmentioned that the real
purpose in making the bomb was to
subdue the Soviets.Ó Rotblat began to
speak with other Los Alamos physicists
about not using the bomb, but the usu-
al response was that Òwe started an ex-
periment; we must see it through.Ó

Events in Europe were overtaking the
researchers. Rotblat continued, ÒIn late
1944 Chadwick told me that an intelli-
gence report indicated that the Germans
werenÕt working on the bomb. A few
days later I told him I wanted to leave.Ó

Threatening him with arrest should
he speak about it, Los Alamos security
agents kept Rotblat from discussing his
decision with the other scientists. In-
stead he told his colleagues that he was
returning to Europe in order to be clos-
er to his family (although he had heard
nothing from them during the war). Af-
ter the war ended, he discovered that
his wife had perished, while his mother,
sister and two brothers had survived.

Rotblat returned to Liverpool at the
beginning of 1945. He kept his silence
until the dropping of the bombs on Ja-
pan that August. He realized that the
atomic bomb Òwas a small beginning of
something much larger. I could foresee
the coming of the hydrogen bomb.Ó He
began to give talks across Britain, at-
tempting to convince his fellow physi-
cists to call a moratorium on nuclear
research.

Rotblat also began a transition to
medical applications of physics, and

within several years he moved to Saint
BartholomewÕs Hospital in London. His
investigations of treatments for cancer
led Rotblat to studying the eÝects of
radiation on healthy subjects with Pa-
tricia J. Lindop, a physiologist. Ironical-
ly, this work led him back to the bomb.
ÒEven in 1957, which was 12 years af-
ter the bomb, many people did not be-
lieve that cancer results from radia-
tion,Ó Rotblat said. ÒThey used to say
that only leukemia is induced by radia-
tion, not other cancers. From the work
I did with Lindop on mice, I could see
that all sorts of cancer were produced.Ó

In 1954 Rotblat met Bertrand Rus-
sell, who had been growing increasing-
ly concerned about the dangers of the
nuclear arms race. The British philos-
opher suggested that a group of scien-
tists be convened for the purpose of
discussing nuclear disarmament. And
so PugwashÑthe movement of scien-
tists with which Rotblat shared the No-
bel Peace PrizeÑwas born. Pugwash got
its name from the Nova Scotia town
where the Þrst meeting was held. ÒIt
was very small, with 22 people,Ó Rotblat
reminisced. But what 22 people! The
participants included three Nobel lau-

reates, the vice president of the Soviet
Academy of Sciences and a former 
director-general of the World Health
Organization.

It was an extraordinary undertaking,
at a complicated time. ÒAnyone in the
West, to come to such a meeting, to
talk peace with the Russians, was con-
demned as a Communist dupe,Ó Rotblat
noted. ÒIt was a risk, a gamble. It could
have just broken up in disarray. As it
turned out, people really spoke up and
arguedÑbut argued as scientists.Ó The
conferenceÕs brief report detailed the
radiation hazards of nuclear testing,
made recommendations on arms con-
trol and stated several principles of sci-
entistsÕ social responsibility. The worldÕs
leaders listened. Pugwash meetings
continued.

In 1961, a year of high tension be-
tween East and West, a Pugwash con-
ference brought together the vice pres-
ident of the Soviet Academy of Scienc-
es and the U.S. presidential science
adviser. Afterward, they met with Presi-
dent John F. Kennedy and discussed a

nuclear test ban. A treaty banning above-
ground testing of nuclear weapons was
signed in 1963. Subsequent Pugwash
meetings helped to pave the way for
peace negotiations between the U.S. and
North Vietnam in the late 1960s and for
the 1972 Treaty on Anti-Ballistic Missile
Systems between the U.S. and the
U.S.S.R. For many years, RotblatÕs oÛce
at Saint BartholomewÕs Hospital served
as PugwashÕs headquarters. Rotblat or-
ganized the conferences, wrote histo-
ries of the movement and served as the
secretary-general for 14 years. In 1988
he was elected president of Pugwash, a
position he still holds. Some call him
ÒMr. Pugwash.Ó

It is easy to believe that with the end
of the cold war and reductions of nu-
clear arsenals, PugwashÕs objectives
have been achieved. Rotblat knows well
that the world is not so simple. The new
situation has new instabilitiesÑRussia
is a prime example. Nor has the end of
the cold war diminished the desire of
Iraq and North Korea, for instance, to
join the nuclear club.

ÒI do not believe that a permanent di-
vision into those who are allowed to
have nuclear weapons and those who
are not is any basis for stability in the
world,Ó Rotblat declared. ÒTherefore,
the ultimate solution is the elimination
of nuclear weapons. How can we pre-
vent one nation from secreting a few
weapons away? This is a task for scien-
tists, primarily a technological problem
ensuring that no one is cheating.Ó Eco-
nomic considerations are also impor-
tant, Rotblat said: ÒIf we are to have
disarmament, we have to see that the
transition from military industries to
peaceful industryÑthe problem of con-
versionÑcan be arranged so as not to
cause economic upheavals.Ó

Perhaps the greatest task for Pug-
wash, and for all of humanity, is creat-
ing Òa climate of trust and goodwillÓ
among all the worldÕs people. ÒWe have
to develop in each of us a sense of loy-
alty to mankind that will be an exten-
sion of our present loyalties to our fam-
ily, our city, our nation.Ó Scientists, who
Òare to a large extent citizens of the
world,Ó can and should lead this educa-
tional eÝort, Rotblat said.

Rotblat has a large classical record
collection waiting for his retirement.
That time has not yet come. At 87, his
energy is that of a man half his age; he
continues to lecture and attend meet-
ings worldwide. In December he was
scheduled to travel to Oslo, Norway,
for the awarding of the Nobel Prize for
Peace. He has come a long way for
someone whose Þrst venture outside
Poland was at the age of 30 in the
spring of 1939. ÑSusan Landau
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Rotblat believes

scientists must bear a

moral responsibility

for their discoveries.
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D
uring past centuries, most peo-
ple who thought of smuggling
at all considered it a somewhat

esoteric professionÑa way of avoiding
taxes and supplying goods that could
not be obtained through licit channels.
Drugs added a more insidious dimen-
sion to the problem during the 1970s
and 1980s, but trade in uranium and
plutonium during the past Þve years
has given smuggling unprecedented rel-
evance to international security.

Yet there is considerable controversy
over the threat nuclear smuggling pos-
es. Some analysts dismiss it as a minor
nuisance. Not only has very little mate-
rial apparently changed hands, they ar-
gue, but, with a few exceptions, most of
it has not even been close to weapons

grade. None of the radioactive contra-
band that has been conÞscated by West-
ern authorities has been traced unequi-
vocally to weapons stockpiles. Some of
the plutonium that smugglers try to
peddle comes from smoke detectors.

In addition to these amateur smug-
glers, there are many scam artists who
sell stable elements that have been ren-
dered temporarily radioactive by ex-
posing them to radiation or who obtain
large advances based on minute sam-
ples. Indeed, many of those who traÛc
in nuclear materials do so with little or
no idea of what they are stealingÑone

Pole died of radiation poisoning after
carrying cesium in his shirt pocket, and
a butcher in St. Petersburg kept urani-
um in a pickle jar in his refrigerator.

The Danger Is Real

Based on the bumbling nature of
most of the smuggling plots uncov-

ered so far, some well-informed observ-
ers have suggested that, in Germany at
least, the only buyers are journalists, un-

The Real Threat 
of Nuclear Smuggling

Although many widely publicized incidents 
have been staged or overblown, the dangers of even 
a single successful diversion are too great to ignore
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dercover police and intelligence agents.
Some go even further and contend that
pariah states such as Iraq, Iran, Libya
or North Korea may not be interested
in acquiring illicit nuclear arsenals at a
time when they are in the process of
trying to reestablish normal relations
with the West.

Nevertheless, nuclear smuggling pre-
sents a grave challenge. In almost all il-
licit markets, only the tip of the iceberg
is visible, and there is no reason why the
nuclear-materials black market should
be an exception. Police seize at most 40
percent of the drugs coming into the
U.S. and probably a smaller percentage
of those entering western Europe. The
supply of nuclear materials is obvious-
ly much smaller, but law-enforcement
agents are also less experienced at stop-
ping shipments of uranium than they
are in seizing marijuana or hashish. To
believe that authorities are stopping
more than 80 percent of the trade would
be foolish.

Moreover, even a small leakage rate
could have vast consequences. Although
secrecy rules make precise numbers im-
possible to get, Thomas B. Cochran of
the Natural Resources Defense Council
in Washington, D.C., estimates that a
bomb requires between three and 25

kilograms of enriched uranium or be-
tween one and eight kilograms of plu-
tonium. A kilogram of plutonium occu-
pies about 50.4 cubic centimeters, or
one seventh the volume of a standard
aluminum soft-drink can.

Although rigorous screening of all in-
ternational shipments could catch some
radioactive transfers, several of the most
dangerous isotopes, such as uranium
235 and plutonium 239, are only weakly
radioactive and so could be easily shield-
ed from detection by Geiger counters or
similar equipment. X-ray and neutron-
scattering equipment, such as that in
place at airports to detect chemical ex-
plosives, could uncover illicit radionu-
clides as well, but because it is not de-
signed for the task its practical eÝec-
tiveness is limited.

If the amounts of material needed for
nuclear weapons are small in absolute
terms, they are minuscule in compari-
son to the huge stockpiles of highly en-
riched uranium and plutonium, espe-
cially in Russia, where both inventory
control and security remain quite prob-

lematic. World stocks of plutonium,
which totaled almost 1,100 tons in 1992,
will reach between 1,600 and 1,700 tons
by the year 2000, enough to make as
many as 200,000 10-kiloton bombs. As
disarmament agreements are implemen-
ted, another 100 tons of reÞned weap-
ons-grade plutonium will become avail-
able in the U.S. and RussiaÑironically,
in the postÐcold war world, one of the
safest places for plutonium may well
be on top of a missile.

Security Is Lax

In addition, the U.S. and former Sovi-
et states each hold about 650 tons of

highly enriched uranium. These large
stockpiles are all the more disturbing
because control over them is fragile
and incomplete. The Russian stores in
particular suÝer from sloppy security,
poor inventory management and inad-
equate measurements. Equipment for
determining the amount of plutonium
that has been produced is primitiveÑ
yet without a clear baseline, it is impos-

NUCLEAR-SMUGGLING INCIDENTS have been reported across central Europe to
the PaciÞc coast of Russia (dots show sites of seizure, origin or transfer). Security
at some stockpiles is being upgraded, but unsettled economic and political condi-
tions are undermining morale. Hundreds of incidents over the past Þve years sug-
gest that illicit trade in uranium and plutonium could be a grave problem.
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sible to know what may be missing.
Virtually nonexistent security at nu-

clear installations compounds the prob-
lem. The collapse of the KGB took with
it much of the nuclear-control system.
Ironically, under the Soviet regime se-
curity was tight but often superßuous.
Nuclear workers were loyal and well paid
and enjoyed high status. As pay and
conditions worsen, however, disaÝec-
tion has become widespread. With an
alienated workforce suÝering from low
and often late wages, the incentives for
nuclear theft have become far greater
at the very time that restrictions and
controls have deteriorated.

In November 1993 a thief climbed
through a hole in a fence and entered a
supposedly secure area in the Sevmor-
put shipyard near Murmansk. He used
a hacksaw to cut through a padlock on
a storage compartment that held fuel
for nuclear submarines and stole parts
of three fuel assemblies, each contain-
ing 4.5 kilograms of enriched uranium.
Although the uranium was eventually
recovered, Mikhail Kulik, the oÛcial
who conducted the investigation of the
theft, was scathing in his report: there
were no alarm systems, no lighting and
few guards. Kulik noted: ÒEven pota-
toes are probably much better guarded

today than radioactive materials.Ó Im-
provements in security at the base since
the incident have been very modest.

The situation is not entirely gloomy.
According to reports, some of the nu-
clear citiesÑformerly secret sites where
bombs were designed and builtÑare
well secured, and the controls on weap-
ons-grade materials are generally more
stringent than those on lower-quality
items. Although eÝorts to enter the
closed zone at Arzamas-16 (the Rus-
sian weapons-design laboratory that is
a rough counterpart to Los Alamos Na-
tional Laboratory in the U.S.) have re-
portedly doubled during the past year,
the security system there appears to re-
main eÝective. Moscow is also making
eÝorts to reestablish security through-
out its nuclear industryÑin some cases,
such as the Kurchatov Institute of Atom-
ic Energy in Moscow, with direct assis-
tance from the U.S. Yet the task is for-
midable. Nearly 1,000 stores of enriched
uranium and plutonium are scattered
throughout the former Soviet Union.

The Rise of Smuggling Networks

Against this background, it is hardly 
surprising that the number of nu-

clear-smuggling incidentsÑboth real
and fakeÑhas increased during the past
few years. German authorities, for ex-
ample, reported 41 in 1991, 158 in 1992,
241 in 1993 and 267 in 1994. Although
the vast majority of cases do not in-
volve material suitable for bombs, as
the number of incidents increases so
does the likelihood that at least a few
will include weapons-grade alloys.

In March 1993, according to a report
from Istanbul, six kilograms of enriched
uranium entered Turkey through the
Aralik border gate in Kars Province. The
material had apparently been brought
from Tashkent to Grozniy, where Che-
chen crime groups entered the picture,
then to Nakhichevan via Georgia, before
arriving in Istanbul. Although conÞrma-
tion of neither the incident nor the de-
gree of the uraniumÕs enrichment was
forthcoming, it raised fears that Che-
chen ÒMaÞaÓ groups had obtained ac-
cess to enriched uranium in Kazakh-
stan. KazakhstanÕs agreement in 1994
to transfer enriched uranium to the U.S.
suggests that such speculation may
have had some basis.

In October 1993 police in Istanbul
seized 2.5 kilograms of uranium 238
and detained four Turkish business-
men, along with four suspected agents
of IranÕs secret service. A Munich mag-
azine later reported that the uranium
may have gone to Turkey via Germany.
According to one of the Turkish detain-
ees (a professor who had previously
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Americium 241 Alpha-particle source  Fraud
for smoke detectors  (substitute for more
and other devices desired elements)

Beryllium Neutron reflector Illicit reactors;
in reactors or bombs nuclear weapons

Cesium 137 Radiation source for Fraud; 
industrial or medical murder  
applications; present   by radiation
in radioactive waste  
from reactors

Cobalt 60 Gamma-radiation Fraud; 
source for industrial murder 
or medical applications by radiation

Lithium 6 Thermonuclear Thermonuclear 
weapons weapons
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for smoke detectors; nuclear weapons
nuclear weapons;
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Polonium 210 Alpha-particle and Nuclear weapons
neutron source for  
industrial applications

Uranium Nuclear reactor fuel; Fraud; 
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for nuclear reactors
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been involved in the smuggling of an-
tiquities), accomplices ßew the urani-
um by Cessna to Istanbul from Harten-
holm, a private airÞeld near Hamburg
owned by Iranian arms dealers. 

SigniÞcantly, 1994 saw several inci-
dents involving material that was ei-
ther weapons grade or very close to it.
On May 10 police in Tengen, Germany,
found six grams of plutonium 239 while
searching the home of businessman
Adolf Jaekle for other contraband. The
plutonium, which was in a container in
the garage, was discovered only by ac-
cident. Jaekle had widespread connec-
tions, including links with former oÛ-
cers of the KGB and the Stasi (the East
German secret police) and with Kintex,
a Bulgarian arms company that has long
been suspected of a wide range of ne-
farious activities. Much of the initial
speculation has dissipated, but impor-
tant questions about the Jaekle case re-
main unanswered. It would be unwise
to exclude the possibility that the plu-
tonium was simply a sample for a much
larger delivery.

On August 10 authorities in Munich
arrested a Colombian dentist and two
Spaniards in possession of 363.4 grams
of high-grade plutonium and 201 grams
of lithium 6 (a component of hydrogen
bombs). They had brought their contra-
band to Munich from Moscow on a Luft-
hansa ßight and were captured amid
much fanfare. It later turned out that
agents from the German federal intelli-
gence body, the BND, had induced the
three men to bring in the material.

The operation caused great contro-
versy in Germany; BND agents were ac-
cused of helping to create rather than
control the nuclear-smuggling problem.
The three men were connected neither
with Colombian drug gangs nor Basque
terrorists; there was no evidence that
they were experienced smugglers. They
simply had Þnancial problems and had
been trying to solve them by selling the
lithium and plutonium.

In all the controversy over the propri-
ety of the BNDÕs actions, however, an
important point was lost. Even as ama-
teurs, the three men succeeded in ob-
taining a signiÞcant amount of high-
grade plutonium.

Then, on December 14, police in
Prague arrested three men in a car with
2.7 kilograms of highly enriched (87.7
percent) uranium 235. Two were nucle-
ar workers who had come to the Czech
Republic in 1994: a Russian from a
town near Obninsk and a Belarusian
from Minsk. The third was a Czech nu-
clear physicist, Jaroslav Vagner, who
had not been oÛcially employed in the
nuclear industry for several years. In
mid-1994 a similarly enriched sample

of uranium had apparently turned up
in Landshut, Bavaria, and on March 22,
1995, two more men, one of them a po-
lice oÛcer, were arrested in connection
with the December incident.

The number of smuggling cases in
Germany, at least, has declined since
these highly publicized arrests. TraÛck-
ers appear to be going elsewhere. Some
have gone through Switzerland and Aus-
tria and into Italy. More may be taking
the routes to the south through the Cen-
tral Asian republics and the Black Sea.
As former International Atomic Energy
Agency inspector David Kay has pointed
out, these paths in eÝect reverse those
used by the KGB to smuggle Western
goods into the former Soviet Union. Bor-
der controls in these areas are much
weaker than those going into western
Europe, and the potential clients are
closer.

Some of the seizures in Germany and
Turkey make it fairly clear that outlaw
states such as Iran may in fact be look-
ing for high-quality nuclear material. It
appears, indeed, that some of them have
set up their own networks. Both Libya
and Iraq have experience with such
methods, since each nation set up front

companies to facilitate the illicit diver-
sion of precursor chemicals and equip-
ment to develop chemical weapons.

Furthermore, as the Jaekle case im-
plies, smugglers are not all blundering
amateurs. Although there is no mono-
lithic nuclear MaÞa, ex-spies from the
former Soviet bloc countries appear to
be taking a leading role in the profes-
sional networks. They have apparently
been joined by entrepreneurs, often in-
volved in the arms business, whose
dealings span a continuum from the lic-
it, through the shady, to the illicit.

Not surprisingly, because nuclear
smuggling is a potentially proÞtable
business, organized crime groups have
also become involved. Some Turkish
gangs appear to be engaged in the
tradeÑhaving graduated from clandes-
tine export of antiquities, they treat
uranium as just another commodity.

In Italy, Romano Dolce, a magistrate
investigating the nuclear trade, was ar-
rested for participation in the very
crimes he was pursuing. This scandal
aroused considerable speculation that
he had focused on some cases in order
to divert attention from other, more
signiÞcant transactions.

SCIENTIFIC AMERICAN January 1996       43

DEPLETED URANIUM SLUG, weighing roughly seven kilograms, Þts comfortably in
Thomas B. CochranÕs hand. The physicist, who works for the Natural Resources De-
fense Council in Washington, D.C., estimates that a similar amount of weapons-grade
material would be enough to construct a bomb capable of destroying a small city.
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Perhaps the most insistent question,
however, concerns the involvement of
Russian organized crime. Although nu-
clear traÛcking does not seem to be a
priority for these groupsÑother activi-
ties are both more immediately lucra-
tive and less riskyÑthere is growing
evidence that some Russian criminal
groups are diversifying into trade in 
radioactives.

Enforcement EÝorts Lag

Even though serious eÝorts are be-
ing made to attack the problem at

the source, the international communi-
ty has been slow to respond to the dan-
gers that nuclear smuggling presents.
The Russian nuclear regulatory agency,
GAN, now has 1,200 employees, but the
degree of authority it can actually wield
over the old nuclear bureaucracyÑboth
civilian and militaryÑis uncertain.

Furthermore, even if GAN is success-
ful, it will take several years to upgrade
safeguards, and smugglers are not go-
ing to sit by idly in the meantime. As a
result, there will be a premium on good
intelligence and law enforcement dur-
ing the remainder of the 1990s. Unfor-
tunately, international agencies with nu-
clear expertise are not yet cooperating
eÝectively with those whose responsibil-
ity is to stop illicit trade. The IAEA and
the United Nations Crime Prevention
and Criminal Justice Branch are both
located in ViennaÕs International Center,
but the IAEAÕs mandate does not allow
it to engage in investigative activity. As
a result, contacts between the two have
been little more than desultory.

In Washington, meanwhile, early re-
sponses to the smuggling problem have
been ill conceived and poorly coordi-
nated. Since 1994, the Federal Bureau
of Investigations has taken the lead and

has been working closely with the De-
fense Nuclear Agency and the Defense
Intelligence Agency, but the U.S. remains
some distance from a comprehensive
policy.

We suggest that systematic multina-
tional measures be taken as soon as
possible to inhibit theft at the source,
to disrupt traÛcking and to deter buy-
ers. The U.S., Germany, Russia and oth-
er nations with an interest in the nuclear
problem should set up a Òßying squadÓ
with an investigative arm, facilities for
counterterrorist and counterextortion
actions and a disaster management
team.

Such an idea seems very far-fetched
at the moment, at least in part because
of a continuing reluctance to recognize
the severity of the threat. It would be a
tragedy if governments were to accept
the need for a more substantive pro-
gram only after a nuclear catastrophe.
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Although outlaw nations probably make up most of the 
market for nuclear weapons, there is a clear danger

that organized crime groups or terrorists could also join
the nuclear club. The transi-
tion from transporting nu-
clear contraband to using it
directly is apparently an easy
one: radioactive isotopes
have already been used for
murder. In late 1993 Russian
“Mafia” assassins allegedly
planted gamma-ray-emitting
pellets in the office of a
Moscow businessman, kill-
ing him within months. At
least half a dozen similar in-
cidents have been reported
in Russia since then.

A criminal organization
could also use radionuclides
for large-scale extortion
against a government or cor-
poration. It would be fairly
easy for a nuclear blackmail-
er to establish credibility by
leaving a sample for analy-

sis. Subsequent threats to pollute air or water supplies, or
even to detonate a small nuclear weapon, could have con-
siderable leverage. Nor can the possibility be entirely ex-

cluded that a terrorist orga-
nization or an extremist cult
such as the one that alleged-
ly carried out nerve-gas at-
tacks in 1995 in the Tokyo
subway might acquire nucle-
ar materials. 

Even if such a group did
not acquire enough uranium
or plutonium to make a fis-
sion weapon, they might be
able to mix unstable iso-
topes with conventional ex-
plosives to create widespread
contamination. If the terror-
ists who bombed the World
Trade Center in New York
City had made use of radio-
active substances, for exam-
ple, they might have killed
thousands and rendered a
major business district unin-
habitable. —P.W. and P.N.W.

Bombs and the Mob
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S
ixty years ago scientists at Cornell
University made an extraordinary
discovery. By placing rats on a

very low calorie diet, Clive M. McCay and
his colleagues extended the outer limit
of the animalsÕ life span by 33 percent,
from three years to four. They subse-
quently found that rats on low-calorie
diets stayed youthful longer and suf-
fered fewer late-life diseases than did
their normally fed counterparts. Since
the 1930s, caloric restriction has been
the only intervention shown convinc-
ingly to slow aging in rodents (which
are mammals, like us) and in creatures
ranging from single-celled protozoans
to roundworms, fruit ßies and Þsh.

Naturally, the great power of the
method raises the question of whether
it can extend survival and good health
in people. That issue is very much open,
but the fact that the approach works in
an array of organisms suggests the an-
swer could well be yes. Some intriguing
clues from monkeys and humans sup-
port the idea, too.

Of course, even if caloric austerity
turns out to be a fountain of youth for
humans, it might never catch on. After
all, our track record for adhering to se-
vere diets is poor. But scientists may
one day develop drugs that will safely
control our appetite over the long term
or will mimic the beneÞcial inßuences
of caloric control on the bodyÕs tissues.
This last approach could enable people
to consume fairly regular diets while
still reaping the healthful eÝects of lim-
iting their food intake. Many laborato-
ries, including mine at the University of
WisconsinÐMadison, are working to un-
derstand the cellular and molecular ba-
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Caloric Restriction and Aging
Eat less, but be sure to have enough protein, fat, vitamins and 
minerals. This prescription does wonders for the health 
and longevity of rodents. Might it help humans as well?

by Richard Weindruch

LIFE HAS BEEN EXTENDED, often sub-
stantially, by very low calorie diets in a
range of animals, some of which are de-
picted here. Whether caloric restriction
will increase survival in people remains
to be seen. Such diets are successful
only if the animals receive an adequate
supply of nutrients.

HUMAN

Normal Diet
Average life span: 75 years
Maximum life span: 110 years  
(with a few outliers beyond)

Caloric Restriction                      
Average life span: ??? 
Maximum life span: ??? 

WHITE RAT

Normal Diet
Average life span: 23 months
Maximum life span: 33 months

Caloric Restriction
Average life span: 33 months
Maximum life span: 47 months
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sis of how caloric restriction retards
aging in animals. Our eÝorts may yield
useful alternatives to strict dieting, al-
though at the moment most of us are
focused primarily on understanding
the aging process (or processes) itself.

Less Is More for Rodents

Research into caloric restriction has
now uncovered an astonishing

range of beneÞts in animalsÑprovided
that the nutrient needs of the dieters
are guarded carefully. In most studies
the test animals, usually mice or rats,
consume 30 to 50 percent fewer calo-
ries than are ingested by control sub-
jects, and they weigh 30 to 50 percent
less as well. At the same time, they re-
ceive enough protein, fat, vitamins and
minerals to maintain eÛcient operation
of their tissues. In other words, the ani-
mals follow an exaggerated form of a
prudent diet, in which they consume
minimal calories without becoming
malnourished.

If the nutrient needs of the animals
are protected, caloric restriction will
consistently increase not only the aver-
age life span of a population but also
the maximum spanÑthat is, the lifetime
of the longest-surviving members of the
group. This last outcome means that
caloric restriction tinkers with some ba-
sic aging process. Anything that fore-
stalls premature death, such as is caused
by a preventable or treatable disease or
by an accident, will increase the average
life span of a population. But one must
truly slow the rate of aging in order for
the hardiest individuals to surpass the
existing maximum.

Beyond altering survival, low-calorie
diets in rodents have postponed most
major diseases that are common late in
life [see box on next page], including
cancers of the breast, prostate, immune
system and gastrointestinal tract. More-
over, of the 300 or so measures of ag-
ing that have been studied, some 90
percent stay ÒyoungerÓ longer in calorie-
restricted rodents than in well-fed ones.

For example, certain immune respons-
es decrease in normal mice at one year
of age (middle age) but do not decline in
slimmer but genetically identical mice
until age two. Similarly, as rodents grow
older they generally clear glucose, a
simple sugar, from their blood less eÛ-
ciently than they did in youth (a change
that can progress to diabetes); they also
synthesize needed proteins more slow-
ly, undergo increased cross-linking (and
thus stiÝening) of long-lived proteins in
tissues, lose muscle mass and learn less
rapidly. In calorie-restricted animals, all
these changes are delayed.

Not surprisingly, investigators have
wondered whether caloric (energy) re-
striction per se is responsible for the ad-
vantages reaped from low-calorie diets
or whether limiting fat or some other
component of the diet accounts for the
success. It turns out the Þrst possibility
is correct. Restriction of fat, protein or
carbohydrate without caloric reduction
does not increase the maximum life
span of rodents. Supplementation

GUPPY

Normal Diet
Average life span: 33 months
Maximum life span: 54 months

Caloric Restriction
Average life span: 46 months
Maximum life span: 59 months

BOWL AND DOILY SPIDER

Normal Diet
Average life span: 50 days
Maximum life span: 100 days

Caloric Restriction                      
Average life span: 90 days
Maximum life span: 139 days

WATER FLEA

Normal Diet
Average life span: 30 days
Maximum life span: 42 days

Caloric Restriction
Average life span: 51 days
Maximum life span: 60 days

PROTOZOAN

Normal Diet
Average life span: 7 days

Maximum life span: 13 days

Caloric Restriction
Average life span: 13 days

Maximum life span: 25 days
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alone with multivitamins or high doses
of antioxidants does not work, and nei-
ther does variation in the type of di-
etary fat, carbohydrate or protein.

The studies also suggest, heartening-
ly, that caloric restriction can be useful
even if it is not started until middle age.
Indeed, the most exciting discovery of
my career has been that caloric restric-
tion initiated in mice at early middle
age can extend the maximum life span
by 10 to 20 percent and can oppose
the development of cancer. Further, al-
though limiting the caloric intake to
about half of that consumed by free-
feeding animals increases the maxi-
mum life span the most, less severe re-
striction, whether begun early in life or
later, also provides some beneÞt.

Naturally, scientists would be more

conÞdent that diet restriction could
routinely postpone aging in men and
women if the results in rodents could
be conÞrmed in studies of monkeys
(which more closely resemble people)
or in members of our own species. To
be most informative, such investiga-
tions would have to follow subjects for
many yearsÑan expensive and logisti-
cally difficult undertaking. Neverthe-
less, two major trials of monkeys are in
progress.

Lean, but Striking, Primate Data

It is too early to tell whether low-calo-
rie diets will prolong life or youthful-

ness in the monkeys over time. The
projects have, however, been able to
measure the eÝects of caloric restric-

tion on so-called biomarkers of aging:
attributes that generally change with
age and may help predict the future
span of health or life. For example, as
primates grow older, their blood pres-
sure and their blood levels of both in-
sulin and glucose rise; at the same time,
insulin sensitivity (the ability of cells to
take up glucose in response to signals
from insulin) declines. Postponement
of these changes would imply that the
experimental diet was probably slow-
ing at least some aspects of aging.

One of the monkey studies, led by
George S. Roth of the National Institute
on Aging, began in 1987. It is examin-
ing rhesus monkeys, which typically
live to about 30 years and sometimes
reach 40 years, and squirrel monkeys,
which rarely survive beyond 20 years.
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MAXIMUM LIFE SPAN

CALORIC INTAKE PER WEEK

MOUSE SURVIVAL AT DIFFERENT 
LEVELS OF CALORIC INTAKE
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RESTRICTION IN RODENTS: 
SELECTED EFFECTS

Postpones age-related declines in:
Blood glucose control; female reproductive capacity; 
DNA repair; immunity; learning ability; muscle mass;

protein synthesis

Slows age-related increases in:
Cross-linking of long-lived proteins; free-radical production
by mitochondria; unrepaired oxidative damage to tissues

Delays onset of late-life diseases, including:
Autoimmune disorders; cancers; cataracts;

diabetes; hypertension; kidney failure

Since 1900, advances in health practices have greatly
increased the average life span of Americans (inset

in a ), mainly by improving prevention and treatment of
diseases that end life prematurely. But those interven-
tions have not substantially affected the maximum life
span (far right in a ), which is thought to be determined
by intrinsic aging processes. (The curves and the data
in the inset show projections for people born in the
years indicated and assume conditions influencing sur-
vival do not change.) Caloric restriction, in contrast,
has markedly increased the maximum as well as the
average life span in rodents (b) and is, in fact, the only
intervention so far shown to slow aging in mammals—
a sign that aging in humans might be retarded as well.

Although severe diets extend survival more than mod-
erate ones, a study of mice fed a reduced-calorie diet
from early in life (three weeks of age) demonstrates that
even mild restriction offers some benefit (c). This finding
is potentially good news for people. Also encouraging
is the discovery that caloric restriction in rodents does
more than prolong life; it enables animals to remain
youthful longer (table). The calorie-restricted mouse in
the corner lived unusually long; most normally fed
mice of her ilk die by 40 months. She was 53 months
old when this photograph was taken and died of un-
known causes about a month later.
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Some animals began diet restriction in
youth (at one to two years), others af-
ter reaching puberty. The second proj-
ect, involving only rhesus monkeys, was
initiated in 1989 by William B. Ershler,
Joseph W. Kemnitz and Ellen B. Roeck-
er of the University of WisconsinÐMadi-
son; I joined the team a year later. Our
monkeys began caloric restriction as
young adults, at eight to 14 years old.
Both studies enforce a level of caloric
restriction that is about 30 percent be-
low the intake of normally fed controls.

So far the preliminary results are en-
couraging. The dieting animals in both
projects seem healthy and happy, albeit
eager for their meals, and their bodies
seem to be responding to the regimen
much as those of rodents do. Blood
pressure and glucose levels are lower
than in control animals, and insulin sen-
sitivity is greater. The levels of insulin
in the blood are lower as well.

No one has yet performed carefully
controlled studies of long-term caloric
restriction in average-weight humans
over time. And data from populations
forced by poverty to live on relatively
few calories are uninformative, because
such groups generally cannot attain ad-
equate amounts of essential nutrients.
Still, some human studies oÝer indirect
evidence that caloric restriction could
be of value. Consider the people of Oki-
nawa, many of whom consume diets
that are low in calories but provide
needed nutrients. The incidence of cen-
tenarians there is highÑup to 40 times
greater than that of any other Japanese
island. In addition, epidemiological sur-
veys in the U.S. and elsewhere indicate
that certain cancers, notably those of
the breast, colon and stomach, occur
less frequently in people reporting small
caloric intakes.

Intriguing results were also obtained
after eight people living in a self-con-
tained environmentÑBiosphere 2, near
Tucson, Ariz.Ñwere forced to curtail
their food intake sharply for two years
because of poorer than expected yields
from their food-producing eÝorts. The
scientiÞc merits of the overall project
have been questioned, but those of us
interested in the eÝects of low-calorie
diets were fortunate that Roy L. Walford
of the University of California at Los
Angeles, who is an expert on caloric re-
striction and aging (and was my scien-
tiÞc mentor), was the teamÕs physician.
Walford helped his colleagues avoid
malnutrition and monitored various as-
pects of the groupÕs physiology. His
analyses reveal that caloric restriction
led to lowered blood pressure and glu-
cose levelsÑjust as it does in rodents
and monkeys. Total serum cholesterol
declined as well.

The results in monkeys and humans
may be preliminary, but the rodent data
show unequivocally that caloric restric-
tion can exert a variety of beneÞcial ef-
fects. This variety raises something of
a problem for researchers: Which of the
many documented changes (if any) con-
tribute most to increased longevity and
youthfulness? Scientists have not yet
reached a consensus, but they have
ruled out a few once viable proposals.
For instance, it is known that a low in-
take of energy retards growth and also
shrinks the amount of fat in the body.
Both these eÝects were once prime con-
tenders as the main changes that lead to
longevity but have now been discounted.

Several other hypotheses remain un-
der consideration, however, and all of
them have at least some experimental
support. One such hypothesis holds
that caloric restriction slows the rate of
cell division in many tissues. Because
the uncontrolled proliferation of cells is
a hallmark of cancer, that change could
potentially explain why the incidence
of several late-life cancers is reduced in
animals fed low-calorie diets. Another
proposal is based on the Þnding that
caloric restriction tends to lower glu-
cose levels. Less glucose in the circula-
tion would slow the accumulation of
sugar on long-lived proteins and would
thus moderate the disruptive eÝects of
this buildup.

A Radical Explanation

The view that has so far garnered the
most convincing support, though,

holds that caloric restriction extends
survival and vitality primarily by limit-
ing injury of mitochondria by free radi-
cals. Mitochondria are the tiny intracel-
lular structures that serve as the power
plants of cells. Free radicals are highly
reactive molecules (usually derived from

oxygen) that carry an unpaired electron
at their surface. Molecules in this state
are prone to destructively oxidizing, or
snatching electrons from, any com-
pound they encounter. Free radicals
have been suspected of contributing to
aging since the 1950s, when Denham
Harman of the University of Nebraska
Medical School suggested that their gen-
eration in the course of normal metab-
olism gradually disrupts cells. But it was
not until the 1980s that scientists began
to realize that mitochondria were prob-
ably the targets hit hardest.

The mitochondrial free-radical hy-
pothesis of aging derives in part from
an understanding of how mitochondria
produce ATP (adenosine triphosphate)Ñ
the molecule that provides the energy
for most cellular processes, such as
pumping ions across cell membranes,
contracting muscle Þbers and construct-
ing proteins. ATP synthesis occurs by a
very complicated sequence of reactions,
but essentially it involves activity by a
series of molecular complexes embed-
ded in an internal membraneÑthe in-
ner membraneÑof mitochondria. With
help from oxygen, the complexes extract
energy from nutrients and use that en-
ergy to manufacture ATP.

Unfortunately, the mitochondrial ma-
chinery that draws energy from nutri-
ents also produces free radicals as a
by-product. Indeed, mitochondria are
thought to be responsible for creating
most of the free radicals in cells. One
such by-product is the superoxide radi-
cal (O2

.Ð). (The dot in the formula
represents the unpaired electron.) This
renegade is destructive in its own right
but can also be converted into hydrogen
peroxide (H2O2), which technically is
not a free radical but can readily form
the extremely aggressive hydroxyl free
radical (OH.Ð).

Once formed, free radicals can dam-
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MICE ARE THE SAME AGEÑ40 months. Yet compared with the normally fed ani-
mal at the right, the one at the left, which has been reared on a low-calorie diet
since 12 months of age (early middle age), looks younger and is healthier.
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Aleading explanation for why we age places much of 
the blame on destructive free radicals (red ) generat-

ed in mitochondria, the cell’s energy factories. The radicals
form (left ) when the energy-producing machinery in mito-
chondria (boxed in black ) uses oxygen and nutrients to
synthesize ATP (adenosine triphosphate)—the molecule
(green) that powers most other activities in cells. Those

radicals attack, and may permanently injure, the machin-
ery itself and the mitochondrial DNA that is needed to
construct parts of it. They can also harm other compo-
nents of mitochondria and cells.

The theory suggests that over time (right ) the accumu-
lated damage to mitochondria precipitates a decline in
ATP production. It also engenders increased production of
free radicals, thereby accelerating the destruction of cellular
components. As cells become starved for energy and
damaged, they function less efficiently. Then the tissues
they compose and the entire body begin to fail. Many in-
vestigators suspect caloric restriction slows aging primar-
ily by lowering free-radical production in mitochondria.

A Theory of Aging

The energy-producing machinery in mitochondria con-
sists mainly of the electron-transport chain: a series of

four large (gray) and two smaller (light green ) molecular
complexes. Complexes I and II (far left ) take up electrons
(gold arrows ) from food and relay them to ubiquinone,
the site of greatest free-radical (red ) generation. Ubiqui-
none sends the electrons down the rest of the chain to

complex IV, where they interact with oxygen and hydro-
gen to form water. The electron flow induces protons (H+)
to stream (blue arrows) to yet another complex—ATP syn-
thase (purple)—which draws on energy supplied by the
protons to manufacture ATP (dark green). Free radicals
form when electrons escape from the transport chain and
combine with oxygen in their vicinity.
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age proteins, lipids (fats) and DNA any-
where in the cell. But the components
of mitochondriaÑincluding the ATP-
synthesizing machinery and the mito-
chondrial DNA that gives rise to some
of that machineryÑare believed to be
most vulnerable. Presumably they are
at risk in part because they reside at or
near the Òground zeroÓ site of free-rad-
ical generation and so are constantly
bombarded by the oxidizing agents.
Moreover, mitochondrial DNA lacks the
protein shield that helps to protect nu-
clear DNA from destructive agents.
Consistent with this view is that mito-
chondrial DNA suÝers much more ox-
idative damage than does nuclear DNA
drawn from the same tissue.

Proponents of the mitochondrial free-
radical hypothesis of aging suggest that
damage to mitochondria by free radicals
eventually interferes with the eÛciency
of ATP production and increases the
output of free radicals. The rise in free
radicals, in turn, accelerates the oxida-
tive injury of mitochondrial compo-
nents, which inhibits ATP production
even more. At the same time, free radi-
cals attack cellular components outside
the mitochondria, further impairing cell
functioning. As cells become less eÛ-
cient, so do the tissues and organs they
compose, and the body itself becomes
less able to cope with challenges to its
stability. The body does try to counter-
act the noxious eÝects of the oxidizing
agents. Cells possess antioxidant en-
zymes that detoxify free radicals, and
they make other enzymes that repair
oxidative damage. Neither of these sys-
tems is 100 percent eÝective, though,
and so such injury is likely to accumu-
late over time.

Experimental Support

The proposal that aging stems to a
great extent from free-radical-in-

duced damage to mitochondria and
other cellular components has recently
been buttressed by a number of Þnd-
ings. In one striking example, Rajindar
S. Sohal, William C. Orr and their col-
leagues at Southern Methodist Univer-
sity in Dallas investigated rodents and
several other organisms, including fruit
ßies, houseßies, pigs and cows. They
noted increases with age in free-radical
generation by mitochondria and in ox-
idative changes to the inner mitochon-
drial membrane (where ATP is synthe-
sized) and to mitochondrial proteins
and DNA. They also observed that great-
er rates of free-radical production cor-
relate with shortened average and maxi-
mum life spans in several of the species. 

It turns out, too, that ATP manufac-
ture decreases with age in the brain,

heart and skeletal muscle, as would be
expected if mitochondrial proteins and
DNA in those tissues were irreparably
impaired by free radicals. Similar de-
creases also occur in human tissues
and may help explain why degenerative
diseases of the nervous system and
heart are common late in life and why
muscles lose mass and weaken.

Some of the strongest support for the
proposition that caloric restriction re-
tards aging by slowing oxidative injury
of mitochondria comes from SohalÕs
group. When the workers looked at mi-
tochondria harvested from the brain,
heart and kidney of mice, they discov-
ered that the levels of the superoxide
radical and of hydrogen peroxide were
markedly lower in animals subjected to
long-term caloric restriction than in nor-
mally fed controls. In addition, a sig-
niÞcant increase of free-radical produc-
tion with age seen in the control groups
was blunted by caloric restriction in the
experimental group. This blunted in-
crease was, moreover, accompanied by
lessened amounts of oxidative insult to
mitochondrial proteins and DNA. Other
work indicates that caloric restriction
helps to prevent age-related changes in
the activities of some antioxidant en-
zymesÑalthough many investigators, in-

cluding me, suspect that strict dieting
ameliorates oxidative damage mainly
through slowing free-radical production.

By what mechanism might caloric re-
striction reduce the generation of free
radicals? No one yet knows. One pro-
posal holds that a lowered intake of
calories may somehow lead to slower
consumption of oxygen by mitochon-
driaÑeither overall or in selected cell
types. Alternatively, low-calorie diets
may increase the eÛciency with which
mitochondria use oxygen, so that fewer
free radicals are made per unit of oxy-
gen consumed. Less use of oxygen or
more eÛcient use would presumably
result in the formation of fewer free
radicals. Recent Þndings also intimate
that caloric control may minimize free-
radical generation in mitochondria by
reducing levels of a circulating thyroid
hormone known as triiodothyronine,
or T3, through unknown mechanisms. 

Applications to Humans?

Until research into primates has pro-
gressed further, few scientists would

be prepared to recommend that large
numbers of people embark on a severe
caloric-restriction regimen. Neverthe-
less, the accumulated Þndings do oÝer
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RESULTS FROM ONGOING TRIAL of caloric restriction in rhesus monkeys cannot
yet reveal whether limiting calories will prolong survival. But comparison of a con-
trol group (left ) with animals on a strict diet (right ) after Þve years indicates that
at least some biological measures that typically rise with age are changing more
slowly in the test animals. Blood pressure is only slightly lower in the restricted
group now, but has been markedly lower for much of the study period. 

Food intake: 688 calories per day

Body weight: 31 pounds

Percent of weight from fat: 25

      MEASURES OF HEALTH

Blood pressure: 129/60
(systole/diastole)

Glucose level: 71
(milligrams per deciliter of blood)

Insulin level: 93
(microunits per milliliter of blood)

Triglycerides: 169
(milligrams per deciliter of blood)

Food intake: 477 calories per day

Body weight: 21 pounds

Percent of weight from fat: 10

      MEASURES OF HEALTH

Blood pressure: 121/51
(systole/diastole)

Glucose level: 56
(milligrams per deciliter of blood)

Insulin level: 29
 (microunits per milliliter of blood)

Triglycerides: 67
(milligrams per deciliter of blood)
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some concrete lessons for
those who wonder how such
programs might be imple-
mented in humans.

One implication is that
sharp curtailment of food in-
take would probably be detri-
mental to children, consider-
ing that it retards growth in
young rodents. Also, because
children cannot tolerate star-
vation as well as adults can,
they would presumably be
more susceptible to any as yet
unrecognized negative eÝects
of a low-calorie diet (even
though caloric restriction is
not equivalent to starvation).
An onset at about 20 years of
age in humans should avoid
such drawbacks and would
probably provide the greatest
extension of life.

The speed with which calo-
ries are reduced needs to be
considered, too. Early re-
searchers were unable to pro-
long survival of rats when
diet control was instituted in
adulthood. I suspect the fail-
ure arose because the animals
were put on the regimen too
suddenly or were given too
few calories, or both. Working
with year-old mice, my col-
leagues and I have found that
a gradual tapering of calories
to about 65 percent of nor-
mal did increase survival.

How might one determine
the appropriate caloric intake
for a human being? Extrapo-
lating from rodents is diÛcult,
but some Þndings imply that
many people would do best
by consuming an amount that enabled
them to weigh 10 to 25 percent less than
their personal set point. The set point is
essentially the weight the body is Òpro-
grammedÓ to maintain, if one does not
eat in response to external cues, such
as television commercials. The problem
with this guideline is that determining
an individualÕs set point is tricky. Instead
of trying to identify their set point, diet-
ers (with assistance from their health

advisers) might engage in some trial
and error to Þnd the caloric level that
reduces the blood glucose or choles-
terol level, or some other measures of
health, by a predetermined amount.

The research in animals further im-
plies that a reasonable caloric-restric-
tion regimen for humans might involve
a daily intake of roughly one gram (0.04
ounce) of protein and no more than
about half a gram of fat for each kilo-

gram (2.2 pounds) of current
body weight. The diet would
also include enough complex
carbohydrate (the long chains
of sugars abundant in fruits
and vegetables) to reach the
desired level of calories. To
attain the standard recom-
mended daily allowances for
all essential nutrients, an in-
dividual would have to select
foods with extreme care and
probably take vitamins or
other supplements.

Anyone who contemplated
following a caloric-restriction
regimen would also have to
consider potential disadvan-
tages beyond hunger pangs
and would certainly want to
undertake the program with
the guidance of a physician.
Depending on the severity of
the diet, the weight loss that
inevitably results might im-
pede fertility in females.
Also, a prolonged anovulato-
ry state, if accompanied by a
diminution of estrogen pro-
duction, might increase the
risk of osteoporosis (bone
loss) and loss of muscle mass
later in life. It is also possible
that caloric restriction will
compromise a personÕs abili-
ty to withstand stress, such
as injury, infection or expo-
sure to extreme temperatures.
Oddly enough, stress resis-
tance has been little studied
in rodents on low-calorie di-
ets, and so they have little to
teach about this issue.

It may take another 10 or
20 years before scientists

have a Þrm idea of whether caloric re-
striction can be as beneÞcial for hu-
mans as it clearly is for rats, mice and
a variety of other creatures. Meanwhile
investigators studying this intervention
are sure to learn much about the na-
ture of aging and to gain ideas about
how to slow itÑwhether through calo-
ric restriction, through drugs that re-
produce the eÝects of dieting or by
methods awaiting discovery.
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DINNER of a person on a roughly 2,000-calorie diet (top)
might be reduced considerablyÑby about a third of the cal-
ories (bottom)Ñfor someone on a caloric-restriction regimen.
To avoid malnutrition, people on such programs would
choose nutrient-dense foods such as those shown. 

TYPICAL MEAL

CALORIE-RESTRICTED MEAL

Calories: 1,268
From fat: 33%; from protein: 22%; from carbohydrate: 45%

Sparkling
water

8 ounces

Calories: 940
From fat: 18%; from protein: 32%; from carbohydrate: 50%

Skim milk
8 ounces

Plain yogurt
3 ounces

 Brewer’s
yeast

2 tablespoons

Spinach
1 cup

Sweet potato
4 ounces

Salmon
3 ounces
(before broiling)

Broccoli
1 stalk

Summer
squash

1 cup
Soybeans
1/5 cup

Brown rice
1/2 cup

Fruit
salad
1/2 cup

Beef sirloin
6 ounces

(before broiling)

Lettuce
1/5 head

Tomatoes
1/2 cup
Salad

dressing
2 tablespoons

French
bread
2 slices
Butter
1 1/2
tablespoons

Baked potato
7 ounces
Sour cream
1 tablespoon

 Carrots
1 cup

Peas
1/2 cup

Apple strudel
1 piece
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T
he ability to store and process in-
formation in new ways has been
essential to humankindÕs pro-

gress. From early Sumerian clay tokens
through the Gutenberg printing press,
the Dewey decimal system and, eventu-
ally, the semiconductor, information
storage has been the catalyst for in-
creasingly complex legal, political and
societal systems. Modern science, too, is
inextricably bound to information pro-
cessing, with which it exists in a form of
symbiosis. ScientiÞc advances have en-
abled the storage, retrieval and process-
ing of ever more information, which has,
in turn, helped generate the insights
needed for further advances.

Over the past few decades, semicon-
ductor electronics has become the driv-
ing force in this crucial endeavor, ush-
ering in a remarkable epoch. Integrated
circuits made possible the personal com-
puters that have transformed the world
of business, as well as the controls that
make engines and machines run more
cleanly and eÛciently and the medical
systems that save lives. In so doing, they
spawned industries that are able to gen-
erate hundreds of billions of dollars in
revenues and provide jobs for millions
of people. All these beneÞts, and far too
many more to list here, accrue in no
small measure from the fact that the
semiconductor industry has been able
to integrate more and more transistors
onto chips, at ever lower costs.

This ability, largely unprecedented in
industrial history, is so fundamental in
the semiconductor business that it is lit-
erally regarded as a law. Nevertheless,
from time to time, fears that technical
and economic obstacles might soon
slow the pace of advances in semicon-
ductor technology have cropped up.
Groups of scientists and engineers have
often predicted the imminence of so-
called showstopping problems, only 
to see those predictions foiled by the

creativity and ingenuity of their peers.
To paraphrase a former U.S. presi-

dent, here we go again. With the cost of
building a new semiconductor facility
now into 10 Þgures, and with the densi-
ties of transistors close to the theoreti-
cal limits for the technologies being
used, an unsettling question is once
more being asked in some quarters.
What will happen to the industry when
it Þnally must confront technical barri-
ers that are truly impassable?

Moore and More Transistors

In 1964, six years after the integrated
circuit was invented, Gordon Moore

observed that the number of transis-
tors that semiconductor makers could
put on a chip was doubling every year.
Moore, who cofounded Intel Corpora-
tion in 1968 and is now an industry
sage, correctly predicted that this pace
would continue into at least the near fu-
ture. The phenomenon became known
as MooreÕs Law, and it has had far-
reaching implications.

Because the doublings in density were
not accompanied by an increase in cost,
the expense per transistor was halved
with each doubling. With twice as many
transistors, a memory chip can store
twice as much data. Higher levels of in-
tegration mean greater numbers of func-
tional units can be integrated onto the
chip, and more closely spaced devices,
such as transistors, can interact with
less delay. Thus, the advances gave us-
ers increased computing power for the
same money, spurring both sales of
chips and demand for yet more power.

To the amazement of many expertsÑ
including Moore himselfÑintegration
continued to increase at an astounding
rate. True, in the late 1970s, the pace
slowed to a doubling of transistors ev-
ery 18 months. But it has held to this
rate ever since, leading to commercial

integrated circuits today with more than
six million transistors. The electronic
components in these chips measure 0.35
micron across. Chips with 10 million or
more transistors measuring 0.25 or
even 0.16 micron are expected to be-
come commercially available soon.

In stark contrast to what would seem
to be implied by the dependable dou-
bling of transistor densities, the route
that led to todayÕs chips was anything
but smooth. It was more like a harrow-
ing obstacle course that repeatedly re-
quired chipmakers to overcome signi-
Þcant limitations in their equipment
and production processes. None of
those problems turned out to be
the dreaded showstopper whose
solution would be so costly that
it would slow or even halt the pace
of advances in semiconductors and,
therefore, the growth of the industry.
Successive roadblocks, however, have
become increasingly imposing, for rea-
sons tied to the underlying technolo-
gies of semiconductor manufacturing.

Chips are made by creating and in-
terconnecting transistors to form com-
plex electronic systems on a sliver of
silicon. The fabrication process is based
on a series of steps, called mask layers,
in which Þlms of various materialsÑ
some sensitive to lightÑare placed on
the silicon and exposed to light. After
these deposition and lithographic pro-
cedures, the layers are processed to
ÒetchÓ the patterns that, when precisely
aligned and combined with those on
successive layers, produce the transis-
tors and connections. Typically, 200 or
more chips are fabricated simultaneous-
ly on a thin disk, or wafer, of silicon [see
illustration on page 58 ].

In the Þrst set of mask layers, insulat-
ing oxide Þlms are deposited to make
the transistors. Then a photosensitive
coating, called the photoresist, is spun
over these Þlms. The photoresist is ex-
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Although the days of runaway growth
may be numbered, their passing may force
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posed with a stepper, which is similar to
an enlarger used to make photographic
prints. Instead of a negative, however,
the stepper uses a reticle, or mask, to
project a pattern onto the photoresist.
After being exposed, the photoresist is
developed, which delineates the spac-
es, known as contact windows, where
the diÝerent conducting layers inter-
connect. An etcher then cuts through
the oxide Þlm so that electrical contacts
to transistors can be made, and the
photoresist is removed.

More sets of mask layers, based on
much the same deposition, lithography

and etching steps, create the
conducting Þlms of metal or

polysilicon needed to link transistors.
All told, about 19 mask layers are re-
quired to make a chip.

The physics underlying these manu-
facturing steps suggests several poten-
tial obstacles to continued technical
progress. One follows from RayleighÕs
resolution limit, named after John Wil-
liam Strutt, the third Baron of Rayleigh,
who won the 1904 Nobel Prize for Phys-
ics. According to this limit, the size of
the smallest features that can be re-
solved by an optical system with a cir-

cular aperture is pro-
portional to the wave-

length of the light
source divided by the di-

ameter of the aperture of
the objective lens. In other

words, the shorter the wave-
lengths and larger the aper-

ture, the Þner the resolution.
The limit is a cardinal law in

the semiconductor industry be-
cause it can be used to determine

the size of the smallest transistors
that can be put on a chip. In the lithog-

raphy of integrated circuits, the most
commonly used light source is the mer-
cury lamp. Its most useful line spectra
for this purpose occur at 436 and 365
nanometers, the so-called mercury g
and i lines. The former is visible to the
human eye; the latter is just beyond
visibility in the ultraviolet. The numeri-
cal apertures used range from a low of
about 0.28 micron for run-of-the-mill
industrial lenses to a high of about 0.65
for those in leading-edge lithography
tools. These values, taken together with
other considerations arising from de-
mands of high-volume manufacturing,
give a limiting resolution of about 0.54
micron for g-line lenses and about 0.48
for i-line ones.

Until the mid-1980s, it was believed
that g-line operation was the practical
limit. But one by one, obstacles to i-line
operation were eliminated in a manner
that well illustrates the complex rela-
tions between economics and technolo-
gy in the industry. Technical barriers
were surmounted, and, more impor-
tant, others were found to be mere by-
products of the level of risk the enter-
prise was willing to tolerate. This histo-
ry is quite relevant to the situation the
industry now Þnds itself inÑclose to
what appear to be the practical limits
of i-line operation.

Must the Show Go On?

One of the impediments to i-line op-
eration was the fact that most of

the glasses used in lenses are opaque
at i-line frequencies, necessitating the
use of quartz. Even if practical quartz

CIRCUIT LAYOUT helps designers keep track of the
design for a chip. DiÝerent layers of the chip are
shown in diÝerent colors. This image shows part of
the layout for MotorolaÕs forthcoming Power PC 620
microprocessor.
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lenses could be made, it was reasoned,
verifying the alignment of patterns that
could not be seen would be diÛcult.
Moreover, only about 70 percent of i-line
radiation passes through the quartz;
the rest is converted to heat in the lens,
which can distort the image.

Nor do these represent the extent of
the diÛculties. RayleighÕs limit also es-
tablishes the interval within which the
pattern projected by the lens is in focus.
Restricted depth of focus can work
against resolution limits: the better the
resolution, the shallower the depth of
focus. For a lens as described above, the
depth of focus is about 0.52 micron for
the best g-line lenses and about 0.50
for i-line ones. Such shallow depths de-
mand extremely ßat wafer surfacesÑ

much ßatter than what could be main-
tained across the diagonal of a large
chip with the best available equipment
just several years ago.

Innovative solutions overcame these
limitations. Planarizing methods were
developed to ensure optically ßat sur-
faces. Fine adjustments to the edges of
the patterns in the reticle were used to
shift the phase of the incoming i-line
radiation, permitting crisper edge deÞ-
nitions and therefore smaller featuresÑ
in eÝect, circumventing RayleighÕs lim-
it. One of the last adjustments was the
simple acceptance of a lower value of
the proportionality constant, which is
related to the degree of contrast in the
image projected onto the wafer during
lithography. For i-line operation, manu-

facturers gritted their teeth and accept-
ed a lower proportionality constant than
was previously thought practical. Use
of the lower value meant that the mar-
gins during fabrication would be lower,
requiring tighter controls over process-
esÑlithography, deposition and etch-
ingÑto keep the number of acceptable
chips per wafer (the yield) high. As a
result of these innovations, i-line step-
pers are now routinely used to expose
0.35-micron features.

In this last instance, what was really
at issue was the loss in contrast ratio
that a company was willing to tolerate.
With perfect contrast, the image that is
created on the photoresist is sharp. Like
so many of the limitations in the indus-
try, contrast ratio was perceived to be a
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CHIP FABRICATION occurs as a cycle of steps carried out as
many as 20 times. Many chips are made simultaneously on a
silicon wafer, to which has been applied a light-sensitive coat-
ing (1). Each cycle starts with a diÝerent pattern, which is pro-
jected repeatedly onto the wafer (2). In each place where the

image falls, a chip is made. The photosensitive coating is re-
moved (3), and the light-exposed areas are etched by gases
(4). These areas are then showered with ions (or ÒdopedÓ),
creating transistors (5). The transistors are then connected as
successive cycles add layers of metal and insulator (6 ).
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technical barrier, but it was actually a
risk decision. Lower contrast ratios did
not lower yields, it was found, if there
were tighter controls elsewhere in the
process.

It has been diÛcult to predict whenÑ
or ifÑthis stream of creative improve-
ments will dry up. Nevertheless, as the
stream becomes a trickle, the economic
consequences of approaching technical
barriers will be felt before the barriers
themselves are reached. For example,
the costs of achieving higher levels of
chip performance rise very rapidly as
the limits of a manufacturing technolo-
gy are approached and then surpassed.
Increasing costs may drive prices be-
yond what buyers are willing to pay,
causing the market to stagnate before
the actual barriers are encountered.

Eventually, though, as a new manu-
facturing technology takes hold, the
costs of fabricating chips begin to de-
cline. At this point, the industry has
jumped from a cost-performance curve
associated with the old technology to a
new curve for the new process. In eÝect,
the breakthrough from one manufac-
turing technology to another forces the
cost curve to bend downward, pushing
technical limits farther out [see illustra-

tion at right ]. When this happens, high-
er levels of performance are obtainable
without an increase in cost, prompting
buyers to replace older equipment. This
is important in the electronics indus-
try, because products seldom wear out
before becoming obsolete.

The principles outlined so far apply
to all kinds of chips, but memory is the
highest-volume business and is in some
ways the most signiÞcant. From about
$550,000 25 years ago, the price of a
megabyte of semiconductor memory
has declined to just $38 today. But over
the same period, the cost of building a
factory to manufacture such memory
chips has risen from less than $4 mil-
lion to a little more than $1.2 billion,
putting the business beyond the reach
of all but a few very large Þrms. Such
skyrocketing costs, propelled mainly
by the expense of having to achieve ever
more imposing technical breakthroughs,
have once again focused attention on
limits in the semiconductor industry.

Breakthroughs Needed

The semiconductor industry is not
likely to come screeching to a halt

anytime soon. But the barriers now be-
ing approached are so high that getting
beyond them will probably cause more
far-reaching changes than did previous
cycles of this kind. To understand why
requires outlining some details about
the obstacles themselves.

Most have to do with the thin-Þlm
structures composing the integrated
circuit or with the light sources needed
to make the extremely thin conducting
lines or with the line widths themselves.
Two examples concern the dielectric
constant of the insulating thin Þlms.
The dielectric constant is an electrical
property that indicates, among other
things, the ability of an insulating Þlm
to keep signals from straying between
the narrowly spaced conducting lines
on a chip. Yet as more transistors are
integrated onto a chip, these Þlms are
packed closer together, and cross-talk
between signal lines becomes worse.

One possible solution is to reduce the
value of the dielectric constant, making
the insulator more impermeable to
cross-talk. This, in turn, initiates a two-
fold search, one for new materials with
lower dielectric constants, the other for
new Þlm structures that can reduce fur-
ther the overall dielectric constant. Some
engineers are even looking for ways to
riddle the insulating Þlm with small
voids, to take advantage of the very low
dielectric constant of air or a vacuum.

Elsewhere on the chip, materials with
the opposite propertyÑa high dielectric
constantÑare needed. Most
integrated circuits require ca-
pacitors. In a semiconductor
dynamic random-access mem-
ory (DRAM), for instance, each
bit is actually stored in a ca-
pacitor, a device capable of
retaining an electrical charge.
(A charged capacitor repre-
sents binary 1, and an un-
charged capacitor is 0.) Typi-
cally, the amount of capaci-
tance available on a chip is
never enough. Capacitance is
proportional to the dielectric
constant, so DRAMs and sim-
ilar chips need materials of a
high dielectric constant.

The quest for more ad-
vanced light sources for lith-
ography is also daunting. Fin-
er resolution demands short-
er wavelengths. But the most
popular mercury light sourc-
es in use today emit very little
energy at wavelengths short-
er than the i lineÕs 365 nano-
meters. Excimer lasers are
useful down to about 193
nanometers but generate lit-
tle energy below that wave-
length. In recent years, exci-
mer-laser lithography has
been used to fabricate some
special-purpose, high-perfor-
mance chips in small batches.
For still shorter wavelengths,
x-ray sources are the last re-

sort. Nevertheless, 20 years of research
on x-ray lithography has produced only
modest results. No commercially avail-
able chips have been made with x-rays.

Billion-Dollar Factories

Economic barriers also rise with in-
creasing technical hurdles and usu-

ally make themselves evident in the
form of higher costs for equipment,
particularly for lithography. Advances
in lithography equipment are especially
important because they determine the
smallest features that can be created on
chips. Although the size of these small-
est possible features has shrunk at
roughly 14 percent annually since the
earliest days of the industry, the price
of lithography equipment has risen at
28 percent a year.

In the early days, each new genera-
tion of lithography equipment cost 10
times as much as the previous one did.
Since then, the intergenerational devel-
opment of stepping aligners has re-
duced these steep price increases to a
mere doubling of price with each new
signiÞcant development. The price of
other kinds of semiconductor-fabrica-
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COST CURVE is associated with each chip-manu-
facturing system. Technology barriers, T1 and T2 ,
are where minute increases in chip performance
can be achieved only at a huge cost. Economic
barriers are encountered well before the techno-
logical ones, however. These occur where the line
representing the maximum price customers are
willing to pay intersects with the curves (at E1 and
E2). Technology breakthroughs have the effect of
bending the curve downward, to the position of
the darker plot. When this happens, performance
improves, shifting the barriers to E2 and T2.
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For about 60 years, almost all in-
dustrial companies have used ba-

sically the same model to keep track
of financial returns from their invest-
ments in equipment, research, mar-
keting and all other categories. De-
veloped just before World War I by
Donaldson Brown of Du Pont, the
model was brought into the business
mainstream by General Motors dur-
ing its effort to surpass Ford Motor
Company as the dominant maker of
automobiles.

Since its universal adaptation, this
return-on-investment (ROI) model has
held up well in industries in which
the rates of growth and technological

advance are relatively small. To our
knowledge, however, the model has
never been shown to work well in a
sector such as the semiconductor in-
dustry, in which many key rates of
change—of product performance and
the cost of manufacturing equipment,
to name just two—are in fact nonlin-
ear. From an economic viewpoint, it is
this nonlinearity that makes the semi-

conductor industry essentially unlike
all other large industries and there-
fore renders all other business mod-
els unsuitable.

In the semiconductor industry, rela-
tively large infusions of capital must
be periodically bestowed on equip-
ment and research, with each infu-
sion exponentially larger than the one
before. Moreover, as is true for any
company, investments in research,
new equipment and the like must
eventually generate a healthy profit.
At present, however, semiconductor
companies have no way of determin-
ing precisely the proportion of their
financial returns that comes from their

technology investments.
This inability poses a seri-
ous problem for the semi-
conductor industry. So for
several years we have
been working on meth-
ods of characterizing the
industry that take into ac-
count these nonlinear ele-
ments, with an eye toward
modifying the ROI model.

In the conventional
model, additional capital
investments are made
only when gaps occur be-
tween a manufacturer’s
actual and anticipated ca-
pacity (the latter is the ca-
pacity a company thinks
it will need to meet de-
mand in the near future).
Such gaps usually result
from the aging of equip-
ment and the departure
of experienced person-
nel. In industries such as
semiconductors, on the
other hand, not only must
increases in capacity be
constantly anticipated, but
also great advances in the
manufacturing technolo-
gy itself must be foreseen
and planned for.

To account for this
technology-drag effect, we
began by considering the

ratio of cash generated during any
given year to investments made in
new technology the year before. New
technology, in this context, consists
of both new manufacturing equip-
ment and research and development.
Cash generated during the year is the
gross profit generated by operations,
including money earmarked for rein-
vestment in R&D. (For tax reasons,

the standard practice in the industry
is not to include R&D funds in this
category but rather to treat them as
an operating expense.)

What this ratio indicates are incre-
mental profits per incremental invest-
ment, one year removed. It shows, in
effect, how high a company is keep-
ing its head above water, with respect
to profits, thanks to its investment in
ever more costly technology. ROI, in
contrast, measures the incremental
profits over a year coming from all in-
vestments, rather than just those of
the previous year.

So far we have merely lumped new
manufacturing equipment and R&D
together as new technology. But the
effect of technology drag becomes
more striking when the two catego-
ries are separated, and the ebb and
flow between them is elucidated. One
way of doing this is to compute the
ratio of these two investments year
by year and then plot it against our
old standby: the ratio of cash gener-
ated during a given year to invest-
ments made in new technology dur-
ing the previous year. The results for
Intel over most of its history are plot-
ted in the chart at left.

Several interesting aspects of Intel’s
financial history emerge in this dia-
gram, called a phase chart. Connect-
ing the plotted points traces loops that
each correspond to roughly a six-year
cycle, during which Intel roams from
a period of unprofitable operations
caused by heavy capital investment
to an interval of very good cash gen-
eration stemming from much lighter
capital investment. From the chart, it
is clear that Intel is now entering an-
other period of heavy capital invest-
ment. Other semiconductor (and com-
parable high-technology) companies
go through similar cycles. Of course,
the timing of the periods of profitabil-
ity and heavy investment varies from
company to company.

Each loop’s lower portion is lower
than the one that preceded it. This in-
sight is perhaps the most significant
that the illustration has to offer, be-
cause it means that Intel’s profits, rel-
ative to the capital expenditures gen-
erating them, are declining with each
successive cycle. Because it shows
the full cycle between investment in
technology and its payoff, this phase
chart is a powerful tool for observing
and managing the investment cycles
peculiar to this unique, dynamic in-
dustry. —G.D.H. and J.D.H.

How Much Bang for the Buck?

PHASE CHART shows the relation between IntelÕs
proÞts and investments in technology through-
out the companyÕs history. Plotted points trace
loops that each correspond to roughly a six-year
cycle. (Each is shown in a diÝerent color.) During
each of them, Intel roams from a period of unpro-
Þtable operations caused by heavy investment to
an interval of very good cash generation stem-
ming from much lighter investment. Green arrows
indicate the year in each cycle when Intel made
the most money and spent lightly on equipment.
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tion equipment has gone up similarly.
Such increases have boosted the over-

all costs of building semiconductor
plants at about half the rate of MooreÕs
Law, doubling every three years. Intel is
spending $1.1 billion on its new facto-
ry in Hillsboro, Ore., and $1.3 billion on
another one in Chandler, Ariz. Samsung
and Siemens are each building plants
that will cost $1.5 billion to Þnish; Mo-
torola has plans for a factory that may
cost as much as $2.4 billion. Smaller
factories can be built for less, but they
tend to be less eÛcient.

That factories now cost so much is
one piece of widely cited evidence that
formidable technical barriers are close.
But the fear that the barriers might be
insurmountable, bringing the industry
to a halt, seems to us to be unfounded.
Rather the prices of semiconductors
may increase, and the rate of change in
the industry may slow.

Such an occurrence would not be en-
tirely without precedent. The cost per
bit of memories rose by 279 percent
between 1985 and 1988 without dire
consequences. In fact, 1988 was one of
the semiconductor industryÕs best years.
When the cost per bit begins to rise
permanently, the most likely result will
be an industrial phase change that sig-
niÞcantly alters business models.

Up, Up and Away

Virtually every industry more than a
few decades old has had to endure

such phase changes. Although the semi-
conductor industry is obviously unique,
it is still subject to the principles of
economics and of supply and demand.
So the history of older, technical indus-
tries, such as aviation, railroads and
automobiles, would seem to have epi-
sodes that could act as pointers about
what to expect.

Like the semiconductor industry, avi-
ation had a fast start. In less than 40
years the industry went from the Wright
brothersÕ monoplane to the Pan Am
Clipper, the Flying Fortress and the Su-
perfortress. Also like the semiconductor
industry, aviation initially served main-
ly military markets before moving on
to nonmilitary ones (mail and passen-
ger transport). The aviation industry
sustained growth by lowering the costs
per passenger-mile traveled, while also
reducing transit times. The dual mis-
sions are comparable to the semicon-
ductor industryÕs steadfast eÝorts to
increase the density of transistors on
chips and therefore boost performance,
while lowering chip costs.

For several decades, aviation grew by
focusing its research and development
on increasing passenger capacity and

airspeed. Eventually, the trends peaked
with BoeingÕs 747 as a benchmark for
capacity and the Concorde as one for
speed. Although the 747 was a success-
ful aircraft, Þlling its many seats was
often diÛcult on all but the longest
routes. The Concorde, on the other
hand, was an economic failure because
noise pollution limited its use. Both
represented high-water marks, in the
sense that technology could not realis-
tically provide more capacity or speed.
Nevertheless, aviation did not go into a
tailspin. It entered a second phase in
which a greater diversity of smaller air-
planes were designed and built for more
speciÞc markets. The focus of research
and development shifted from speed
and size to more eÛcient and quieter

operations and more passenger comfort.
In railroads, the trends were similar.

From the 19th century until well into
the 1970s, the pulling power of locomo-
tives was continually increased in order
to lower the costs of moving freight.
Locomotives were a signiÞcant capital
expense, but gains in pulling power oc-
curred more rapidly than increases in
cost did. Eventually, however, locomo-
tive development costs became so great
that suppliers and users teamed up.
The Union PaciÞc Railroad, the largest
railroad of its time, joined with General
MotorsÕs Electro-Motive Division to cre-
ate the EMD DD-40, a monster that
turned out to be too big and inßexible
for any purpose other than hauling
freight clear across the U.S. Its failure
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TRANSISTOR DENSITIES on integrated circuits have increased at an exponential
rate, as shown on this logarithmic plot. The rate has been sustained by a succes-
sion of lithography systems, which are used in chipmaking to project patterns
onto wafers. Higher densities have been achieved in memory chips because of
their more regular and straightforward design.
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led the railroad industry back
to the use of smaller engines
that could be operated sepa-
rately for small loads but
hitched together for big ones.

Today the semiconductor
industry Þnds itself in a posi-
tion not unlike that of the rail-
road companies just before
the EMD DD-40. The costs of
developing the factories for
future generations of memo-
ry chips are so high that
companies have begun band-
ing together into diÝerent
groups, each to attack in its
own way the enormous prob-
lems posed by fabricating
these extremely dense chips
economically.

Big Plants, Little Variety

From automobile manufac-
turing, too, come impor-

tant lessons. In the 1920s
Henry Ford built increasingly
more eÛcient factories, cul-
minating with the vast Rouge
plant, which Þrst built Model A cars in
1928. Starting with iron ore, the facility
manufactured most of the parts need-
ed for automobiles. But the automobile
industry had already changed, and
FordÕs efforts to drive down manufac-
turing costs by building larger and more
eÛcient plants came at the price of
product variety. The old joke about Ford
was that the buyer could have a car in
any color he or she wanted, as long as
it was in black.

Trends in auto manufacturing shift-
ed to permit more conveniences, fea-
tures and models. As the industry ma-
tured, Alfred E. Sloan of General Motors
recognized that eÛciency was no longer
increasing with factory size and that big
factories were good mainly for building

large numbers of the same product. He
therefore split the company into divi-
sions with clearly deÞned markets and
dedicated factories to support them.
Customers preferred the resulting wider
variation in designs, and General Mo-
tors was soon gaining market share at
FordÕs expense.

Similar scenarios are being played out
in chips. Intel split its 486 microproces-
sor oÝerings into more than 30 varia-
tions. During the early 1980s, in con-
trast, the company oÝered just three
versions of its 8086 microprocessor and
only two versions of its 8088. Dynamic
memory chips are being similarly di-
versiÞed. Toshiba, for example, cur-
rently has more than 15 times as many
four-megabit DRAM conÞgurations as it

had 64-kilobit ones in 1984.
The common theme in all

these industries, from rail-
roads to semiconductors, is
that their initial phase was
dominated by eÝorts to im-
prove performance and to
lower cost. In the three trans-
portation industries, which
are considerably more ma-
ture, a second phase was
characterized by product re-
Þnement and diversityÑsimi-
lar to what is now starting to
happen in chipmaking. Com-
panies are shifting their use
of technology from lowering
manufacturing costs to en-
hancing product lines. The
important point is that all
these industries continued to
thrive in spite of higher man-
ufacturing costs.

It may not be long before
the semiconductor industry
plateaus. The pace of transis-
tor integration will decline,
and manufacturing costs will
begin to soar. But as the his-

tories of the aviation, railroad and au-
tomobile industries suggest, the semi-
conductor industry could ßourish as it
encounters unprecedented and even
largely impassable economic and tech-
nical barriers. In a more mature indus-
try, growth will almost certainly come
from reÞned products in more diver-
siÞed lines.

Information storage, and those soci-
etal functions that depend on it, will
keep moving forward. In fact, slowing
the rate of progress in semiconductors
could turn out to have unexpected ad-
vantages, such as giving computer ar-
chitectures and software time to begin
assimilating the great leaps in chip per-
formance. Even in the semiconductor in-
dustry, maturity can be a splendid asset.
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I
t is diÛcult to grasp how the human
brain is able to keep up with the re-
quirements of running or even walk-

ing: deciding what joint needs to be
moved, exactly when it should bend and
by how much, and then sending the
proper series of impulses along nerves
to activate the appropriate combination
of muscles. The dexterity that even low-
ly creatures display as they swim, ßy,
run or otherwise propel their bodies
through their surrounds is truly marvel-
ous. Even the most sophisticated mobile
robots perform poorly in comparison.

Although many mysteries of animal
locomotion are yet unsolved, scientists
are beginning to comprehend the way
vertebrates (creatures with backbones,
including humans) can almost eÝort-
lessly coordinate complicated move-
ments that may involve hundreds of
muscles. The formidable task of manag-
ing the bodyÕs various motions is sim-
pliÞed by a remarkable form of neural
organization, one that distributes the re-
sponsibility for coordinating such acts
to distinct networks of nerve cells. Some
of these specialized circuits, such as
the one that keeps a person constantly
breathing, are ready to operate ßaw-
lessly from birth. Others, such as those
that control crawling, walking or run-
ning, can take time to mature.

The neural networks that govern spe-
ciÞc, oft-repeated motions are some-
times called central pattern generators.
They can steadfastly execute a particu-
lar action over and over again without
the need for conscious eÝort. The key
neural-control circuits that humans use
for breathing, swallowing, chewing and
certain eye movements are contained
within the brain stem, which surrounds
the uppermost spinal cord. Oddly
enough, the circuits for walking and
running (as well as some protective re-
ßexes) are not located in the brain at
all but reside in the spinal cord itself.

Since the late 1960s, my colleagues
and I have been attempting to unravel
the design of the neural systems that
coordinate locomotion in various ex-
perimental animals in hopes that this
research will help scientists under-
stand some of the intricacies of the hu-
man nervous system. Much is yet to be
learned, but we have Þnally produced a
blueprint for the neural networks re-
sponsible for movement in a simple
vertebrate, a type of jawless Þsh
known as a lamprey.

Of Mice and Men

Scientists have deduced much about
the organization of the human cen-

tral nervous system from studies of
laboratory animals. Appreciation for the
signiÞcance of the spinal cord to loco-
motion Þrst came just after the turn of
the century, when pioneering British
neurophysiologists Charles S. Sherring-
ton and T. Graham Brown observed that
mammals with severed spinal cords
could produce alternating leg move-
ments even though the connection to
the brain had been cut. Much later my
colleagues and I were able to show deÞn-
itively that such motions corresponded
to those movements used for locomo-
tion. Thus, we could conclude that the
essential nerve signal patterns for loco-
motion are generated completely with-
in the spinal cord.

Yet it remained a question how the
brain controls these circuits and choos-
es which should be active at a given in-
stant. Much insight into this process
came during the 1960s, when the Rus-
sian investigators Grigori N. Orlovski
and Mark L. Shik, then at the Academy
of Science in Moscow, demonstrated
that the more that speciÞc parts of the
brain stem of a cat were activated, the
faster the animal under study would
move. With increasing stimulation, the

cat would proceed from a slow walk to
a trot and Þnally to a gallop. A very sim-
ple control signal from a restricted area
of the brain stem could thus generate
intricate patterns involving a large num-
ber of muscles in the trunk and limbs
by activating the pattern generators for
locomotion housed within the animalÕs
spinal cord.

Beyond providing clues to the inter-
actions between brain and spinal cord,
this experiment helped to explain how
animals can move about even after
much of their brain is surgically re-
moved. Some mammals (such as the
common laboratory rat) can have their
entire forebrain excised and are still
able to walk, run and even maintain
their balance to some extent. Although
they move with a robotic stride, with-
out making any attempt to avoid obsta-
cles placed in their path, these animals
are fully able to operate their leg mus-
cles and to coordinate their steps.

The details of how the brain activates
neural networks in the spinal cord took
years to lay out. It is now known that
large groups of nerve cells in the fore-
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Neural Networks
for Vertebrate Locomotion

The motions animals use to swim, run and fly 
are controlled by specialized neural networks. For a jawless fish 

known as the lamprey, the circuitry has been worked out

by Sten Grillner

LOCOMOTION for humans, like all ver-
tebrate animals, is orchestrated by the
central nervous system. Specialized neu-
ral circuits in the forebrain (red ) select
among an array of Òmotor programsÓ by
activating speciÞc parts of the brain
stem (blue). The brain stem in turn initi-
ates locomotion and controls the speed
of these movements by exciting neural
networks (called central pattern genera-
tors) located within the spinal cord (pur-
ple). These local networks contain the
necessary control circuitry to start and
stop the muscular contractions involved
in locomotion at the appropriate times.
Networks of neurons in the brain stem
also control breathing, chewing, swal-
lowing, eye movements and other fre-
quently repeated motor patterns.
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brain, called basal ganglia, connect (ei-
ther directly or through relay cells) to
target neurons in the brain stem that in
turn can initiate diÝerent Òmotor pro-
grams.Ó Under resting conditions, the
basal ganglia continuously inhibit the
brainÕs sundry motor centers so that
no movements occur. But when the ac-
tive inhibition is released, coordinated
motions may begin. The basal ganglia
thus function to keep the various motor
programs of the nervous system under
strict control. This suppression is es-
sential : renegade operation of a motor
program could be disastrous for most
any animal.

In humans, for instance, diseases of
the basal ganglia can cause involuntary
facial expressions and hand or limb
movements. Such hyperkinesis occurs
commonly in cerebral palsy and Hunt-
ingtonÕs disease and as a side eÝect of
some medications. Other diseases of the
basal ganglia can lead to the opposite
situation, with more inhibition than de-
sired being applied; victims then have
diÛculty initiating movements. The best
known example of such a disability is
ParkinsonÕs disease.

Ferrari or Model T?

Although medical researchers keenly 
desire to understand how such neu-

rological disorders arise and what might
be done to correct them, progress has
been diÛcult to achieve because the

human nervous system (which houses
nearly a trillion neurons) is extraordi-
narily complicated. It is not yet feasible
to examine the neural circuits in hu-
mans, or indeed in any mammal, in
much detail. My colleagues and I have
therefore focused our studies on much
simpler vertebrates. We sought an ex-
perimental animal with the same basic
neural organization as humans but with
far fewer components.

Our fundamental approach has been
similar to something an imaginary re-
searcher from outer space might under-
take to deduce the basic mechanics of
an automobile. An extraterrestrial sci-
entist would fare best by beginning such
an analysis with a Model T Ford ( if one
could be obtained), because that vintage
vehicle has all the essential components
of a carÑinternal-combustion engine,
transmission, brakes and steeringÑman-
ufactured from a simple design and ar-
ranged for easy inspection. Investiga-
tions that began by directly probing a
more advanced model, such as a mod-
ern turbocharged Ferrari, might prove
far more frustrating. One presumes that
knowledge of a Model T would serve as
the foundation needed to understand
the anatomy of the more elegant and
sophisticated car.

We investigated several possible sub-
jects before settling Þnally on the lam-
preyÑan elongate, jawless Þsh with a
large mouth adapted for sucking. The
lamprey is a primitive vertebrate with a

nervous system composed of compara-
tively few cells (only about 1,000 in
each segment of the spinal cord), mak-
ing it ideal for our purposes. The lam-
prey also suited us because Carl M. Ro-
vainen of Washington University had
shown that the ÞshÕs central nervous
system could be maintained in a glass
dish and studied for several days after
it is removed from the animal. More-
over, motor networks in the isolated
nervous system remain active.

The strategy of choosing a simple but
relevant experimental animal for study
has yielded key insights into many dif-
ferent biological processes. For example,
examination of invertebrate nerve cells,
such as those of the squid and lobster,
provided the Þrst important clues to
how nerve impulses are generated and
how networks of nerve cells function.

A Hardwired Fish

From the beginning of our studies
with the lamprey in the late 1970s,

my colleague Peter Wall�n and I, along
with a number of collaborators, have
concentrated on understanding the fun-
damental features of the animalÕs swim-
ming. Like other Þsh, the lamprey pro-
pels itself forward through the water by
contracting its muscles in an undulat-
ing wave that passes along the crea-
tureÕs body from head to tail. 

To produce a propulsive wave, the
animal must generate bursts of muscle
activity that bend each section of the
spine toward one side and then the oth-
er in rhythmic alternation. But the lam-
prey also needs to coordinate the con-
tractions of consecutive segments along
its body so that a smooth wave forms.
We soon discovered that the neural con-
trols for both these abilities are distrib-
uted throughout the spinal cord. If a
lampreyÕs spinal cord is isolated and
separated into several pieces, each
length can be made to show the charac-
teristic alternating pattern, and within
any given portion the activity between
adjoining segments stays coordinated.

Further observations showed that
the lag between activation of adjacent
segments remains Þxed during a given
wave, as the undulatory motion propa-
gates down the body of the lamprey.
But the lag time changes with the ÞshÕs
speed, so that the overall period of that
wave (the time it takes for the wave to
travel the entire length of the body) can
vary from about three seconds during
very slow swimming to as little as one
tenth of a second for sudden sprints.
Exactly the same characteristic contrac-
tions occur in reverse order when the
Þsh swims backward.

To understand how the lamprey ner-
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PATTERN GENERATORS, separate neural networks that control each limb, can in-
teract in diÝerent ways to produce various gaits, such as the amble, trot and gallop
of a horse. In ambling (top), the animal must move the foreleg and hind leg of one
ßank in parallel. Trotting (middle) requires movement of diagonal limbs (front
right and back left, or front left and back right) in unison. Galloping (bottom) in-
volves the forelegs, and then the hind legs, acting together.
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vous system could orchestrate such
motions, my colleagues and I needed to
determine exactly which nerve cells con-
tributed to locomotion and how they
interacted. So we devised experiments
using electrodes with tips that were less
than a thousandth of a millimeter wide.
With these sensors we could map out
distant connections by placing one elec-
trode inside an individual cell in the
brain stem and, at the same time, using
another electrode to probe various tar-
get cells in the spinal cord. To Þnd a
pair of nerve cells that could communi-
cate with each other among the hun-
dreds of possibilities required consid-
erable skill and patience. But the dili-
gent labor of many people Þnally made
it possible to identify the neurons that
controlled locomotion and to trace
how they were wired together.

We ultimately discovered that nerve
cells in the brain stem have long exten-
sions (axons) that are in contact with
the neurons involved with locomotion
throughout the spinal cord. In response
to signals from the brain, local networks
of cells within discrete parts of the cord
generate bursts of neural activity. These
networks act as specialized circuits, ex-
citing the neurons on one side of a given
segment of the lampreyÕs body while
suppressing similar nerve cells on the
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UNDULATORY SWIMMING in the eellike lamprey constitutes
a relatively simple form of vertebrate locomotion that neuro-
scientists can examine eÝectively. In response to signals
emitted by the brain, wave after wave of muscle contraction

(red ) and extension (green) pass from head to tail down the
body of a Þsh, propelling it forward through the water (left ).
Similar waves traveling from tail to head can drive the crea-
ture backward (right ).

R
O

B
E

R
T

O
 O

S
T

I

R
O

B
E

R
T

O
 O

S
T

I

SEA LAMPREY (Petromyzon marinus), which can be up to a
meter in length, has served as an ideal experimental animal
for the authorÕs studies of vertebrate locomotion. Because the
ÞshÕs nervous system is comprised of relatively few cells, the
brain stem (brown) and spinal cord (beige) can be isolated
and probed in the laboratory (inset ).
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opposite side. Thus, when one ßank of
a given section becomes active, the oth-
er is automatically inhibited. Other spe-
cialized nerve cells, called motoneurons,
link the nerves of the spinal cord to the
muscle Þbers that actually do the job
of moving the lamprey through water.

But these spinal networks are not
simply passing signals sent down from
the brain of the animal. Although the
brain stem issues the overall command
for the Þsh to swim, it delegates the
task of coordinating the muscle move-
ments to these local teams, which can
process incoming sensory data and ad-
just their own behavior accordingly. In
particular, they react to speciÞc Òstretch
receptor neuronsÓ that sense the bend-

ing of the lampreyÕs spine as it swims. 
As one side of the body is contract-

ing, the other is extendingÑand it is
this extension that triggers the stretch
receptors. These activated nerve cells
then take one of two complementary ac-
tions: they either excite neurons on the
extended side ( inducing muscles there
to contract), or they inhibit neurons on
the opposite side, causing them to halt
contraction. By such processes (as well
as several rather complex cellular mech-
anisms), the fundamental oscillatory
movements of the lampreyÕs neuromus-
cular system are maintained.

As we further followed the neural cir-
cuitry of the lampreyÕs spinal cord, we
determined that some of the local neu-

ral networks extend axons along the
spine. Special inhibitory cells in each
segment send signals through these ax-
ons in the direction of the tail for as
much as one Þfth of the length of the
spine. So-called excitatory cells contain
somewhat shorter axons that extend in
both directions. Thus, the activity at one
location on the spinal cord can aÝect
adjacent regions.

But how exactly might signals linking
diÝerent segments create the charac-
teristic wavelike motion? After much
thought, we proposed that nerve signals
could excite the leading segment (near
the lampreyÕs head) so that the contrac-
tions there alternate back and forth
faster than the spine would otherwise
tend to oscillate. The second section be-
hind the head would follow the quick-
ened motions of the Þrst (because the
two segments are coupled by nerve
cells), but with a slight lag as the inher-
ently slower section tried to catch up
with the leader. By similar reasoning,
the third section should then follow the
second with a slight delayÑand so forth
down the line. The series of incremental
delays, we surmised, allowed the lam-
prey to produce a uniform wave. 

Virtual Reality

Even with our newly developed wir-
ing diagrams and a mass of other

detailed information about the proper-
ties of the diÝerent types of nerve cells
involved, we were long challenged to
make more than modest, general state-
ments about how these complex neural
circuits operated. To test whether the
information we had gleaned truly ex-
plained how the lamprey could swim,
my colleagues and I joined with Anders
Lansner and �rjan Ekeberg of the Royal
Institute of Technology in Stockholm to
create various computer models of the
process.

First, we developed schemes that
could reproduce the behavior of the
diÝerent neurons used for locomotion.
Then we succeeded in simulating on
our computer the entire ensemble of
interacting cells. These numerical exer-
cises allowed us to test a variety of pos-
sible mechanisms, and they have proved
to be indispensable tools in the analysis
of the lampreyÕs neural organization.
Because the computer models can gen-
erate a signal pattern that is quite simi-
lar to that occurring during actual loco-
motion, we can Þnally say with some
conÞdence that the circuits we have de-
ciphered do indeed capture essential
parts of an extensive biological-control
network.

Our computer simulations not only
showed alternating contractions on ei-
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Parallel Processing

Within a single segment of the lamprey’s spinal cord lies an intricate net-
work of interconnected nerve cells. Groups of neurons (boxes ) on the

left and right sides of the cord are excited by signals sent from the animal’s
brain stem. Specialized neurons within these groupings respond by sending
either excitatory (red ) or inhibitory (purple) signals to neighboring cells.
Neurons known as E cells (for excitatory) on one side of the spinal segment
will activate motoneurons (M) that in turn cause the muscles on that side of
the fish to contract. These E cells also induce inhibitory (I) neurons to reduce
the level of excitation in the group of neurons on the opposite side of the
spine, ensuring that the opposing muscles relax.

The bursts of excitation that cause one side to contract are terminated in a
number of ways. Certain stretch receptor neurons (purple triangles ) on the
opposite side of the spine emit signals that inhibit the contraction. At the
same time, other activated stretch receptors (red triangles) excite the neu-
rons on the extended side to initiate contraction there. In addition, large (L)
inhibitory nerve cells on the contracting side can be induced by the brain
stem to inhibit the I cells. This allows the opposite side to become active and
send inhibitory signals back. Finally, there are several electrochemical mech-
anisms inside cells that can force a pulse of excitation to subside, helping to
control the timing of the network.

Although these local spinal cord circuits can operate autonomously, they
normally feed back information to the brain about the ongoing network ac-
tivity. These signals can then be combined with other forms of sensory in-
put, such as cues from vision or from the balance system in the inner ear, to
modify the animal’s movements.
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ther side of the spine but also reÞned
our conception of the lag between the
activation of adjoining segments. This
delay arises from the neurons that reach
along the cord and inhibit segments in
the tailward direction. These connec-
tions ensure that the overall level of ex-
citation will typically be highest at the
head end of the animalÑa condition
that leads to delayed activation of the
segments, one after the other, all along
the animalÕs body. We also found that
the normal pattern could be reversed by
increasing the excitability in the most
tailward part of the spinal cord, there-
by enabling backward swimming. The
ÒhardwiredÓ spinal network of the lam-
prey thus retains a considerable degree
of ßexibility.

For the most part, we considered com-
puter simulations that mimic only the
lampreyÕs neural activity. But recent ef-
forts led by Ekeberg have succeeded in
modeling the entire lamprey, from the
muscle Þbers controlling the diÝerent
segments to the viscous properties of
the surrounding water. The neural-con-
trol circuits we had previously charted
provided everything this virtual lam-
prey needed to swim.

Crawling Out of the Water

We can now be satisÞed that the
lampreyÕs capacity for locomotion

can be understood in terms of the in-
teractions of spinal nerve cells. But how
certain is it that these mechanisms op-
erate in higher forms of life? The lam-
prey diverged from the main vertebrate
line quite early during the course of
evolution, about 450 million years ago,
at a time when vertebrates had not yet
developed limbs. So it was not immedi-
ately obvious whether our results were
relevant to other animals.

But the mechanism for locomotion in
one other vertebrateÑthe tadpoleÑhas
also been revealed at a cellular level by
Alan Roberts and his colleagues at the
University of Bristol. It has been espe-
cially comforting for me to see that the
tadpoleÕs nervous system resembles in
most aspects the lamprey network. For

other vertebrates as well, from Þsh to
primates, the overall neural organiza-
tion is arranged along a similar plan.
Discrete regions of the brain stem initi-
ate locomotion, and the spinal cord
processes the signals with specialized
circuits.

Yet the cellular mechanisms used for
locomotion in these other animals are
still largely unknown. Researchers have
shown that pattern generators are
present and have probed some of their
neural components, but so far it has
not been possible to unravel their inner
architecture. During the past few years,
however, new techniques have been de-
veloped to isolate the spinal cords of
the other classes of vertebrates (mam-
mals, birds and reptiles), and it seems
likely that in the next few years investi-
gators may uncover how these animals

control walking, running and ßying.
Because the earliest vertebrates used

only undulatory swimming for locomo-
tion, the networks that later evolved to
control Þns, legs and wings may not be
all that diÝerent from what my col-
leagues and I have already studied. Evo-
lution rarely throws out a good design
but instead modiÞes and embellishes
on what already exists. It would be most
surprising to discover that there were
few similarities between lampreys and
humans in the organization of control
systems for locomotion. Scientists may
yet devise ways to map out and to acti-
vate dormant pattern-generating cir-
cuits in people with severed spinal
cords. Indeed, such miraculous medical
advances might not be that far away: a
turbocharged Ferrari is, after all, just
another kind of car.
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In K�ln, a town of monks and bones,
and pavements fanged with murderous
stones

And rags, and hags, and hideous wenches;
I counted two and seventy stenches,
All well deÞned, and several stinks!
Ye Nymphs that reign oÕer sewers and

sinks,
The river Rhine, it is well known,
Doth wash your city of Cologne;
But tell me, Nymphs, what power divine,
Shall henceforth wash the river Rhine?

S
o wrote Samuel Taylor Coleridge
in 1828, after a visit to the Rhine
with William Wordsworth. Just

how prophetic those lines were, Cole-
ridge could hardly have guessed. In the
1960s and early 1970s, as central Eu-
rope resurged economically, organic
and inorganic pollution in the Rhine
reached levels high enough to decimate
or wipe out dozens of Þsh species and
other creatures that had existed in the
river for many thousands of years. Most
of the river became unsuitable for swim-
ming or bathing, and the production of
drinking water was threatened.

After the 1970s, however, internation-
al attempts to clean up the Rhine, includ-
ing some dating to the 1950s, Þnally be-
gan reclaiming long stretches of the riv-
er. Today, although much remains to be
done, the work is emerging as a success
story in cooperation among nations for
the sake of pollution control and as a
model for the many other places where
transborder ßows of contaminants have
strained relations.

Most important, the reclamation ef-
forts are giving new life to one of the
worldÕs great rivers. Countless poets,
prose writers and lyricists have praised
(or lamented) this fabled waterway,
which winds through or along Þve coun-
tries before emptying Þnally through a
Dutch delta into the North Sea. From Al-
pine headwaters in east central Switzer-

land, the Rhine ßows 1,320 kilometers
north and west through rugged moun-
tains, lovely Lake Constance in Switzer-
land, the Black Forest, broad Alsatian
valleys and such cities as Strasbourg,
Bonn, D�sseldorf and Rotterdam. Both
the Volga and the Danube are mightier
and longer, but neither can match the
RhineÕs relatively constant ßow and util-
ity as an artery into the heart of Europe.

The catchment area, within which pre-
cipitation collects and feeds the river,
covers some 190,000 square kilometers
and has a population of 50 million.
More than eight million of these people
get their drinking water from the river,
and another 10 million from Lake Con-
stance. All told, more than 20 percent
of the average ßow of the Rhine is di-
verted and used, either for human con-
sumption or for industrial rinsing and
cooling. In addition, 10 hydroelectric
plants, built after World War I and clus-
tered in French territory below Alsace,
generate a total of 8.7 million megawatt-
hours every year.

The river is navigable for 800 kilome-
ters, from the North Sea to the water-
falls below Lake Constance. Each day
more than 500 barges ply its waters, lad-
en with gasoline and other petroleum-
based fuels, salt, phosphate rock, coal,
gravel, new automobiles and other car-
go, which adds up to about 150 million
tons a year. Overall, use of the Rhine has
been estimated to be Þve times greater
than that of the Mississippi, when mea-
sured in terms of gross national prod-
uct and accounting for the two riversÕ
ßow rates and catchment populations.

One of the main reasons for the
RhineÕs importance is its relatively reli-
able water supply. In winter and spring,
the ßow is fed by precipitation in the
plains and uplands of the catchment
area; in summer, melting snow from the
Alps takes over. Constance and other
Swiss lakes act as convenient reservoirs.

The average ßow rate between 1925 and
1992 was 2,350 cubic meters per sec-
ond, and the ratio between the greatest
yearly ßow (3,170 cubic meters per sec-
ond in 1966) and the lowest (1,510 in
1971) is 2.1Ñless extreme than for most
other rivers.

Reclamation Begins

Before the end of World War II, hardly
any large sewage treatment plants

were situated on the Rhine. The odors
so poignantly described by Coleridge
were at one time conÞned to the major
cities, whose sewage was released un-
treated into the river. After the war, how-
ever, as central Europe revived its econ-
omies, the pollution problem intensiÞed
to such an extent that it could no longer
be ignored. In 1953 Þve nationsÑSwit-
zerland, France, Luxembourg, Germany
and the NetherlandsÑformed the In-
ternational Commission for the Protec-
tion of the Rhine against Pollution, to
coordinate multinational eÝorts and to
monitor, at least, the levels of contami-
nants in the river.

The commission, known by the acro-
nym IKSR, now monitors water quality
at several Þxed points, mostly at inter-
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national borders. The most signiÞcant
of these lies between Germany and the
Netherlands, because this area is not far
downstream from the heavily industri-
al German Ruhrgebiet. Named after the
Ruhr, a small tributary of the Rhine, this
regionÕs coal, steel and chemical plants
constitute one of the major sources of
pollution. Moreover, after entering the
Netherlands, the river passes through a
fairly rural area, with no signiÞcant
sources of pollution until it encounters
the big Dutch harbors at Rotterdam and
Amsterdam, some 150 kilometers from
Germany and not far from the delta on
the North Sea.

Another notable factor in this regard
is the riverÕs ßow, which slows consid-
erably in the Netherlands. After making
its way from Switzerland through France
and Germany within seven or eight days,
the water remains for 70 or 80 days in
the Netherlands because of the countryÕs
sophisticated system of dikes, canals
and other water-management facilities
(including two large artiÞcial lakes, the
IJsselmeer and the Haringvliet). Shortly
after entering the Netherlands, the Rhine
becomes a delta with three separate es-
tuaries: the Waal, Lek and IJssel.

The IKSR issues an annual report with

extensive analytical data, reviewed and
conÞrmed by the countries within the
commission. But its main business is
proposing and implementing interna-
tional projects to improve the river. The
two most signiÞcant of these are the
Convention on the Protection of the
Rhine against Chemical Pollution and
the Convention on the Protection of
the Rhine against Chloride Pollution.
Both were put into eÝect in 1976. An-
other convention, which would have ad-
dressed thermal pollution, was drafted
but never ratiÞed by all the member
states. Although the river is being
warmed gradually by natural trends and
human activities, the degree of warm-
ingÑ1.8 degrees Celsius since 1925Ñis
not considered onerous enough to mer-
it extensive attention.

Inorganic Contaminants

R ivers typically contain far more in-
organic salts than organic substanc-

es. Some of these salts are leached nat-
urally out of the soil by rainwater and
carried to the river. Through sewage, in-
dustrial activity and agriculture, how-
ever, humankind has signiÞcantly aug-
mented the natural content. The con-

centration of saltsÑincluding anions
such as chloride and carbonate, as well
as cations such as sodium and calci-
umÑwas measured at 581 milligrams
per liter at the German-Dutch border in
1992. There have been no striking
changes in this level of concentration
over the past two decades. Reducing the
concentration of fairly dilute salts is ex-
tremely expensive, so the water is de-
salinated only when necessaryÑbefore
being used for irrigation, for example.

Human activities have been especial-
ly productive of chloride ions. Based on
the 1992 measurements, it is believed
that they contribute some 318 kilograms
of chloride to the river every second, as
compared with the 15 to 75 kilograms
per second from nature. The largest
sources are the French potash mines in
Alsace, which alone add 130 kilograms
per second.
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INDUSTRY AND FARMING have con-
tributed signiÞcantly to the RhineÕs pol-
lution. A combination of tighter regula-
tions, voluntary controls and subsidies
for farmers who limit their use of cer-
tain chemicals has lately lessened im-
pacts on the river.
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Sodium chloride is an unwanted by-
product of the mining, and it is either
piled up on land in huge hills or dis-
solved and transported to the sea by the
Rhine. For decades, the practice has in-
censed Dutch ßower growers, who de-
pend on the water to irrigate orchids,
gladioli and other ßowers that react
poorly to chloride. The 1976 chloride
convention called for some of the salts
to be stocked on land in France, with
that country, Germany and the Nether-
lands sharing the costs. The provision
was vetoed by the Alsatians, and the
Dutch parliament refused to pay, so the
plan never went into eÝect. Instead an
agreement was Þnally reached in 1992
whereby the discharges from the min-
ing area are controlled so that the chlo-
ride content at the German-Dutch bor-
der does not exceed 200 milligrams per
liter. In practice, this means that the
salts must be held back perhaps two or
three times a year for a few days. Not
many Dutch growers are happy with
this solution, but the problem is unlike-
ly to be resolved before the potash de-
posits are exhausted, sometime in the
next 10 or 20 years.

Troublesome though they are, the
chlorides are actually one of the lesser
problems at the Dutch end of the river.
Nitrogen and phosphorus, which come
mostly from sewage, boost algae growth
to extreme levels and artiÞcially stimu-
late the food chainÑa process called
eutrophication. The phenomenon is of
concern mainly in the slow-moving
Dutch waters, where the algae can be-
come thick enough to hinder shipping
and to clog pumps. In addition, when

the algae die in the autumn, their de-
composition uses up the oxygen neces-
sary to sustain Þsh and other creatures.

Treatment of sewage, which signiÞ-
cantly reduces its nitrogen and phos-
phorus content, became more consis-
tent in 1959, after the formation of the
International Water Conservation Com-
mission for Lake Constance. Since the
early 1970s, sewage treatment plants,
along with the use of phosphate-free
detergents, have steadily reduced the
phosphorus in the river. In 1992 an av-
erage concentration of 0.21 milligram
of phosphorus per liter was measured
at the German-Dutch border, which,
though an improvement over previous

years, is still 10 times higher than the
level in Lake Constance.

Nitrogen levels, however, have not
fallen signiÞcantly, and the reasons are
somewhat complicated. Nitrogen in the
river has two main forms: ammonium
and nitrate. Over the past 20 years, treat-
ment has reduced the ammonium to
about 0.27 milligram of nitrogen per

EUROPEÕS WATERWAY ßows 1,300 kilo-
meters from Swiss Alpine headwaters to
Lake Constance, and then through part
of France and Germany, before reach-
ing Rotterdam Harbor on the North Sea.
The relative locations of some major
categories of pollution sources and a
few landmarks are shown.
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liter. Nitrate levels, on the other hand,
have increased and were found in 1992
to be 3.8 milligrams of nitrogen per
liter. Most of the nitrate is believed to
come from fertilizers used to grow
crops along the banks. Hopes that ni-
trate levels will not increase are pinned
to various subsidy programs. For ex-
ample, faced with a surplus of certain
crops, the European Union gives subsi-
dies to farmers who take land out of
cultivation. Germany, meanwhile, sub-
sidizes farmers who avoid using fertil-
izers in the bank zones of the river and
who reduce the total use of fertilizers.

Another class of inorganic chemicals
of great physiological signiÞcance are
the heavy metals. In trace concentra-

tions, some of these metals are essen-
tial to life. In higher concentrations, they
can cause nervous system, growth and
metabolic disorders. Mercury, cadmium,
copper and some chromium come main-
ly from metal and chemical plants,
which are easily identiÞed and therefore
controlled. Nickel, zinc and the rest of
the chromium get into the river with
the sewage eÜuent as a result of corro-
sion of pipes and equipment in homes
and industrial plants and so are harder
to restrict. Lead has been minimized
through its removal from gasoline. The
riverÕs minute traces of gold do not en-
danger human health. (In the early 19th
century untold numbers of prospec-
tors panned for the metal along the
banks of the upper Rhine, between the
Swiss border and Worms in Germany.)

Overall, the amount of these metals
in the Rhine has declined by more than
90 percent since the early 1970s. Sew-
age treatment plants have also helped
by immobilizing large amounts in the
sludge. In addition, programs have been
instituted at industrial dischargers, by
which the metals are selectively retained
for reuse.

For the most part, the metal content
in the RhineÕs waters is no longer suÛ-
cient to harm people or marine life. But
the sediments underneath certain parts
of the riverbed and its tributaries are
still quite metallic. Problems persist at
the heavily industrial port of Rotterdam
as well. Excavation there has dredged
up metal-laden sediments, which have
remained suspended in nearby estuar-

ies. Protracted negotiations between
the port authorities and some upstream
metal and chemical industries have led
to private-law contracts intended to re-
duce further the amount of metals that
are released.

Organic Ogres

Whereas the monitoring and control
of inorganic substances are useful

in any river, water quality overall is gen-
erally much more sensitive to organic
pollutants. Although such organics are
usually no more than 1 percent of the
pollution in a river, they tend to use up
its dissolved oxygen, making the water
unÞt for sustaining life.

Between 1969 and 1976, organic pol-
lution peaked in the Rhine, frequently
sending dissolved oxygen levels below
two milligrams per liter in some parts
of the middle and lower river during
the summer months. Such levels are
not high enough to sustain many organ-
isms. Since then, Germany alone has
spent some $55 billion on sewage treat-
ment plants, which retain about 90 per-
cent of the organic pollutants. Dissolved
oxygen has returned to healthier levels
of about nine or 10 milligrams per liter
(about 90 percent of the amount the wa-
ter can physically contain in solution).

In comparison with the monitoring
of inorganic pollutants, keeping tabs on
organic substances is considerably more
complex. Although inorganic chemicals
may account for 99 percent of the pol-
lution in a river, their number generally
adds up to only several dozen. In con-
trast, organic constituents, of both nat-
ural and artiÞcial origin, are more like-
ly to number in the thousands. Isolat-
ing and analyzing each of them is not
feasible, so researchers usually group
them into various categories and em-
ploy diÝerent methods to track them. R
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One commonly used technique estab-
lishes the eÝects or characteristics of
all organic substances in the water. An-
other determines the concentrations of
groups of similar compounds. Togeth-
er these techniques can give a useful
estimate of the organic state of a body
of water and can be supplemented by
measurements of single organic sub-
stances as needed.

One of the most common measure-
ments in the Þrst category is the bio-
logical oxygen demand, typically within
a Þve-day period (abbreviated BOD5).
Bacteria and nutrients are added to the
water, and their consumption of oxy-
gen is recorded, generally in milligrams

per liter of water. Another good mea-
surement is known as chemical oxygen
demand (COD), in which concentrated
sulfuric acid and chromium are used to
establish the maximum possible oxygen
consumption of the sample. In 1992 at
the German-Dutch border, the BOD5
was measured at an average of three
milligrams per liter; the COD was 10
milligrams per liter.

Substances commonly grouped to-
gether fall into four broad categories:
adsorbable organic halogens (AOX,
which refers primarily to compounds
that contain chlorine); detergents; hy-
drocarbons; and humic acids. Even as
part of larger molecules, chlorine and
other halogens are especially worrisome
because of their toxicity and persis-
tence. Chlorine compounds come from
several sources, including cellulose fac-
tories, which bleach raw cellulose to
whiten it for making paper. Most of
these factories have been converted to
low- or even no-chlorine bleaching pro-
cesses. Chlorine has also entered the
river in the form of insecticides, such
as DDT (dichlorodiphenyltrichloroeth-
ane), HCH (hexachlorocyclohexane),
HCB (hexachlorobenzene) and PCP (pen-
tachlorophenol). Germany no longer
produces or permits the use of these
chemicals. DDT and HCB are similarly
banned by other countries along the
Rhine, and the use of HCH, PCP and oth-
er persistent chlorinated compounds is
tightly restricted by these and other
countries. Since the mid-1970s, such
measures have helped reduce the levels
of some organic chlorine compounds
at the German-Dutch border by factors
between 5 and 15.

Substitution of less persistent pollu-
tants has also been eÝective in control-
ling surfactants, the active ingredients
of detergents. Since 1964, Germany has
permitted only detergents that are read-
ily biodegradable. This restriction has
been key in reducing anionic surfactants
(the most common kind), as measured

in the waters ßowing by D�sseldorf,
from 650 grams per second in 1964 to
80 grams per second in 1987. In 1992
all measurements for anionic surfac-
tants at the German-Dutch border were
below 0.05 milligram per liter.

Hydrocarbons are more readily bio-
degradable than the halogenated com-
pounds. Petroleum products such as
gasoline, kerosene and naphtha account
for about 20 percent of all upstream
traÛc carried on the Rhine across the
Dutch border. In addition, the bilges of
the thousands of vessels that use the
Rhine every year collect some 20,000
cubic meters of an oil-and-water admix-
ture, most of which is collected and re-
moved by special-purpose boats. Such
measures are keeping hydrocarbon con-
centrations down to 0.01 milligram per
liter at the Dutch border.

The fourth grouping of organic sub-
stancesÑthe humic acidsÑare the short-
term products of biodegradation, one
of the most potent tools of reclaimers.
Yet whether it is induced in a sewage
treatment plant or takes place natural-
ly in the river itself, biodegradation is a
never-ending process. Only part of the
organic substances consumed by bac-
teria is fully metabolized and respirat-
ed as carbon dioxide. The rest are only
partly oxidized and thereby converted
into humic acids. Although produced
in sewage treatment plants, they have
always been in the river. In 1973 humic
acids were estimated to account for
about 25 percent of the residual organ-
ic pollution of the Rhine. More recently,
this fraction has increased, although
the percentage is diÛcult to determine
because of the lack of analytical meth-
ods. Humic acids are considered essen-
tially harmless, however, because they
are produced early on in the natural,
gradual oxidation of organic material
in any river.

A Seminal Accident

No matter how carefully certain pol-
lutants are controlled, the Rhine,

like any heavily traÛcked waterway, re-
mains vulnerable to the occasional acci-
dent. At one time, accidents went most-
ly unnoticed amid the high background
level of pollution. TodayÕs cleaner river,
however, reacts more profoundly to
such events, and a sensitive early-warn-
ing system has been put in place to
alert authorities when accidents occur.

A few unfortunate episodes were
pivotal in getting the monitoring sys-
tem up and running. In one of the
worst, on November 1, 1986, a Sandoz
Ltd. warehouse full of pesticides caught
Þre near Basel. Water sprayed on the
Þre washed the chemicals into the river,
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where one of themÑdisulfotonÑproved
especially toxic to eels. Many thousands
were killed downstream, all the way to
Karlsruhe.

The disaster triggered an eÝort of un-
precedented scope to follow the RhineÕs
recovery and to assess the biological
state of the river in general. During the
project, biologists from a German gov-
ernment research institute used a div-
ing bell to study Þsh, macroinverte-
brates and other creatures systemati-
cally in the riverbed. To the surprise of
many, the riverÕs fauna completely re-
covered by October 1988, less than two
years after the Þre.

The survey documented 155 species
of macroinvertebrates, which tend to
cluster near the banks, between Basel
and D�sseldorf. Some of the most com-
mon were freshwater sponges, leeches,
zebra mussels, benthic amphipods,
mayßies, caddis ßies and worms, and
chironomid larvae. Some species, such
as the mayßy Ephoron virgo and the
snail Theodosus ßuviatilis, had been
thought to be virtually extinct in the
Rhine but were found in large quanti-
ties. Other once common species, such
as the mussel Spaericum solidum or the
stoneßy Euleuctea geniculata, were pre-
sent as individual specimens and are
only now starting to reestablish them-
selves in greater numbers. Somewhat
disconcertingly, however, an amphipod,
Corophium curvispinum, a relatively re-
cent arrival from the Caspian and Black

seas, is proliferating extensively enough
to drive out certain species of sponges
and mollusks.

Some Þsh, too, are making a come-
back. Of the 47 endemic species known
to have inhabited the river, a recent sur-
vey found 40. About 75 percent of the
individual Þsh identiÞed were hardy,
unspecialized creatures, including roach,
bleak and bream. Researchers also spot-
ted carp, perch, eel, pike, chub and dace.
In addition, they tallied 15 species that
had been introduced into the river, in-
cluding pike-perch, rainbow trout and
sunÞsh. In 1992, for the Þrst time in
decades, sexually mature salmon (Sal-

mo salar) were caught in the Rhine. Re-
leased as hatchlings into tributaries of
the river a year or more previously, they
had survived a migration to the North
Sea. Even sturgeonÑbelieved extinct
from the river for 40 yearsÑhave been
seen occasionally.

A Model River

The river survey was not the only
legacy of the 1986 warehouse Þre in

Basel. The states bordering the Rhine
launched a joint Rhine Action Program,
with four objectives: long-term safe-
guarding of the drinking water; decon-
tamination of sediments; reestablish-
ment of higher species of Þsh (salmon
and so on); and protection of the North
Sea.

As a Þrst step, in 1989 the program

compiled an inventory of all discharges
of 30 diÝerent hazardous substances.
By 1995 the rates of discharge for all
had been reduced by 50 percent or
more. In addition, improved safeguards
prevent or limit discharges into the riv-
er after industrial accidents. In coming
years, the construction of Þsh ladders to
help creatures such as salmon get back
to their upstream spawning grounds
and the improvement of those grounds
will begin to restore runs.

In 1991, at a conference on the water-
works in the RhineÕs catchment area,
the Dutch minister for transport and
public works, Hanja Maij-Weggen, called
for the experience acquired on the Rhine
to be applied to the Meuse and Scheldt
rivers. With the end of the cold war, in-
ternational commissions have been set
up to reclaim the Elbe, which ßows from
the Czech Republic and Poland through
Germany to the North Sea, and the Oder,
which forms part of the border between
Poland and Germany. Even the Volga
has beneÞted from lessons learned on
the Rhine, which were passed on from
German experts to their Russian coun-
terparts in a recent series of meetings.
For the Danube, reclamation will have
to wait: work on the river has been sus-
pended because of the war in the for-
mer Yugoslavia.

Amid sweeping changes in Europe it
is Þtting that the Rhine has become a
tribute to the great things that can hap-
pen when countries cooperate.
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Today the same region, seen in front of the Voerde power
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E
xcept perhaps for some remote
island dwellers, most people have
a natural tendency to view conti-

nents as fundamental, permanent and
even characteristic features of the earth.
One easily forgets that the worldÕs con-
tinental platforms amount only to scat-
tered and isolated masses on a planet
that is largely covered by water. But
when viewed from space, the correct
picture of the earth becomes immedi-
ately clear. It is a blue planet. From this
perspective it seems quite extraordi-
nary that over its long history the earth
could manage to hold a small fraction
of its surface always above the sea, en-
abling, among other things, human evo-
lution to proceed on dry land.

Is the persistence of high-standing
continents just fortuitous? How did the
earthÕs complicated crust come into ex-
istence? Has it been there all the time,
like some primeval icing on a planetary
cake, or has it evolved through the
ages? Such questions had engendered
debates that divided scientists for many
decades, but the fascinating story of
how the terrestrial surface came to take
its present form is now essentially re-
solved. That understanding shows, re-
markably enough, that the conditions
required to form the continents of the
earth may be unmatched in the rest of
the solar system.

The earth and Venus, being roughly
the same size and distance from the
sun, are often regarded as twin planets.
So it is natural to wonder how the crust

of Venus compares with that of our own
world. Although centuries of telescopic
observations from the earth could give
no insight, beginning in 1990 the Ma-

gellan space probeÕs orbiting radar pen-
etrated the thick clouds that enshroud
Venus and revealed its surface with
stunning clarity. From the detailed im-
ages of landforms, planetary scientists
can surmise the type of rock that cov-
ers Venus.

Comparison with the Neighbors

Our sister planet appears to be blan-
keted by rock of basaltic composi-

tionÑmuch like the dark, Þne-grained
rocks that line the ocean basins on the
earth. MagellanÕs mapping, however,
failed to Þnd extensive areas analogous
to the terrestrial continental crust. Ele-
vated regions named Aphrodite Terra
and Ishtar Terra appear to be remnants
of crumpled basaltic lavas. Smaller,
dome-shaped mounds are found on
Venus, and these forms might indicate
that a substantially diÝerent bedrock
composition does exist in some places;

The Evolution 
of Continental Crust

The high-standing continents owe
their existence to the earth’s

long history of plate-tectonic activity

by S. Ross Taylor and Scott M. McLennan

EARTHÕS CRUST is composed primarily of the basaltic rocks that line the ocean
basins. Granitic rocks constitute the high-standing continental platforms. Venus is
nearly the same size as the earth, yet radar imagery indicates that it is encrusted al-
most entirely by basalt. Only a tiny fraction of that planetÕs surface exhibits pan-
cake-shaped plateaus (detail above) that might, like the earthÕs continents, be built
of granitic material. The crust of the earthÕs moon is largely covered by white high-
lands formed as that body Þrst cooled from a molten state; volcanic eruptions later
created dark so-called seas of basalt.
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it is also possible that these pancake-
like features may be composed merely
of more basalt.

After analyzing the wealth of radar
data provided by Magellan, scientists
have concluded that plate tectonics
(that is, the continual creation, motion
and destruction of parts of the planetÕs
surface) does not seem to operate on
Venus. There are no obvious equiva-
lents to the extensive mid-ocean ridges
or to the great trench systems of the
earth. Thus, it is unlikely that the crust
of Venus regularly recycles back into
that planetÕs mantle. Nor would there
seem to be much need to make room
for new crust: the amount of lava cur-
rently erupting on Venus is roughly
equivalent to the output of one Hawaii-
an volcano, KilaueaÑa mere dribble for
the planet as a whole.

These Þndings from Venus and simi-
lar surveys of other solid bodies in the
solar system show that planetary crusts
can be conveniently divided into three
fundamental types. So-called primary
crusts date back to the beginnings of
the solar system. They emerged after
large chunks of primordial material
came crashing into a growing planet,
releasing enough energy to cause the
original protoplanet to melt. As the
molten rock began to cool, crystals of
some types of minerals solidiÞed rela-
tively early and could separate from the
body of magma. This process, for exam-
ple, probably created the white high-
lands of the moon after low-density
grains of the mineral feldspar ßoated to
the top of an early lunar ÒoceanÓ of mol-
ten basalt. The crusts of many satellites
of the giant outer planets, composed of

mixtures of rock with water, methane
and ammonia ices, may also have aris-
en from catastrophic melting during
initial accretion.

In contrast to the product of such
sudden, large-scale episodes of melt-
ing, secondary crusts form after heat
from the decay of radioactive elements
gradually accumulates within a plane-
tary body. Such slow heating causes a
small fraction of the planetÕs rocky in-
terior to melt and usually results in the
eruption of basaltic lavas. The surfaces
of Mars and Venus and the earthÕs ocean
ßoors are covered by secondary crusts
created in this way. The lunar maria (the
ÒseasÓ of the ancient astronomers) also
formed from basaltic lavas that origi-
nated deep in the moonÕs interior. Heat
from radioactivityÑor perhaps from
the ßexing induced by tidal forcesÑon JE
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some icy moons of the outer solar sys-
tem may, too, have generated second-
ary crusts.

Unlike these comparatively common
types, so-called tertiary crust may form
if surface layers are returned back into
the mantle of a geologically active plan-
et. Like a form of continuous distillation,
volcanism can then lead to the produc-
tion of highly diÝerentiated magma of
a composition that is distinct from ba-
saltÑcloser to that of the light-colored
igneous rock granite. Because the recy-
cling necessary to generate granitic mag-
mas can occur only on a planet where
plate tectonics operates, such a compo-
sition is rare in the solar system. The
formation of continental crust on the
earth may be its sole demonstration.

Despite the small number of exam-
ples within each category, one general-
ization about the genesis of planetary
surfaces seems easy to make: there are
clear diÝerences in the rates at which
primary, secondary and tertiary crusts
form. The moon, for instance, generated
its white, feldspar-rich primary crustÑ
about 12 percent of lunar volumeÑin
only a few million years. Secondary
crusts evolve much more slowly. The
moonÕs basalt maria (secondary crust)
are just a few hundred meters thick and
make up a mere one tenth of 1 percent
of the moonÕs volume, and yet these
so-called seas required more than a bil-
lion years to form. Another example of
secondary crust, the basaltic oceanic
basins of our planet (which constitute
about one tenth of 1 percent of the
earthÕs mass) formed over a period of
about 200 million years. Slow as these
rates are, the creation of tertiary crust
is even less eÛcient. The earth has tak-

en several billion years to produce its
tertiary crustÑthe continents. Yet these
features amount to just about one half
of 1 percent of the mass of the planet.

Floating Continents

Many elements that are otherwise
rarely found on the earth are en-

riched in granitic rocks, and this phe-
nomenon gives the continental crust
an importance out of proportion to its
tiny mass. But geologists have not been
able to estimate the overall composi-
tion of crustÑa necessary starting point
for any investigation of its origin and
evolutionÑby direct observation. One
conceivable method might be to com-
pile existing descriptions of rocks that
outcrop at the surface. But even this
large body of information might well
prove insuÛcient. A large-scale explora-
tion program that could reach deeply
enough into the crust for a meaningful
sample would press the limits of mod-
ern drilling technology and would, in
any event, be prohibitively expensive.

Fortunately, a simpler solution is at
hand. Nature has already accomplished
a widespread sampling through the ero-
sion and deposition of sediments. Low-
ly muds, now turned into solid rock,
give a surprisingly good average com-
position for the exposed continental
crust. These samples are, however, miss-
ing those elements that are soluble in
water, such as sodium and calcium.
Among the insoluble elements that are
transferred from the crust into sedi-
ments without distortion in their rela-
tive abundances are the 14 rare-earth
elements, known to geochemists as
REEs. These elemental tags are unique-

ly useful in deciphering crustal compo-
sition because their atoms do not Þt
neatly into the crystal structure of most
common minerals. They tend instead to
be concentrated in the late-forming gra-
nitic products of a cooling magma that
make up most of the continental crust.

Because the REE patterns found in a
variety of sediments are so similar, geo-
chemists surmise that weathering, ero-
sion and sedimentation must mix dif-
ferent igneous source rocks eÛciently
enough to create an overall sample of
the continental crust. All the members
of the REE group establish a signature
of upper crustal composition and pre-
serve, in the shapes of the elemental
abundance patterns, a record of igneous
events that may have inßuenced the
makeup of the crust.

Using these geochemical tracers, ge-
ologists have, for example, determined
that the composition of the upper part
of the continental crust approximates
that of granodiorite, an ordinary ig-
neous rock that consists largely of light-
colored quartz and feldspar, along with
a peppering of various dark minerals.
Deep within the continental crust, be-
low about 10 to 15 kilometers, rock of
a more basaltic composition is proba-
bly common. The exact nature of this
material remains controversial, and ge-
ologists are currently testing their ideas
using measurements of the heat pro-
duced within the crust by the impor-
tant radioactive elements potassium,
uranium and thorium. But it seems rea-
sonable that at least parts of this inac-
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SURFACE ELEVATIONS are distributed
quite diÝerently on the earth (blue) and
on Venus (gold ). Most places on the
earth stand near one of two prevailing
levels. In contrast, a single height char-
acterizes most of the surface of Venus.
(Elevation on Venus is given with re-
spect to the planetÕs mean radius.)

6

4

2

0

–2

– 4

V
E

N
U

S
 E

LE
V

A
T

IO
N

 (
K

IL
O

M
E

T
E

R
S

)

0 0.5
RELATIVE AREA

1.0

CONTINENTS

VENUS

OCEAN BASINS

0

2

4

–2

–4

–6

E
A

R
T

H
 E

LE
V

A
T

IO
N

 (
K

IL
O

M
E

T
E

R
S

)

RARE-EARTH ELEMENT abundance patterns provide characteristic chemical mark-
ers for the types of rock that have formed the earthÕs crust. Although igneous
rocks (those that solidify from magma) can have highly variable rare-earth ele-
ment signatures (dotted lines), the pattern for most sedimentary rocks falls within
a narrow range (gray band ). That uniformity arises because sediments eÝectively
record the average composition of the upper continental crust.

JA
N

A
 B

R
E

N
N

IN
G

Cerium
Lanthanum

Praseodymium
Neodymium

Samarium

Oceanic basalt
Andesite
Continental basalt
Granite
Archean sodium
   granite
Sedimentary rock

Europium
Gadolinium
Terbium
Dysprosium
Holmium
Erbium
Thulium
Ytterbium
Lutetium

58

60

62

64

66

68

70

10 100 500
CONCENTRATION RELATIVE TO METEORITES

A
T

O
M

IC
 N

U
M

B
E

R

JA
N

A
 B

R
E

N
N

IN
G

Copyright 1995 Scientific American, Inc.



cessible and enigmatic region may con-
sist of basalt trapped and underplated
beneath the lower-density continents.

It is this physical property of granit-
ic rockÑlow densityÑthat explains why
most of the continents are not sub-
merged. Continental crust rises on av-
erage 125 meters above sea level, and
some 15 percent of the continental area
extends over two kilometers in eleva-
tion. These great heights contrast mar-
kedly with the depths of ocean ßoors,
which average about four kilometers
below sea levelÑa direct consequence
of their being lined by dense oceanic
crust composed mostly of basalt and a
thin veneer of sediment.

At the base of the crust lies the so-
called Mohorovicic discontinuity (a
tongue-twisting name geologists invari-
ably shorten to ÒMohoÓ). This deep sur-
face marks a radical change in compo-
sition to an extremely dense rock rich
in the mineral olivine that everywhere
underlies both oceans and continents.
Geophysical studies using seismic waves
have traced the Moho worldwide. Such
research has also indicated that the
mantle below the continents may be
permanently attached at the top. These
relatively cool subcrustal ÒkeelsÓ can be
as much as 400 kilometers thick and
appear to ride with the continents dur-
ing their plate-tectonic wanderings.
Support for this notion comes from the
analysis of tiny mineral inclusions

found within diamonds, which are
thought to originate deep in this sub-
crustal region. Measurements show that
diamonds can be up to three billion
years old and thus demonstrate the an-
tiquity of the deep continental roots.

It is curious to reßect that less than
40 years ago, there was no evidence that
the rocks lining ocean basins diÝered
in any fundamental way from those
found on land. The oceans were simply
thought to be ßoored with foundered or
sunken continents. This perception grew
naturally enough from the concept that
the continental crust was a world-encir-
cling feature that had arisen as a kind
of scum on an initially molten planet.
Although it now appears certain that
the earth did in fact melt very early, it
seems that a primary granitic crust, of
the type presumed decades ago, never
actually existed.

The Evolution of Geodiversity

How was it that two such distinct
kinds of crust, continental and

oceanic, managed to arise on the earth?
To answer this question, one needs to
consider the earliest history of the so-
lar system. In the region of the primor-
dial solar nebula occupied by the earthÕs
orbit, gas was mostly swept away, and
only rocky debris large enough to sur-
vive intense early solar activity accumu-
lated. These objects themselves must

have grown by accretion, before Þnally
falling together to form our planet, a
process that required about 50 million
to 100 million years.

Late in this stage of formation, a
massive planetesimal, perhaps one the
size of Mars, crashed into the nearly
fully formed earth. The rocky mantle of
the impactor was ejected into orbit and
became the moon while the metallic
core of the body fell into the earth [see
ÒThe ScientiÞc Legacy of Apollo,Ó by G.
JeÝrey Taylor; SCIENTIFIC AMERICAN,
July 1994]. As might be expected, this
event proved catastrophic: it totally
melted the newly formed planet. As the
earth later cooled and solidiÞed, an
early basaltic crust probably formed.

It is likely that at this stage the sur-
face of the earth resembled the current
appearance of Venus. None of this pri-
mary crust has, however, survived.
Whether it sank into the mantle in a
manner similar to to that taking place
on the earth or piled up in localized
masses until it was thick enough to
transform into a denser rock and sink
remains uncertain. In any event, there
is no evidence of substantial granitic
crust at this early stage. Telltale evi-
dence of such a crust should have sur-
vived in the form of scattered grains of
the mineral zircon, which forms within
granite and is enormously resistant to
erosion. Although a few ancient zircons
dating from near this time have been
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found (the oldest examples are from
sedimentary rocks in Australia and are
about 4.2 billion years old), these grains
are exceedingly scarce.

More information about the early
crust comes from the most ancient
rocks to have survived intact. These
rocks formed deep within the crust just
less than four billion years ago and now
outcrop at the surface in northwest
Canada. This rock formation is called
the Acasta Gneiss. Slightly younger ex-
amples of early crust have been docu-
mented at several locations throughout
the world, although the best studied of
these ancient formations is in western
Greenland. The abundance of sedimen-
tary rock there attests to the presence
of running water and to the existence

of what were probably true oceans dur-
ing this remote epoch. But even these
extraordinarily old rocks from Canada
and Greenland date from some 400 mil-
lion to 500 million years after the ini-
tial accretion of the earth, a gap in the
geologic record caused, no doubt, by
massive impacts that severely disrupt-
ed the earthÕs earliest crust.

From the record preserved in sedi-
mentary rocks, geologists know that
the formation of continental crust has
been an ongoing process throughout
the earthÕs long history. But the creation
of crust has not always had the same
character. For example, at the boundary
between the Archean and Proterozoic
eons, around 2.5 billion years ago, a
distinct change in the rock record oc-

curs. The composition of the upper
crust before this break contained less
evolved constituents, composed of a
mixture of basalt and sodium-rich gran-
ites. These rocks make up the so-called
tonalite-trondjemite-granodiorite, or
TTG suite. This composition diÝers
considerably from the present upper
crust, which is dominated by potas-
sium-rich granites.

The reason for the profound change
in crustal composition 2.5 billion years
ago appears to be linked to the earthÕs
plate-tectonic churnings. Before this
time, oceanic crust was being recycled
rapidly because higher levels of radio-
activity existed and more intense heat-
ing tended to drive a faster plate-tecton-
ic engine. There may have been more
than 100 separate plates during the Ar-
chean, compared with the dozen that
currently exist. Unlike the present ocean-
ic crustÑwhich travels a long distance
and cools signiÞcantly before sinking
back into the mantleÑoceanic crust dur-
ing this earlier epoch survived for a far
shorter time. It was thus still relatively
hot when it entered the mantle and so
began to melt at shallower depths than
typically occurs now. This diÝerence
accounts for the formation of sodium-
rich igneous rocks of the TTG suite;
such rocks now form only in those few
places where young, hot oceanic crust
subducts.

The early tendency for magma to
form with a TTG composition explains
why crust grew as a mixture of basalt
and tonalite during the Archean eon.
Large amountsÑat least 50 percent and
perhaps as much as 70 percent of the
continental crustÑemerged at this time,
with a major episode of growth between
3.0 and 2.5 billion years ago. Since that
time, the relative height of ocean basins
and continental platforms has remained
comparatively stable. With the onset of
the Proterozoic eon 2.5 billion years
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CRUSTAL GROWTH has proceeded in episodic fashion for bil-
lions of years. An important growth spurt lasted from about
3.0 to 2.5 billion years ago, the transition between the Ar-

chean and Proterozoic eons. Widespread melting at this time
formed the granite bodies that now constitute much of the
upper layer of the continental crust.
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ago, the crust had already as-
sumed much of its present
makeup, and modern plate-
tectonic cycling began.

Currently oceanic crust forms
by the eruption of basaltic lava
along a globe-encircling net-
work of mid-ocean ridges. More
than 18 cubic kilometers of
rock are produced every year
by this process. The slab of
newly formed crust rides on
top of an outer layer of the
mantle, which together make
up the rigid lithosphere. The
oceanic lithosphere sinks back
into the mantle at so-called
subduction zones, which leave
conspicuous scars on the ocean
ßoor in the form of deep
trenches. At these sites the de-
scending slab of lithosphere
carries wet marine sediments
as well as basalt plunging into
the mantle.

At a depth of about 80 kilo-
meters, heat drives water and other vol-
atile components from the subducted
sediments into the overlying mantle.
These substances then act as a ßux does
at a foundry, inducing melting in the
surrounding material at reduced tem-
perature. The magma produced in this
fashion eventually reaches the surface,
where it causes spectacular, explosive
eruptions. Pinatubo and Mount St. He-
lens are two recent examples of such
geologic cataclysms. Great chains of vol-
canoesÑsuch as the AndesÑpowered by
boiling volatiles add on average about
two cubic kilometers of lava and ash to
the continents every year.

But subduction-induced volcanism is
not the only source of new granitic rock.
The accumulation of heat deep within
the continental crust itself can cause
melting, and the resultant magma will
ultimately migrate to the surface. Al-
though some of this necessary heat
might come from the decay of radioac-
tive elements, a more likely source is
basaltic magma that rises from deeper

in the mantle and becomes trapped un-
der the granitic lid; the molten rock then
acts like a burner under a frying pan.

Crustal Growth Spurts

Although the most dramatic shift in 
the generation of continental crust

happened at the end of the Archean
eon, 2.5 billion years ago, the conti-
nents appear to have experienced epi-
sodic changes throughout all of geologic
time. For example, sizable, later addi-
tions to the continental crust occurred
from 2.0 to 1.7, from 1.3 to 1.1 and from
0.5 to 0.3 billion years ago. That the
earthÕs continents experienced such a
punctuated evolution might appear at
Þrst to be counterintuitive. Why, after
all, should crust form in spurts if the
generation of internal heatÑand its lib-
eration through crustal recyclingÑis a
continuous process?

A more detailed understanding of
plate tectonics helps to solve this puz-
zle. During the Permian period (about

250 million years ago), the ma-
jor continents of the earth con-
verged to create one enormous
landmass called Pangea [see
ÒEarth before Pangea,Ó by Ian
W. D. Dalziel; SCIENTIFIC AMER-
ICAN, January 1995]. This con-
Þguration was not unique. The
formation of such Òsuperconti-
nentsÓ appears to recur at in-
tervals of about 600 million
years. Major tectonic cycles
driving the continents apart
and together have been docu-
mented as far back as the Early
Proterozoic, and there are even
suggestions that the Þrst su-
percontinent may have formed
earlier, during the Archean.

Such large-scale tectonic cy-
cles serve to modulate the tem-
po of crustal growth. When a
supercontinent breaks itself
apart, oceanic crust is at its old-
est and hence most likely to
form new continental crust af-

ter it subducts. As the individual conti-
nents reconverge, volcanic arcs (curved
chains of volcanoes created near sub-
duction zones) collide with continental
platforms. Such episodes preserve new
crust as the arc rocks are added to the
margins of the continents.

For more than four billion years, the
peripatetic continents have assembled
themselves in Þts and starts from many
disparate terranes. Buried in the result-
ing amalgam is the last remaining testa-
ment available for the bulk of the earthÕs
history. That story, assembled from
rocks that are like so many jumbled
pieces of a puzzle, has taken some time
to sort out. But the understanding of
crustal origin and evolution is now suf-
Þcient to show that of all the planets the
earth appears truly exceptional. By a
fortunate accident of natureÑthe abili-
ty to maintain plate-tectonic activityÑ
one planet alone has been able to gen-
erate the sizable patches of stable con-
tinental crust that we Þnd so convenient
to live on.

SCIENTIFIC AMERICAN January 1996       81

The Authors

S. ROSS TAYLOR and SCOTT M. MCLENNAN have worked
together since 1977 examining the earthÕs crustal evolution.
Taylor has also actively pursued lunar and planetary studies
and has published four books on planetology. He is a foreign
associate of the National Academy of Sciences. Taylor is cur-
rently with the Research School of Physical Sciences at the
Australian National University. McLennan is a professor in the
department of earth and space sciences at the State Universi-
ty of New York at Stony Brook. He recently received a Presi-
dential Young Investigator Award from the National Science
Foundation. His research applies the geochemistry of sedi-
mentary rocks to studies of crustal evolution, plate tectonics
and ancient climates.

Further Reading

NO WATER, NO GRANITESÑNO OCEANS, NO CONTINENTS. I. H. Campbell
and S. R. Taylor in Geophysical Research Letters, Vol. 10, No. 11, pages
1061Ð1064; November 1983.

THE CONTINENTAL CRUST: ITS COMPOSITION AND EVOLUTION. S. Ross Tay-
lor and Scott M. McLennan. Blackwell ScientiÞc Publications, 1985.

OASIS IN SPACE: EARTH HISTORY FROM THE BEGINNING. Preston Cloud. 
W. W. Norton, 1988.

THE GEOCHEMICAL EVOLUTION OF THE CONTINENTAL CRUST. S. Ross Taylor
and Scott M. McLennan in Reviews of Geophysics, Vol. 33, No. 2, pages
241Ð265; May 1995.

NATURE AND COMPOSITION OF THE CONTINENTAL CRUST: A LOWER
CRUSTAL PERSPECTIVE. Roberta L. Rudnick and David M. Fountain in Re-
views of Geophysics, Vol. 33, No. 3, pages 267Ð309; August 1995.

VOLCANOES, such as this one erupting on the Kamchatka
Peninsula, mark where new continental material forms
above subducting oceanic crust. In time, such geologically
active terranes will evolve into stable continental crust. 
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Working Elephants
They earn their keep in Asia by providing 

an ecologically benign way to harvest forests 

by Michael J. Schmidt
Photography by Richard Ross

I
n the dense forests of Myanmar, men and elephants labor together to extract
timber as they have done for more than 100 years. A gesture, a word, a shift
in weight is all it takes for an ÒoozieÓ to direct his elephant to carry, push,

pull or stack massive logs that elsewhere are manipulated by machines. If
kept viable, the tradition can guarantee the survival not only of Asian
elephants but also of the forests. If the tradition is lost, a magniÞcent
species might become extinct, and some of the oldest natural forests
in Asia could become monocultured tree farms.

Myanmar, formerly Burma, is the last country to use elephants ex-
tensively for logging. Just two decades ago Thailand had a vigorous population of
4,000 logging elephants. But the Thai forests were clear-cut instead of being har-
vested sustainably, and now many of the beasts are underemployed and mal-
nourished. Only in Myanmar has a reverence for heritage allowed some of the
largest tracts of forest on the earth to ßourish unspoiled. A century-old policy of
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harvesting selected trees and transporting the logs by teams
of men and elephants has kept vast sections of forest robust
and highly productive.

Elephants oÝer several ecological beneÞts over machines.
They enter and exit the forest on narrow paths, obviating the
need for an extensive network of logging roads. These roads
damage far more than the ecosystem around the roadbeds.
They provide access for humans who engage in slash-and-
burn agriculture, leaving behind infertile, bare earth. Logging
roads also allow poachers to penetrate deep within a forest,
where they devastate endangered creatures. Elephants run
on renewable and cheap green fuel, whereas mechanized log
skidders require expensive, polluting petroleum. And the log
skidders roar through the forest on tank treads, crushing ev-
erything in their path. The vegetation never recovers.

Although man-elephant teams are ecologically benign,
they are not as eÛcient as mechanical devicesÑwhich many
foreign timber companies are eager to fund. The elephants
can make up the diÝerence only if enough of them are em-
ployed to get the required thousands of logs out of the
forests every year. Currently 5,700 elephants are in use; the
challenge is to keep their numbers that high.

In 1992 Khyne U Mar, a veterinarian at the Myanmar Tim-
ber Enterprise, contacted the Metro Washington Park Zoo in
Portland, Ore., where I work. She was seeking help in main-
taining the size of the working elephant troops. Traditional-
ly, new recruits for loggingÑadolescent elephants between
12 and 18 years of ageÑwere taken from wild herds. But to-
day there are too few wild elephants left even in MyanmarÕs

vast forests (which may hold 5,000) to allow the animals to
be captured for logging. 

About 200 to 300 working elephants are lost every year to
retirement, injury or death. But the working elephants give
birth to no more than 200 calves a year. The only means of
replacing the retirees is for Myanmar to breed elephants.

At the Metro Washington Park Zoo we have a 33-year-old
program for breeding captive elephants. Using our tech-
niques on MyanmarÕs working elephants provides a unique
opportunity to conserve an endangered species. The loggers
constitute almost 15 percent of all Asian elephants, wild and
domestic. If their numbers can be kept intact, there will al-
ways be a population of Asian elephants on the earth that is
large enough and genetically diverse enough to yield many
generations of healthy oÝspring.

Even better, working elephants are gentleÑa very helpful
trait in handling an endangered species. But breeding even
these tame elephants in their forest home has its challenges.
The Þve inseminations we have managed in Myanmar so far
have not borne fruit. Still, we are hopeful that we will be able
to help MyanmarÕs elephants reproduce, thus saving the
creatures and the logging tradition. Within the next 20 years
the fate of these giants will be decided.

EMPLOYEES of the Myanmar Timber Enterprise line up for a
group portrait (below). One technique used by the elephants
in their work is to balance a small log on the tusks (opposite
page), holding it in place with the trunk.

Copyright 1995 Scientific American, Inc.



PULLING TEAK LOGS through forests
(above) and across streams (right ), ele-
phants make do with trails rather than
intrusive roads. Some logs are ßoated
down mountain streams to the Irra-
waddy River, where they are bound
into giant rafts for transport to Yan-
g�n (formerly Rangoon). Elsewhere,
the logs are dragged to collection
points and loaded onto trucks.

The animals need to be extremely
alert mentally to avoid injury while
working with these massive beams.
Besides, elephants are susceptible to
heat stroke and can labor only in the
morning or early evening; they do not
work at all through the hot months of
March, April and May.

Copyright 1996 Scientific American, Inc.
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TACK SHED (left ), where the gear for drag-
ging logs is stored, is often the place where
an elephant is saddled. At night, the ele-
phants are hobbled and let loose in the forest
to feed. The elephants are also fed salted
cooked rice at the end of the workday. The
oozie Þnds his elephant at 4 A.M. by following
the distinct tones of its bell. ( In earlier times,
a wild bull elephant often mated with a female
working elephant during her night out.) 

OOZIE, or trainer (right ), shares a vocabulary
of as many as 30 diÝerent commands with his
elephant. Most elephants will obey most ooz-
ies, but a few elephants respond only to a par-
ticular man. Among oozies, riding the most un-
predictable animalÑone that is potentially dan-
gerousÑis a status symbol.

Female elephants can be success-
fully inseminated only during the

three times a year they are in estrus.
But it is impossible to tell from ex-
ternal signals when estrus occurs;
minute changes in progesterone lev-
els in a female’s blood have to be
monitored weekly or even daily. Dur-
ing the monsoon season in Myan-
mar, swimmers sometimes have had
to carry the blood samples across
flooded rivers to Yangôn, where
technicians at the Medical Research Institute measure
the progesterone.

When estrous cycles are known, artificial insemination
becomes possible. Tame cow elephants are readily ha-
bituated to accept a five-foot-long, flexible pneumatic in-

semination tube matching their
unique anatomy. (In the photograph
at the left, the author inspects an
elephant’s vagina with a fiber-optic
scope.) And trained bull elephants
voluntarily donate semen to an ele-
phant-size artificial vagina. Work is
under way to determine a reliable
method of deep-freezing elephant
semen in liquid nitrogen, so that a
sperm bank can be set up—poten-
tially including the contributions of

hundreds, perhaps thousands, of bull elephants.
With such a sperm bank in place, it will be possible to

invigorate isolated groups of elephants throughout Asia
by inserting diverse new genes. Shipping elephant sperm,
after all, is easier than shipping elephants.

Inseminating an Elephant

Copyright 1995 Scientific American, Inc.
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Saddling an Elephant

An elephant’s sensitive spine has to be protected 
from injury while the animal drags logs up to

3,000 pounds in weight. A big pad of leaves and
bark make a thick, soft layer on which the dragging
gear is balanced. This “saddle” prevents the chain
from digging into the elephant’s back; the oozie sits
on the neck. These photographs, taken by the au-
thor at a logging camp in Thailand (right ), show
elephants being saddled for logging as they have
been for hundreds of years.

Copyright 1995 Scientific American, Inc.
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BATHING, an intimate daily ritual that can
last an hour, is a time for the oozie to scrub,
clean and bond with his elephant. Because
elephants live an average of 50 to 60 years,
and sometimes as long as 80, the relation-
ship can become a lifelong one. 
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TRENDS IN THEORETICAL PHYSICS

Explaining Everything 
by Madhusree Mukerjee, staÝ writer

A
slight breeze stirs the hot air under the canopy, bringing scant relief 
to the scientists arrayed in its shade. A magpie calls raucously, punc-
tuating the even tones of the seminar speakerÕs voice. ÒI want my

four-dimensional canonical gravity to be one at inÞnity,Ó says Renata Kal-
losh of Stanford University, as she chalks out equations on the makeshift
blackboard. Strains of music from a distant concert reach a crescendo and
suddenly stop. JeÝrey A. Harvey of the University of Chicago is asking a
question:

ÒWhat does it mean that your black holes have zero mass? Do they move
at the speed of light?Ó

ÒNo, they have nothing, no momentum,Ó Gary T. Horowitz of the Univer-
sity of California at Santa Barbara turns to reply.

ÒOh, baloney!Ó That was Leonard Susskind of Stanford.
ÒThey have no energy, no momentumÑthereÕs nothing there!Ó Harvey

protests.
The heady debate shifts, unresolvedÑone of many that sporadically

erupt among the theoretical physicists gathered at the Aspen Center for
Physics in the Colorado Rockies. A sense of barely suppressed excitement
Þlls the air. The Theory of Everything, or TOE, the theorists believe, is hov-
ering right around the corner.

When Þnally graspedÑthe fantasy goesÑthe TOE will be simple enough
to write down as a single equation and to solve. The solution will describe a
universe that is unmistakably ours: with three spatial dimensions and one
time dimension; with quarks, electrons and the other particles that make up
chairs, magpies and stars; with gravity, nuclear forces and electromagne-
tism to hold it all together; with even the big bang from which everything
began. The major paradigms of physicsÑincluding quantum mechanics and
EinsteinÕs gravityÑwill be revealed as intimately related. ÒConcepts of physics
as we know them today will be completely changed as the story unfolds,Ó pre-
dicts Edward Witten of the Institute for Advanced Study in Princeton, N.J.

Grand promises were also heard a decade ago, when Òstring theoryÓ
gained favor as a TOE. Physicists crafted the theory from the idea that the
most elementary object in the universe is an unimaginably tiny string. The
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ELEMENTARY STRING, on closer inspection, turns out to be an intricate, com-
posite object, woven from the very particles and strings to which it gives rise.
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A new symmetry, duality, is changing the way 
physicists think about fundamental particles—or strings. 

It is also leading the way to a Theory of Everything

undulations of such strings were posited to yield all the particles and forces in the uni-
verse. These loops or segments of string are about 10Ð33 centimeter long and vibrate in
many diÝerent modes, just as a violin string can. Each vibrational mode has a Þxed en-
ergy and so by the laws of quantum mechanics can be thought of as a particle. But
string theory soon ran into mathematical barriers: it frayed into Þve competing theo-
ries. ÒItÕs unaesthetic to have Þve uniÞed theories,Ó wryly comments Andrew Stromin-
ger of the University of California at Santa Barbara. Worse, the theories had thousands
of solutions, most of which looked nothing like our universe. Asked in 1986 to summa-
rize the TOE in no more than seven words, Sheldon L. Glashow of Harvard University, a
longtime critic, exclaimed in mock anguish: ÒOh, Lord, why have you forsaken me?Ó

The ÒLord,Ó it would appear, has heard. A peculiar new symmetry, called duality, is
making all the diÝerent strings twine into one another. Indeed, duality is redeÞning what
physicists consider a fundamental particleÑor string. Elementary objects now seem to
be made of the very particles they create. Witten believes duality not only will lead to a
TOE but also may illuminate why the universe is the way it is. ÒI think we are heading
for an explanation of quantum mechanics,Ó he asserts. Few critics of the theoryÕs current
claims can be heard: string mathematics is so complex that it has left behind the vast
majority of physicists and mathematicians.

At the same time, the world according to duality is getting even more bizarre. Strings
mutate with ease into black holes, and vice versa; new dimensions blow up in diÝerent
realms; and not only strings but bubbles and other membranes shimmer down the by-
ways of the universe. The multitude of links, the researchers believe, points to a deeper
entityÑpresumably the TOEÑthat explains it all. ÒItÕs like aspen trees,Ó offers Michael J.
DuÝ of Texas A&M University, waving at a nearby stand. ÒThere is a root system that
spreads under the ground. You see only the little bits that poke up above the surface.Ó

A New Symmetry

The word ÒdualÓÑfast replacing ÒsuperÓ as the most overused word in particle theo-
ryÑhas many diÝerent connotations for physicists. Broadly, two theories are said to

be dual if they are apparently dissimilar but make the same physical predictions. For
example, if all the electrical and magnetic quantities in MaxwellÕs equations for electro-
magnetism are interchanged, one nominally obtains a diÝerent theory. But if in addition
to electrical charges, the world is presumed to contain magnetic charges (such as the
isolated north pole of a bar magnet), the two theories become exactly the sameÑor
dual.

More speciÞcally, duality makes elementary and composite objects interchangeable:
whether a particle or other entity is irreducibly fundamental or is itself made up of even
more fundamental entities depends on your point of view. Either perspective ultimate-
ly yields the same physical results.

The Þrst signs of duality appeared while physicists were working on quantum-Þeld
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theories, theories that describe particles
as quantum-mechanical waves spread
out in space-time. In the Þeld theory
called quantum chromodynamics, or
QCD, quarks are elementary particles
that have a kind of charge, much like
electrical charge, called color. Color
makes quarks attract one another very
strongly, clumping into pairs and tri-
ads to form larger, composite particles
such as protons.

Just as in the familiar world there are
no particles with magnetic charge, there
are no particles with color magnetic
charge. But in 1974 Gerard Õt Hooft of
Utrecht University in the Netherlands
and Alexander Polyakov, then at the Lan-
dau Institute near Moscow, described
how Þelds making up quarks might knot
into small balls endowed with color
magnetic charge. Such clumpsÑwhich
physicists visualize as hedgehoglike
spheres studded with arrows represent-
ing vectorsÑare generically called soli-
tons and behave like particles. Thus, a
theory of quarks with color charge might
also imply the existence of solitons with
color magnetic charge, otherwise known
as monopoles. The monopoles would be
composite particles, derived from the
Þelds of more elementary quarks.

In 1977 David Olive and Claus Mon-
tonen, working at CERN near Geneva,
speculated that Þeld theories involving
color might be dual. That is, instead of
quarks being elementary and mono-
poles composite, perhaps one could
think of the monopoles as being ele-
mentary. Then one might start with a
Þeld theory of interacting monopoles,
Þnding that it gave rise to solitons that
looked like quarks. Either the quark or
the monopole approach to the theory
should give the same physical results.

Most theorists were skeptical. Even if
duality did exist, it was thought impos-
sible to establish: the mathematics of
QCD is extremely hard, and it would be
necessary to calculate two sets of pre-
dictions for comparison. ÒIn physics itÕs
very rare that you can calculate some-
thing exactly,Ó remarks Nathan Seiberg
of Rutgers University. In February 1994,
however, Ashoke Sen of the Tata Insti-
tute in Bombay, India, showed that on

occasion, predictions of duality could
be precisely testedÑand were correct. 

The calculation converted the string
community. ÒWitten went from telling
everyone this was a waste of time to tell-
ing them this was the most important
thing to work on,Ó Harvey chuckles. Wit-
ten, often referred to as Òthe PopeÓ by
detractors of string theory, has initiat-
ed many trends in particle physics dur-
ing the past two decades.

Meanwhile Seiberg was developing
an extremely helpful calculational short-
cut for studying QCD. His work was
based on supersymmetry. Supersym-
metry is the idea that for each kind of
particle that constitutes matter, there
should be a related particle that trans-
mits force, and vice versa. The symme-
try has yet to be found in nature, but
theorists frequently invoke its powers.

Seiberg was able to show, by using su-
persymmetry to constrain the interac-
tion between particles, how some hith-
erto impossible calculations in QCD
might be done. He and Witten went on
to demonstrate that versions of QCD
that include supersymmetry are dual.

There is an immediate, startling ben-

eÞt. QCD is diÛcult to calculate with
because quarks interact, or Òcouple,Ó
strongly. But monopoles interact weak-
ly, and calculations with these are easy.
Duality would allow theorists to deal
with monopolesÑand automatically
know all the answers to QCD. ÒItÕs some
kind of magical trick,Ó Harvey says. ÒWe
donÕt understand yet why it should
work.Ó Armed with duality, Seiberg and
Witten went on to calculate in great de-
tail why free quarks are never observed
in nature, verifying a mechanism put
forth in the 1970s by Õt Hooft and Stan-
ley Mandelstam of the University of
California at Berkeley. 

Of course, the validity of all this work
hinges on the assumption that  super-
symmetry exists. Still, Seiberg hopes
that, ultimately, duality will prevail
even if supersymmetry is absent, so
that Òthe qualitative results will be true
even if the quantitative results depend
on supersymmetry.Ó

Duality is, however, much more than
a calculational tool: it is a new way of
looking at the world. ÒSomething
thought of as composite becomes fun-
damental,Ó Harvey points out. And vice
versa. Even the normally conservative
Seiberg has not been able to resist spec-
ulating that perhaps the quarks are
solitons, duals of some other truly ele-
mentary particles that are even smaller.

Stringing Strings Together

The concept of duality may have
grown out of Þeld theories, but as

Sen observes, Òduality is much more
natural in string theory.Ó It is also more
versatile. Duality can unite strings of
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DUALITY, a type of symmetry, makes it possible to view composite entities as
equivalent to fundamental particles, and vice versa. For example, a quark has a kind
of charge called color (red ). Moving electrical charges generate magnetic Þelds;
likewise, moving quarks generate color magnetic Þelds (blue). Sometimes many
quarks can tangle into a composite object, called a monopole, that has a color mag-
netic charge (top right ). Because of duality, however, it is possible to think of a
monopole as a fundamental particle (bottom right ). Monopoles in turn can clump to
form quarksÑwhich are now composite objects (bottom left ). The arrows (black )
signify properties of the particles that are vectors, such as angular momentum.

DIVERSE MODES of vibration can be induced in any string. Quantum mechanics al-
lows the waves to be interpreted as particles. If loops of string about 10Ð33 cen-
timeter long are fundamental constituents of matter, then their vibrational ener-
gies are the masses of elementary particles such as electrons, quarks and photons.
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diÝerent kinds, existing in diÝerent di-
mensions and in space-times of diÝer-
ent shapes. All these feats are allowing
string theory to overcome its limita-
tions and rise to the status of a TOE.

Earlier in its evolution, string theory
had failed as a uniÞed theory because
of the many types of strings that were
posited, as well as the embarrassing
multiplicity of answers that it gave. This
plenitude has its source in yet another
peculiarity of string theoryÑit is con-
sistent only if strings originally inhabit
a 10-dimensional space-time. The real
world, of course, has four dimensions,
three of space and one of time. The ex-
tra six dimensions are assumed to curl
up so tight that they pass undetected by
large objects such as humansÑor even
quarks. ÒThink of a garden hose,Ó sug-
gests Brian R. Greene of Cornell Univer-
sity. ÒFrom a distance it looks one-di-
mensional, like a line. If you get close,
you see itÕs actually a two-dimensional
surface, with one dimension curled up
tight.Ó

Unhappily for string theorists, the
extra six dimensions can curl up in very
many diÝerent ways: ÒTens of thou-
sands is the oÛcial estimate,Ó Stromin-
ger quips. Each of these crumpled spac-
es yields a diÝerent solution to string
theory, with its own picture of the four-
dimensional worldÑnot exactly what
one wants from a TOE.

A type of duality called mirror sym-
metry found in the late 1980s has
helped lessen this problem by merging
some of the alternative solutions. Mir-
ror symmetry revealed that strings in
two diÝerent curled spaces sometimes
yield the same particles. For example,
if one dimension becomes very small, a
string looped around that dimensionÑ
like a rubber band around a hoseÑ
might create the same particles as a
string moving around a ÒfatÓ dimension.

The size to which a dimension shrinks
is rather similar, in string theory, to an-
other parameter: the strength with
which particles interact. In 1990 Ana-
maria Font, Luis E. Ib��ez, Dieter L�st
and Fernando Quevedo, collaborating
at CERN, suggested that something like
mirror symmetry also exists for cou-
pling strengths. Just as large spaces
can have the same physics as small
ones, perhaps a string theory with large
coupling could give the same results as
another having small coupling.

This conjecture related string theo-
ries in the same way that duality worked
for Þeld theory. Moreover, from afar,
strings look like particles, so that dual-
ity in string theory implies duality in
Þeld theory, and vice versa. Each time
duality was tested in either case, it
passed with ßying colors and helped to

draw the two realms closer together.
Meanwhile duality was emerging 

from a completely diÝerent quarterÑ
supergravity. This uniÞed theory was
an attempt to stretch EinsteinÕs gravity
to include supersymmetry. (In contrast,
string theory tried to modify particle
theory to include gravity.) In 1986 DuÝ,
then at Imperial College, London, was
able to derive a picture for supergravi-
ty that involved vibrations of an entire-
ly new fundamental entity: a bubble.
Whereas strings wiggled through 10 di-
mensions, this bubble ßoated in 11.

ÒThe vast majority of the string com-
munity was not the least interested,Ó
DuÝ recallsÑmost likely because no
one knew how to do calculations with
this bubble. Still, he continued to work
on diverse theories involving closed
membranes. He found that a Þve-di-
mensional membrane, or a ÒÞve-brane,Ó
that moved through a 10-dimensional

space could serve as an alternative de-
scription of string theory.

The Þve-brane could wrap itself
around an internal curled space, like a
skin around a sausage. But if this inter-
nal space shrank to nothing, the bub-
ble ended up looking like a string. DuÝ
suggested that this convoluted string
was actually the same as the ones in
string theory, positing a Òstring-stringÓ
duality. At the same time, Christopher
M. Hull of Queen Mary and WestÞeld
College and Paul K. Townsend of the
University of Cambridge were hypothe-
sizing about many generalizations of
duality in string theory. ÒNeither group
paid much attention to the otherÕs pa-
per,Ó DuÝ says, with a gleam in his eye.

Explosion of Dualities

That is, until March 1995, when mat-
ters came to a head at a conference

at the University of Southern Califor-
nia. Witten gave the Þrst talk of the

day, pulling together evidence for dual-
ity from diverse realms. He recognized
that Hull, Townsend and DuÝ were all
talking about the same idea and went
on to conjecture that DuÝÕs bubbles in
11 dimensions were solitons of a par-
ticular string in 10 dimensions. After
Witten, Seiberg spoke. ÒNatty [Seiberg]
was so impressed by WittenÕs talk,Ó
chuckles John H. Schwarz of the Califor-
nia Institute of Technology. ÒHe said, ÔI
should become a truck driver.Õ Ó But Sei-
berg also presented many new results,
prompting SchwarzÑone of the found-
ers of string theoryÑto begin his talk
with, ÒIÕll get a tricycle.Ó

An explosion of activity followed and
has continued unabated. Every day sci-
entists log on to the electronic preprint
library at Los Alamos National Labora-
tory to Þnd some 10 new papers in the
Þeld. ÒItÕs the Þrst thing you do every
morning,Ó remarks Anna Ceresole of

the Polytechnic of Turin. ÒLike reading
the newspaper.Ó Scattered and curious
evidence for duality is turning up, re-
lating strings and bubbles to solitons
of all kinds and shapes.

One soliton, which resembles a hairy
caterpillar, with vector arrows pointing
out all along a line, turned out to be
dual to a fundamental string. (It is also
similar to a cosmic string, a fad in cos-
mology begun by Witten a decade ago.)
DiÝerent kinds of strings squeezed into
the real worldÑfour dimensionsÑalso
proved dual. ÒThings happen for diÝer-
ent reasons, yet they agree,Ó Seiberg re-
marks. ÒIt feels like magic.Ó

There is a method behind the mad
hunt for dualities. ÒMany string theo-
ries are not realistic,Ó Sen points out.
ÒWe need to understand all of them to
Þnd the real one.Ó Duality serves to
connect, and therefore to reduce, the
number of options. Witten believes the
Þve string theories involving 10 dimen-
sions that now prevail will all turn out
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REDUCING DIMENSIONS of a space can be achieved by pasting its edges together
and shrinking it. For example, a two-dimensional sheet of rubber is Þrst curled into
a cylinder, and the curled dimension is then shrunk. When thin enough, the cylin-
der looks like a (one-dimensional) line. Twisting around this length of ÒhoseÓ and
sticking its ends together, one gets a doughnut shape. The radius of the doughnut
can be shrunk until it is small enough to approximate a pointÑa zero-dimensional
space. Such changes could explain why the extra dimensions of space-time that
string theory says must exist are too small to be detectable.
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to be reßections of an ultimate, su-
preme, quantum string.

DuÝ has even proposed a Òduality of
dualitiesÓÑthe duality between spaces,
and that between elementary and com-
posite objects, might turn out to be
connected. Among the most peculiar
predictions of such ideas is that the
size of a curled space inßuences the
strength with which particles interact,
and vice versa. So if an internal dimen-
sion is big, coupling between particles
might also be large.

Besides, Susskind explains, ÒAs you
go from place to place, the size of the
internal dimension may vary.Ó If a
curled dimension blows up, in some
far corner of the universe, space-time
acquires a new, Þfth dimension. Where
it squeezes tight, as in our immediate
environment, quantum eÝects appear.
Indeed, the fundamental scale associat-
ed with quantum theory, called PlanckÕs
constant, is intimately entwined with
duality: it relates, for example, the mass
of a particle or string with that of its
dual. ÒThat is the most compelling evi-
dence for me that string theory might
teach us about quantum mechanics,Ó
remarks Stephen H. Shenker of Rutgers.

ÒSuddenly, dimensions are changing,
dimensions of fundamental objects are
changing, wrapping around, anything
goes,Ó DuÝ shakes his head in wonder.
One more suggestion from Townsend
is a kind of ÒdemocracyÓÑthe mem-
branes turning up as solitons of string
theory might all be fundamental ob-
jects, having the same status as strings.
That idea has yet to catch on with the
Americans, who point out that calcula-
tions with membranes still do not make
sense. As Cumrun Vafa of Harvard Uni-
versity notes doubtfully, ÒItÕs kind of
coming in sideways. You never know.Ó

Black Holes

As if that were not enough, a connec-
tion emerged last April between

strings and black holesÑpromising to
overcome the second major embarrass-
ment in string theory. Strominger,
Greene and David R. Morrison of Duke
University found that black holes help
to connect perhaps thousands of the
tens of thousands of solutions to string
theory in a complex web. The connec-
tions make the problem of Þnding the
ÒrightÓ solution to string theoryÑthat
describing our universeÑmuch easier.

In a sense, black holes have been
lurking at the edges of string theory all
along. If enough mass accumulates in
one place, it collapses under its own
gravitational pull to create a black hole.
But as Stephen W. Hawking of the Uni-
versity of Cambridge has argued, a

black holeÑwhich usually absorbs ev-
erything, even lightÑmay also radiate
particles, slowly losing mass and shrink-
ing. If the original mass were made up
of strings, the decay would ultimately
lead to an object with zero sizeÑan
ÒextremalÓ black hole, looking in fact
rather like a particle.

Susskind protests that these tiny black
holes are nothing like the collapsed stars
that astrophysicists search for: ÒAndyÕs
[StromingerÕs] work is great, but calling
these things black holes is I think a bit
of hype.Ó (SusskindÕs own latest paper
is entitled ÒThe World as a Hologram.Ó)
In fact, extremal black holesÑor black
bubbles or black sheetsÑare simply
clumps of string Þelds, otherwise known
as solitons.

Strominger was investigating how ex-
tremal black holes behave when a di-
mension of space-time curls up very
tight. Imagine taking an inÞnitely long
hose, looping it around and sticking

the ends together so that it resembles
a doughnut. In this way, both dimen-
sions of the surface of the hose can be
shrunk, creating a much smaller space
(that still has no boundaries). Now sup-
pose that the doughnut becomes very
thin at one point. As it pinches in, Stro-
minger found that some black holes,
made of membranes wrapped around
the scrunched dimension, become mass-
less. He decided to include these ob-
jects in his calculations, as quantum-
mechanical waves.

Two miraculous things happened.
Earlier calculations in string theory had
always failed when the hose thinned to
a line, but the quantum-mechanical
black holes made the mathematics work
out Þne even in this extreme case. The
real savior, Horowitz explains, is quan-
tum physics: ÒIn classical physics, an
electron falling into the point charge of
a proton gives you inÞnities. Only when
you add quantum mechanics do you
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The revival of string theory is
unique in one respect—the age of

the scientists involved. Physicists, like
fashion models, tend to think they are
over the hill at 25. “It’s often said math-
ematics and physics are young men’s
subjects,” notes Michael J. Duff of
Texas A&M University (with uncon-
scious sexism). But unlike earlier revo-
lutions in physics, this spurt in particle
theory is led by scientists in their late
thirties and early forties.

One reason might be the vast array of subjects in addition to string theory—field the-
ory, supersymmetry, gravity, solitons and topology—that the researchers need to have
at their fingertips. “It’s hard for young people to master all of these fields fast enough
to make a contribution,” says Jeffrey A. Harvey of the University of Chicago. Most of the
leaders of this revival are those who made string theory prominent in the 1980s—and
they are now 10 years older.

They also got their tenured faculty positions 10 years ago. But few of the students
who were trained then in string theory have made it through the system. “The field was
overhyped, and there was a backlash,” Duff explains. And science funding fell pre-

The Middle Ages
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see that the electron goes into orbit.Ó
Another consequence was that large
numbers of the massless black holes
appeared: the system underwent a
phase transition, much like vapor con-
densing to water.

The phase transition mirrored a
change in the doughnut itself. It tore
open at the thinnest partÑviolence that
physicists and mathematicians have al-
ways shrunk fromÑand remolded into
a sphere, an alternative way of curling
up a two-dimensional sheet. Thus, two
very diÝerent curled spaces in string
theory were connected. ÒMathemati-
cians donÕt like it, because it involves
tearing,Ó Strominger admits. ÒBut quan-
tum eÝects smooth it out.Ó

DiÝerent kinds of tears may ultimate-
ly turn out to relate thousands of solu-
tions to string theory. With the internal
spaces thus linked, strings can then Þnd
the ÒspecialÓ one by moving around
among them. Just as water freezes in

the Arctic and vaporizes in the Sahara,
strings can choose a conÞguration suit-
ed to their environment. Finding the
right solution then becomes a dynami-
cal problem.

Somewhere in the universe, Stromin-
ger speculates, there might be a droplet
in which strings have found a diÝerent
internal space. On entering the droplet,
black holes would turn into strings. And
strings into black holes. In our immedi-
ate surroundings, such droplets might
appear ßeetingly as virtual universes,
which exist for microscopic fractions of
time and die away before they become
evident. 

The Theory

Despite these ßights of fancy, the
physicists come down to earth long

enough to caution that the ultimate the-
ory is still far oÝ. Even the optimist
Vafa, who has bet Witten a scoop of ice

cream that string theory will be solved
by the end of the century, believes that
a true understanding will take decades
to emerge. ÒBy the time we Þnd a beau-
tiful formulation, it might not be called
a string theory anymore,Ó Schwarz mus-
es. ÒMaybe weÕll just call it Ôthe Theo-
ry.Õ Ó (Claims of Þnding the TOE met
with so much ridicule in the 1980s that
string theorists are now allergic to that
sobriquet.)

Not everyone is convinced that the
Theory is around the corner. ÒComing
from the string-theory clan, the reports
are as usual loaded with overstate-
ments,Ó Õt Hooft acidly retorts. An im-
mense problem is that there may never
be any experimental tests for strings.
No one can even conceive of a test for
something so minute: modern equip-
ment cannot probe anything smaller
than 10Ð16 centimeter. Theorists pray
that when the Large Hadron Collider at
CERN starts operating in 2005, super-
symmetry, at least, will be discovered.
ÒIt will be one of the nicest ways for na-
ture to have chosen to be kind,Ó says
Witten (echoing EinsteinÕs faith that
God is not malicious).

But even if supersymmetry shows up,
another nagging problem will remain.
In the real world, the familiar four-di-
mensional space-time is ßat; the kind
of imperfect supersymmetry that theo-
rists attribute to nature, however, makes
space-time curl up impossibly tight in
all dimensions. 

Witten has a fantasy for getting
around this impasse, which relies on
duality between theories in diÝerent di-
mensions. Perhaps one can begin with
a universe in which only three dimen-
sions are initially ßatÑone of the four
we know is still curled up. Such space-
times have peculiar but pleasant prop-
erties that allow the problems with su-
persymmetry to be Þxed. Ultimately, the
fourth dimension might be induced to
expand, leading to a world like the one
we know. ÒWittenÕs suggestion is pretty
wild,Ó Schwarz grins, Òbut he might be
right.Ó

The peculiarity of gravity also raises
many diÛcult questions. Einstein found
that gravity arises from the curvature
of space-time. Therefore, to quantize
gravity is to quantize space and time.
In that case, Horowitz argues, Òmaybe
there is no meaning to space and time,
and maybe these emerge as some ap-
proximate structure at large distances.Ó 

String theory is a long way from meet-
ing such expectations. Besides, the The-
ory will need to be able to describe the
most extreme circumstances, such as
the genesis of the universe or the en-
vironment inside a black hole. ÒString
theorists tend to trust their theory
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cipitously, so that the majority of the younger physicists were not able to find jobs.
Those who did manage to hang on were under tremendous pressure to publish. That

took a toll on creativity. “Young people can’t easily strike out on their own for a few
years,” Harvey reports. “If they don’t do anything that anybody takes an interest in,
they can’t get another job.” Leonard Susskind of Stanford University agrees: “The post-
doc system leaves little time for reflection.” And there were few new students—no one
saw the field as having a future.

At the same time, an entirely different generation of physicists—the old, famous
men—seem to have been pushed out of the picture. Sidney R. Coleman of Harvard Uni-
versity, for instance, declined to comment on the new developments: “At my age, you
tend to emit a lot of gas,” he protested. “I’d rather not.” His Harvard colleague Sheldon
L. Glashow, whose barbs still rankle with some string theorists, was entirely unaware
that something had changed.

Susskind, who at age 55 falls between the generations, takes an optimistic view of
this turnover: “It’s a good sign there is a generation in the process of giving up. Means
the field is moving in directions that older people can’t follow.” He complains, however,
that the 40-year-olds, though undoubtedly brilliant, are too normal to be interesting. In-
deed, the friendly, well-adjusted individuals at a string-theory workshop in Aspen,
Colo. (photographs), seem a far cry from the arrogant, eccentric geniuses of yesteryear
epitomized by Richard P. Feynman.

But when the bright young things of a new generation come in, Nathan Seiberg of
Rutgers University predicts, “we have to be squeezed out. They will take over.” No mat-
ter what changes, faith in the magic of youth seems destined to go unchallenged.
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blindly, claiming it can deal with every-
thing,Ó states Õt Hooft with Þnality. ÒIn
reality, they donÕt understand gravita-
tional collapse any better than anybody
else.Ó

But string theorists, dazzled by the
mathematical riches glinting within
reach, seem undeterred by any criti-
cism. Pierre M. Ramond of the Universi-
ty of Florida tries to explain: ÒItÕs as if
you are wandering in the valley of a

king, push aside a rock and Þnd an en-
chanted staircase. We are just brushing
oÝ the steps.Ó Where the steps lead is
unknownÑso the adventure is all the
more thrilling.

Evening falls in Aspen. As the setting
sun lights up the tree trunks and leaves
in clear yellow, the physicists continue
an argument they have started over
dinner. This time, it is about the wave
function of the universe, a direct at-

tempt to describe the latter as a quan-
tum-mechanical object. ÒIn my own
opinionated, uneducated, ignorant view,
I personally think itÕs a lot of crap,Ó
Susskind vents. Horowitz, who along
with others, has constructed such wave
functions, laughs out loud. The air
starts to chill, and the quaint street-
lamps glow brighter in the gathering
darkness. But the physicists seem in no
hurry to retire.
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Using intuition, analogies and a kind of free-flowing
mathematics inspired by nature, physicists have solved

some long-standing problems in classical mathematics.
They are also forcing open a new branch of mathematics,
called quantum geometry. “The physicists are telling us
where to look,” remarks John Morgan, a mathematician at
Columbia University. “It’s frustrating. We don’t have the ac-
cess they do to this kind of thinking.”

In 1990 Edward Witten of the Institute for Advanced
Study in Princeton, N.J., was awarded the Fields Medal—
the Nobel of mathematics—for the manifold ways in which
he had used theoretical physics to unravel mathematical
puzzles. A key concept from physics, supersymmetry,
turns out to connect intimately with modern geometry.
“It’s very surprising,” remarks David R. Morrison of Duke
University. The latest triumph of supersymmetry is a
means of classifying four-dimen-
sional spaces. These dimen-
sions, which pertain to the real
world, are curiously also the
most complex.

Simon K. Donaldson of the
University of Oxford had shown
in 1982 how to use quantum-
field theories to count the num-
ber of holes in a four-dimension-
al space and thus to classify it
topologically. (For example, a
sphere, a doughnut and a pret-
zel all belong in different cate-
gories of two-dimensional sur-
faces because they contain different numbers of holes.)
But the calculations were horrendous because of the in-
tractable nature of the field theories. In 1994 Nathan
Seiberg of Rutgers University and Witten pointed out that
the results of one supersymmetric quantum-field theory
could be provided by another, via a symmetry called dual-
ity. Thus, easy calculations might suffice to obtain the re-
sults of very difficult ones. Witten provided an equivalent
set of numbers that could be calculated almost 100 times
faster than the “Donaldson numbers.” “Seiberg-Witten the-
ory opened up the field and allowed us to answer most of
the outstanding questions completely,” Morgan says.

Duality of a different kind, called mirror symmetry, has
illuminated another vexing question. Mathematicians want
to know how many curves of a given complexity can be
drawn in a particular space. The problem is especially diffi-
cult to solve for convoluted curves. But Brian R. Greene of
Cornell University and Ronen Plesser of Hebrew University
of Jerusalem found that strings inhabiting two apparently
unrelated spaces can yield the same results. Using this mir-

ror symmetry, Philip Candelas of the University of Texas at
Austin and others were able to tell the results of virtually
impossible calculations in one space by looking to the
mirror space—thus deriving the long-sought numbers.

Indeed, string theory yields many more insights than
classical mathematics can accommodate. The contribu-

tions that are commonly cited are only those that appear
when strings are shorn of quantum mechanics. Quantum
strings undulate in a host of spaces that mathematicians
have yet to construct. Moreover, Greene, Morrison and An-
drew Strominger of the University of California at Santa
Barbara have shown that quantum effects make it possi-
ble for spaces with different numbers of holes—such as a
doughnut and a sphere—to transform smoothly into one
another, a no-no for mathematicians. (The standard rules

for manipulating spaces allow them to be stretched or
compressed, but no holes can be opened or closed in
them.) The study of such spaces is becoming the brand-
new field of quantum geometry.

The findings have rejuvenated the venerable disciplines
of algebraic geometry and number theory. “These are core
subjects in mathematics,” states Shing-Tung Yau of Har-
vard University (another recipient of the Fields Medal). “If
you open up a new domain here, you expect to have a lot
of influence on the rest of mathematics.” A major stum-
bling block is that mathematicians have not proved the re-
sults from string theory to their satisfaction.

Yet the mathematicians agree that physicists with their
questionable methods are getting at mathematical truths.
“We can’t free ourselves of rigor, or the field will fall apart,”
Morgan explains. But rigor can also be a burden, keeping
mathematicians from the leaps of faith that physicists
blithely make. “Are we going to wait for physicists to tell
us again where to look?” he asks. “Or are we going to get
to a state where we have access to that intuition?”

The Mathematics of Duality

ELIMINATING HOLES in closed spaces was thought impossible in mathematics, but
physicists have found a way. A doughnut and a sphere are both ways of curling up
a two-dimensional surface, but they diÝer in the number of holes they contain. (A
doughnut has one; a sphere has none.) If part of the doughnut thins to a point, howev-
er, the rest of it can be separated. The doughnut can then be remolded into a sphere.
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E
volution is the greatest compos-
erÑjust stand on a lonely beach,
and youÕll hear. From the wind

and waves, from the voices of gulls, na-
ture conducts a symphony grander and
more pleasing than any played in a con-
cert hall. And the concert does not end
at the seashore. Over all the earthÕs sur-
face there may be 10 million unique
sounds produced by birds, amphibians,
mammals and insects. Yet despite their
pull on our psyche, only about 1 per-
cent of these natural rhapsodies has
been properly recorded and archived.
Far fewer have been systematically
studied. With a little care, you can cap-
ture sounds never before recorded and
study their patterns.

You might even be able to contribute
them to a growing national registry. The
Library of Natural Sounds at the Cornell
Laboratory of Ornithology holds the
worldÕs largest collection of natureÕs
voices. The archive contains songs from
more than half of all bird species, not
to mention insect chirps, amphibian
croaks and mammal bleats. Contribut-
ing to this library of course demands
high-performance devices, which can
run into the thousands of dollars. For-
tunately, discoveries can come more
cheaply. With the help of some special
software, you can do original research
with a modest recording system.

Before collecting data, you must Þrst

learn how to recognize animals by their
calls. Read Þeld guides, talk to natural-
ists and, most important, listen to re-
cordings. The best resource for studying
natural sounds is the Cornell library, but
it charges a minimum of $22.50 for
sounds. Fortunately, many collections
of natural sounds are now compiled on
CD. The Guide to Bird Sounds is the Na-
tional Geographic SocietyÕs audio com-
panion to its printed Þeld guide, and the
Peterson Field Guides oÝer calls from
nearly every North American bird. If you
have a CD-ROM player, check out Bird

Song Master, which uses your computer
to help you learn to identify birdcalls.
Frog fans might try Voices of the Night,

produced by the Cornell lab, which
eavesdropped on lovesick amphibians.
All these products can be purchased
from the Library of Natural Sounds and
other specialty retail outlets.

Recording nature successfully de-
mands that you be able to isolate one
particular sound and screen out all the
rest. A parabolic dish does this task
quite well. With a microphone at its fo-
cus, it will collect only sounds that fall
parallel to its center. The dish, howev-
er, must be small enough to be carried
easily in the Þeld, limiting its diameter
to about one meter. To be reßected, a
sound wave must Þt inside the dish.
Unfortunately, that means it will not
amplify a sound wave longer than one
meter. So the lowest pitch this dish will
amplify is 344 hertzÑroughly F above

middle C. Luckily, most animals
produce sounds above 344

hertz; for instance, bird-

calls characteristically range from 2,000
to 6,000 hertz.

Parabolic reßectors are not hard to
come by. Edmund ScientiÞc (telephone:
609-547-8880) carries an 18-inch-diam-
eter, polished-aluminum reßector (No.
80254) for about $35. Radio dishes are
also parabolic; a military surplus shop
may have a few of the right size. And re-
member, any dish approximately para-
bolic will provide some ampliÞcation
and directionalityÑsome woks and large
salad bowls work surprisingly well.
You can also experiment with tightly
stretched umbrellas, plastic snow-slides,
decorative housings for light Þxtures
and even the bottom of a barbecue grill.

Once you have a parabolic ampliÞer,
you will need a microphone, a tape re-
corder and a set of headphones. Drill a
hole at the base of the parabolic dish
large enough to accommodate the mi-
crophone wire. A stiÝ metal-wire coat
hanger makes a good support for the
microphone. Coil up one end of the
hanger wire at the base of the dish and
bolt a metal plate on top of the coiled
area to hold the wire to the dish [see il-

lustration below ]. With duct tape, se-
cure the free end of the hanger wire to
the microphone, which should face the
dish. You will have to experiment to Þnd
the best position for the microphone.
The wire from the microphone can be
hooked directly to a portable cassette
recorder. The electronic equipment does
not have to be fancyÑyou can learn a
lot by stalking around with a $30 mi-
crophone and $50 tape machine.

To gain real-world recording experi-
ence, practice at a zoo. Here animal
sounds are plentiful and conÞned to
small areas, and it is easy to recover

Recording NatureÕs Sounds

THE AMATEUR SCIENTIST conducted by Shawn Carlson
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CAPTURING SOUNDS can be carried out with equipment craft-
ed from inexpensive parts. Headphones are instrumental in
adjusting the gain during recording.
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from equipment mishaps. When in the
wild, be aware of what is happening be-
hind your target. Like a telephoto lens,
a parabolic microphone will compress
the distance between foreground and
background. Noises coming from be-
hind your target will sound louder on
the recording than they did to your ear.
So position yourself to aim either up-
ward or downward at your target. Then
your background will be only the quiet
sky or ground.

A few years ago only professionals
could dissect sounds. Today you just
need a little software. Canary, a Macin-
tosh program designed at the Cornell
ornithology lab, is ideal for studying
natural voices. It lets you instantly see
how any tone is constructed [see illus-

tration at right ]. Canary lets you zero in
on any part of the melody and analyze
it in detail. The program also helps to
hide sins committed in the Þeld: un-
wanted sounds, like distant rumblings
from a truck, can be deleted.

But it is CanaryÕs ability to compare
diÝerent sounds that makes it so pow-
erful. Canary tests sounds mathemati-
cally to see how alike they are. For iden-
tical sounds, the result is 1; for com-
pletely diÝerent ones, the result is 0.
The program shifts one melody past
the other in time and compares them.
Then it plots these numbers so you can
observe the diÝerence graphically.

This feature makes all kinds of ex-
plorations possible. You can measure
the diÝerence between two consecutive
calls from the same bird, compare one
birdÕs song with that of another from
the same species and test your ideas
about the notes from closely related
species. With a bit of cleverness, you can
measure the time delay between when
the sound arrives at each of three wide-
ly separated microphones and hence
locate the birdÕs position when it called.
(Sound travels about 344 meters per
second and arrives Þrst at the micro-
phone closest to the animal.) You could
piece together an individual birdÕs move-
ments and determine the boundaries of
its territory. Or try mapping the search
pattern of a hunting bat by its sonarÑ
the possibilities are endless. Given its
power, Canary is a bargain at $250.

If a Windows or DOS machine lives on
your desk, consider Wave for Windows
(Turtle Beach, $149), Sound Forge (Son-
ic Foundry, $495) or Software Audio
Workshop (Innovative Quality Software,
$599). The drawback is that these pro-
grams were designed for sound engi-
neers, not scientists, so they lack some
of CanaryÕs most useful features. I tip
my hat to Wave. It has all the power
necessary to view sound and decode its
frequencies. Although musicians may

enjoy the features of WaveÕs more ex-
pensive competitors, scientists will not
see much diÝerence. All these packag-
es should be available from large soft-
ware catalogues.

If you have your heart set on con-
tributing original data to the Library of
Natural Sounds, you will need profes-
sional equipment. But a good micro-
phone could set you back $1,000, and
high-quality tape recorders run upward
of $2,000. So what is an amateur to do?
One way is to Þnd other people inter-
ested in recording natural sounds and
pool your resources. Contact local na-
ture organizations or post a message
on an electronic bulletin board on the
InternetÑtry the swap-meet site on the
Web page of the Society for Amateur
Scientists. And donÕt forget sound stu-
dios and local colleges; there may well
be nature buÝs already lurking among
the equipment you need. If you are re-
ally ambitious, form a nonproÞt corpo-
ration, which is eligible to receive tax-
deductible donations (get a copy of The

NonproÞt Corporation Handbook, Nolo
Press, 1995). Audio manufacturers and
supply houses are sometimes happy to

donate outdated but perfectly function-
al equipment.

For more information about record-

ing natural sounds, contact the Library

of Natural Sounds and request the free

equipment sheet, which describes what

you will need to get serious about this
hobby. Reach them at Cornell Labora-

tory of Ornithology, 159 Sapsucker

Woods Road, Ithaca, NY 14850; e-mail: 
libnatsounds@cornell.edu or http://www.

ornith.cornell.edu/birdlab.html; tele-

phone: (607) 254-2404. To learn more

about software and novel experiments

you can do, send $2 to the Society for
Amateur Scientists, 4951 D Clairemont

Square, Suite 179, San Diego, CA 92117,

or download the information free from
http://www.thesphere.com/SAS/ or from

ScientiÞc AmericanÕs area on America

Online. Some sample birdsongs are post-

ed on the ScientiÞc American area and

on the Cornell Web page.

SHAWN CARLSON, besides being the

executive director for the Society for Am-

ateur Scientists, is also adjunct professor

of physics at San Diego State University.
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WESTERN MEADOWLARK SONG can be viewed in three ways with the Canary pro-
gram: the amount of energy the bird emits in each frequency of its song (top), the
frequencies in the song over time (middle) and the sound intensity (measured in
pascals, a unit of pressure) over time (bottom).
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T
he problem known as Mother
WormÕs Blanket asks for the
smallest two-dimensional region

that can cover any curve that is one unit
in length. It is an odd name, but imagine
the region as a blanket and the curve as
a slumbering worm. Its mother needs
what we will call a universal blanketÑ
one that covers Baby Worm, whatever
position it takes. Many decades ago the
mathematician Leo Moser of the Univer-
sity of Alberta in Canada posed a baf-
fling, and as yet unsolved, question:
What shape is the universal blanket
having the smallest area?

One obvious solution to the general
problem is a circular disk of unit radius,
having a total area of π, or 3.141. If Baby
WormÕs head rests at the center, its tail
is at most one unit of measure away. In
1973 C. J. Gerriets and George D. Poole
of Emporia State University described a
pentagonal blanket only 0.286 unit in

area. Until recently, no one had found
anything smaller. But a few months ago
David Reynolds of Credence Systems
Corporation in Beaverton, Ore., sent
me proof that a quadrilateral blanket,
having an area of (4+ √3)/24, or rough-
ly 0.239, is universal. In this realm of
mathematics, ReynoldsÕs result is dra-
matic. Some variation on his method
might lead to smaller blankets still. Any
solutions will be considered for ÒFeed-
back,Ó but please include a proofÑor
strong experimental evidenceÑthat
your shape is universal.

To illustrate ReynoldsÕs method, IÕll
Þrst use it to prove that a semicircle of
unit diameterÑhaving an area of π/8,
or roughly 0.392Ñis universal. Given a
position for Baby Worm, draw a straight
line joining its head and tail. ( If it has
curled into a closed loop, draw any line
that crosses its body.) Now Þnd the
smallest rectangle enclosing Baby Worm;

two sides of the rectangle should be
parallel to the Þrst line you drew [see 

illustration below ]. Call the rectangle a
patch. The width of the patch, w, lies be-
tween 0 and 1. For any w, we can esti-
mate the height. We know that the great-
est height for any patch, 1/2 √(1 Ð w2),
is needed when Baby Worm falls asleep
in the form of an isosceles triangle.

We have thus identiÞed a family of
patches, one for each w, that are Òcol-
lectivelyÓ universal. Regardless of how
Baby Worm curls up, at least one patch
from this family covers it. We can build
a universal blanket by overlaying these
patches. Reynolds calls this construc-
tion Baby WormÕs Patchwork Quilt, al-
though it is more like an appliqu�: the
edges need not join and, in fact, the
more overlap, the better. No matter how
the patches are arranged, the region
they cover is deÞnitely universal. To see
why, imagine that Baby Worm has curled
up; Þnd which patch covers it. The
patchwork quilt consists of that patch,
plus additional material; it can there-
fore be arranged so that the selected
patch covers Baby Worm.

Our next task is to overlay the patch-
es to obtain the smallest possible quilt.
If they are arranged symmetrically, hav-
ing their bases aligned, they cover a
semicircle of unit diameter. As prom-
ised, then, a semicircle is indeed univer-
sal. But there is no special reason for
choosing this arrangement. Nor must
the patches be rectangular. And we do
not actually need the full range of
widths from 0 to 1 used above. When
w equals √5/5, the patch is square. Any
patch whose height is greater than
√5/5 can be rotated 90 degrees, after
which its height will be less than √5/5.
Omitting these patches from the semi-
circle appliqu� lets us trim a ßat piece

Mother WormÕs Blanket
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MATHEMATICAL RECREATIONS  by Ian Stewart

WIDTH

RECTANGULAR PATCHES can be created to cover any unit curve (top). The
tallest patch is needed when the curve forms two sides of an isosceles triangle
(left). The entire family of such patches can be arranged to Þll a semicircle
(center). Trimming the top yields an even smaller universal blanket (right).
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from its top, reducing its area but
maintaining its universality.

A slightly more complicated argu-
ment, involving rotating Baby Worm it-
self, leads Reynolds to conclude that in
fact we can ignore all patches for which
w is less than 1/2. Moreover, the maxi-
mum height of the patch is needed only
at the middle. Otherwise the height is
determined by a segment of an ellipse.
Incorporating these improvements
yields the blanket shown in illustration
a at the right. At Þrst glance, it seems
we have taken this method as far as it
will go, but consider that the blanket can
be ßipped over. If Baby Worm reaches
the elliptical boundary of the patchÑ
say, to the left of centerÑthen it cannot
also reach the top edge at the right of
center. Thus, we can shave away part
of the right upper edge of each patch.
Overlaying the resulting patches cre-
ates a blanket bounded by part of an
ellipse and three straight lines.

In constructing these patches, we as-
sumed that Baby WormÕs head and tail
were somehow pinned down. The ellip-
tical part of the boundary came from
just one patchÑthe one of width 1/2
[shown in blue in illustration c at right ].
But any worm inside that patch can be
moved toward the right end of the blan-
ket, where there is plenty of extra room.
By thinking about a few key shapes for
the worm, Reynolds shows that the el-
liptical edge and the left vertical edge
of our earlier blanket can be replaced
by two straight lines. The product has
an area of only 0.239, as stated earlier.

When investigating questions of this

kindÑgeometric optimization prob-
lemsÑit is worth bearing in mind that
there may not be one ultimate solution.
Even if you Þnd a sequence of solutions,
each improving on the previous one, the
sequence may not converge. Richard
Courant and Herbert E. Robbins intro-
duced a good example of what I mean
in their classic book, What Is Mathemat-

ics? It is a problem I call Mother GnatÕs
Tent. Baby Gnat sleeps hovering one foot

above a ßat ßoor. Mother Gnat covers
her baby with a blanket that, like a tent,
touches the ßoor on all sides. Which
tent has the smallest surface area?

A conical tent having a circular base
works, and the smaller the base, the
smaller the surface area. In fact, you can
Þnd suitable tents whose area is any
number greater than zero. But improv-
ing on this sequence of solutions leads
to a ÒbestÓ tent having an area of zero,
which is impossible. A cone having a
base of zero is not a surface but a line
segment. As such, it does not enclose
Baby Gnat in any meaningful sense. So
for Mother GnatÕs Tent, there is no opti-
mal solutionÑif we insist that the tent
should be a surface.

So, too, it is not clear that Mother
WormÕs Blanket has a deÞnitive solu-
tion. To some extent, it depends on
what types of blankets you consider.
All polygonal worms of unit length, for
example, can be covered by a blanket
having zero area. Many such blankets
exist, but they are mostly holes; the
problem might be better referred to as
Mother EelÕs Net. In contrast, John M.
Marstrand of the University of Bristol
in England proved in 1979 that no blan-
ket having zero area can cover every
smooth worm. (By smooth, I mean a
curve that has a tangent at every point.)
MarstrandÕs result suggests that Moth-
er WormÕs Blanket does have a well-de-
Þned solutionÑand an interesting one.
ReynoldsÕs may well be it.

But amateur mathematicians can still
have fun trying to Þnd better ones.
Moreover, there are many variations to
this problem, nearly all of which are
unsolved: What is the universal worm
blanket having the smallest perimeter?
How about Baby SnakeÕs Sleeping Bag,
a sac that must contain a unit-length
snake however it coils up in three di-
mensions? And what about worms that
live on the surface of a sphere?
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Anumber of readers wrote to point out a supposed error in “Playing Chess 
on a Go Board,” in the November 1994 issue. The column introduced the

game of gess and ended by posing a puzzle, in which white would move and
mate in one. The answer given was o11-j6, using the notation explained in
the article. The readers observed that black can then move m3-l4, arriving at
the position shown at the right. “Footprints centered at k7 or j7 or j8 do not
permit a diagonal thrust that damages the black ring,” one wrote. “Therefore,
black has not yet been mated.”

This is correct. There are, however, other moves available. The footprint
centered at j7 can move one space down to j6, wiping out both the white
stone at i5 and the black stone at k5. Although white sacrifices one stone,
this player still wins because the move damages black’s ring. —I.S.
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SMALLER BLANKETS (a ) can be made
from patches having one elliptical border
(b). Considering how Baby Worm might
be moved underneath the blanket yields
further improvements (c). The smallest
known blanket has an area of 0.239 (d). 
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Mating Games
Review by Peter D. Sozou

EROS AND EVOLUTION: A NATURAL

PHILOSOPHY OF SEX, by Richard E. Mi-
chod. Addison-Wesley Publishing, 1995
($25). HUMAN SPERM COMPETITION:
COPULATION, MASTURBATION AND IN-
FIDELITY, by R. Robin Baker and Mark A.
Bellis. Chapman & Hall, 1995 ($78.95).
WITH PLEASURE: THOUGHTS ON THE

NATURE OF HUMAN SEXUALITY, by Paul
R. Abramson and Steven D. Pinkerton.
Oxford University Press, 1995 ($25).
WHATÕS LOVE GOT TO DO WITH IT: THE

EVOLUTION OF HUMAN MATING, by
Meredith F. Small. Anchor Books, 1995
($24.95).

S
exÑthe fusion of genetic materi-
al from diÝerent individualsÑis
widespread in the living world. It

is the mode of reproduction
practiced by the vast
majority of higher
organisms. But sci-
entists have no sure
explanation of why
living things go to
the trouble of hav-
ing sex, rather than
simply reproducing
asexuallyÑwhich ap-
pears, on the surface at
least, to be much more
straightforward. And de-
bates still rage about its role in
shaping the way humans think and
act. The books reviewed here all testify
to the enduring hunger to understand
the reproductive process that made us
who we are.

Richard E. Michod starts by posing
the most basic questionÑÒWhy sex?Ó
The origin of sex opened up new evolu-
tionary pathways that led to multicellu-
lar organisms and distinct male and fe-
male genders. These developments are
a consequence of sex, but they have also
had a profound bearing on its costs and
beneÞts. Hence, to ask ÒWhy sex?Ó is re-
ally to ask two distinct questions: ÒWhy
did sex originate?Ó and ÒWhy does sex-
ual reproduction exist among modern,
complex plants and animals?Ó

To the Þrst question, Michod gives a
simple answer : sex repairs genes. The
genome consists of two strands of DNA
bound together in a double helix. If a
single strand is damaged, the adjoining
strand can be used as a template for

repair. But if both strands are damaged
at the same site, the required sequence
of DNA must be obtained from some-
where else. In primitive single-celled or-
ganisms that have just a single genome,
such genetic repair necessitates getting
DNA from a diÝerent individualÑsex.
This explanation is supported by the
observation that simple life-forms such
as viruses are more likely to have sex if
they are damaged.

The second question poses a greater
challenge. Most higher organisms are
Òdiploid,Ó meaning that they have a dou-
ble genome made up of a number of
pairs of chromosomes. Sexual repro-
duction involves the production of Òga-
metes,Ó containing a single set of chro-
mosomes from the parental germ cell.
Before separation, the chromosome
pairs usually exchange long sequences
of DNA, a process known as crossover.
Two gametes from diÝerent individuals

(normally a male and a fe-
male) then fuse to pro-

duce a new organism.
There is a cost to
this sexual pro-
cessÑthe cost that
the female germ
cells pay for ac-

cepting half the
genes for their pro-

geny from an unre-
lated male. This genet-

ic sharing is sometimes
referred to as the Òcost of

males,Ó because in most species males
do not contribute resources toward their
oÝspring. A female who reproduced
asexually, giving virgin birth to clonal
daughters, would enjoy a doubling of
the representation of her genes in the
next generation. What of species in
which the males make a substantial con-
tribution to parental care? Even in this
case, a female could still double her ge-
netic output by fooling a male into cop-
ulating with her and providing resourc-
es, while in reality giving birth to a ge-
netic copy of herself. So why does sex
persist in a relentlessly competi-
tive world?

Most current theories re-
garding the advantage of
sex are concerned with
the beneÞts of provid-
ing a good complement
of genes to oÝspring.
Among the early propos-
als was the idea that sex

can bring together beneÞcial mutations
from diÝerent individuals, or that it can
help eliminate bad mutations from a lin-
eage. More recently, some researchers
have argued that, in an uncertain envi-
ronment, there are beneÞts to produc-
ing a diverse crop of oÝspring, or that
sex enables hosts to keep changing de-
fenses in their battle against parasites.

Michod believes these ideas are not
adequate to the task of explaining why
sex is so widespread. His alternative so-
lution is again based on gene repair. In
diploids, genetic information is dupli-
cated in the chromosome pairs. A sister
chromosome could therefore provide a
template for repairing double-strand
damage. Why not avoid the cost of sex
by directly producing diploid oÝspring?
The answer, according to Michod, lies
with the mechanism for repairing genes.
A damaged chromosome will join with
the sister chromosome; when the two
separate chromosomes are re-formed,
there is a roughly 50Ð50 chance that
crossover will occur. An oÝspring in-
heriting all its chromosomes from the
same parent after such repair would in-
herit a double dose of some genes, and
consequently, recessive harmful muta-
tions would be expressed. Sex keeps
them masked.

A distinctive feature of this theory is
that crossover is regarded not as a de-
liberate method of shuÜing genes but
as an incidental consequence of a
mechanism for repairing gene damage.
But Michod does not explain why there
is normally no crossover during sperm
production in the fruit ßy Drosophila

melanogaster. Are males of this species
somehow protected from gene damage?

Much of the ecological evidence about
sex is open to sharply diÝering interpre-
tations. A case in point concerns the
ÒhaplodiploidÓ sex-determining system
of ants, bees and wasps. In these ani-
mals, fertilized eggs develop into dip-
loid females, whereas unfertilized eggs
develop into ÒhaploidÓ malesÑthat is,

they have only a single
set of chromosomes.
Michod argues that this

system facilitates the
purging of harmful mu-
tations in males, which
explains why many of
these animals are high-
ly inbred. Other re-

searchers believe in-
stead that the unusual
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genetic relationships between haplo-
diploid siblings facilitate certain life his-
tories, such as the formation of social
colonies, which result in inbreeding. It
is worth noting that some social animals
that are not haplodiploidÑsuch as ter-
mites and naked mole ratsÑalso exhib-
it inbreeding.

Despite the evident problems with Mi-
chodÕs ideas, much of Eros and Evolu-

tion is compellingly written. An early
chapter gives an excellent introduction
to the basic ideas of evolutionary biolo-
gy. One of the appendices explains with
great clarity how changes in the mating
system have an eÝect over several gen-
erations: I found this particularly illu-
minating. It is a pity, however, that Mi-
chod has made no space for a discus-
sion of the fascinating evolutionary
questions associated with the sex chro-
mosomes and with cytoplasmic DNA.
An evolutionary chronology would have
been useful, as would a glossary of
technical terms. There are also places
where Michod muddies the waters,
such as a tortuous chapter attempting
to clarify Òsurvival of the ÞttestÓ and a
baÜing attempt to make sense of
FreudÕs theory of the Òdeath instinct.Ó

Michod tries to invest his thesis with
emotional appeal by casting it as a re-
incarnation of arguments in PlatoÕs
Symposium. In this view, sex enables
mature adults to produce youthful oÝ-
spring, because Òthe losses caused by
age are repaired.Ó This is a charming
idea, but Michod does not explain how
certain asexual creatures, such as whip-
tail lizards, cope with gene damage in
the germ line. The overall evidence is
too inconclusive to accept or reject
Þrmly the gene-repair theory of sex. 

The remaining books move on to
more familiar turf by considering

one of the consequences of the evolu-
tion of sexÑhuman sexuality. Not sur-
prisingly, popular culture intertwines
with science. Of the three, only Human

Sperm Competition does not refer to
any Woody Allen Þlm. Perhaps R. Rob-
in Baker and Mark A. Bellis were more
inspired by the World War II Þlm, Tora!

Tora! Tora!, for they advance the aston-
ishing idea that the majority of human
spermatozoa are designed for warfare.

This conclusion is preceded by a broad
discussion of how evolution has mold-
ed sex and reproduction. The received
wisdom is that natural selection will fa-
vor males whose sperm can successful-
ly compete for the prize of fertilization.
It will also favor females who can maxi-
mize the chances of their eggs being fer-
tilized by sperm from the best males.

Sperm competition occurs when a fe-
male mates with more than one male

during a single fertile cycle. Under these
circumstances, the male is expected to
produce a large number of sperm to try
to swamp the opposition. In chimpan-
zees, which are highly promiscuous,
males have large testes for prodigious
sperm production and an external scro-
tum that facilitates sperm storage. Go-
rillas, in contrast, are not subject to
sperm competition and hence have
comparatively small, nonscrotal testes.

The genital anatomy of human
malesÑexternal scrotum and moderate-
ly sized testesÑsuggests that there has
been signiÞcant sperm competition in
our ancestral line. Baker and Bellis sug-
gest that the human penis is shaped to
function as a piston, with copulatory
thrusting movements ßushing out
sperm from earlier rivals. The discus-
sion of this and other anatomical points
in Human Sperm Competition is accom-
panied by line drawings that leave little
to the imagination.

Some researchers have proposed that
the female orgasm increases sperm re-
tention, enabling women to inßuence
the chances of a given partnerÕs sperm
achieving fertilization. Baker and Bellis
describe their tests of this hypothesis, in
which volunteers collected ÒßowbacksÓ
that emerge after intercourse. The au-
thors conclude that an orgasm aÝects
sperm retention not only from the cur-
rent copulation but also from the fol-
lowing one. This inßuence on future
encounters extends to ÒnoncopulatoryÓ
orgasms, hinting at a role for female
masturbation in controlling fertilization.

Baker and BellisÕs most original idea
is that sperm have evolved speciÞc fea-
tures for combat, which the authors
unblushingly call the ÒKamikaze Sperm
Hypothesis.Ó This notion stems from
the researchersÕ observation that, with-

in a single ejaculate, sperm have

a variety of shapes and sizes, many of
which appear patently unsuited to pen-
etrating an egg. The authors believe
some of these sperm are ÒblockersÓ that
obstruct passage of future inseminates
through the female tract. Others have a
Òseek-and-destroyÓ function, actively
attacking sperm from rival males, or a
Òfamily-planningÓ role, taking out both
the enemy and the home team. This di-
vision of labor leaves only a small num-
ber of Òegg-gettersÓ for fertilization.

On the basis of this theory, Baker and
Bellis suggest that a man may vary the
number and composition of sperm ejac-
ulated according to circumstances. If he
has been separated from his mate for 
a long time, he should deposit more
spermÑand a higher proportion of seek-
and-destroy or family-planning typesÑ
to guard against possible recent cuck-
oldry. In this light, male masturbation
may be a means of discarding older
sperm, with the composition of the
fresh cohortÕs being customized to suit
current requirements.

These ideas are intriguing, but the
supporting evidence remains equivocal.
The study of ßowbacks, for instance,
provides only an indirect method of
determining sperm retention. Such ob-
servations constitute less than compel-
ling proof of the role of the female or-
gasm on future sperm retention.

Baker and Bellis support their kami-
kaze hypothesis with studies of num-
bers of diÝerent sperm forms in ejacu-
lates, in ßowbacks and in diÝerent
parts of the female tract. The classiÞca-
tion of sperm was performed manual-
ly, however, which makes the results
diÛcult to replicate. Demonstrating the
existence of speciÞc seek-and-destroy
sperm types is particularly problematic.

Baker and Bellis
cite a study
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WOODY ALLEN portrays a sperm dressed for reproductive battle in the 1972 Þlm
Everything You Always Wanted to Know about Sex (But Were Afraid to Ask).
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by R. A. Beatty showing that some bulls
sire substantially more calves than oth-
ers when their sperm is mixed with that
from other bulls. Beatty found, however,
that bulls that perform well in sperm
competition also perform well in its ab-
sence. To bolster their view that very
few sperm are egg-getters, Baker and
Bellis refer to a study by Dina Ralt and
her colleagues indicating that a small
proportion of sperm will swim toward
chemical attractants. Recent research
by Amnon Makler of the Israel Institute
of Technology casts doubt on the reali-
ty of this eÝect, however.

Reproductive biologists will need to
see stronger evidence before they em-
brace the kamikaze hypothesis, but
Baker and Bellis are to be commended
for raising such provocative ideas in a
forthright manner.

Paul R. Abramson and Steven D. Pin-
kerton oÝer lighter reading in With

Pleasure. This book is essentially a cel-
ebration of sexÑin the colloquial sense,
meaning genital activityÑfrom a liber-
al, hedonistic perspective. The authorsÕ
central argument is that sex is for plea-
sure, not procreation, because it is usu-
ally pleasure that provides the motivat-
ing force for human sexual activity.
This line of reasoning would seem to
lead to the tautological conclusion that
the purpose of any action is to satisfy
the motivation for carrying it out.

Philosophical caveats aside, much of
the book is stimulating and informative
and written with ample wit. The ethno-
graphic and historical references illus-
trate the enormous cultural variability
of human sexual practices. We learn
that in the Innis Beag community of Ire-
land Òintercourse is invariably complet-
ed quickly, with the man falling asleep
shortly after achieving orgasm,Ó where-
as among the Mangaians of Polynesia
Òa ÔgoodÕ man is able to bring his part-
ner to climax two or three times for ev-
ery one of his.Ó The Sambia of Papua
New Guinea have practiced ritualized
fellatio, believing that Òthe ingestion of
older menÕs semen is essential to mas-
culine development.Ó 

Abramson and Pinkerton oÝer an im-
passioned defense of pornography, ar-
guing that it represents a moral coun-
terculture and hence deserves the same
protection as the scientiÞc thoughts of
Galileo and Darwin. But it is surely sim-
plistic to claim that all opponents of
pornography have Òa shared opposition
to nonprocreative sexuality.Ó

Of greater concern is a misleading
treatment of HIV transmission dynam-
ics in an otherwise instructive discus-
sion of AIDS. We are advised that Òpro-
vided that condoms are used consis-

tently, engaging in 100 one-night stands
is actually safer than having 100 unpro-
tected sexual contacts with a single part-
ner of unknown HIV status.Ó This con-
clusion is based on the assumption that
there is a constant probability of HIV
transmission for a given type of sexual
act for the whole population. In reality,
some HIV carriers are more infectious
than others, and there may be couple-
dependent factors that aÝect the prob-
ability of transmission. Furthermore, a
highly promiscuous partner is likely to
have a greater prior probability of car-
rying the AIDS virus. Allowing for these
considerations, promiscuity with pro-
tection is not necessarily the safer of
the two scenarios.

In WhatÕs Love Got to Do With It?, an-
thropologist Meredith F. Small presents
a personal, feminist take on the mating
game. She adopts an intimate style, pep-
pered with numerous anecdotes. The
book succeeds in conveying a ßavor of
what participating in scientiÞc research
is all about.

SmallÕs fascination with primate and
human sexuality is clearly evident, and
she goes into considerable detail about
the physiological stages of sexual arous-
al. She argues that the traditional Vic-
torian view of women as passive partic-
ipants in sex is being overturned by re-
cent Þndings, including those laid out
in Human Sperm Competition. In fact,
the view that women have an active sex-
ual role dates back to the writings of
Hippocrates and Galen. An unfortunate
consequence of this belief, as Abram-
son and Pinkerton point out, was that
women who conceived after being raped
were sometimes branded as harlots.

The main thesis of WhatÕs Love Got

to Do With It? is that women are just as
motivated as men to have sex and just
as promiscuous by nature. Small rejects
evolutionary psychologistsÕ Þndings to
the contrary, arguing that these results
are a consequence of cultural condition-
ing among both subjects and research-
ers. Her own analysis, however, is hard-
ly objective, nor does she help her cause
with a poorly informed discussion of
the eÝects of AIDS on the preponder-
ance of ÒgayÓ genes in the population.

By openly revealing her political per-
spective, Small is perhaps being more
transparent and honest than many oth-
er researchers. And her book points to
one of the central diÛculties in study-
ing sex and sexuality : they are so inti-
mate a part of our lives that it is often
diÛcult to separate scientiÞc thesis
from subjective belief. 

PETER D. SOZOU is in the department

of biology at Birkbeck College, Universi-

ty of London.

Walking in Water
Review by N. Katherine Hayles

OF TWO MINDS: HYPERTEXT PEDAGOGY

AND POETICS, by Michael Joyce. Univer-
sity of Michigan Press, 1995 ($29.95).

W
alking in water, catching a few
sentences from the murmur of
many voices, bicycling through

a landscape that is also a textÑthese are
some of the images that Michael Joyce,
a professor of English at Vassar College,
uses to describe the emerging form of
electronic writing known as hypertext.
Hypertext is the underpinning of CD-
ROM multimedia and the World Wide
Web; its intricate, nonlinear nature is re-
vising the way everyone from research
scientists to preschoolers interact with
the written word. Writers since Guten-
berg have dreamed of achieving ÒdeÞ-
nitiveÓ texts; editors have sought to de-
termine which one of many versions of
a manuscript was the most authentic;
generations of students have learned
to navigate canonical texts by means of
chapter titles, page numbers and index-
es. Hypertext challenges these tradition-
al practices. In Of Two Minds, Joyce re-
ßects on the new technologyÑhow we
will use it, and on what.

Stepping back from metaphor, Joyce
quotes Theodor H. NelsonÕs deÞnition
of hypertext as Ònon-sequential writing
with reader controlled links.Ó In an elec-
tronic hypertext, a block of text on the
computer screen contains embedded
interactive elementsÑan icon, a word or
phrase, or a concealed Òhot spotÓ the
reader Þnds, sometimes by trial and er-
ror. Clicking the cursor on an interac-
tive element brings up another block of
text, which in turn has other links lead-
ing from it. The text exists not as pages
bound in a linear sequence but as a
network of screens that the reader acti-
vates as he or she chooses.

A variety of elements can Þt within
that electronic mesh, customizing it to
diÝerent applications. Hypertext may
be easily combined with digitized im-
ages and sounds, as is becoming com-
mon practice on the World Wide Web.
In literary studies departments, classic
works are being encoded into hyper-
text format and integrated with critical
commentary, historical information and
graphics. Meanwhile modern writers (in-
cluding Joyce) concoct interactive Þc-
tions, which resemble the ÒChoose Your
Own AdventureÓ stories many of us
read as children.

Hypertext destabilizes such funda-
mental notions as the text, the author
and the reader. In a hypertext Þction,
for example, there is not one story but
a series of diÝerent narratives that
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emerge in conjunction with the readerÕs
choices. Because the reader actively col-
laborates with the author in bringing
the narrative into existence, the distinc-
tion between the two fades away. For
the author, hypertext means ceding con-
trol over the text, accepting the reader
as partner, Þnding oneÕs voice blended
with a chorus of others.

The unity of the text also disperses.
The best way to understand this pro-
cess is to experience it. For instance, in
Jon Lanestedt and George P. LandowÕs
pedagogical hypertext The ÔIn Memori-

amÕ Web (Eastgate Systems, 1992), cer-
tain sections from Alfred, Lord Tenny-
sonÕs poem of that name are linked with
other blocks in the poem that resonate
with them, as well as with critical com-
mentaryÑsome of it written by stu-
dentsÑinterpreting the signiÞcance of
the links. As one clicks from the poem
to a student essay to another section of
the poem to a bit of biographical infor-
mation, the ÒtextÓ ceases to be just the
poem by itself and becomes instead
the entire interconnected network.

More than one scholar has blanched
at the prospect of turning the classic
texts of Western culture into hypertexts.
Joyce recounts a walk he took with a
philosopher, who when he discovered
what Joyce was up to asked plaintively,
ÒYou canÕt let the students change Pla-
to, can you? Surely you canÕt let them do
that.Ó Joyce contemplates responding,
ÒWhich Plato?ÓÑsuggesting that ÒPla-
toÓ is already a hypertextual Þction, a
composite that never existed in origi-
nal purity. I Þnd that answer somewhat
disingenuous, for it underplays the
transformative force of hypertext that
elsewhere Joyce eloquently defends.

Better, to my mind, is when Of Two

Minds confronts the meaning of hyper-
text head-on. JoyceÕs language soars
when he writes of hypertext as a meta-
phor for the interconnectedness of con-
temporary life: ÒA constant murmur
surrounds us and becomes palpable. . .
as charged as the lives of those unfor-
tunate souls we read about who dwell
under high-voltage transmission wires.
Surrounded by a surge of information,
we spend our days, our hair standing
on end, the Þllings of our teeth com-
plaining like the red-wing blackbirds
perched on the thrumming wires above
us; even at the center of our cells the
proteins vibrate and mutate into some
new and terrible variety of information.Ó

In JoyceÕs book, phrases, sentences,
even entire passages repeat from one
chapter to the next, sometimes printed
in italics to alert the reader to the repe-
tition, sometimes cycled through with-
out warning. The practice reminds us
that this is a text written on a comput-

er as well as written about computers.
When the University of Michigan Press

invited me to read the manuscript of
JoyceÕs book, my impression then was
that there was too much repetition, and
I voiced these reservations to the press.
Because I was not in direct communica-
tion with the author and had no hand in
soliciting the manuscript, I heard only
indirectly, after the book was out, how
strongly he felt that the repetition is es-
sential to conveying through a printed
text the feel of hypertext.

This diÝerence of opinion highlights
the fact that hypertext, compared with
print, embodies a diÝerent rhetoric, a
diÝerent aesthetic and diÝerent kinds
of conceptual structures. Because virtu-
ally everyone older than 25 years in our
culture has been raised on print rather
than hypertext, it is inevitable that we
come to hypertext with expectations
formed from print. Of Two Minds at-
tempts to bridge the gap between the
print linearity and the electronic net-
working by using rhetorical looping to
simulate, in paper form, the repetitions
that can occur in hypertext.

In an actual hypertext, variations in
wording and diÝerences of context
quickly become signiÞcant in establish-
ing fresh patterns and oÝshoots. If we
think of the linear ßow of text as its
warp, the repeated sections are its woof;
the idea is to weave strand into strand
until the interconnections grow as dense
and supple as silk.

Another way in which hypertext dif-
fers from print, Joyce argues, is through
its topology, the virtual space created
during the reading process. Unlike print,
with its ßat surfaces and linear sequenc-
es, the Òtwo and a half dimensionsÓ of
hypertext mapping resonate both with
how we know the world and with how

we know our own bodies. Joyce quotes
from H�l�ne Cixous, a French feminist
critic: ÒI donÕt write,Ó Cixous proclaims.
ÒLife becomes text starting out from my
body. I am already text. History, love,
violence, time, work, desire inscribe it
in my body.Ó Hypertext creates a virtual
expanse within the computer that (far
more directly than words on paper) par-
allels the ßow of our perceptions of ex-
ternal and internal space.

Anybody who has spent time on-line
will instantly recognize the sensation
that a world of connectionsÑthe fabled
ÒcyberspaceÓÑlies behind the comput-
er screen. Joyce wants to call hypertext
a Òcity of text,Ó as though it were an ur-
ban landscape we negotiate through
bodily movements. That vision is real-
ized in ÒLegible City,Ó a virtual-reality
simulation created by the German art-
ist JeÝrey Shaw. Shaw started with a
model of a city block in Manhattan and
replaced the buildings with letters of
the same size. The user moves through
the simulation by riding a virtual bicy-
cle, reading the text as it goes by and
choosing which path of text to follow.

Is ÒLegible CityÓ a hypertext, a meta-
phor for a hypertext or simply a meta-
phor for life? In the same vein, we might
wonder whether Of Two Minds is about
computers, about hypertexts or about
the increasingly common experience of
writing and reading on computers. Per-
haps, as Joyce repeatedly urges us to do,
we ought to rephrase the thought as hy-
pertext would have us do: Ò Ôrejecting
the objective paradigm of reality as the
great Ôeither/orÕ and embracing, instead,
the Ôand/and/and.Õ Ó

N. KATHERINE HAYLES is in the de-

partment of English at the University of

California, Los Angeles.
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A
s the millennium approaches, 
there is an irresistible impulse to 
look back and review the exhil-

arating twists and turns of scientiÞc
progress over the past 100 years. But
real events seldom neatly follow the
turn of the calendar. The revolution we
call 20th-century physics, for instance,
began about Þve years ahead of the
century itself; the more accurate cen-
tennial is this very month.

I was lucky enough once to hear Þrst-
hand from a participant just how it was.
About 20 years ago I was a fascinated
luncheon guest of a man celebrating his
100th birthday. He was a lively, articu-
late, assured person, a true media mag-
nate and a benefactor to the university
of his hometown, the biggest city in his
oil- and gas-rich prairie state. He had
studied physics in his college days and
was eager to tell me of his unforgettable
encounter with a mysterious new kind
of ray in Colorado Springs some 80
years before, on a cold day in January
1896, when he Þrst heard tell of the
German scientist Wilhelm R�ntgen and
his brand-new discovery of Òx-rays.Ó

The man had gone as usual to his
morning physics lecture. His professor
was genuinely elated. ( I shall use quo-
tation marks here, but I do not pretend
that these statements are verbatimÑ
not at all. They are only a reasonable
retelling of the old story as I heard it.)

ÒGentlemen,Ó the lecturer opened,
Òthis morningÕs paper carries an aston-
ishing story. A German professor has
found a new radiation able to reveal
the bones within the living hand! More
than that, we have right here in our lab-
oratory all that is needed for the eÝect.
If the story is true, we should be able to
duplicate this marvel by lunchtime. The
regular lab is canceled. LetÕs all work to-
gether, and perhaps we shall be the Þrst
in all America to see x-ray images.Ó 

The students were galvanized. The
preparations went better than they had
hoped. Pretty soon they had wired the
induction coil that sparked the Crookes
vacuum tube and brought together ßuo-
rescent screens, photographic Þlm, and

developer. My host recalled that as
noon neared, he himself had run oÝ to
the college chapel to fetch a good-sized
Bible, into which they would insert a
coin whose shadow picture they would
take through inches of paper. 

Whether that professor and his stu-
dents were the Þrst in America to do
such things one may doubt, for we do
know that at Columbia, Yale, Harvard,
Dartmouth, Cornell, Penn and Chicago,
at least, the physicists had also heard
the news and promptly sought to make
pictures by x-ray. No precise times and
dates are known to me to support any-
oneÕs claim to be Þrst. (The Colorado
College lab faced one intrinsic handi-
capÑits longitude; the workday starts
two hours earlier under Eastern Stan-
dard Time.)

Of course, the point is not which was
trivially the very Þrst lab in America to
follow R�ntgenÕs lead but rather the
great fact that this incredible discovery
was not only irresistible to the public
mind but latent and quickly achievable
within most of the modest physics labs
in the world. It took only the brief re-
port of success to nucleate the redis-
covery, just as a tiny seed crystal nucle-
ates headlong crystal growth in a wait-
ing supersaturated solution.

That sense of a long overdue, widely
replicable discovery was something I
myself lived through, four decades lat-
er in January 1939. We at Berkeley were
told by telephoneÑsoon enough every
other nuclear physics lab would heed the
news as wellÑhow to see the just an-
nounced, energy-rich signature of the
nuclear Þssion of uranium. The next day
we all stared at the telltale pulses. World

War II would begin that very autumn;
one consequence of that chance histor-
ical juxtaposition was the nuclear bomb.
( In the August 1995 issue of ScientiÞc

American, I wrote a fuller narrative of
my own life with Þssion, then and ever
since.)

X-rays opened a new path for phys-
ics, bringing with them new puzzles.
Where the cathode rays hit the wall of
the x-ray tube, they excited a glowing
phosphorescent spot on the glass, and
most of the x-rays came from there.
That mysterious luminescence intrigued
A. Henri Becquerel, who was, like his fa-
ther and grandfather before him, a Pa-
risian physics professor of talent. He
had as a legacy his fatherÕs own study
of glowing minerals and some excellent
samples the elder Becquerel had pre-
pared. Would similar glows that arose
from sources other than the glass wall
of the tube also emit x-rays? He tried
out many phosphors, materials that
glow eerily for a while after exposure to
strong sunlight. None of them made any
mark on a photographic plate through
opaque black wrapping, as the x-rays
had done.

Then he tried some Òbeautiful lamel-
lasÓ of a uranium salt, unusual crystals
that his father had grown 15 years ear-
lier. On March 2, 1896, he reported that
the uranium compound had indeed
darkened the shielded photographic
plate, even though the sample had by
an accident of cloudy weather not Þrst
been exposed to sunlight. Many other
uranium salts showed no phosphores-
cence and yet darkened the plate. Even
uranium ores and metal sent out the
penetrating rays. Before the end of
1896, Becquerel knew that uranium was
somehow responsible, so he wrote of
the Òuranic rays.Ó He did not yet grasp
that the energy stored in uranium was
unrelated to the phosphorescence of
his fatherÕs uranyl sulfate crystals. That
was a mere pun of nature; the radioac-
tivity of uranium is quite independent
of the splendid yellow-green glow of
the sun-exposed crystals. But nuclear
physics grew from that Þrst coincidence.

Marie Curie, a young Parisian phys-
icist, newly and happily married, was
drawn late in 1897 to study BecquerelÕs
rays, although by then nearly everyone
else had chosen to work on the more
controllable x-rays. She persuaded her
physicist husband, Pierre, to let her try
this new path to the doctorate. Within
months, her promising Þnds induced
him to abandon his own work in crys-
tal physics to join her in a search well
beyond uranium for the nature of Òra-
dioactivity,Ó the word the two Curies
would coin in their joint paper of sum-
mer 1898; a sample of the new element,
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radium, was visible in their laboratory
by the end of that year.

Radioactivity, x-rays and electrons lie
at the base of 20th-century physics. The
name of the electron somewhat pre-
dates the other two, because the idea
of corpuscles of electrical charge was
already pretty plain from electrochem-
istry. Many labs were active in tracking
down the electrically charged particle
during the Þnal years of the 1800s. But
the capstone was set by J. J. Thomson,
who out of his and othersÕ pioneering
results was able for the Þrst time in
1899 to specify both the mass and the
charge of the electron. In our time, fast-
shifting beams of electrons are present
in nearly every household around the
world, streaming down the length of a
television picture tube. This device,
which draws pictures by means of the
swiftest of pencils, an electron beam,
was called a cathode-ray oscilloscope in
1897 by its inventor, Ferdinand Braun
of the University of Strasbourg.

Two key technological innovations
also were born in the physics labs

before the century turned. But they both
depended more on the old physics, the
magniÞcent classical physics founded
by James Clerk Maxwell and Isaac New-
ton and so well mastered by the opti-
cians and the engineers of the time;
these innovations made no great call
on elementary particles or quanta. 

Movies are such a hallmark of our
present century that we may be a little
surprised to learn that the brothers Lu-
mi�re opened their Þrst projection cin-
ema in Paris to paying audiences in the
Þnal week of 1895. Thomas Edison had
his own movie success the previous
year, but his version did not evolve from
the personal peepshow to screen pro-
jection in front of an audience. And ra-
dioÑas wireless telegraphyÑgrew vig-
orously under many inventors during
that last decade of the 1800s.

For me, the clearest point of begin-
ning of our technologically modern cen-
tury is Guglielmo MarconiÕs Þrst regular
commercial link for wireless messages
across the English ChannelÑearly, nat-
urally, for it started operation in the
spring of 1896. Another now ubiquitous
technology showed up even earlier: the
automobile, developed in the 1880s.

But the case for the truly new 20th-
century physics starting before its time
is surely made by x-rays, electrons and
nuclear physics, all begun before the
century opened, before the rapid suc-
cession of other discoveries that deÞne
our era: Max PlanckÕs 1900 energy quan-
tum, Ernest Rutherford and Frederick
SoddyÕs 1902 atomic transformations,
Albert EinsteinÕs 1905 photon.
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I
was rinsing dishes at the kitchen
sink the other morning and think-
ing about this column when it oc-

curred to me that what I was doing was
(like everything, if you look long enough)
a perfect example of the strange way
things in the modern world are linked
by events that happened along the great
web of change. Things like the jet of
high-pressure water I was using to wash
the cornßakes out of my cereal bowl.

There was once a very early high-pres-
sure water system set up outside 17th-
century Paris, supplied by the river Seine
and driven by a contraption of such hu-
mongous proportions that the local vil-
lage name was changed from Marly to
Marly-la-Machine. The machine in ques-
tion was a river-spanning line of water-
mill-powered pumps built to feed the
ornamental fountains at the Palace of
Versailles located a few miles away; wa-
ter would shoot up into the air at con-
siderable expense in order to amuse the
king and his various mistresses. Now,
extravagances such as fountains and
mistresses are Þne when your economy
is in good shape. Which, by the late
18th century, FranceÕs was not. Come
to think of it, neither was the king.

But everybodyÕs cash ßow improved
in 1797, when Joseph MontgolÞer, a bal-
loonist papermaker ( job descriptions
could be like that back then) showed
members of the new Republican gov-
ernment a device he had invented that
would deliver the water to Versailles
(and, more democratically, also to ca-
nals, irrigation networks and city water
supplies) virtually free of cost or main-
tenance, on account of its having al-
most no moving parts.

MontgolÞerÕs ÒHydraulic Ram,Ó along
with its various escape valves, used the
current of water in a river to compress
air, which then drove spurts of water
up, down or sideways as much as 120
times a minute. By the time of Montgol-
ÞerÕs death there were some 700 rams
at work, all over Europe. None of these
were delivering water to Versailles, how-
everÑno king, no fountains.

With all that high-pressure water,
rams could deliver a lot of lifting pow-
er. In 1850 an English engineer called

William Fairbairn used a variant on the
ram to raise into place, at a rate of two
inches a minute, a series of massive
1,200-ton, rectangular-section iron tubes
(through which trains would pass) for
the Britannia railroad bridge across the
Menai Straits in Wales.

Fairbairn also hired a fellow by the
name of Richard Roberts, who had in-
vented an automatic riveting-control
machine. The machine utilized perfo-
rated cards that Roberts had seen con-
trolling silk-weaving looms (which I re-
cently discussed in this column in quite
a diÝerent connection). The cards were
designed to block or permit the passage
of sprung wire hooks. The hooks pass-
ing through the holes would then lift
the particular threads relevant to that
part of the pattern, so that the weaverÕs
shuttle could pass underneath them.
Roberts used his cards in a similar way
to control the choice of size, number
and position of rivet-hole punches to be
used on a certain stretch of girder. 

The same perforated-card idea was
picked up again, to very diÝerent ends,
later in the century by Herman Holler-
ith in the U.S., who ended up in business
with some people who later changed
their companyÕs name to IBM.

Meanwhile RobertsÕs riveting tech-
nique worked so well that it caught the
eye of a hotshot engineer, Isambard
Kingdom Brunel. Brunel knew his new
monster iron ship, the Great Eastern
( in which he was planning to use the
same tube-girder structures that had
performed so successfully in the Menai
Bridge), would need at least three mil-
lion rivets for the hull alone.

As it turned out, riveting was about
the only thing that went well for the
ship. The engineers built her parallel to
the banks of the Thames, only to Þnd
that the river was too far away for a
proper launch, and so at a cost of
months and megabucks (well, mega-
pounds), they were obliged to move her
using rams, slides, winches, cradles and
all sorts of kit. Even then, it took six at-
tempts before she was Þnally in the
open water. On the Great EasternÕs maid-
en run to America, so many catastro-
phes had already befallen the ship that

CONNECTIONS
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only 38 out of 300 Þrst-class passenger
berths were takenÑand even then there
was a Þnal dayÕs delay due to drunken-
ness among the crew. Things went from
bad to worse, so that by 1865, the big-
gest ship in the world ended up with
nothing better to do than to lay the lat-
est transatlantic submarine telegraph
cable. And then to lose it when the roll
of the ship snapped the cable. And then
to Þnd it again the following year.

The cable was still in good working
order when the engineers Þnally joined
the broken ends back together, because
its sheathing had been made of the lat-
est wonder-gunk: gutta-percha, a kind
of latex sap from Malaysian trees. But
gutta-percha did more serious things
than allow President James Buchanan
to open the transatlantic telegraphic
link with a few statesmanlike remarks
to Queen Victoria. It also provided the
Þrst electric light insulation in homes
and put chewing gum on the market.
And it revolutionized the game of golf.

Up to this time, golf balls had been
stuÝed with feathers. The problem

was, most of these ÒfeatheriesÓ lasted
about as far as the third green. Then, in
1848, along came gutta-percha and a
solid, moldable ball, spherical enough to
go where you hit it and hard enough to
stay in shape for longer than one game.
The new balls were very grudgingly ac-
cepted by the jealously traditional own-
ers of Royal St. AndrewÕs (the worldÕs
foremost golf club, and they knew it),
where the balls changed the shape of
golf clubs in more senses than one. 

Gutty balls, as they were called, were
so cheap that, by the 1850s, the game
was attracting trainloads of holiday-
making Scottish workingmen. To ac-
commodate the crowd, St. AndrewÕs was
obliged to split each of its (very wide)
fairways longitudinally into two, each
half to be played in opposite directions.
Which is why there are now 18 holes on
a standard golf course instead of the
original nine.

An early game at St. AndrewÕs must
have been one of those rare occasions
when the hot air you hear so much on
golf courses was literally all about hot
airÑhot air being the reason why there
were suddenly so many working-class
wannabe golf champs keen to improve
their swing. At the time, the river Clyde
at Glasgow was trying to become the
worldÕs greatest shipyard, and failing.
The one thing any would-be industrial
region needed was coal, but although
there were thousands of tons of it bur-
ied below the Scottish Lowlands, the
stuÝ was of such a low grade that it
would hardly make toast, let alone
smelt iron.

Enter James B. Nielson, boss of the
Glasgow Gasworks. In 1827 he invented
the gas-Þred, hot-blast furnace, which
could generate hearth temperatures high
enough to make any fuel burn. Using
the Nielson process, you could not only
make iron using the local junk-quality
coal, you were able to make three times
more of it than you could using the
good stuÝ. Hence, within a few years
came the Scottish industrial revolution,
Clyde-side shipbuilders and the sooti-
est cities in the world. And, because of
the new, iron-driven wealth, some of
the best golfers anywhere.

Apart from opening up Scottish coal
mines, NielsonÕs technique was also hot
news for the previously impoverished
owners of the Pennsylvania anthracite
coal deposits, similarly hard to burn but
now suddenly proÞtable. In no time at
all, Pittsburgh was becoming Steel Town
U.S.A., and railroads were being built to
bring iron ore down from the Great
Lakes ( in the process revolutionizing
the entire business world by means of
new railroad administration tricks, such
as cost accounting, monthly returns,
divisional structures and departmental
management).

The burgeoning anthracite-Þred iron
and steel industry was soon littering
the Pennsylvania landscape with large
amounts of used coke. As it happened,
Pennsylvania was where the great En-
glish chemist and American Revolution
sympathizer Joseph Priestley had spent
his declining refugee years. And it was
he who had noted that coke is a superb
conductor of electricity. Drawing on
PriestleyÕs fortuitous discovery, a resi-
dent of Pittsburgh called Edward Ache-
son experimented with putting coke and
clay into an electric furnace. By 1885
Acheson was coming up with the sec-
ond-hardest stuÝ in the world, a mate-
rial he named carborundum. 

Not surprisingly, Acheson soon went
into the abrasive business. The bits of
carborundum that he stuck on grinding
wheels created quite a stir, which helped
Acheson win the contract to manufac-
ture the lights with which George West-
inghouse would illuminate the 1893
WorldÕs Colombian Exposition in Chica-
go. Those same grinding surfaces are
still used, only now they are usually
resin-bonded to their wheel by a pro-
cess involving a solvent called furfural.

Furfural is a chemical you get when
you add sulfuric acid and water at high
pressure to a mixture of throwaway
plant by-products: oat husks, bagasse,
rice hullsÑand also the cobs you have
left over, once youÕve made cornßakes
like the ones that I was so deftly clean-
ing oÝ my dishes when I set out along
this set of connections.
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I
t has become fashionable for biolo-
gists to emphasize the role of con-
tingency in the origin and evolution

of life on the earth, including the ad-
vent of humankind and the develop-
ment of mind. Those momentous events
are said to be the products of highly
improbable combinations of chance oc-
currences. As the late Jacques Monod
wrote in his 1970 best-seller Chance

and Necessity, Òthe universe was not
pregnant with life, nor the biosphere
with man.Ó Often presented as estab-
lished fact, such aÛrmations are seen
as driving the Þnal nail into the coÛn
of whatever illusion we still entertain
about the human condition and its sig-
niÞcance in the universe. When exam-
ined critically, however, the science be-
hind this view emerges as less conclu-
sive than is commonly believed.

The thesis that the origin of life was
highly improbable is demonstrably
false. Life did not arise in a single shot.
Only a miracle could have done so. If
life appeared by way of scientiÞcally ex-
plainable events, it must have followed
a very long succession of chemical steps
leading to the formation of increasing-
ly complex molecular assemblages.
Being chemical, those steps must
have been strongly deterministic
and reproducible, imposed by the
physical and chemical conditions
under which they took place.

The involvement of many steps
reinforces their deterministic charac-
ter. Single events of very low probabil-
ity readily take place, but a connected
string of such events does not. Bridge
hands are being dealt all the time, each
with a probability of one in 5 × 1028.
But the same hand is essentially never
dealt twice, let alone many times, in
succession. Given the nature of matter
and given the conditions that existed
on the earth four billion years ago, life
was bound to arise in a form not very
different, at least in its basic molecular
properties, from its present form.

What now of the probability of evolu-
tion producing conscious beings? Here
the proponents of contingency seem to
stand on safe Darwinian ground. Hard-
ly any biologist today doubts that ev-
ery evolutionary step starts with a for-
tuitous heritable change, the outcome
of which is then tested by natural selec-

tion. The obvious implication is that
chance governs the directions of evolu-
tion. This is the majority opinionÑ
justiÞed, but in need of qualiÞcation.

Chance does not exclude inevitabili-
ty. Of critical importance are the con-
straints within which chance operates.
One is the number of options. There are
only two possibilities when a coin is
ßipped, six when a die is cast, 36 when
a roulette wheel is spun and 5 × 1028

when a hand of bridge is dealt. The
number may be large, but it is always
Þnite. So it is with possible mutations.
Their number is not only limited, it is
not even extremely large, relatively
speaking. This point is readily corrobo-
rated by experience. 

Antibiotic-resistant bacteria, chloro-
quine-resistant malarial parasites,  DDT-
resistant mosquitoes and herbicide-re-
sistant weeds all have appeared in the
course of a few decadesÑnot thanks to
ßuke mutations but because the spread
of the drugs has suddenly given banal
mutations an opportunity to prove ben-
eÞcial and be selected. If wide-ranging

changes of this kind can take
place in such a short

span, evolution-

ary times of mil-
lions of years are
likely to allow for al-
most every useful even-
tuality. Contrary to a widespread no-
tion, evolution does not so much follow
the vagaries of chance mutationsÑal-
though this may occasionally happenÑ
as do mutations wait, so to speak, for
an opportunity to aÝect the course of
evolution.

In multicellular organisms, existing
body plans impose additional con-
straints on evolution. EÝective muta-
tions are restricted to the small number
of genes that control the development
of an organismÑsuch as homeotic
genesÑand must be such as to modify
the developmental blueprint in a man-

ner conducive to evolutionary success
or at least compatible with it. Most of
the changes that meet these conditions
do not alter the basic body plan. They
characterize what I call ÒhorizontalÓ evo-
lution and lead to biodiversity. There are
probably more than one million species
of insects, but all are insects. It is in this
kind of diversiÞcation that contingency
plays its leading role, mostly in the form
of environmental conditions that hap-
pen to provide some mutation with a
selective advantage. 

Much fewer, because far more con-
strained, are the changes that signiÞ-
cantly increase the complexity of body
plans (ÒverticalÓ evolution). The con-
straints no doubt leave room for devel-
opments that failed to happen on the
earth but could happen elsewhere, and
vice versa. But some directions could
be compelling. The emergence of think-
ing beings, for instance, appears much
less improbable than is often intimated.
Once neurons emerged and started in-
terconnecting, life progressed toward
the formation of increasingly complex
networks, no doubt furthered by the as-
sociated selective advantages. Six mil-
lion years ago a chimpanzeeÕs brain rep-
resented the apex of this evolutionary
progression. Three million years ago it
was LucyÕs. Today it is the human mind.
What it will be six million years henceÑ
or what has already materialized else-

whereÑis anybodyÕs guess. 

Life and mind appear as cos-
mic imperatives, written

into the fabric of the universe.
Given the opportunity, matter

must give rise to life, and life to
mind. Conditions on our planet pro-

vided this opportunity. The prevalent
opinion among cosmologists is that
such conditions may prevail on many
other sites in the universe. If so, and if
the views defended in this essay are
correct, there must be many other liv-
ing planets, at least a fraction of which
have evolved or shall evolve toward the
formation of conscious beingsÑsome
perhaps more advanced than we.
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