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Exploring the genetic heritage of racehorses.
Can anyons explain high-temperature superconductivity?

The impact of Kuwait’s burning oil wells.
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Silicon sees a cat. This retina-on-a-chip
mimics the functions of cells in the human eye.
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Some things in life
are memorable.

Others
are unforgettable.




Corvette Coupe - 5.7Liter fucl-injected VEwith 245
horsepower. - Choice of a 4-speed automatic or 6-speed manual. - Power 4-wheel ABS.

disc brakes. - P275/40ZR-17 Goodyear Eagles.  New 17 x9.5” alloy wheels. =4

_ New bodywork details including rounded ZR-1 type tail. - 3—year!50,_ 00-mile

Bumper to Bumper Plus Warranty®
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1991 Corvette Coupe. Like a cool. refreshing mist in some {og-shrouded S PR 2
dream, your first encounter is something you'll probably never forget. Ly
To call it a mere memory is to belittle the moment. Rather, it becomes a vision =
etched in one’s soul forever. It’s not uncommon for people to recite every detail of the very first
one they laid eyes on. For there is only one Corvette. And though challengers
have come and gone, we've spent the last 38 years joyfully forging America’s only
true sports car into what it is today. Quite simply. this is the best 'Vette yet.
And so a message to the faithful: If you've been waiting for the right time
to renew your dream, what are you waiting for ?

*See your Chevrolet dealer for terms of this limited warranty, A deductible will apply after 12 months/12,000 miles. ®
Chevrolet. the Chevrolet emblem, Corvette and lhe Contne emhi:m are registered trademarks of the GM Corp. E
* = - g d. Let's get It together. .. buckle up.
© 1991 SCIENTIFIC AI\/IERICAN INC




A LOT OF TIRES COST LE

THAT’'S BECAUSE

To everyone out there looking to save a few
dollarson a set of tires, let’snot mince words.
You buy cheap, you get cheap.

There may be a lot of tires out there that
cost less than a Michelin.

The only question is, what do you have to
giveup if you buy one?

Do they handle like a Michelin?

Do they last like a Michelin?

Are they as reliable as a Michelin?

Then ask yourself this: Do you really want
to find out?

At Michelin, we make only one kind of tire.

The very best we know how.

Because the way we see it, the last place a
compromise belongs is on your car.

As amatter of fact, we're so obsessed with
quality we make the steel cables that go

I-belted radial (%)
into our steel-belted radials. ;e
e
We even make many of the machines ~t—=>

that make and test Michelin tires.

And our quality control checks are so

exhaustive that they even include x-rays.

These and hundreds of other details, big and
small (details that may seem inconsequential
to others), make sure that when you put a set
of Michelin tires on your car, you get all the
mileage Michelin is famous for.

True, there may be cheaper tires. Butif they
don’t last like a Michelin, are they really less
expensiver

So the next time someone tries to save

you a few dollars on a tire, tell him
this: It’s not how much you
pay that counts. It’s what
you get for your money.
And then he’ll know
that you know that there’s
only one reason a tire
costs less than a Michelin.
It deserves to.

MICHELIN'

BECAUSE SO MUCH IS RIDING
ON YOUR TIRES”
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$S THAN A MICHELIN.
THEY SHOULD.

© 1991 SCIENTIFIC AMERICAN, INC



SCIENTIFIC
AMERICAN o suomecns st

Progress in Oral Rehydration Therapy
Norbert Hirschhorn and William B. Greenough I11

With each medical advance seeming to be increasingly high-tech and costly,

oral rehydration therapy is a notable exception to the trend. The administration
of a simple electrolyte solution made with readily available ingredients now
saves one million children a year from death caused by diarrhea-induced
dehydration. Recently it reduced fatalities during a cholera epidemic in Peru.

Anyons
Frank Wilczek

To the few physicists who first thought about them, anyons were
mathematical curiosities that provided new insights into the theory

of quantum mechanics. But experimental evidence accumulated over the
past decade indicates these entities do exist. In fact, the behavior of anyons
offers a compelling explanation for high-temperature superconductivity.

René Jules Dubos
Carol L. Moberg and Zanvil A. Cohn

A childhood bout with rheumatic fever may have sent René Dubos on a
lifelong exploration into the nature of health and disease. As a researcher
at the Rockefeller Institute, he discovered the first clinically important
antibiotic. As a philosopher, he formulated an ecological theory of disease
that matured into a profound, influential view of our place on the earth.

The Silicon Retina
Misha A. Mahowald and Carver Mead

The formation of visual images in the retina of the eye depends on layers

of interconnected cells. The functions of three of these layers—photoreceptor,
horizontal and bipolar cells—can be duplicated by simple electronic devices
etched onto a silicon chip. This artificial retina illuminates biological computa-
tion and has implications for computer vision and signal processing.

The Genesis of Ores
George Brimhall

Human history and technology have been shaped by metals. How did they
become concentrated in minable deposits located so conveniently near the
earth’s surface? The author explains the mechanisms of fluid transport—by
magma, water and even air and wind—responsible for the chemical and physi-
cal interactions that created bodies of metallic ores throughout geologic history.
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The Genetics of Thoroughbred Horses

Patrick Cunningham

The lineage of all magnificent Thoroughbred racehorses can be traced to a
handful of animals imported from Africa and the Middle East in the 17th century.
Just 10 horses contributed more than half of the genes in today’s Thoroughbreds.
Despite the wealth of breeding data, genetic studies have begun only recently.

Mechanical Engineering in the Medieval Near East
Donald R. Hill

When Paris was still a village, 10th-century Baghdad was a metropolis

of 1.5 million inhabitants. To support such urban centers, Muslim engineers
developed sophisticated water and wind machines with valves, cranks and pistons.
Many of these innovations influenced the development of modern machinery.

106 B TRENDS IN ENERGY

Cleaning Up Coal

Elizabeth Corcoran, staff writer

According to the percentages, coal is still King. Coal-fired power plants generate
more than 50 percent of U.S. electricity. But every year those utilities also pour
forth 70 percent of the sulfur dioxide and significant portions of other pollutants
that cause acid rain and contribute to global warming. Now the U.S. is trying

a novel market-based approach to reducing those emissions.
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“The idea of computers in
the factory used to
scare the daylights out of me.

Now I run one.”

“I figured Id get burned either way—comput-
ers show up and I get fired, or computers dont show
up and the plant closes down.

“But what happened is, they retooled the
plant and while that was going on they sent me to
school, to an IBM-sponsored course at the commu-
nity college.

“Here are two things I learned. I learned a
new job thats better than my old one. And I learned
that our plant won’t be boarded up any time soon.”

Yes, you can teach old factories new tricks,
and CIM (Computer Integrated Manufacturing) is
one of them. CIM coordinates the manufacturing
process, from design to distribution, as a single
system. Needless to say, it can make our economy
more competitive.

And yes, we'll have to teach people some new
tricks, too. Thats why IBM sponsors CIM education
for students and workers at over 70 colleges and
universities across America.

To learn more about CIM and IBM’s commit-
ment to CIM education, write =~ == —_—==

tous at IBM, PO. Box 3974,
Dept. 972, Peoria, IL 61614.

© 1991 SCIENTIFIC AMERICAN, INC



THE COVER photograph shows
how a silicon retina chip sees
Spike, a large calico cat. The ret-
ina chip was designed by the au-
thors at the California Institute of
Technology to model the visual
processing of the human retina.
Output from the chip was record-
ed on videotape and then pho-
tographed to produce this image
(see “The Silicon Retina,” by Mi-
sha A. Mahowald and Carver
Mead, page 76).
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LETTERS

Perchance to Dream

To the Editors:

I would appreciate the opportunity
to correct misrepresentations of my
ideas and those of Sigmund Freud in
Jonathan Winson's otherwise valuable
article, “The Meaning of Dreams” [SCI-
ENTIFIC AMERICAN, November 1990].
Winson attributes to Freud the view
“that dreams reveal our innermost
unconscious feelings and concerns.”
What Freud actually said was that
dreams conceal our unconscious wish-
es by disguising them as apparently
meaningless and bizarre symbols. Psy-
choanalytic interpretation of the con-
cealed wishes was required to reveal a
dream’s true meaning. Winson fails to
recognize that censorship—not revela-
tion—is the essence of Freud’s dream
psychology.

I never suggested that dreams are
“inherently meaningless” or that they
have “deep psychological significance”
(where “deep” implies hidden). On the
contrary, from the publication of my
original papers to my recent books, my
position has been consistent. I reject
Freud’s concept of censorship and in-
stead attribute dream bizarreness to
the unique brain physiology of REM
sleep. Dream bizarreness is indeed
meaningless, not defensive as Freud
assumed. Dreams do reveal our view
of the world, but they do so directly.
The consequence of Winson's double
error is that the view of dream mean-
ing that he attributes to Freud is actual-
ly mine.

J. ALLAN HOBSON
Department of Psychiatry
Harvard Medical School

Winson replies:

Of course, I do understand that it
was Freud’s belief that dreams were
disguised because of repression, as I
stated in the second paragraph of my
article. At the end, I drew two conclu-
sions. The first, in disagreement with
Freud, was that dreams are not dis-
guised, but rather their unusual char-
acter is caused by the complex associ-
ations taking place during REM-sleep
memory processing. The second is that

10 SCIENTIFIC AMERICAN May 1991

Freud discovered an important truth,
that there is an unconscious that can
be accessed through dream content.

The activation synthesis hypothesis
has undergone several revisions since
Hobson and Robert W. McCarley in-
troduced it. In his book Sleep (W. H.
Freeman, 1989), Hobson stated that
“I would like to retain the emphasis
of psychoanalysis upon the power of
dreams to reveal deep aspects of our-
selves....” On that basis I stated that he
acknowledged the “deep psychological
significance of dreams.” “Deep” refers
to “profound” in my statement, and I
assume also in his.

Hobson and I agree, as do other in-
vestigators, that dreams are not dis-
guised. We disagree about whether they
reflect a basic, cognitively significant
memory process. The question would
be resolved by an experiment to deter-
mine whether a memory deficit result-
ed from eliminating theta rhythm se-
lectively during REM sleep. Such an ex-
periment is under way.

To the Editors:

Winson suggests there is a connec-
tion between the disproportionately
large brains of monotremes and their
lack of REM sleep. He hypothesizes that
the large prefrontal cortex is needed for
processing memories. Another group of
mammals seems to support that idea:
the odontocete (toothed) whales, in-
cluding the dolphins, which also do not
experience REM sleep. Although their
large brains have often been cited as ev-
idence for the high intelligence of these
animals, studies have not shown that
their intelligence is on a par with that
of primates.

MORGAN S. LYNN
La Jolla, Calif.

Buckeyball, Anyone?

To the Editors:

As the person who first purified car-
bon 60 (buckminsterfullerene) and car-
bon 70, may I comment on “Buckey-
balls” [“Science and Business,” SCIEN-
TIFIC AMERICAN, January]? It should be
emphasized that C-60 was first pro-
posed in 1971 by Eiji Osawa of Hok-
kaido University and independently by
D. A. Bochvar and E. G. G'alpern of the
Institute of Organoelement Compounds
in the U.S.S.R. During my recent visit to
Moscow, Dr. G’'alpern dug out the orig-
inal cardboard model from the bot-
tom of a cupboard. The Russians were
thrilled to see the first pure sample of
C-60, especially Dr. I. V. Stankevich, a
chemist whose great interest in soccer

© 1991 SCIENTIFIC AMERICAN, INC

inspired their theoretical work on the
molecule (which is structurally identi-
cal to a soccerball).

ROGER TAYLOR
School of Chemistry

and Molecular Sciences
University of Sussex
Brighton, England

A Bitter Pill

To the Editors:

“Aspirin,” by Gerald Weissman [SCI-
ENTIFIC AMERICAN, January], states that
“Americans consume 16,000 tons of as-
pirin tablets a year—80 million pills....”
That makes each tablet weigh about 6.4
ounces. A tough pill to swallow! Eighty
billion, perhaps?

PAUL D. COHEN
Huntington Station, N.Y.

Editor’s note:

Right you are. And that is why ty-
pographical errors give editors head-
aches. On page 90 of that article, the
chemoattractant peptide C5a was in-
correctly called C5,.

Not So Miraculous

To the Editors:

In Nathan Rosenberg and L. E. Bird-
zell, Jr.’s, paean to capitalism [“Science,
Technology and the Western Miracle,”
SCIENTIFIC AMERICAN, November 1990],
the authors seem to disregard an im-
portant factor. Almost any political or
economic system can show a tempo-
rary success if, like a Regency buck
gambling away his patrimony in a sin-
gle night, it is willing to consume rather
than conserve its capital.

In 1800 western European technol-
ogy and the fledgling Americans ac-
quired the richest continents on earth,
virtually for free. What is left in the U.S.
today? A few generations of high-tech
agriculture have reduced rich topsoil to
little more than a sort of culture medi-
um into which farmers must pour vast
amounts of expensive fertilizers before
they can hope to grow crops.

The “Western miracle” of the past
was based on spending our capital. The
real test of science, technology and cap-
italism will come in the next two cen-
turies, when we discover whether they
can sustain a standard of living that is
based on consumption after most of
the capital has been used up.

RICHARD CLARK
Galena, I11.
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We’ve mixed business
with pleasure.

24-VALVE
220 HP
FORD
T AURTUS
S H O

Executive conference room.

When your career’s on the fast track, you
need a car that belongs there. The Taurus SHO.
Its distinctive appointments include fully-artic-
ulated sport seats (leather trim optional) and
performance instrumentation. The Taurus SHO
is perfect for a closed conference, even if your
only meeting is with the available JBL stereo
and your favorite compact disc.

The business end.

But your executive image doesn’t have to be
conservative. Nothing sets you apart like Taurus
SHO'’s hidden asset; a 24-valve, 220 horsepower
Super High Output (SHO) V-6, precisely con-

Buckle up-together we can save lives.

trolled by a newly refined, smoother-shifting
five-speed manual transmission.

Performing assets.

Rounding out Taurus SHO's portfolio are a
special sports suspension, 4-wheel disc anti-lock
brakes, and standard driver’s side air bag supple-
mental restraint system to be used with yoursafety
belt. And with new 16" cast aluminum wheels,
the SHO will quickly improve your outlook.

The Taurus SHO.
Because making work a Ford Taurus
pleasure is the essence
of good business.

Have you driven a Ford...lately?
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Against all odds,
Brad Gillam is
working toward

You probably don'’t give much thought to
the buttons on your shirt. Until you break
one. Or lose one.

Then, you probably curse a society
that can put a man on the moon, but not
conquer its nagging clothing problems.

Brad Gillam is working to change all
that. With the unbreakable dress shirt
button.

“We've got sample shirts out right
now, to half a dozen different dry cleaners,”

o reports Brad. “Half with
a dress Sl]_lrt butt()n that oiliocjrreni buttzn, half

won’t break.

with a new prototype
button we're excited about.”

The new button is made from a novel
poly resin compound, many times
stronger than that of a traditional dress
shirt button. After testing and rejecting
many different button designs and
materials, Brad thinks it may be the
answer.

How strong does a dress shirt button
have to be?

“We want a button that will last as
long as the shirt. Which is maybe fifty
launderings, or more if you wash your
shirts at home the old-fashioned way.”

Now, about that other problem: losing
a button. Brad has this covered too. Four
extras are sewn onto the tail of each
Lands’ End dress shirt, so you have them
when you need them.

Brad’s attention to detail doesn’t stop
with buttons. It extends into every inch,
every stitch of every Lands’ End dress
shirt, from our economically priced
Popular Oxford to our dapper Pinpoint
Oxford to our silky Egyptian Cotton
Broadcloth.

Even to a whole new catalog, for Brad
plays a major role in “Buttondowns and
Beyond,” our widest offering ever of new
colors, collar styles, handsewn ties,
tuxedo shirts and cummerbunds too.

Here he even scored a coup that many
at Lands’ End had thought impossible:
including in the catalog some white
collar-on-color shirts that will likely raise
the eyebrows of Lands’ End founder (and
casual dresser) Gary Comer.

“We're always trying to reach out to
new customers,” explains Brad.

Whether you're a traditionalist or an
eclectic, you'll want a look at the dress
shirts in our regular catalog, or exciting
new “Button-downs and Beyond.” Both
are yours free when you write or call.

And we'll let you know when that new
button is ready.

®1001 T ande’ End, Inc.
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Please send free catalog:

(] Lands’ End

] Buttondowns and Beyond
Lands’End  Dept. Q-12
Dodgeville, WI 53595

Name

Address

City

State Zip

Write or call toll-free:

1-800-356-4444



o0 AND 100
YEARS AGO

MAY 1941: “Even though the petro-
leum industry should do nothing more
to develop processing methods than
has been done in the past, there is
sufficient ‘black gold’ in our under-
ground reserves to supply needs for
at least 15 years to come. Add to this
the undiscovered reserves, which geol-
ogists are constantly searching for (and
discovering), and the time of depletion
is placed further into the future. Add
again the fact that science has shown
how to obtain gasoline from shale, coal,
and other natural deposits, and a vari-
able figure is obtained for the deple-
tion point that may be conservatively
placed at some 2,000 years hence.”

“From The Engineer (London): ‘After
the first four months of war, it became
possible to assert that if we fell short
of the enemy in the number of first-line
aircraft at our disposal, British airplane
types had, machine for machine, dem-
onstrated their superiority over those
of the Germans. Twelve months’ addi-
tional experience has more than con-
firmed that conclusion. The Germans
elected to obtain numerical strength
rather than the strength which comes

from quality. They standardized their
production for war at least two years
before we did. Those two years were
marked by vital developments in air-
craft production.’”

“Bacteria vary in strength according
to the stages of their life cycle, says
Dr. Harvey C. Rentschler, director of
research for the Westinghouse Lamp
Company. The deadliness of bactericid-
al agents is not only dependent upon
the family of bacteria being killed, but
also upon whether or not the bacteria
are young, middle aged, or decrepit.”

“A thoroughly practical method of lo-
cating the exact position of a transport
in the air has been announced by Unit-
ed Air Lines. The airplane, equipped
with a high-frequency radio transmit-
ter, emits a signal from time to time.
On top of a building at the terminal
a large metallic frame is rotated by
an electric motor. When the antenna is
bearing directly on the airplane and
receiving a signal of maximum intensi-
ty, automatic equipment indicates the
bearing of the craft on a map in the
dispatcher’s office. Given two stations
communicating with each other at a
known distance apart, it is a simple
matter to secure the location of the air-
craft by drawing two lines on the map
and seeing where they intersect.”

]

MAY 1891: “Senator Leland Stanford
has chosen for president of his new

Spiral water scoop
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university Dr. David S. Jordan, who has
been president of the Indiana Universi-
ty for the past seven years. The term
of office at Palo Alto will begin next
September, the salary being $10,000
per annum and residence.”

“To ascertain the possibilities of aer-
ial navigation, Professor S. P. Lang-
ley, of the Smithsonian Institution, set
up a whirling machine with a diameter
of sixty feet, and driven by a steam
engine of ten or twelve horse power.
He suspended a flat brass plate from
the arm of the whirling machine by
a spring. When the machine was put
in motion and the plate encountered
an artificial wind going forty miles an
hour, the spring actually shortened,
showing that the weight or power re-
quired to suspend the plate was less
when in motion than when it was
standing still. He reached the conclu-
sion that the amount of power re-
quired for artificial flight was perfectly
attainable by steam engines we now
possess. He said the difficulties would
be in getting started, in coming down
to the ground again, and in guiding
one’s self through the air. He thought
all aerial navigation would pass out
of the sphere of charlatanism and into
the hands of engineers in a short time,
possibly months instead of years.”

“On the evening of April 25 last, dur-
ing a violent thunder storm, the light-
ning struck the lightning rod until it
came to a defective insulator, then en-
tered the house, striking Mr. Roode
about half an inch back of the ear and
burning its way through the entire
length of his body, then through a wool
mattress, splitting a hard maple bed-
stead, afterward passing through vari-
ous parts of the house until it reached
the water pipe. Mr. Roode regained con-
sciousness and is on the road to recov-
ery. His body is now so heavily charged
with electricity that he can impart to
any one an electric shock equal to that
received from a powerful battery.”

“The tympanum, an early machine
for raising water, was driven by the
stream from which the water was tak-
en. The version shown in the engraving
consists of a series of tubular hollow
arms extending from the periphery of a
current wheel into the hollow shaft at
the center. The blades of the wheel dip
in the stream and are propelled by the
current, and the mouths of the curved
tubes scoop up the volume of water
which advances toward the center of
the wheel as the wheel revolves. The
water thus raised is discharged through
the hollow shaft into a sluice.”



Cutty Sark Blended Scots Whisky. 40% Alc. by Vol. Imported by © W, A. Tayier & Co. . Miami, Florida 1991

Some people order certain drinks to be cool,
others to be trendy.
But this is the only impression you leave
when you order Cutty Sark.
And if that's all right with you,
you're probably pretty impressive already.

[ UNCOMMONLY SMOOTH J
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SCIENCE_~SCOPE"

PC boards and hybrids can now be electronically trimmed and configured, thanks to a new family

of nonvolatile, serially programmable (NSP) integrated circuits developed by Hughes Aircraft
Company. These NSP circuits enable designers to electronically calibrate PC boards and hydrids with
test stations and computers. This automated procedure is a tremendous advantage over mechanical
methods, which are less reliable and often difficult to perform. Presently, the new Hughes NSP family
consists of nine types of devices. They all feature low-power consumption and redundant circuit
techniques to ensure reliable operation and long life.

A fiber optic cable may open the door to interference-free. high speed communications. The metal-
coated optical fiber was created by Hughes from long glass strands covered with an aluminum
coating. These optical fibers withstand temperatures up to 400 degrees centigrade, can be soldered
to eliminate the need for organic materials that could cause contamination, and exhibit long life and
high reliability characteristics. Besides being used for point-to-point data communication, the
technology can also be incorporated in fiber optic sensors and optoelectronic hybrid circuits for use
in space satellites, advanced fighter aircraft instrumentation, and automobile, aircraft and spacecraft
engine monitoring.

A new antenna with an integral high-speed computer helps an airborne radar system achieve higher
resolution ground maps. The radar, designed and built by Hughes for the U.S. Air Force, uses a
phased-array Electronically Scanning Antenna (ESA) and a Beam Steering Computer (BSC) to create
the wide instantaneous bandwidth necessary for distinguishing between closely-spaced targets. When
the BSC is commanded by the flight’s mission computer to scan a certain area, the BSC moves the
radar beam by computing new settings for the electronic phase shifters several million times a second.

The U.S. Army’s Bradley Fighting Vehicle System packs more punch with its advanced TOW 2
antitank missile. The missile features improved guidance and a more potent warhead designed to
defeat advanced enemy armor. Hughes provides major elements of the Bradley’s fire control system
including an integrated day/night sight unit, TOW missile launcher, missile guidance electronics,
and a power control unit. The Bradley is a tracked armored vehicle used to transport troops.

Hughes Aircraft Company’s Missile Systems Group has excellent opportunities for Electronics
Engineers. We’re a world leader in developing and manufacturing advanced tactical missile systems,
airborne avionics, launchers, weapon control systems, guidance and propulsion systems, and test
equipment. Applicants should have a background in Computer Science or Physics, including 3-5 years
experience with an emphasis in simulation and analysis. Please send resume to: Hughes Aircraft
Company, Missile Systems Group, Attn.: Employment Dept., 8433 Fallbrook Avenue, Canoga Park,
CA 91304-0445. Proof of U.S. citizenship may be required. Equal opportunity employer.

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

© 1991 Hughes Aircraft Company Subsidiary of GM Hughes Electronics
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Up in Flames
Kuwait’s burning oil wells
are a sad test of theories

Iraq and the Allied forces last Jan-

uary 16, some observers feared
that Kuwait might become the scene of
a monstrous atmospheric experiment.
As early as September, Iraqi leader Sad-
dam Hussein had threatened to destroy
Kuwait’s oil wells if the U.S. and its al-
lies tried to oust him. Some scientists
warned that smoke from ignited wells
could disrupt agriculture and natural
ecosystems in southern Asia and per-
haps the entire Northern Hemisphere.
Skeptics foresaw possibly severe local
pollution but not much else.

The hypothetical experiment is now
all too real. In the first few weeks after
the war ended, reports about the fires
varied wildly, but by late March offi-
cials had agreed on some basic facts.
Before retreating or surrendering, the
Iraqgis blew up most of Kuwait’s 1,250
wells (which include 750 in Kuwait
proper and another 500 or so in the
neutral zone between Kuwait and Sau-
di Arabia that was also seized by Iraq).
Many wells did not catch fire, and some

I : ven before war broke out between

Thirsty California,
clever RNA, underwater
preserves, pro-science
critic Thomas Kuhn

that lacked sufficient internal pressure
burned out within a few weeks. But 550
were left burning and are expected to
do so until they are put out.

Estimates of the time needed to ex-
tinguish the conflagration are still wide-
ranging. Optimists guess each fire will
take five days to put out. At that rate,
the four crews hired to do the job—in-
cluding one founded by the legendary
Texan Red Adair—would complete their
task in nearly two years. Pessimists,
pointing out that oil fires often take
months to extinguish, say the job could
take seven years. On the other hand, if
more crews are quickly trained, the job
could take less time.

In the meantime, six million barrels

of oil weighing roughly a million tons
are going up in smoke every day, ac-
cording to Kuwaiti oil industry officials.
That is four times Kuwait’s prewar out-
put and twice its maximum production
capacity. (It is also almost 10 percent
of the entire world’s daily ration of oil.)
The current flow exceeds the prewar ca-
pacity, Kuwaiti officials say, because
the explosions destroyed valves in the
wells that restrict the oil flow.

Some scientists suspect Kuwaiti offi-
cials may be inflating their damage es-
timates to obtain larger reparations
from Irag. But if the million-ton-a-day
figure is accurate, the fires could be
spewing 50,000 tons of sulfur dioxide—
the chief constituent of acid rain—and
100,000 tons of sooty smoke into the
atmosphere every day, according to
Frederick Warner, a climatologist at Es-
sex University in England. The balance
of the million tons is converted for the
most part into carbon dioxide.

There is no question that the emis-
sions are causing severe and poten-
tially deadly pollution in Kuwait. News-
paper and television reports depict
clouds so dense that car headlights
must be turned on at midday and
“black rain” that coats crops, water sup-
plies and all else with soot, sulfuric acid
and other toxins. Daytime temperatures

FIRES IN KUWAIT spew forth 50,000 tons of sulfur dioxide,
100,000 tons of carbon as soot and more than 800,000 tons of
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carbon in the form of carbon dioxide every day, according to
estimates in late March. Photo: J. Langevin/Sygma.
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SOUTHERN
KUWAIT

SAUDI
ARABIA

PERSIAN GULF

SMOKE PLUMES from oil-well fires in Kuwait extend more than 300 kilometers
south in this photograph by the NOAA-11 satellite taken on February 21, two days
before the Allied ground offensive. Many more fires were set during the next four
days. The image was processed by Donald J. Cahoon, Jr., Wesley R. Cofer III,
Joseph A. Kaplan and Joel S. Levine of NASA’s Langley Research Center.

beneath the sun-blocking clouds are re-
portedly 15 degrees Celsius, or 27 de-
grees Fahrenheit, below normal.

Hospitals in Kuwait are crammed
with people sickened by the pollution,
especially the very young, the elderly
and those with prior respiratory prob-
lems. Warner says the pollution could
rival the worst ever recorded, which oc-
curred in London in 1952: coal fumes
combined with dense fog killed 4,000
people in 11 days.

Moving away from Kuwait, however,
the data become sketchier. Even before
Iraq torched the majority of oil wells,
satellite images showed smoke from
just a few fires streaming hundreds of
kilometers south from Kuwait [see pho-
tograph above]. Smoke has also been
reported as far north as the Soviet Un-
ion and as far east as Pakistan, well
over 1,000 kilometers from Kuwait, al-
though some of it could stem from
Iraqgi refineries and oil reserves bombed
by the Allies. The lack of clear-cut infor-
mation may be deliberate: U.S. scien-
tists have been under orders since Jan-
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uary not to discuss the war’s environ-
mental impact with reporters [see box].

Nevertheless, a number of predictions
are now being tested. The first person
to warn publicly that the war could be
an environmental disaster was not a
scientist but King Hussein of Jordan,
who vehemently opposed the Allied
campaign against Irag. Hussein based
his warning on calculations done by his
science adviser, Abdullah Toukan, a
nuclear physicist.

Addressing the World Climate Con-
ference in Geneva last November, Hus-
sein proclaimed that Kuwait’s oil re-
serves, if ignited, could accelerate glob-
al warming by increasing levels of
carbon dioxide in the atmosphere. That
warning was almost universally dis-
missed—unfairly, Toukan now insists.
He notes that at the Geneva conference
the U.S. and other countries were con-
sidering ways to reduce their emissions
of carbon dioxide from fossil-fuel burn-
ing by a few percentage points. The oil-
well fires, which have boosted world-
wide emissions by as much as 5 per-
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cent in one swoop, make a mockery of
those efforts, Toukan says.

Yet other scientists considered disas-
ter-by-cooling to be a more likely and
near-term problem than disaster-by-
warming. At a prewar meeting held in
London in early January, Paul J. Crutzen
of the Max Planck Institute for Chem-
istry in Mainz, Germany, who a decade
ago conceived the nuclear winter theo-
ry, said fires could cause a “minor nu-
clear winter.” Crutzen calculated that
within a year Kuwait’s oil fields could
generate more than 30 million tons of
smoke, within a factor of two of the
amount that could be produced in a
major nuclear exchange.

John Cox, an environmental engineer
and vice president of the Campaign for
Nuclear Disarmament in Britain, pro-
posed at the London meeting that cool-
ing by the smoke could disrupt the
monsoon season in southern Asia. The
season occurs when air over the Tibet-
an plateau warms and rises during the
summer, drawing in air from the Indian
Ocean. These moist sea breezes bring
the rains needed for crops across much
of India, Pakistan and other countries.
Cox speculated that a reduction of the
monsoons could trigger a drought af-
fecting as many as a billion Asians.

These warnings were soon expanded
on by U.S. scientists, notably Carl Sa-
gan of Cornell University and Rich-
ard P. Turco of the University of Cali-
fornia at Los Angeles, who had also col-
laborated on nuclear winter models.
They warned that global effects were
possible because of a “self-lofting”
mechanism seen in experiments with
burning oil. As the dark smoke absorbs
sunlight, they explained, it heats the
air around it, causing both the air
and the smoke to rise. That phenome-
non, together with convection caused
by storms, could lift a significant por-
tion of the smoke into the stratosphere
and keep it airborne for 30 days or
more. Beginning in January, Sagan aired
these views on CBS’s 60 Minutes, ABC’s
Nightline and other forums.

The warnings were greeted skeptical-
ly by other scientists. Some accused
Sagan and others who predicted dis-
aster of abusing science to promote a
political, antiwar agenda. Perhaps the
strongest rebuttal came from Lawrence
Livermore National Laboratory, whose
primary mission is designing nuclear
weapons. Climatologist Michael C. Mac-
Cracken concluded that fires in the Gulf
region might produce a cloud of pollu-
tion “about as severe as that found on
a bad day at the Los Angeles airport,”
according to a story in Science.

A slightly less optimistic analysis
was issued by Warner of Essex Univer-
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sity, the former chairman of an influen-
tial study of nuclear winter. In late Jan-
uary he reported to the British Parlia-
ment that oil-well fires might cause “se-
vere local pollution” but little broader
damage. He also stated that “it is not
easy to ignite oil wells.”

The most detailed critique of the
worst-case scenarios was written by
Richard D. Small, a fire researcher at
the Pacific-Sierra Research Corporation
in Los Angeles. Last December the Pen-
tagon asked Small to determine how oil
fires might affect the environment and
military operations. Small had previous-
ly done research, also funded by the
Pentagon, casting doubt on the nuclear
winter theory. In early March he sum-
marized his views in Nature.

Small assumed that no more than 1.6
million barrels of oil could be burned a
day, about one quarter of the current

estimate. He asserted the smoke would
probably rise only a kilometer or two
and would fall back to the earth in just
two to seven days. He suggested that
if any smoke did reach India, it could
have a net warming effect, by acting as
a thermal blanket during the night.

In an interview, Small acknowledges
that “we have never seen a pollution
event of this scale” and that the harm
done to people, animals and ecosys-
tems in a region extending perhaps
1,000 kilometers from Kuwait could
be dramatic. Yet he, Warner, MacCrack-
en and other prewar skeptics still pre-
dict that the smoke will have no sig-
nificant influence on the monsoon sea-
son or global temperatures.

In support of this view, Small notes
that ground-based films and reports
from pilots indicate that smoke from
the fires is hugging the ground rather

U.S. Gags Discussion of War’s Environmental Effects

O n January 25, researchers at Lawrence Livermore National Laboratory re-
ceived a memorandum, which reads in part:

DOE [Department of Energy] Headquarters Public Affairs has request-
ed that all DOE facilities and contractors immediately discontinue any
further discussion of war-related research and issues with the media
until further notice. The extent of what we are authorized to say about
environmental impacts of fires/oil spills in the Middle East follows:
“Most independent studies and experts suggest that the catastrophic
predictions in some recent news reports are exaggerated. We are cur-
rently reviewing the matter, but these predictions remain speculative
and do not warrant any further comment at this time.”

If there are any doubts about appropriate comments, please refer in-
quiries to Office of Communications and Planning, John Belluardo.

Belluardo, a DOE spokesperson in San Francisco, says the policy was not in-
tended to “muzzle the debate” over the war’s environmental impact. It was insti-
tuted, he says, because discussions of the possible effects of fires and oil spills
could “give the Iragis ideas” that would hamper Allied military operations.
Asked why the policy remained in effect after the war’s conclusion (and at this
writing), Belluardo replies that “we are still in a transition period.”

That explanation makes little sense to some federal researchers. Bruce B.
Hicks, a meteorologist at the National Oceanic and Atmospheric Administration,
says NOAA researchers were ordered to withhold satellite images or other infor-
mation on the Gulf region after the war ended. “I can’t understand why,” he
says. NOAA spokesperson Reed H. Boatright speculates that the restriction was
related to demands for reparations expected to result from the war.

Another possible motive for the embargo on information—and particularly on
satellite images—is suggested by John Cox, an environmental engineer and vice
president of the Campaign for Nuclear Disarmament in Britain. Satellite images
would reveal that Allied bombing of Iragi refineries and oil reserves had “creat-
ed an appalling smoke cloud” comparable to the one generated by the Iraqgi sab-
otage of Kuwait’s oil fields. He speculates that the U.S. will lift its restrictions af-
ter the smoke from Allied bombing raids dissipates, leaving behind only the
smoke attributable to the Iraqgis.

Where did the censorship order originate? Both Belluardo and Hicks attribute
it to the White House. A DOE spokesperson in Washington, D.C., Mark Maddox,
traces it to the Environmental Protection Agency and the Department of De-
fense. Spokespersons for the EPA, the DOD and the White House deny any
knowledge of the order. —John Horgan
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than rising toward the stratosphere.
Moreover, reports of black rain in Iran
and Kuwait indicate that the soot is re-
maining low enough to be washed out
of the sky by rain. (Warner does wor-
ry, however, that black rain falling on
snowy regions could trigger rapid melt-
ing and flooding.)

Crutzen agrees that initially most of
the smoke seemed to be staying near
the ground. But he points out that the
weather in the Gulf region has been
unusually wet. By May the rainy season
will have yielded to hot, dry weather
that could accelerate the self-lofting of
the smoke. Although most scientists
have backed away from projections
of global effects, Crutzen still thinks
they could occur. He estimates that if
only 1 percent of the smoke reaches
the stratosphere, at the end of the year
enough could have accumulated to cool
the entire Northern Hemisphere by up
to two degrees Celsius. “That’s enough
to worry about,” he says.

Some simple observations could help
sharpen the projections, Crutzen points
out. He notes that two crucial, interre-
lated questions concern the altitude of
the smoke and the size of the smoke
particles. The finer the particles, the
more efficient they are at blocking sun-
light and the more likely they are to be
lofted into the stratosphere.

Such data should emerge, sooner or
later. Warner says he expected a British
meteorological team to be sent to Ku-
wait by the end of March. Researchers
from the National Oceanic and Atmo-
spheric Administration, the Environ-
mental Protection Agency and the De-
fense Department undertook a secret
data-collection mission earlier in that
month, according to a NOAA spokes-
person. Their immediate task, howev-
er, was to determine how the smoke
might affect U.S. personnel.

Researchers at the National Aeronau-
tics and Space Administration have also
volunteered to take a specially instru-
mented plane to the Gulf region, ac-
cording to Joel S. Levine of NASA’s Lan-
gley Research Center. Levine, an expert
on biomass burning, notes that the oil-
well fires represent unexplored territo-
ry. “There is basically no literature on
this problem,” he says. The few exist-
ing data are largely classified—possi-
bly, Levine speculates, because “smart
bombs have a hard time in this kind
of smoke.”

Levine adds that Kuwait’s fires are
also unprecedented in their sheer scale.
“This is the most intense burning
source, probably, in the history of the
world,” he says. The world can do little
but watch as the unprecedented experi-
ment unfolds. —John Horgan
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WeTe counting on
Manuel to revolutionize
air travel.

While still in high school, Manuel Gonzales
got a glimpse of his future. It was filled with
the challenge of high technology and the
satisfaction of personal achievement.

Manuel was lucky.

Too many kids his age had already dropped
out, taking menial jobs or turning to drugs
and crime. Many others showed up for class
with little ambition to listen or learn.

The problem isn't necessarily the kids or
the schools. It's a lack of hope.

If they can be convinced that opportunities
are available to them, perhaps more will
be motivated to graduate from high school,
to pursue higher education and ultimately
meaningful careers.

What Rockwell is doing.
Rockwell depends on innovative, well-
educated employees. We are ensuring our
future by helping students like Manuel with
his. He participated in Rockwell's Advanced
Career Training Program (ACT) at one of our

Aerospace facilities. Manuel not only learned
about challenging careers but also earned a
college scholarship. For twenty years, ACT
has given thousands of students hands-on
experience in industry and inspiration to go
on to vocational training or college.

WeTe counting on thousands like Manuel to
graduate determined to revolutionize aircraft
design. Or rocket propulsion systems. Or
satellite technology.

What you can do.

Career training in your business is one
of hundreds of ways you can encourage
American innovation and leadership through
quality education. For more information,
simply write Rockwell, P.O. Box 905,
Dept.SAZ, El Segundo, CA 90245-0905
for printed information created in
cooperation with the National Association
of Partners in Education (NAPE).

Emphasize Education. It's our future.

N

Rockwell International

1 Ve .‘ Rockwell is a $12 billion company with more than 100000 employees worldwide. Our
o /7 i=sn | l'o D people have a common goal: Understanding our customers and satisfying them with
7 Il s—=

ELECTRONICS AEROSPACE AUTOMOTIVE = GRAPHICS

the innovative application of science and technology. We never stop reaching higher.
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Proofreading Genes
A molecular editor makes
sensible additions to RNA

f life had a second edition,”
wrote the Romantic poet John
Clare, “how I would correct the
proofs.” It now appears that at a genet-
ic level, many organisms revise as they
go. Within the past five years, research-
ers have found unmistakable signs that
something is adding information to the
text for certain proteins. This unfore-
seen phenomenon, dubbed RNA edit-
ing, may be a remnant from a much
earlier stage in life’s evolution. It may
also be the key to future treatments for
sleeping sickness and some other ill-
nesses caused by parasites.

In retrospect, molecular biology used
to seem almost simple. Genes were co-
herent sequences of DNA bases. The
DNA sequences were first transcribed
into complementary sequences of mes-
senger RNA. Then the messenger RNA
directed the assembly of the amino acid
chains constituting proteins. The sys-
tem was as predictable as clockwork.
Anyone who knew a DNA sequence
could guess the sequence of bases in
the RNA and, consequently, the order
of amino acids in the protein.

But during the past 15 years, re-
searchers have gradually realized the
story is not so straightforward. First
they found that gene structures were
more complex than they had thought.
Later came the discovery that some
RNA sequences had startlingly enzyme-
like activities. Then, in the mid-1980s,
investigators studying the mitochon-
drial proteins of a group of parasitic
protozoans known loosely as trypano-

14

somes uncovered further anomalies:
some of the messenger RNAs contained
more bases than their complementa-
ry DNA genes. The extra bases, all of
which were uridines, were essential for
making the proteins. Indeed, without
the mysterious additions some of the
DNA sequences would be untranslat-
able gibberish.

The most extreme case was reported
in 1988 by parasitologist Jean E. Feagin
of the Seattle Biomedical Research In-
stitute and her colleagues at the Uni-
versity of Washington. More than 50
percent of one messenger RNA in Try-
panosoma brucei, the African sleeping-
sickness parasite, consisted of uridine
bases that were not encoded by the
DNA sequence.

Evidence of other odd RNA changes
continued to turn up in parasites, sev-
eral green plants, a measles virus, frog
eggs and even humans. The RNA alter-
ations in the groups of organisms were
diverse and often distinctive. Perhaps
because no one knew how any of these
changes were taking place, the term
“RNA editing” became a catchall. “I
didn’t believe in editing at first,” says
Larry Simpson, a molecular biologist at
the University of California at Los An-
geles. “I thought it was some kind of
technical artifact.”

Yet in 1990 Simpson and his col-
leagues provided the best explanation
to date for RNA editing when they
announced their discovery of a set of
molecules that they called guide RNAs.
Simpson’s group had been investigat-
ing maxicircles and minicircles, small
interlinked rings of DNA in the mito-
chondria of trypanosomes and related
protozoans. Other investigators had
checked the base sequences in these
rings to see whether they might direct

bases.

and the molecule is repaired.

How Messenger RNA Is Edited

1 A guide RNA molecule anchors itself to a mes- @@é@fﬁ? U(?'(U(? (?@IL'IJ v
senger RNA sequence. A mismatch occurs in 8 3
the bonding between pairs of complementary

2 Enzymes cleave the messenger RNA at the
site of the mismatch. A new base is added,

MESSENGER RNA

AA A@(}(@@é

GUIDE RNA

©
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0 e
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Genetic information in the form of the new

base has been added to the messenger RNA.

Another mismatch marks the next site for
editing.

NEXT UNMATCHED BASE
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RNA editing, but none seemed right.

Then Beat Blum and Norbert Baka-
lara of the U.C.L.A. team tried another
approach to the problem. The comple-
mentary pairing between bases in DNA
and RNA is usually unvarying. Adenine
bases, for example, always pair with
thymidines or uridines, and guanines
pair with cytidines. In theory, however,
guanines can also pair with uridines,
forming what is known as a wobble
pair. When Simpson and his co-work-
ers took guanine-uridine pairs into ac-
count, they recognized immediately
that RNA transcribed from the maxi-
circles could guide the insertion of bas-
es into other molecules. Later work
revealed that minicircles, too, could
make such guide RNAs.

According to the general mecha-
nism that Simpson’s team proposed,
a loop of the guide RNA molecule pairs
with a messenger RNA in need of ed-
iting. The two molecules fit together
like a zipper, but some unpaired bas-
es in the guide molecule sit between
paired ones—in effect, the zipper has
misaligned teeth. These imperfections
mark spots where new bases can be
added to the messenger RNA.

Last February in the journal Cell,
Thomas R. Cech, one of the discover-
ers of catalytic RNA, theorized that the
uridine-rich tails of guide RNAs may
splice some of their own uridines into
the messenger molecules. In addition
to guiding the editing, then, these RNAs
would also be acting as the source ma-
terial for the additions. Simpson has re-
portedly been developing a similar the-
ory independently.

Simpson’s guide RNA model still
does not explain all the forms of RNA
editing that have been observed, and
new versions are coming to light. Last
January, for example, molecular biolo-
gist Dennis L. Miller and his colleagues
at the University of Texas at Dallas an-
nounced in Nature that they had found
a new example of RNA editing in the
slime mold Physarum polycephalum.

The Dallas team’s discovery is note-
worthy because it marks the first time
that anyone has seen cytidines added
during RNA editing. “I'm reasonably
sure that guide RNAs are at least in-
volved in identifying the site of edit-
ing in the trypanosome system,” Miller
comments. “Whether they are involved
in our system, I’'m not yet sure.” He
is now looking for the equivalents of
guide RNA in the slime mold.

Behind all the questions about how
RNA editing works lies the more in-
triguing question of why it occurs
at all. “It could have been a genetic
process in the symbiotic bacteria that
were the forerunners of mitochondria,”



Everyone agrees we’ll soon be needing more electricity. But there’ little agreement on how to get it.
Especially with the environment at stake. é@- Hydropower is limited by geography. Nuclear
energy’s problems continue to be debated. And the sun, the wind, the tides — they’re all attractive,
but none is economically practical on a broad scale yet. ¢@- So, for at least the near future, we’re
going to have to rely, for the most part, on fossil fuels. ¢é@- But all fossil fuels are not created
equal. One is clearly best for the environment. And that’s natural gas. ¢@- Natural gas €,)
produces less carbon dioxide emissions, it produces no sulfur dioxide, and it creates ’
no particulates — the visible smoke you see. All of these are serious air pol-
lutants. ¢&- Further, because new high-efficiency, gas-
powered generating plants are relatively simple
to build, gas is also one of the quickest and
cheapest ways for producers of electricity to increase
their output. ¢@- In short, if natural gas didn’t exist,
we’d have to invent it. As it is, nature has given us
vast resources of natural gas
right here in North America. It

just seems natural to use them.

© 1991 American Gas Association
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The IBM RISC System/

The power youve been seeking

Its a never-ending quest for power seekers.
You're always looking for ways to run your favor-
ite applications faster. Well, search no more. The
RISC System/6000™ family of POWERstations
and POWERservers gives you power that soars
as high as 23 MFLOPS.

POWERstation 320 8.5 29.5 24.6

MFLOPS | MIPS | SPECmark™

DECstation 5000-200 37 24.2 18.5

When it comes to porting, your ship
has come in. Of course, all the speed in the
world wouldn’t mean much without the applica-

tions you need. So the RISC System/6000 family

g |

| AL\

@

already has more than 2,500 of the most popular
technical and commercial applicationsup, run-
ning and running fast. And if you think you
know a good thing when you see it, so do soft-
ware vendors. That’s why you'll also be seeing
more and more applications coming on board
the RISC System/6000 platform all the time.
And if you like to build your own solutions,
theres a full arsenal of enablers and relational
data bases from leading vendors, as well as
CASE tools and a host of popular programming

languages.

A smorgasbord of solutions. Applications
already announced include the IBM engineering

design packages CADAM? CAEDS; CBDS;

MFLOPS are the results of the double-precision, all FORTRAN Linpack test 100x100 array suite. The Dhrystone Version 11 test results are used to compute RISC System/6000 Integer MIPS value where 1757 Dhrystones/second is
1 MIPS (Vax 11/780). SPECmark is a geometric mean of ten benchmark tests. All performance data are based on published benchmark information.

IBM is a registered trademark, and RISC System/6000 and CAEDS are trademarks of International Business Machines Corporation. SPECmark is a trademark of Standard Performance Evaluation Corporation. UNIX is a registered
trademark of UNIX System Laboratories, Inc. CADAM is a trademark of CADAM INC. CATIA is a trademark of Dassault Systemes. CBDS is a trademark of Bell Northern Research Corporation. DECstation is a trademark of Digital
Equipment Corporation. HAGAR THE HORRIBLE Character(s) © 1990 King Features Syndicate, Inc. © IBM Corp. 1991, all rights reserved.
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6000 tamily;

for all your applications.

CATIA™ and AES. Also available are a broad
spectrum of solutions from vendors like Valid
Logic, MacNeal Schwendler, Swanson Analysis,
SAS Institute, SPSS, Wavefront, Alias, Polygen,
Cadence, Fluid Dynamics International, Western
Atlas, ECL Petro and creare.X. Scientific and
technical applications are available in areas like
physics, structural analysis, chemistry, securities
trading, mathematics, earth resources, opera-
tions research, visualization, graphics, technical
publishing and more. Theres also accounting
software like FourGen and support for leading
UNIX*based office automation packages. And
there are key industry applications for businesses
in medical groups, retail stores, newspapers,
pharmacies and many more.

For the Power Seeker.

Command enormous PrOCCSSing ClOllt.
The RISC System/6000 family is built to boost
the performance of the software power seekers
use most. It’s got the best ﬂoatmg pomt processor
in the business for numerically intensive
applications, plus a new superscalar processor
and incredible 3D
graphics capabilities.
To find out more, call
your IBM marketing
representative or IBM
Business Partner. For
literature, call
1 800 IBM-6676, _
ext. 990.
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Simpson muses. “It could have been
an error-correction mechanism. There’s
been lots of wild speculation.” In any
event, he adds, “trypanosomes seem to
have retained it as a way to regulate
mitochondria during their life cycle.” In
T. brucei, for example, RNA editing and

mitochondrial gene expression seem
to occur only while it is maturing in-
side insects, not while it is living in hu-
man hosts.

That fact suggests a promising ave-
nue for treating some parasitic dis-
eases that are currently incurable. “By

selectively inhibiting the enzymes in-
volved in editing, one could get a han-
dle on the parasite that wouldn’t harm
the host,” Simpson explains. “Anytime
you find a unique biochemical pathway
in a parasite, it’s an obvious target for
intervention.” —John Rennie

Hol Chan
Marine parks benefit
commercial fisheries

ost fishing boats leaving Caye
M Caulker, one of about 450

small islands off Belize, carry
snorkelers instead of nets or traps—
the less traditional cargo is a more lu-
crative harvest these days. The colorful
fleet makes its way out to a marine re-
serve known as Hol Chan, a Mayan
phrase meaning “little channel.”

Belize, a tiny Central American coun-
try, is flanked by the second longest
barrier reef in the world. Protecting the
relatively unscathed reef from overfish-
ing, pollution and the assaults of boats
and divers has led to the creation of
several marine parks. In a strange twist,
the conservation effort that has brought
in the tourists may help fishermen in
more ways than one.

There are now some 300 such ma-
rine sanctuaries around the world—
and the number is growing. Last win-
ter, for instance, the U.S. government
designated 2,600 square nautical miles
of the Florida Keys as a marine reserve.
But, unfortunately, few of these sanctu-
aries are fully protected. According to
one study, only 16 percent of Caribbe-
an marine parks, not including those in
the U.S., have enforced regulations.

Hol Chan is among the few that ap-
pear to be working, and its success
may have implications for both reef
conservation and fisheries manage-
ment. Scientists are finding that species
valuable to fishermen are proliferating
within the reserve and on its periph-
ery. “We've seen a big increase in com-
mercial species: spiny lobsters, queen
conch and groupers,” says James Az-
ueta, director of the reserve. The resur-
gence of such creatures, which are as
overfished in Belize as in other parts of
the Caribbean, has won over many Be-
lizean fishermen who initially perceived
the establishment of the park as the
loss of an important fishing ground.

Tying conservation to fisheries man-
agement is a novel—and controver-
sial—idea. “Everyone thinks it won't
work in the ocean because fish move
around,” says James Bohnsack, a ma-
rine biologist who recently prepared a
report on the topic for the National
Oceanic and Atmospheric Administra-
tion. Adds Jacque Carter, a marine biol-
ogist at the University of New England
in Maine: “You can put a fence around
the Serengeti, but you can't put a fence
around the reef.”

But Bohnsack and others argue that
reefs are, in fact, the perfect sites for
such protection. Most reef fish tend to
be sedentary and long-lived, and their
fertility increases with age, says Carter,

SPINY LOBSTER is making a comeback in some Belizean waters. Photo: Al Grotell.
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who is monitoring species diversity in
Hol Chan. Consequently, protecting a
portion of reef is like establishing a
nursery. The young can then spill over
and be harvested—as in Belize. With-
out such protection, older fish can be
wiped out, and the species declines.

Several reports have documented the
success of this approach. Bohnsack,
for instance, found a rapid increase of
large predator fish—including grunts
and snappers—within two years after
spearfishing was banned in Looe Key in
Florida. Studies conducted in Australia,
New Zealand and the Cayman Islands
show similar benefits for commercial
fishermen, says Jack Sobel at the Cen-
ter for Marine Conservation in Wash-
ington, D.C. This June, Carter will pre-
sent additional data from Hol Chan.

Yet Bohnsack'’s ideas have yet to win
wide acceptance. At a recent South At-
lantic Fisheries Management Council
meeting, the plan “was listed as a re-
jected option, which was considered a
victory because it was at least consid-
ered an option,” Bohnsack says.

One objection had to do with the re-
port’s suggestion that 20 percent of
the southeastern marine district in U.S.
territorial waters be divided into sever-
al large reserves. Although the choice
was somewhat arbitrary, Bohnsack says,
20 percent “is probably the critical
minimum level” needed to preserve the
stock. Bohnsack notes that other ques-
tions remain: the choice of sites, their
size and their number.

Despite the opposition, some scien-
tists hope that the new Florida Keys
sanctuary can provide a testing ground
for the idea. Since the Keys include
many commercial fisheries, “you have
a real opportunity to have the reserve
play an important role in fisheries man-
agement,” Sobel says. A management
plan, subject to public review, will be
developed over the next two years.

Although integrating fisheries man-
agement and conservation could win
support for sanctuaries, scientists say
that establishing the reserves in their
own right is crucial. According to the
United Nations, reefs off 90 countries
are threatened. “The organisms are so
interdependent that the reef is almost
impossible to model,” Carter says. “The
way I look at it, if they set aside any-
thing it’s good.” —Marguerite Holloway



we inte Yﬁki"
some revealing photos?

Admittedly, it's not the sexiest photo

ever printed.

In fact, it’s not even a photograph.

It's a satellite image.

And we can assure you that it leaves
little to the imagination.

For example, see the red areas?
They're urban. The black? They’re suburbs.
The green ones are forests. The yellow are
agricultural. And the sandy colored areas
are, well, sand.

Want to know the square footage of
each area? Or where the roads are? How
about the flood basins? No problem.

Satellite images are so revealing you
can sometimes see what can’t be seen.

Such as underground water sources.
Hidden geological faults. We were even

able to find a type of grass previously

unknown to botanists.

Of course, that wouldn’t be possible if
Landsat satellites simply photographed the
earth. But they don't.

They scan it with seven remote sensing
bands and identify a variety of physical
characteristics that might otherwise escape
detection.

Temperature, moisture, density and
texture, among others.

In effect, you get far more than an image.
You get a comprehensive set 'of data.

And when these data are interrelated,
there’s virtually no limit to what can be seen.

For instance, insurance companies use
our data to verify damage claims after
floods and other disasters.

Retailers use it to track population

trends in order to locate more customers.

Our data helps investors make crop
yield predictions for use in market forecasts.

It even enables real estate developers
to complete environmental impact studies.
In days rather than months.

And since we've been at this since
1972, we've accumulated a vast archive
that you can use to track events over time.

What's more, compared to conven-
tional aerial photography and surveying,
we're quicker and far more cost effective.

Now, if you’re wondering whether
satellite imagery could be of any use to
you, simply give us a call.

WE'll introduce you to a consultant
who can work with our data to provide
you with whatever it is you need.

After dll, there are very few things we

can’t uncover.

1-800-545-3570 U.S.
FAX 1.301.552-5476 4300 FORBES BOULEVARD, LANHAM, MARYLAND 20706 - 1-301-552-0537
TELEX 277685 LSAT UR
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Will this become
the only way

to save the rain forests!?

J/ . . T

Fifty-four irreplaceable acres of tropical rain forest are wiped out
every minute. Yet we need every acre desperately.

Rain forests house more than half the world’s animals and plants.
And they're crucial to maintain the earth’s fresh water supply.
Without rain forests, we could be living in a burning, barren desert.

That's why World Wildlife Fund needs your help to save the rain
forests and thousands of species that call them home. We're
fighting for their survival and, ultimately, our own.

So send for information now. Help us save life on earth.
Otherwise, better save this picture.

World Wildlife Fund

Dept. A, 1250 24th St. NW, Washington, D.C. 20037
Prepared as a public service by Ogilvy & Mather.
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Freezing Point
When do atomic clusters

behave like bulk materials?

or the past few years, many stud-

ies of chemistry and physics have
clustered on, well, clusters—
small aggregates of atoms that exhibit
properties falling somewhere between
those of individual atoms and bulk ma-
terials. Atoms collect based on quan-
tum mechanical rules, so that different
size clusters can have different geome-
tries. Bulk solids are built up of crys-
tals, or repeating unit cells of a single
geometry. Researchers, then, would like
to know how many atoms it takes be-
fore a cluster ceases to be a cluster.
One clue to this number is the point at
which the atoms start organizing them-
selves in some regular fashion—in ef-
fect, when the cluster stops behaving
like a liquid and becomes a soiid.

In Stuttgart the current estimate of
the transition quantity is about 1,500
atoms. T. Patrick Martin and his col-
leagues at the Max Planck Institute for
Solid State Physics have studied clus-
ters of sodium atoms. They make their
clusters by heating a sodium source
and then condensing the evaporated
atoms in helium at a frigid 150 kelvins
(-123 degrees Celsius). The clusters are
then ionized and sent flying through
a mass spectrometer, which measures
the times of their flight to determine
their masses.

Although clusters of any number of
atoms can form, some sizes are partic-
ularly stable—they do not ionize readi-
ly. The stability corresponds to “magic
numbers” of atoms that constitute the
cluster. Magic numbers result from the
quantum mechanical principle of elec-
tron filling. Like inert gases, clusters
with a magic number of atoms seem to
act as though they have a filled elec-
tron shell, making them especially sta-
ble [see “Microclusters,” by Michael A.
Duncan and Dennis H. Rouvray; SCIEN-
TIFIC AMERICAN, December 1989].

In metals, such as sodium, when an
atom is added to a cluster, its electron
joins other electrons in common ener-
gy levels, or orbitals. “These electrons
move around the entire cluster,” Mar-
tin says. As a result, the cluster shifts
around to accommodate the additional
electrons. With no definite geometric
structure, the cluster behaves like a lig-
uid as it grows.

But when clusters exceeded 1,500
atoms in size, Martin discovered a pro-
found change in the manner in which
the atoms aggregated. The magic num-
bers began popping up in intervals dif-

ferent from those for smaller clusters.
The shape of the large clusters—which
reached 22,000 atoms, the limit of the
equipment used—remained fixed, no
longer obeying the quantum rules for
electron filling. Instead the magic num-
bers corresponded to the completion of
a geometric shell of atoms that formed
an “onionlike structure” around a core,
Martin says. Rather than electrons, “it’s
the atoms that organize themselves
into shells” of icosahedrons, the physi-
cist points out.

Martin hypothesizes that the shift in
magic numbers indicates a transition
from a plastic to a rigid state—or pos-
sibly a bona fide liquid-to-solid transi-
tion. “Atoms on the surface of a cluster
move more freely than atoms inside,”
he says. For small clusters, most of the
atoms reside on the surface, so they
should “melt” (that is, move around in
the manner of a liquid) before large
clusters do.

Robert L. Whetten, a physical chem-
ist at the University of California at Los
Angeles, is not so sure. That small clus-
ters may be a liquid “is an intriguing
idea, but it might be an unnecessary
one,” he says. To see if the small, fluid-
like sodium clusters would form geo-
metric shells if they were cooled to a
point at which they would almost cer-
tainly be solid, Whetten chilled them
in liquid nitrogen to an estimated 30
to 100 kelvins. He found that “the
dominant influence on stability is the
electron counting,” which is Martin’s
evidence for a plastic or liquid state.
“It seems that clusters [of less than
1,500 atoms] are already solid,” Whet-
ten concludes.

Whetten thinks that only the surface
of the cluster may be liquid, much as
an ice skater really glides over a thin
film of water above a solid surface. In-
deed, some experiments suggest that
for a fixed cluster size, both solid and
liquid can coexist [see “When the Melt-
ing and Freezing Points Are Not the
Same,” by R. Stephen Berry; SCIENTIFIC
AMERICAN, August 1990].

But if the small clusters are indeed
liquid, “it will be work for theorists
to explain,” Whetten says. Bulk sodi-
um melts at 371 kelvins, and Martin’s
work shows sodium clusters deform-
ing somewhere around 150 Kkelvins.
“The fact that the melting temperature
can be one half to one third that of the
bulk material is a little bit surprising,”
Martin admits, noting that physicists
cannot conclude definitively that the
small clusters are really liquid until ex-
perimenters observe the behavior of a
single cluster over time. That doesn’t
sway Whetten. “It’s at the limit of plau-
sibility,” he says. —Philip Yam
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EINSTEIN
by David Alan Cooney

¢ Beautiful Lithograph Hand Signed
by The Artist

¢ Perfect for Framing (16" x 20")

¢ Rag Content Heavy Stock Paper

(Great as an unframed poster, too!)

Only $19.95 (plus $4.75 for UPS
delivery, tube packaging & handling).
IL residents add 7% tax.

MA]JORCREDIT CARDS. CALL 24 HOURS.
TOLL FREE: 1-800-835-2246 EXT. 20
or send check or money order to:

ARTISTIC PROMOTIONS UNLIMITED
8261 GOLF ROAD, SUITE 105A
NILES, IL 60648

| 2-4 weeks delivery. Sorry, no C.O.D.s.
(| U.S.Funds and delivery only.
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CHOICE
MAGAZINE
LISTENING

This FREE service—for anyone de-
prived of the joy of reading by loss of
vision or other handicap—provides 8
hours of audio tapes every other month
with unabridged selections from over
100 publications such as THE NEW
YORKER, SMITHSONIAN, ATLANTIC,
and SCIENTIFIC AMERICAN. CML
subscribers have been reading the
world’s best minds for over a quarter
century in selections by writers such as
Saul Bellow, John McPhee, Annie
Dillard, Grace Paley, William Styron,
Seamus Heaney and Russell Baker.
The special 4-track cassette player is
provided free, on permanent loan, by
the Library of Congress.
For information, write:

CML, DEPT. 15

85 Channel Drive

Port Washington, NY 11050,

or call: (516)883-8280

@ (HOICED)

MAGAZINE LISTENING
A TALKING MAGAZINE
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Parched Policy
It'll take more than rain to
end California’s water woes

arch rains may have brought

smiles to residents of parched

California, but they brought
no solution to the state’s water crisis.
Powerful, entrenched agricultural in-
terests, tough environmental protec-
tion laws and the dizzying rate of
population growth seem set on a col-
lision course. The state’s population
of 30.3 million is expected to swell
to 39 million by 2010, and no one
knows where the extra water is going
to come from.

The problem is that three quarters
of the population lives south of Sacra-
mento, but three quarters of the rain
falls north of it. So the lush lawns and
swimming pools of Los Angeles, as
well as the fertile fields of the Central
Valley, depend on a maze of giant
dams, pumps and aqueducts to collect
and transport water hundreds of miles
to where it is wanted.

As things stand now, the strained
water infrastructure will simply not be
able to deliver enough water to the
south. A five-year drought cut irriga-
tion water from the giant Central Val-
ley Project by 75 percent, and the State
Water Project was nearly shut down.
Thousands of acres have been fal-
lowed. Governor Pete Wilson has told
local governments to prepare for 50
percent reductions.

Meanwhile environmentalists are
pressing for restoration of wildlife
habitats that dams have damaged or
destroyed. Marshes used by migrating
birds are high on the priority list: many
have grown dangerously salty as fresh-
water has been diverted. Populations
of chinook winter salmon and striped
bass are nearly extinct. But habitat
restoration requires water, which puts
it in direct competition with farmers
and thirsty urbanites.

The first item on the environmental
agenda is the Sacramento-San Joaquin
Delta, several hundred square miles of
streams and marshy islands at the con-
fluence of the two rivers. At least some
of the water consumed by two thirds of
Californians passes through the delta
before it is drawn off into distribu-
tion systems. If the rate of inflow falls
below a critical level, salt water from
San Francisco Bay will sweep through
the channels and put much of Califor-
nia’s water system out of action. “It’s
something you wouldn’t want to think
about,” says Warren J. Cole, chief of
statewide planning at the department
of water resources.

For each 100 acre-feet of water
drawn off at the delta’s southern side,
140 have to be pumped in at the north-
ern side to keep salt at bay. (An acre-
foot is about 326,000 gallons.) To in-
crease the efficiency of water transport
across the delta, the water resources
department is proposing to deepen and
widen some of the channels. Environ-
mentalists oppose that plan in its pres-
ent form because, they say, it would

EMPTY RESERVOIRS were a common sight in California before March rains
brought some relief from a five-year drought. Photo: Bill Nation/Sygma.

36 SCIENTIFIC AMERICAN May 1991

© 1991 SCIENTIFIC AMERICAN, INC

further harm and possibly snuff out
fish populations.

A new consensus seems to be form-
ing around an alternative plan to build
either a pipeline to circumvent the del-
ta or a pipeline together with some
limited channel widening and commit-
ments to enhance wildlife habitats. “A
pipeline could be environmentally ben-
eficial,” says Gerald H. Meral of the
Planning and Conservation League.

All parties in informal negotiations
now under way agree that something
must be done. At present, the State Wa-
ter Project is unable to meet its obliga-
tions even in rainy years. And the situ-
ation will only get worse: California’s
allowed take from the Colorado River
will decline in coming years as Arizona
starts to claim its full quota. The Met-
ropolitan Water District, which supplies
15 million homes in coastal southern
California, will lose more than half of
its present allocation.

Groundwater is no answer. It is al-
ready being “mined”—used faster than
it is being replenished—at a rate of two
feet a year in most of California, ac-
cording to Meral. Nor do major new
dams seem likely. Environmental laws
make it unlikely “on-line” dams—ones
that block rivers—will be built soon.
And plans to enlarge the Shasta Dam in
northern California have been shelved
because of cost.

In desperation, some critically affect-
ed urban areas are investing in desali-
nation plants, even though such water
is several times more expensive than
rainwater. Santa Barbara and Los Ange-
les are planning to build experimen-
tal five-million-gallon-a-day plants. The
Los Angeles Metropolitan Water Dis-
trict is also studying a 100-million-
gallon-a-day plant that it might build
with other agencies. And Southern Cali-
fornia Edison has already built a 200,-
000-gallon-a-day facility to supply San-
ta Catalina, an island off Los Angeles.

The drought finally seems to have
persuaded California to get serious
about water conservation, at least for
city residents. Within two years, all new
toilets and shower heads sold in the
state will be low-flush, low-flow de-
signs. But it is the water-demanding
agricultural sector that uses more than
80 percent of California’s developed
water. Critics charge that arcane water
laws dating from the last century are
now contributing to waste and ineffi-
cient use.

Many farmers and water districts
now receive subsidized water that costs
them far less than other users. Farmers
have little incentive to cut consump-
tion because laws discourage or pre-
vent them from selling state and feder-



ally developed water to outside users.
They also fear a “use it or lose it” atti-
tude will deprive them of water rights.

As aresult, a large fraction of the ir-
rigated acreage in the Central Valley is
devoted to growing water-intensive
crops such as cotton, rice and alfalfa (a
low-value crop used to feed cattle). Es-
timates of the potential savings in the
Central Valley range up to one million
acre-feet without changing crops. Yet
milk, cotton and rice are all subsidized
by farm-assistance programs. “Because
of the drought, you're beginning to see
that the current institutional system is
not working,” says Chelsea Congdon, a
resource analyst for the Environmental
Defense Fund (EDF).

The EDF has argued that if farmers
were allowed to sell conserved water,
they would find ways to become more
efficient and would not grow such
crops as alfalfa where they are only
marginally profitable. But no federal
water has been sold, says a spokes-
person for the federal Bureau of Recla-
mation, because the agency fears profi-
teering. The Natural Resources Defense
Council is suing the bureau over its wa-
ter contract renewals. The agency in-
sists that water contracts must contin-
ue to guarantee farmers and irrigation
districts the same quantities of water
they received 40 years ago. The federal
agency tosses the blame onto the state,
saying many of its contracts are gov-
erned by state law.

The drought does, however, seem to
be spurring change in the way water is
bought and sold. The Metropolitan Wa-
ter District has allocated $225 million
for an exchange scheme that allows it
to obtain water from farmers in the Im-
perial Valley, to the southeast. The state
water resources department and other
agencies have, meanwhile, inaugurat-
ed a planned 500,000-acre-foot water
bank, buying water from Central Valley
farmers as an emergency measure. And
the drought has attracted the attention
of lawmakers: a bill introduced in the
U.S. House of Representatives would
ease many restrictions on water sales
and establish a fund for environmental
restoration.

There is still strong opposition from
the state’s agricultural quarter. The
California Farm Bureau Federation has
consistently fought any suggestion that
agricultural consumption might be cut
and argues that 14 million acre-feet of
undeveloped water in the Central Valley
should be developed for more irriga-
tion. But according to David N. Kenne-
dy, director of the department of water
resources, that figure is unrealistic. The
farmers seem to be swimming against
the current, alone. —Tim Beardsley

If you're a Jack Daniel's drinker we'd like to hear from you. How about dropping us a line?

JACK DANIEL'S WHISKEY is made with

ironfree water from a Tennessee limestone cave.

In the Hollow we're never too hurried to pause
for a drink from our Tennessee cave
spring and give thanks for its ironfree
water. You see, since 1866 this natural
resource (and our charcoal mellowing
process) have accounted for Jack
Daniel’s uncommon rareness. And,
we believe, for its uncommon
number of customers and friends.

SMOOTH SIPPIN’
TENNESSEE WHISKEY

Tennessee Whiskey ¢ 40-43% alcohol by volume (80-86 proof)  Distilled and Bottled by
Jack Daniel Distillery, Lem Motlow, Proprietor, Route 1, Lynchburg (Pop 361), Tennessee 37352

Placedinthe National Registerof Historic Places by the United States Government.
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Safety

should be our
priority

The auto

industry

dragged its feet
long enough.

We aren't crusaders. We're car builders. But
we've discovered something wonderful. Drivers’
air bags save lives. The letters we get from people
whose lives have been saved by a Chrysler air bag
are enough to make a grown man cry.

So one million air bags later, we know we're
on the right track.

We want to provide a level of safety that is not
always available today in the average car and
truck. We know that a vehicle engineered for
safety will add value the customer should not be
asked to live without.

But we have a head start.

Chrysler is the only car company with a driver’s
side air bag standard on every car we build in
the U.S¥ Honda says they will have them in all
their cars in 1994. Toyota and Nissan say 1993.
GM announced they will have drivers’ air bags
in all their cars in 1995.
Meanwhile, everybody puts them on the

most expensive cars. But not the lowest priced.

And we wonder why. There’s no such thing as a
poor man’s air bag.

Chrysler has more models of cars and trucks
combined with standard anti-lock brakes than
Honda, Toyota and Nissan together. The anti-
lock brake system is one of the best things ever
to go into a car.

And by the way; Chrysler offers more models
with 4-wheel drive than Honda, Toyota and
Nissan combined.

Every car company has its priorities. None is
more important to us than safety.

How about an air bag
for a minivan?

For 1991 Dodge Caravan and Plymouth Voyager
have a lower, more aero front end. An instrument
panel redesigned for easier readability. Rear
shoulder harnesses for passengers in the out-
board seats. Available all-wheel drive for better
traction and anti-lock brakes for surer stops.

But we get letters asking,“Where isourair bag?”

*Excludes vehicles built for Chrysler: imports, Laser, Talon, Premier, Monaco, Summit. Depending on model. **Protects engine, powertrain and against outer body rust-through. See 7/70 limited warranty and its
restrictions at dealers. 1 JD. Power and Associates, 1987-1990 Customer Satisfaction with Product Quality and Dealer Service. sm 1986-1989 passenger cars.
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So this January we introduced the first avail-
able minivan air bag. The minivan driver’s air bag
must be used with the seat belt to be fully
effective. The two together will provide the level
of safety we're talking about.

Is any safety feature
insignificant?
Consider the safety options we make availablef A
visor phone you can talk into without taking your
hands off the wheel. A remote keyless entry sys-
tem when it’s dark and scary. An electrochromatic
rear-view mirror that dims automatically to
reduce glare. Speed-sensitive locks that lock them-
selves. Heated outside power mirrors to get rid of
freezeover. Wiper air foils to keep your windshield
clear, even in a downpour. And how about bumpers
that exceed government regulations.
We want you to know how important our
safety features are. Before you have to use them.

Is a quality car a safe car?

In the early eighties, the American car industry
made a mockery of “made in America.” And we
paid the price. A big price.

But this is 1991. And 120 billion dollars later,
our industry has forged the biggest turnaround in
the history of industrial America. The technology
the factories, the cars and trucks, the training have
all been jump-started practically from scratch.

The result: one American brand is now ahead
of Honda in the same survey that has enthroned
Honda quality. The rest are close behind.

The distance we have traveled is impressive.
The distance we have to go is miniscule. And we
will go the distance.

But is a quality car automatically a safe car?
Not unless there is a commitment to the
engineering features that will provide the level

of safety all carmakers should strive to achieve.
We believe a car engineered for safety is a car
engineered for quality.

And for the ultimate benefit of the consumer.

Do we have to sacrifice
customer care?

For the last 10 years, Chrysler has provided the
customer with the longest powertrain warranties
in the business** We still do.

For the last four years, a J.D. Power and
Associates survey has shown Chrysler attained
the highest customer satisfaction ranking of
any American car manufacturer{t based on the
quality of our products as well as the quality of
our dealer service.

We will not sacrifice our products. Our dealers
will not sacrifice service. We can’t afford to.

Safety: a commitment for
the 90’s and beyond.

Whether stated publicly or implied, every car
company has made a commitment to quality. Or
satisfaction. Or both. And we're all doing every-
thing we can to make good on that promise.

If we didn’t, the customer would put us out of
business in a hurry.

But the Chrysler commitment goes beyond
quality or service, the price of admission to the
market. It goes directly to a growing concern in
America: safety on the road.

We share that concern. And we show it. In the
way we engineer safety, feature after feature,into
the cars and trucks we build.

It's our hope that the rest of the industry will
do the same. And do it soon.

o

Advantage: Chrysler. %

CHRYSLER - PLYMOUTH - DODGE - DODGE TRUCKS - JEER. - EAGLE
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PROFILE: RELUCTANT REVOLUTIONARY
Thomas S. Kuhn unleashed “paradigm” on the world

(14

00k,” says Thomas Kuhn. The

word seems to signal that

Kuhn thinks his listener has
misunderstood him, or is in danger of
doing so, and he, Kuhn, is going to
try—probably in vain—to set the terri-
bly complicated record straight. Kuhn
utters the word often.

“Look,” he says again. He leans his
gangly frame and long face forward,
and his big lower lip, which ordinarily
curls up amiably at the corners, sags.
“For Christ’s sake, if I had my choice of
having written the book or not having
written it, I would choose to have writ-
ten it. But there have certainly been
aspects involving consid-
erable upset about the re-
sponse to it.”

“The book” is The Struc-
ture of Scientific Revolu-
tions, commonly called the
most influential treatise
ever written on how sci-
ence does (or does not)
proceed. Since its publica-
tion in 1962, it has sold
nearly a million copies in
16 languages, and it is still
fundamental reading in
courses on the history and
philosophy of science.

The book is notable for
having spawned that tren-
dy term “paradigm.” It also
fomented the now trite
idea that personalities and
politics play a large role in
science. Perhaps the book’s
most profound argument
is less obvious: scientists
can never fully understand
the “real world” or even—
to a crucial degree—one
another.

Given this theme, one might think
that Kuhn, a 68-year-old professor of
philosophy and history of science at
the Massachusetts Institute of Tech-
nology, would have expected his own
ideas to be misunderstood. But he still
seems pained by the breadth of mis-
understanding, by the persistent claims,
for example, that he thinks scientists
are “irrational.” “If they had said ‘ara-
tional,” I wouldn’t have minded at all,”
he remarks with no trace of a smile.

Kuhn's fear of compounding the con-
fusion over his work has made him a
bit press-shy. Although he finally agrees
to talk to SCIENTIFIC AMERICAN about
his career (after unburdening himself
of the fact that in 1964 this magazine
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gave Structure “the worst review I can
remember”), he must point out the pit-
falls of the exercise. “One is not one’s
own historian,” he warns, “let alone
one’s own psychoanalyst.”

Kuhn nonetheless traces his view of
science to a single “Eureka! ” moment in
1947. He was working toward his doc-
torate in physics at Harvard University
when he was asked to teach some sci-
ence to undergraduate humanities ma-
jors. Searching for a simple case history
that could illuminate the roots of New-
tonian mechanics, Kuhn opened Aristo-
tle’s Physics and was astonished at how
“wrong” it was. How could someone so

Can Kuhn let go of the bear? Photo: Stan Rowin.

brilliant on other topics be so misguid-
ed in physics? Kuhn was pondering this
mystery, staring out of the window of
his dormitory room (“I can still see the
vines and the shade two thirds of the
way down”), when suddenly Aristotle
“made sense.”

Kuhn realized that Aristotle’s views
of such basic concepts as motion and
matter were totally unlike Newton’s.
Aristotle used the word “motion,” for
example, to refer not just to change in
position but to change in general—the
reddening of the sun as well as its de-
scent toward the horizon. Understood
on its own terms, Aristotle’s physics
“wasn’t just bad Newton,” Kuhn says;
it was just different.

© 1991 SCIENTIFIC AMERICAN, INC

Although Kuhn went on to receive
a doctorate in physics, he switched
shortly thereafter to the history of sci-
ence, intending to explore the mech-
anisms behind scientific change. He
wrestled with the ideas awakened in
him by Aristotle for 15 years—during
which he also wrote a history of the
Copernican revolution and left Har-
vard for the University of California
at Berkeley—before he finished Struc-
ture. “I sweated blood and blood and
blood,” he says, “and finally I had a
breakthrough.”

The breakthrough was the concept
of paradigm. “Paradigm,” pre-Kuhn, re-
ferred simply to an example (often, one
used to teach a language, such as amo,
amas, amat in latin). In Structure,
Kuhn defines the word most narrowly
as an archetypal experiment or “prob-
lem solution”—such as Gal-
ileo’s (probably apocry-
phal) Tower of Pisa dem-
onstration or the two-slit
experiment showing light’s
particle/wave nature—that
implicitly tells scientists
how to look at the world.
Scientists erect elaborate
systems of theory and
methodology on a para-
digm (in Structure, Kuhn
occasionally refers to such
systems as paradigms as
well), but these systems
can never be formally ex-
plicated. They rest ulti-
mately on scientists’ sub-
jective views of the para-
digmatic experiment.

Scientists, as Kuhn de-
scribes them, are deep-
ly conservative. Once in-
doctrinated into a para-
digm, they generally de-
vote themselves to solving
“puzzles,” problems whose
solutions reinforce and ex-
tend the scope of the para-
digm rather than challenging it. Kuhn
calls this “mopping up.” But there are
always anomalies, phenomena that the
paradigm cannot account for or that
directly contradict it. Anomalies are of-
ten ignored. But if they accumulate, they
may trigger a revolution (also called a
paradigm shift, although not originally
by Kuhn), in which scientists abandon
the old paradigm for a new one.

Denying the view of science as a con-
tinual building process, Kuhn asserts
that arevolution is a destructive as well
as a creative event. The proposer of a
new paradigm stands on the shoulders
of giants and then bashes them over the
head. He or she is often young or new to
the field, that is, not fully indoctrinated.



You have an assignment.

Put togethera
weekly sales report on
everything from power
MOWeTrS to miter boxes.

Cover current quotas
vs. planned goals.

Then list all POS data
from retailers in North &
Southeastern regions.

And by the way; it has to
be done by noon.
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Get coffee and think this over.

Collect the information from
everyone.

Make this report look terrific.
Microsoft Excel

Consolidate regional worksheets.

‘Total the sales report and then
highlight regional sales.

Summarize results to produce a
topline report.

Create my graphs and tables.
Microsoft Word for Windows

Get POS reports from Debbie.

Open up weekly sales report tem-
plate and start writing.

Use the outlining feature to move
forecasts to end of report.

Get table from Microsoft Excel.
Ask Bob to copy and distribute.
Meet Donna for racquetball.

File Options Window Help
= = — =
o
o o -
= — -.
File Manager Control Panel Print Manager

Windows Applications __ I

Micparort

® = |

|

|

|

| N

‘[ Microsoft Word Micioaobt Excel 3.0

| =

| 5

{1

1l PowerPoint Microsoft Project 1 [
|

The Windows environment and Microsoft®
Windows applications are great liberators.
They let you do your everyday work faster and
maore easily.

The Windows environment lets you work
with several different applications at one time.
So you don't have the tedious task of switching
applications when you change gears.

The Windows environment and Microsoft
Windows applications are easy to learn and
use. That means you can get up to speed and
be more productive quickly,

First of all, how you finish de
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: LAKE !

&% SONS

HARDWARE DISTRIBUTORS

Clipboard Windows Setup Color

The menu bar makes commands easy to
find. And thev're in a logical order. This same
kind of structure is common to all our Windows
applications, so when you've learned one, you're
well on the way to learning the rest.

Gup':)m; asuadxa [puoyowoIy -I
SNY 1d DSNLLIMHVIN

8 S1SB08104 Sojes

Our Windows applications make it very
easy to combine information from different
applications.

Microsoft Windows

The Windows environment is just the first
step. Now take advantage of our Windows ap-
plications and experience a new way of work-
ing with your PC. 90‘0

pends on how you start.
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Things To
Microsoft Excel

Consolidate regional worksheets.

Total the sales report and then
highlight regional sales.

Summarize results to produce a
topline report.

Create my graphs and tables.

Microsoft Word for Windows

Get POS reports from Debbie.

Open up weekly sales report tem-
plate and start writing.

Use the outlining feature to move
forecasts to end of report.

Get table from Microsoft Excel.
Ask Bob to copy and distribute.
Meet Donna for racquetball.

File Edit Formula Format Data Op

Normal * | - I - II::I Lg E

Our newest version of Microsoft
Excel for Windows has its own unique
brand of power and ease of use.

A good example of this is our new
Toolbar!" It allows you to do things
like add a row or column of numbers

Saés‘epor‘t

9 THRBUGW w

1. One step formulas let you quickly add a range
of cells with just a simple double click. We call
this Autosum. Then highlight the results by
making them bold with one step formatting.

3. Select a range of cells and instantly trans-
Jform them into a graph right on your work-
sheet. In just one step.

According to our calculations
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Macro Window Help
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by simply clicking on a button. We
call this one step computing. As in
one step formulas, charting, macros,
formatting, even one step outlining.
And the menu bar is like the one
you use in the Windows environment.

263 | 0w
n swsspes|

$42815 | 37890
s | e
0200 | wen o saw | esass
SS90 Lo Siewas | sasi  Soism | R0 &
spn| o siees| W sabee| e w4
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2. Our exclusive outlining feature lets you collapse
and expand your worksheet. Display and print
only the data you need to view or share. And

1t can automatically build an outline for you.

4. Its easierto move to Microsoft Excel than
you may think. Lotus® 1-2-3°online help makes
the transition easy.

LAKE
8 SONS

HARDWARE DISTRIBUTORS

10:00

,youll be finished in no time.
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Microsoft Word for Windows

Get POS reports from Debbie.

Open up weekly sales report tem-
plate and start writing.

Use the outlining feature to move
forecasts to end of report.

Get table from Microsoft Excel.
Ask Bob to copy and distribute.
Meet Donna for racquetball.

‘= File Edit VYiew Insert Foarmat Utilit

Font: Futura Condensed JIEI Pts: EEI

With Word for Windows, what you see
1s what you get. It's easy to mix words,
pictures and numbers. And you can
see what youre doing right on-screen.

The ribbon in Word for Windows is
like the Toolbar in Microsoft Excel.

N
Weekly Sales Report

March 3, 1991 - Morch 9. 1991

Topline Summary:
{Start weekly summery here)

Hand Tools:
{Text here)

Light Power Tools:
{Text here)

1. Word for Windows starts working even be-
Jore you do. Document Templates automati-
cally set up headings, margins, even pull an
updated chart from Microsoft Excel soyou
can focus on what youre writing.

1 cannotbelieve thot hordware issuddenlychic
! horetebelievethotpeopleare finally doingwork
themsalves rather thon collingin expensive M | wed s
professionol help. Only time willtell |eon't woit Vhgh P Tty
By the woy, here are some eommentsfrom our [T Ty Py
| peopleinthefield
e

SontinelloIn the Southwest soys the @rawg has given o redl front-end
boosttoseasonal sales.

Trovisin Atlontars, portsthat SFD'sare remodelingin record numbers

Rase in NYCistalking about hand saw soles slipping slightly this season

3. With a simple copy and paste, you can move
Microsoft Excel graphs and tables into your
Word document.

Because after all is said and d
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s Macro  Window Help
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It visually represents commands and,
as a result, reduces everyday format-
ting to just one step.

And, as promised, the menu bar is
similar to the ones in the Windows en-
vironment and Microsoft Excel.

We EdN Yiew fnean  Farmal  UIwes  Mees

¢ Topline Summury.

¢ H;r.d Tools:
¢ Light Power Tools:

¢ Heavy Power Tools:
= Roeter
= Jolner
¢ Saws
©  JSigsaws- The Seady idhes s aye d ising wiatar seem to be declininguery siightly.
= Chainsaws- Sales are showing @ modest downwardmovement. The company
gove us S promofional chaln sowstohelprevive sales next month
= Larhs
= Drill Press
Paint:
= Salesin bofh indoor ond outdoor paint ondsupplies s e pmm | g
¢ Seasonal:

2. Because Word for Windows is graphical, its
easy to reorganize the flow of your documents.
Just use the outlining feature. Simply collapse

entire sections and drag them where you want.

P\'!icn »soft Word for Windows

4. Word for Windows reads and writes files
Jrom WordPerfectand other popular programs,
so not a word is wasted.

4+ LAKE 2
% SONS

HARDWARE DISTRIBUTORS

Weekly Sales Report
March 3, 1991 - March 9, 1991

Topline Summary:
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one, it’s easier done than said.
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Doing a better job and getting it done faster
1s the reason you started working with computers
in the first place.

With the Microsoft Windows environ-
ment and our Windows applications, the whole
process is simpler and more straightforward.

Now that youve seen Microsoft Excel and
Word for Windows 1n action, there's even more you can do.
Microsoft PowerPoint"for Windows lets you create impressive
presentation graphics easily. And Microsoft Project for Windows
can help you manage your project plans, big or small.

Call us at (800) 541-1261, Department QO6, for the name

of your nearest dealer. Ask for a M-mosoﬂ
demo. Then see what happens when
you put Microsoft to work for you. Making it all make sense
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Most scientists make reluctant revo-
lutionaries. They often do not under-
stand a new paradigm, and they have
no objective “rules” by which to judge
it. (If such rules existed, computers
could do the judging.) In a sense, dif-
ferent paradigms—Ilike Newton's and
Aristotle’s physics—have no common
standard for comparison; they are “in-
commensurate,” to use Kuhn’s term.
Proponents of different paradigms can
argue forever without resolving their
differences because they invest basic
terms—motion, particle, time, space—
with different meanings.

The “conversion” of scientists is thus
both a subjective and a political pro-
cess. It may involve sudden, intui-
tive understanding—like that finally
achieved by Kuhn as he pondered Aris-
totle. Yet scientists often adopt a para-
digm simply because it is backed by
others with strong reputations or by a
majority of the community.

The new paradigm may solve puz-
zles better than the old one does, and
it may also yield more practical appli-
cations. But that does not mean it is
a truer reflection of reality, according
to Kuhn. He also rejects the notion,
promulgated by Karl Popper (perhaps
Kuhn'’s greatest rival in the philosophy
of science), of falsification. The real
world is unknowable, and propositions
are true or false only within the context
of a particular paradigm, Kuhn asserts.

The book triggered diverse reactions.
Most “hard” scientists shrugged and
went about their business. But many in
the soft, or social, sciences “loved” the
book, Kuhn says, perhaps because it
offered hope that they could attain the
same level of legitimacy (or illegitima-
cy) as physicists or chemists. “Some of
them even said, ‘Wow, now all we have
to do is figure what our paradigm is
and enforce it,’” Kuhn explains.

Some philosophers, on the other
hand, deplored Kuhn’s brusque dismis-
sal of empiricism and objective truth.
He was accused of claiming that science
is nothing more than “power politics”
or “mob psychology.” “Look, I think
that’s nonsense, and I'm prepared to
argue that,” Kuhn says heatedly.

Kuhn has been even more distressed
by those who admiringly misinterpret
him. “I've often said I'm much fond-
er of my critics than my fans,” he com-
ments. In the 1960s his work was
seized on by radicals opposed to sci-
ence and its offspring, technology, and
indeed to any “cognitive authority” that
might distort “pure experience.” Kuhn
recalls students telling him, “Oh, thank
you, Mr. Kuhn, for telling us about para-
digms. Now that we know about them,
we can get rid of them.”

Kuhn’s protests were to no avail. In
one seminar, he notes, the professor
and students were discussing “how my
book denied the idea of truth and falsi-
ty.” Kuhn tried to explain that within
the context of a paradigm, truth and
falsity were perfectly valid and indeed
necessary concepts, but the professor
cut him off, saying, “‘You don’t know
how radical this book is.””

Some of these students are now per-
haps members of a new school in an-
thropology that analyzes science from
a “post-Kuhnian” perspective. The goal
of this “burgeoning” discipline, accord-
ing to a recent essay in Current Anthro-
pology, is “a radical deconstruction of
traditionally conceived foundations of
scientific knowledge that casts doubt
on all fields of scholarship with scien-
tific pretensions.” “ ‘Deconstruction’ is
for me a dirty word,” Kuhn says, “al-
though I'm sure that’s largely because I
don’t know what it’s about.”

Kuhn concedes that he is partly to
blame for some of the anti-science in-
terpretations of his book. After all, in
Structure he does call scientists “addicts”
at one point. He compares their adher-
ence to paradigms to religious faith, and
likens their education to the brainwash-
ing described by Orwell in his totalitari-
an novel 1984. Kuhn also acknowledges
that the terms “puzzle” and “mopping
up” may sound a bit condescending. “I
won't retreat from them for a moment,
but maybe I should have said more
about the glories of puzzle solving.”

Kuhn points out, just for the record,
that he is in fact pro-science. He is also
pro-paradigms. They provide the secure
foundation needed for scientists to or-
ganize the chaos of experience and to
solve ever more complex puzzles. It
is the conservatism of science, its rig-
id adherence to paradigms, he insists,
that enables it to produce “the greatest
and most original bursts of creativity”
of any human enterprise.

In 1964 Kuhn left Berkeley for the
calmer environs of Princeton University.
After trying for several years to main-
tain a dignified silence on Structure, he
finally wrote several essays attempting
to explain what he really meant. In par-
ticular, he tried to reclaim “paradigm.”
Like a virus, the word had spread be-
yond the history and philosophy of sci-
ence and infected the intellectual com-
munity at large, where it came to mean
virtually any dominant idea.

A 1974 New Yorker cartoon captured
the phenomenon: a woman gushes to a
smirking man, “Dynamite, Mr. Gerston!
You're the first person I ever heard use
‘paradigm’ in real life.” Again, Kuhn ad-
mits the fault is partly his, for making
the “dreadful mistake” of letting para-

© 1991 SCIENTIFIC AMERICAN, INC

digm denote not only an archetypal ex-
periment but also “the entire constella-
tion of beliefs, values and techniques”
that binds a scientific community to-
gether. (One philosopher actually count-
ed 21 different implicit meanings for
“paradigm” in Structure.)

In one essay, Kuhn introduced the
term “exemplar” to replace paradigm
in its narrow sense, but it never caught
on. Eventually he gave up. “Look, if
you've got a bear by the tail,” he says,
“there comes a point at which you've
got to let it go and stand back.” (Para-
digm abuse continues: last year a White
House bureaucrat, James P. Pinkerton,
gained the spotlight by calling old Rea-
ganomics “the New Paradigm.”)

In 1978 Kuhn published a relative-
ly straightforward history of science:
Black-Body Theory and the Quantum
Discontinuity, 1894-1912. The book ar-
gues that the concept of quantum dis-
continuity was first explicated not by
Max Planck, as is commonly believed,
but by Einstein and Paul Ehrenfest.
Kuhn thinks the book, his fifth and
most recent, is “in some ways my finest
work.” Yet some physicists accused him
of unfairly bolstering Einstein’s already
unparalleled reputation at Planck’s ex-
pense. And although Kuhn says the
book embodies Structure’s ideas, some
readers were disappointed that he did
not reexamine those issues explicitly.

Shortly thereafter, Kuhn left Prince-
ton for M.I.T., where he is now toil-
ing over another book. He says it will
“probably ” take up two issues raised in
Structure. One is the concept of incom-
mensurability, the breakdown of com-
munication that occurs between adher-
ents of different paradigms. The other
issue has to do with the similarity of
the evolution of science and the evolu-
tion of living organisms.

Kuhn draws this analogy at the very
end of Structure. He notes that evolu-
tion occurs not toward anything—to-
ward the truth in the case of science,
or toward that paragon of wisdom and
nobility Homo sapiens in the case of bi-
ological evolution—but only away from
something. Moreover, just as species
tend to proliferate and to become more
specialized over time, Kuhn suggests,
so do scientific fields, each committed
to its own paradigm.

What do these ideas imply about the
future of science? Will it resemble a
symphony descending into dissonance,
a mirror fracturing into ever smaller
shards? Is this the disturbing possibili-
ty Kuhn’s new work will explore? Winc-
ing, Kuhn declines to discuss the book
further. “Look,” he says, “I don’t want
these ideas being abused before they’re
even published.” —John Horgan
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Progress in Oral
Rehydration Therapy

Each year, the therapy—feeding of a simple electrolyte solution—saves
the lives of a million children who become dehydrated from diarrhea.
New versions are being developed to improve that number

by Norbert Hirschhorn and William B. Greenough III

hen medical research yields

5/ \/ new lifesaving therapies, too
often they are complex, expen-

sive and inaccessible to many people.
Oral rehydration therapy (ORT) is a fine
exception to that rule. It is an uncom-
plicated, low-cost and easily obtainable
antidote to a major scourge: the dehy-
dration that accompanies diarrhea. A
patient is simply fed an electrolyte solu-
tion to replace fluid and vital ions lost
through the bowel. In an added boon,
recent study has found virtue in a num-
ber of different simple formulations,

NORBERT HIRSCHHORN and WILLIAM
B. GREENOUGH III met in 1964 in East
Pakistan (now Bangladesh). Hirschhorn,
an M.D. and a poet, is vice president
of John Snow, Inc., a consulting firm in
public health. He has been a research-
er, teacher and program consultant in
child health in many countries. In 1990
he won the Charles A. Dana Award for
advancing the development and use of
oral rehydration therapy. Greenough,
an M.D. and long-distance runner, is
professor of medicine and internation-
al health at Johns Hopkins University.
He has directed the International Center
for Diarrheal Disease Research, Bangla-
desh, in Dhaka, conducting investiga-
tions there for 11 of the past 27 years.
He is now focusing on improving the
health of the elderly in the U.S., who like
youngsters in the developing nations
are at particular risk of dying from diar-
rhea, malnutrition or infection.

L
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many of which may offer advantages
over the solution now in widest use.

The importance of ORT cannot be
overestimated. As a group, diarrhea-
inducing agents (such as the cholera
bacterium Vibrio cholera, rotavirus and
Escherichia coli) are the leading kill-
er of small children in the developing
nations. Although most bouts of diar-
rhea are not life-threatening, an esti-
mated four million youngsters under
age five worldwide succumb to the dis-
order each year, accounting for more
than a quarter of the 14 million annual
deaths in that age group.

Before 1978, when the World Health
Organization (WHO) and other groups
began promoting ORT aggressively, in-
travenous rehydration therapy was gen-
erally the only accepted treatment.
Then, as now, it could rescue most
diarrhea victims. But it required enor-
mous amounts of sterile solution to be
administered by skilled health workers
in specialized facilities, an impossibili-
ty in many parts of the world.

The oral therapy now saves about a
million small children annually. Most
recently it has helped keep fatalities
surprisingly low in Peru, where a major
cholera epidemic—the first to strike
the Western Hemisphere in a century—
began this past January. Indeed, almost
no one, adult or child, would die of di-
arrhea if only every family in the world
knew how to prepare and deliver some
form of ORT. Except in times of fam-
ine, the ingredients needed for an ade-
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quate formulation can be found in vir-
tually every household.

Routine delivery soon after the start
of diarrhea could also reduce the mal-
nutrition that commonly accompanies
the malady. In the developing nations,
a typical child suffers some 10 to 20
bouts of diarrhea before age three (rep-
resenting up to 13 percent of his or her
lifetime spent ill with diarrhea), mak-
ing the disorder an important cause of
undernourishment in the world. Sadly,
malnutrition can increase the severity,
duration and frequency of future bouts
of diarrhea, leading to a vicious cycle
of malnutrition and infection.

The goal of routine ORT delivery in
every home is not yet within reach, but
efforts toward it continue. Scientific in-
quiry continues as well, with the aim of

EGYPTIAN BOY with diarrhea was res-
cued by oral rehydration therapy, or
ORT. This rare photographic sequence
shows that at 9 A.M. the baby had to be
coaxed to drink by his mother, who
held him, and a clinic worker, who. fed
him. By 10 A.M., having regained some
fluid, he accepted the spoonfuls eager-
ly. He lost interest at noon, once he had
taken what he needed. Already the
signs of dehydration—limpness, sunk-
en eyes and flattening of the soft spot
at the top of the skull—were gone. By
1:15 p.M. he was hungry for breast
milk, which along with providing nutri-
ents promotes movement of fluid into
the blood and shortens diarrhea.



making therapy more efficient and ac-
ceptable and more effective at combat-
ing malnutrition.

O ral rehydration therapy is a
product of laboratory and clini-
cal research into normal diges-
tion and the processes that lead to di-

arrhea. Studies of digestion established
that each day the body moves many

liters of fluid from the blood into the
intestine and back again [see illustra-
tion on page 53]. After the stomach
empties food into the lumen, or cavity,
of the small intestine, so-called crypt
cells in the intestinal lining secrete
chloride ions (C17) into the cavity. This
inflow prompts a parallel flow of water
and other ions, including sodium (Na+),
from the blood to the gut. The fluid

dilutes the food, facilitating its break-
down into molecules small enough to
pass through the bowel lining and into
the blood. Starches (complex carbohy-
drates) are broken into glucose; pro-
teins, into amino acids; and fats, into
fatty acids and glycerol.

Then the nutrients are taken up by
what are called villus cells, mainly those
in the lining of the small intestine but
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also, to a lesser extent, in the lining of
the colon (the large intestine). The vil-
lus cells absorb sodium during diges-
tion as well. They take it in through
their lumen-facing surface and pump it
out into the extracellular spaces, from
whence it returns to the circulation.
Where sodium goes, water and other
ions follow, and so those substances,
too, are transferred from the intestine
back to the blood.

Detailed studies of cholera (the pri-
mary source of information about the
development and treatment of diar-
rhea) and then other diseases revealed
that most diarrhea-causing microor-
ganisms disruptintestinal function and
dehydrate the body in similar ways.
They increase the chloride-secreting ac-
tivity of the crypt cells or impair the
absorption of sodium by villus cells, or
both. Then the fluid that is normally re-
turned to the blood across the intesti-
nal wall is lost in watery stool. The
volume of blood declines, and the cir-
culation may become dangerously slow,
leading to death in a matter of days or,
sometimes, hours.

Research in the 1960s demonstrat-
ed that the microorganisms impairing

the villus cells usually shut down one
major route of sodium transport, which
allows sodium into the cells together
with chloride. Strangely, though, the mi-
crobes rarely interfere with the action
of the carrier system, or pathway, that
brings sodium and glucose simulta-
neously into the cells from the intesti-
nal lumen. This “co-transport” system,
which is found throughout the lumen-
facing surface, operates only when both
sodium and glucose are present, and it
remains active during diarrhea.

From this last discovery came ORT.
The finding suggested that if glucose
were mixed into an electrolyte solu-
tion, the sugar could in effect substitute
for an intravenous needle. By arousing
the co-transport carrier, it would deliv-
er electrolytes and then water to the
blood across the intestinal wall instead
of through a vein.

Ithough ORT became practical
Aonly recently, the idea of orally
replacing the fluid lost in diar-

rhea is not new. Ancient Hindu texts de-
scribe solutions for that purpose, and

virtually every culture has a heritage of
“grandmother solutions,” such as chick-

SECTION OF
INTESTINE

/| FLOW OF NUTRIENTS

VILLUS

VILLI, projections formed by folds in the lining of the small
intestine, contain cells that absorb nutrients from the intesti-
nal lumen, or cavity. These villus cells send the nutrients to
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en soup or coconut juice, that contain
salt, sugar, starches and proteins.

The first scientific efforts ‘at rehy-
dration focused on intravenous ther-
apy. As long ago as 1832, well before
the introduction of the germ theory, an
English physician named Thomas Lat-
ta proved the approach could replace
fluids in cholera patients. Nevertheless,
for more than 100 years, physicians
made little use of the lesson, both
because the method was cumbersome
and because patients too often died
from the therapy (a consequence of re-
ceiving unsterile solutions).

There was also the problem of appro-
priate ingredients. Only in the 1940s did
Daniel C. Darrow of the Johns Hopkins
Hospital show definitively that intra-
venous fluids containing sodium chlo-
ride (table salt), potassium and lactate
could be lifesaving. Sodium maintains
the proper balance of fluids among
cells, extracellular compartments and
the blood; chloride is important to the
secretory actions of many cells; potas-
sium is essential to the functioning of
all cells, including the ability of mus-
cle cells to contract; and lactate, which
is converted by the body into bicarbon-

the blood or lymph. Other projections (microvilli) on the cells
(detail at right) increase the absorptive area. At the base of
the villi are crypt cells, which participate in digestion as well.
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CRYPT AND VILLUS CELLS cooperate during digestion to cy-
cle fluid from the blood to the intestinal lumen and back
again. Crypt cells (left) extrude chloride ions (Cl7) into the lu-
men (1), triggering a parallel flow of sodium (Na+*) and then
water and other ions from the blood into the lumen (2). Later
(right), villus cells pump sodium into the space between cells
(3), thereby generating a compensatory movement of sodi-
um into the cells from the lumen (4, 5) and, in turn, revers-

ing the direction of water flow (6 ). Diarrheal microorganisms
promote fluid loss by inducing crypt cells to hypersecrete
chloride or by blocking villus cells from using their primary
sodium-absorbing channel (a), or both (red). ORT compen-
sates for the defects and moves fluid into the blood by in-
creasing the activity of channels (b) that transport sodium
into villus cells when specific solutes, such as glucose or par-
ticular amino acids or peptides, are present.

ate, prevents the blood from becom-
ing acidic.

Even then, the right concentrations
of ingredients remained an open ques-
tion. It was resolved in 1958, when a
team of physicians and scientists led
by Robert A. Phillips of the U.S. Naval
Medical Research Unit actually deter-
mined the composition and measured
the volume of fluid lost in the stool of
patients with diarrhea.

Further research, which we and sev-
eral colleagues carried out at the Chol-
era Research Laboratory in Dacca, East
Pakistan (now the International Center
for Diarrheal Disease Research, Ban-
gladesh, in Dhaka), showed that when
patients were treated early and with
enough of the proper fluid (often sever-
al gallons), even the most severely de-
hydrated persons would survive. From
then on, more than 99 percent of pa-
tients with cholera, who before had
a 50 to 60 percent chance of dying,
lived—provided they promptly reached
a practitioner who had enough of the
right intravenous fluids and knew how
to give them. Survival rates for most
other diarrheal diseases improved to
the same level as well.

Meanwhile the phenomenon of glu-
cose and sodium co-transport was be-
ing discovered. Then, in 1966, when
one of us (Hirschhorn) was chief of
clinical research at the Cholera Re-
search Laboratory, he and other Ameri-
can and Bengali scientists found that

glucose and sodium co-transport was
preserved in cholera patients.
Subsequently, Hirschhorn and others
at the laboratory devised a sodium-con-
taining glucose solution meant for oral
delivery and showed that both children
and adults with diarrhea could absorb
a great deal of the solution from the in-
testine. Similar results were obtained at
about the same time by Nathaniel F.
Pierce and his co-workers at the Johns
Hopkins International Center for Med-
ical Research and Training in Calcut-

ta, India.
T er came in the field in 1971, the
same year in which the two of
us cautiously suggested in these pages
that ORT might be a viable therapy [see
“Cholera”; SCIENTIFIC AMERICAN, Au-
gust 1971]. Even as we wrote, two mil-
lion refugees were streaming into India
to escape the Bangladesh war for in-
dependence. Thousands in the refugee
camps suffered from cholera and oth-
er types of diarrhea. Mortality from the
diseases was more than 30 percent,
mainly because the fluids and needles
used for intravenous therapy, still the
prevailing treatment, were scarce.

In one camp, however, Dilip Maha-
lanabis and his colleagues from the
Calcutta group gave rehydration fluids
by mouth. To be more precise, because
medical personnel were few, the fam-
ilies of the victims, who were usual-

he first proof of ORT’s full pow-
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ly children, gave the fluids. They were
urged to deliver as much liquid as
the patient could take until the diar-
rhea had run its course. Only people
who were unable to drink received the
scarce intravenous solution. In the end,
mortality was reduced to just 3 percent.

On the strength of such evidence, in
1971 WHO settled on a standardized
formula that could be delivered to all
age groups, including infants. The in-
gredients of the “standard ORT” are
more dilute than the intravenous saline
solution and today consist of sodium
chloride, potassium chloride, trisodium
citrate (replacing the less stable bicar-
bonate of the 1971 formula), glucose
and water.

The dry ingredients are packaged in
foil and are manufactured locally in
more than 60 countries, where they
usually cost the equivalent of between
20 and 60 U.S. cents per liter. WHO es-
timates that nearly 60 percent of the
world’s children have access to the for-
mula and that about 30 percent of chil-
dren who contract diarrhea are treated
with that mixture or with a less com-
plete home-prepared formulation. In
the U.S. the packets generally are not
available, but premixed fluids resem-
bling the standard ORT solution (such
as Pedialyte, Lytren and Resol) are sold
in pharmacies and supermarkets, gen-
erally at $4 to $6 per quart.

Although awareness of ORT and the
frequency with which the therapy is ap-
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DECLINE IN DEATHS from diarrhea in Egyptian youngsters accelerated after 1983,
when a national program to promote ORT began and use of the therapy increased
markedly. From 1976 to 1988, death rates from other causes barely changed.

plied could be improved, significant
progress has been made. For example,
local ministries of health, with techni-
cal and financial assistance from WHO,
UNICEF and other groups, have taught
thousands of health workers and fami-
lies to give ORT. Moreover, a survey of
28 teaching hospitals in 19 countries
indicates that fatalities from diarrhea
fell substantially—by as much as 50
percent—after oral rehydration was in-
stituted. In some facilities, admission
rates for the condition have been re-
duced by more than 60 percent, and
the cost of treatment has gone down
by more than 75 percent.

Of all nations, Egypt has had the
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most spectacular success. In 1983 it
began the National Control of Diar-
rheal Diseases Program, which com-
bines local production of standard ORT
with training of health workers in its
application and with education of the
public through the mass media. Before
1983, well over 100,000 Egyptian chil-
dren died from diarrhea each vyear;
now less than half that number die,
even though the incidence of diarrhea
has not changed.

Egypt is perhaps unusual in that it
has excellent resources. It has an ac-
complished and committed ministry
of health and an extensive network of
public and private health centers and
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pharmacies. And the roads leading to
the centers are good. The health care
system is also bringing under control
other diseases that weaken children
and hence increase the risk of dying
from diarrhea. Many countries have
not fared as well, because they lack
such benefits.

lution has been lifesaving, it is
not yet ideal. It rehydrates and
helps to restore appetite and thus to
counteract malnutrition, but it also de-
mands great perseverance on the part
of the caregiver, usually a busy mother.

A child with diarrhea may need to be
spoonfed more than half a liter of solu-
tion each day, in sessions spaced as lit-
tle as three minutes apart, for five to
seven days. Small, frequent feedings
are important because intake of a large
volume at once can provoke vomiting.
Most mothers are hard-pressed to do
the job because, in the developing na-
tions, they typically have other chil-
dren to care for, food to cook, clothes
to wash, water to haul (often from far
away) and a garden or fields and an-
imals to tend. In the industrialized na-
tions, parents may be similarly bur-
dened by family and job demands.

What a parent wants is what health
workers want: to have the diarrhea stop
as quickly as possible. Yet standard
ORT does not reduce the duration or
amount of diarrhea; it simply replaces
lost fluid and electrolytes.

The failure to slow the diarrhea itself
can also increase parents’ reluctance
to continue the solution. To many of
them, putting more fluid in when it is
clearly coming out in quantity makes
no sense. In addition, the solution’s in-
ability to stop the diarrhea often spurs
families to try other remedies, such as
costly, and usually ineffective, antibi-
otics that can actually prolong diarrhea
by killing helpful bacteria that live in
the intestine.

Increasing the amount of glucose in
the standard ORT might at first seem
a reasonable way to speed fluid up-
take and thus possibly to reduce the
volume of diarrhea. Yet introducing ex-
tra glucose would in fact be dangerous.
The reason lies with the phenomenon
known as osmosis. When two watery
solutions are separated by a semiper-
meable barrier, the solution with the
higher concentration of dissolved mol-
ecules (solute) will attract water from
the less concentrated solution.

Standard ORT contains approximate-
ly as many solute molecules as does
normal blood. If more glucose were in-
cluded, the concentration of the solu-
tion would become greater than that of

I : ven though the standard ORT so-



normal blood—which is to say, its os-
molarity, or tendency to gain water,
would increase. Then water would ac-
tually flow from the blood into the in-
testine, exacerbating any dehydration.
One possible way to increase fluid ab-
sorption is to add one or more selected
amino acids to the standard ORT for-
mula. It is now known that in addition
to the glucose and sodium co-transport
carrier, villus cells have many co-trans-
port carriers that simultaneously bring
specific amino acids and sodium from
the lumen into villus cells. In theory, by
activating one or more classes of these
carriers, the amino acids would acceler-
ate the transport of sodium, and there-
fore water, and thus should more than
compensate for any osmotic “penalty”
introduced by the addition of more
small molecules (the amino acids).
Amino acids with a high affinity for
their carrier are the best candidates. So
far alanine has shown the most prom-
ise in both animals and humans. When
added to glucose, it substantially in-
creases the absorption of sodium and
water and reduces the output of stool.

D ] ichael Field, now at Columbia
University, suggested quite an-
other alternative in an editorial

he published in the New England jour-
nal of Medicine in 1977, along with
an epigraph from a children’s verse by
Maurice Sendak: “Sipping once /sip-
ping twice /sipping chicken soup/
with rice.” He proposed substituting
large chains of glucose (starches) or
amino acids (proteins) for simple glu-
cose in the standard ORT mixture.

His recommendation stemmed from
the understanding that any such poly-
mer, potentially consisting of hundreds
of smaller molecules, has the same os-
motic effect as a single small mole-
cule. True, starches and proteins are
broken down into glucose or amino
acids in the intestine, but the change
occurs at the surface of the villus cells,
whereupon the end products are in-
stantly taken up by co-transport carri-
ers. Hence, the resulting small mole-
cules would not accumulate in the in-
testinal cavity to increase osmolarity.
On the other hand, the large number of
molecules entering the villus cells with
sodium should markedly accelerate the
movement of water from the lumen
into the blood, thereby reducing the
fluid lost in stool.

Most research on this second alterna-
tive for treating diarrhea has focused
on cereals (grains) and legumes (beans
and peas), both of which contain starch
and protein. In 1982 F. C. Patra and
Mahalanabis in Calcutta and, separate-
ly, A. Majid Molla and one of us (Gree-

nough) in Dhaka reported that when
glucose in the ORT solution was re-
placed by rice powder, the mixture re-
hydrated cholera patients. Significantly,
the mixture also reduced stool volume
by as much as 50 percent. Other stud-
ies achieved reductions of 15 to 49 per-
cent in other kinds of diarrhea and also
reduced vomiting. Since 1982, replace-
ment of glucose with other grains or

with legumes or roots has proved simi-
larly beneficial. The benefit can certain-
ly be attributed in part to the starches
in these foods, but the proteins proba-
bly make a contribution as well; their
role has not yet been assessed.
Food-based ORT offers advantages
beyond its effects on diarrhea. It can be
made at home with foods that people
both like and can obtain easily at low

How Osmosis Affects
Performance of Rehydration Solutions

If two solutions are separated by a water-permeable membrane, water will flow
by osmosis from the solution containing fewer dissolved molecules of solute
to the one containing more molecules, thereby balancing the concentrations.
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COMPARISON of standard ORT and versions that replace its
glucose with foods revealed that the alternative solutions re-
duce stool output in cholera patients (left). In other words,
the food-based solutions accelerate absorption of fluid by the
intestine. (The data are from the International Center for Di-
arrheal Disease Research, Bangladesh.) The last four lines of

cost. It can also be cooked, which kills
pathogens in the water (but costs fuel).
For now, however, use of food-based
ORT is limited, mainly because teach-
ing millions of families how to prepare
solutions at home is a major challenge
for health education systems. Much
research is therefore being devoted to
creating a packageable formula based
on precooked rice powder instead of
glucose.

Of course, any packaged ORT mix-
ture must be stable in many climates
and inexpensive. No formulation is
yet equal in these respects to the cur-
rent WHO standard. Nevertheless, cere-
al-based products are being introduced
commercially. For instance, a bottled
and premixed solution called Ricelyte,
which is based on a form of processed
rice (rice-syrup solids), has recently en-
tered the U.S. market.

I l Itimately one would like to pro-
duce an ORT solution that not
only rehydrates patients and re-

duces diarrhea with maximum speed
(by exploiting all possible co-trans-
port carriers) but also hastens the re-
placement of damaged villus cells. The
cells can be hurt both by diarrhea-caus-
ing agents and fasting. Usually they are
replaced every three to five days, but
the process can be markedly extended
in someone who has had diarrhea.

As malabsorption persists beyond
the infection itself, so does the wastage
of nutrients, which promotes contin-
ued weight loss and prolongs malnu-
trition. By repairing the intestinal lin-
ing and improving absorption rapid-
ly, an optimal ORT solution would not
only save lives, it would also improve
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the subsequent health of the survivors.

Much evidence in animals suggests
that certain amino acids enhance the
production of cells in the intestinal lin-
ing and that carbohydrates provide en-
ergy for those cells. These are impor-
tant leads, but more research is needed
to determine the ideal mixture of pro-
teins and starch.

Other findings suggest that whether
standard or food-based ORT is admin-
istered, patients should be encouraged
to eat during their illness so that they
receive crucial nutrients and enough
calories (energy). They should be fed
starting as soon as they can be coaxed
to cooperate. Fortunately, ORT tends to
restore the appetite quickly.

Many studies have evaluated the ben-
efit of combining standard ORT with
feeding and have found that children
treated in that way have reduced stool
output and a shorter duration of diar-
rhea. Moreover, more than a decade
ago a series of studies from the Phil-
ippines, Iran, Turkey and the U.S. dem-
onstrated that standard ORT supple-
mented by continued feeding of calo-
rie-dense foods protects children with
diarrhea from weight loss.

The studies indicate that the food
protects the integrity of the intestine.
They also imply that the popular ad-
vice to “rest the gut” by withhold-
ing food during diarrhea is almost cer-
tainly wrong. The foods chosen should
contain starch and protein, which are
digested easily, along with the fat need-
ed to ensure intake of enough calories.
(Fat contains more calories per gram
than either protein or starch.) In in-
fants, breast milk is always best.

Of course, the overarching goal is
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the verse at the right, from Maurice Sendak’s Chicken Soup
with Rice, could almost be a prescription for a food-based re-
hydration solution. Indeed, Michael Field, now at Columbia
University, quoted the lines in the New England Journal of
Medicine in 1977, when he suggested substituting starches
and proteins for the glucose in standard ORT.

finding ways to prevent diarrhea in the
first place. Better sanitation, cleaner wa-
ter supplies and improved personal hy-
giene are crucial, especially hand wash-
ing with soap and water. At the medical
level, vaccines against specific diarrhea-
causing organisms are being developed.
Yet before families will have confidence
in these indirect measures, they need
to see that their children, who are sick
now, can be made well again. Oral rehy-
dration therapy does this—sometimes
spectacularly.
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Anyons

In quantum mechanics, indistinguishable particles are

subject to special interactions. Recent work has revealed

the existence of a rich new class of possibilities: anyons

ne of the most surprising, pro-

found and beautiful conse-

quences of quantum mechan-
ics is that it brings sharp, new meaning
to the rules governing particles or ob-
jects that are exactly identical. Truly in-
distinguishable particles are subject to
powerful special interactions, which do
not exist for particles that are merely
very similar. These special interactions
are strongly attractive for one class of
particles, bosons. They are strongly re-
pulsive for another class, fermions.

Both bosons and fermions have been
known since the infancy of quantum
mechanics. Until recently, it was be-
lieved that fermions and bosons were
the only possible kinds of identical
particles. Indeed several textbooks of
quantum mechanics present “proofs”
of this factoid.

A critical examination of the foun-
dations of the quantum mechanics of
indistinguishable particles reveals in-
stead that there are other consistent
possibilities. In fact there is a continu-
ous range of possibilities, containing
fermions and bosons as two special
cases. In the general case one calls the
particles “anyons.”

At first anyons were mostly thought
of, by those few physicists who thought
about them at all, as mathematical cu-
riosities. Further investigation revealed
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by Frank Wilczek

the presence of anyons in theoretical
models that quite closely resembled
ones used to describe actual systems
and materials. Detailed studies also
demonstrated the depth and inner con-
sistency of the concept of anyons. Still,
it came as a stunning surprise to me—
one of the few—when some quite tan-
gible realizations of anyons were dis-
covered in 1983. Anyons are the basic
excitations in the spectacular states of
matter known as fractional quantized
Hall states [see “The Quantized Hall
Effect,” by Bertrand I. Halperin; SCIEN-
TIFIC AMERICAN, April 1986]. Apprecia-
tion of this fact has led to a more pro-
found understanding of several aspects
of the quantized Hall effect itself and
has stimulated considerable excitement
and activity in the physics community.

Many of us now believe that this ex-
ample, impressive as it is, is just the
beginning. Anyons provide a new par-
adigm for the behavior of matter in
quantum mechanics, and if there is any
justice in the world, many other real-
izations await discovery. It is partic-
ularly intriguing that there is an ex-
tremely natural and powerful mecha-
nism of superconductivity connected
with anyons. A theory of high-tempera-
ture superconductivity has been con-
structed that exploits this feature of
anyons. It may well apply to the copper
oxide superconductors of recent fame.

In this article I shall review the log-
ic that leads one to the concept of any-
ons, the situations in which they are
at present known to occur and the
mechanism of superconductivity they
suggest.

ons without understanding bosons

and fermions. To this end, 1 will
now present a brief and somewhat un-
orthodox account of the essence of bo-
sons and fermions. I will not begin to
explain how the behavior of bosons
plays a leading role in systems ranging
from superfluidity to laser action. Nor

I t is impossible to understand any-
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will I review how the nature of fermi-
ons is central to understanding the pe-
riodic table and the stability of stars
known as white dwarfs. Instead the fo-
cus here will be to examine critically
the basic concepts in the simplest pos-
sible circumstances, to set the stage for
anyons.

Let us start with some thought ex-
periments, which are only slight ideal-
izations of experiments that have ac-
tually been performed. The thought
experiments are concerned with the be-
havior of two types of helium atoms,
denoted 3He and “He. These two types
differ only in the nature of their nuclei.
The 3He nucleus contains two protons
and one neutron, whereas the ‘He nu-
cleus contains two protons and two
neutrons. Because these two nuclei con-
tain the same number of protons, they
have the same electric charge. There-
fore the electrical properties of these
two nuclei are nearly identical. Since
electrical forces are by far the most im-
portant factor in determining the inter-
actions of the nucleus with the sur-
rounding electrons and thus the chemi-
cal properties of the atom, 3He and *He
atoms have almost exactly the same
chemical properties.

One can check this in a very concrete
way, as follows. Consider a particle that
is neither 3He nor “He; call it X. X might
be an iron atom, a water molecule or
for that matter a strand of DNA. To see
whether Xinteracts the same way with
3He as it does with “He, one can collide
it with each in turn and compare the
responses. Such investigations, known
as scattering experiments, are common-
ly used as a way to learn about the
properties of particles.

So first imagine shooting 3He atoms
and X particles toward one another. As
long as these particles are not moving
too fast, they will survive the collision
intact, deflected at some angle. After
observing many collisions, one can cal-
culate the probabilities to find particles
emerging from a collision at different



angles (that is, undergoing different
amounts of deflection). This distribu-
tion of probabilities encodes a great
deal of information about the nature of
the interaction between the atoms.
Having performed (in our imagina-
tion) the scattering experiment with
3He, let us try it again with “He. One
finds that no matter what Xis, there is
very little difference in the outcome be-
tween its collisions with 3He and its
collisions with “He. The probability of
deflection through a given angle is the
same in both cases. These results are
just what one might expect, since the
most important forces are the electri-
cal forces, and the electrical properties
of 3He and “He atoms are nearly iden-
tical. Yet something different—some-
thing strange and wonderful—happens
if Xitself is a 3He or a *He atom. There
are of course three possible cases: one
may collide 3He with 3He, 3He with
4He, or “He with “He. Based on the
previous experiments, one might ex-
pect the same result in all three cases.

What actually happens, though, is quite
different.

The simplest and most striking re-
sults are for particles deflected through
a 90-degree angle. To observe the re-
sults, consider a setup in which two
particle guns and two detectors rest
on a table [see illustration on page 61].
Each gun can produce either 3He or
4He; one gun shoots particles due east,
the other due west toward a central
point. The detectors are positioned due
north and south of the collision region,
to catch the particles that have been
deflected by 90 degrees. What are the
results?

ne finds that the probability of
scattering through a 90-degree
angle is exactly twice as great
for collisions between two “He parti-
cles as for collisions between 3He and
4He, whereas for collisions between
two 3He particles, probability of scat-
tering through 90 degrees simply van-
ishes. One could hardly ask for a more

dramatic demonstration that there is
something special about the quantum
physics of identical particles.

The 4He atoms are typical bosons,
whereas the 3He atoms are typical fer-
mions. To understand their behavior
properly, we must go back to the basic
principles of quantum mechanics.

The fundamental ingredients used
to describe quantum mechanical pro-
cesses are complex numbers known as
amplitudes. (Those readers unfamiliar
with complex numbers will find a brief
and, I hope, painless account of them
in the box on the next page.) Like all
complex numbers, an amplitude has a
magnitude and a phase. To find the
probability of the process, one must
square the magnitude of its amplitude.

The most fundamental principle of
quantum mechanics—the principle of
superposition—can now be stated: to
compute the total amplitude for some
overall process that may have occurred
in different ways, you must add the am-
plitudes for the different ways. Ordinari-

WINDING STAIRCASE is an apt metaphor for several aspects
of anyon physics. The central distinction between anyons
and bosons (or between anyons and fermions) is that one
must keep track not only of particles that interchange posi-
tion but also of those that wind around one another. The
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staircase also calls to mind the arrangement of currents in a
solenoid and the motion of charged particles in magnetic
fields—physical configurations that play key roles in the the-
ory of anyons. The staircase, designed by Baccio Pontelli, is
part of the Sistine Chapel in Vatican City in Rome.
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ly, the probability that some overall re-
sult is achieved is the sum of the proba-
bilities that it is achieved in different
ways. (For instance, the probability that
the die comes out 5 or 6 is the sum of
the probabilities for 5 or 6 separately.)
In quantum mechanics, we instead add
amplitudes. This is not the place for
more words on the principle of su-
perposition, although it is endlessly
fascinating—for present purposes we
will simply assume it and consider the
consequences.

Let us reexamine our thought exper-
iments, using the concept of ampli-
tudes. First, consider collisions between
westerly “He atoms and easterly 3He
atoms. To calculate the total amplitude
for the case in which the “He particle
travels from the gun to the north detec-
tor, one adds the amplitudes for all the
different trajectories leading to the final
result of a “He atom hitting the north
detector. The probability is then the
square of this total amplitude. The same
series of calculations can be applied to
the case involving 3He. Because of the
symmetry of the situation, and because
the important forces are the same, the
probabilities for the arrival of He and
3He are equal. Thus the probability that
something arrives in the north detector
is exactly twice the probability for the
arrival of either *He or 3He.

Now consider collisions where both
the westerly and the easterly atoms are
4He. We now have amplitudes for two
processes—the easterly atom winds up
in the north detector, and the westerly
particle winds up in the north detec-
tor—that lead to the same final result,
namely, ““He hitting the north detec-
tor.” Thus the principle of superposi-
tion, which instructs us to add ampli-
tudes for all ways of achieving a partic-
ular result, comes into play. The fact
that at this point we must add ampli-
tudes, not probabilities, is the crucial
difference between processes involving
indistinguishable particles and those
involving distinguishable particles.

From the symmetry of the situation,
the amplitudes for northern arrival
from easterly and westerly departures
are the same. Following the principle of
superposition, we add these amplitudes
to get the total amplitude of the colli-
sion process, which is therefore twice
the amplitude of either set of trajecto-
ries. The probability that a He particle
will hit the detector is, then, the square
of the magnitude of the total amplitude,
equaling four times the probability for
either set of trajectories. This result is
twice what we found for the total rate
of northerly arrival in the case of colli-
sions between 3He and ‘He atoms, and
it agrees with experimental results.

L]ust as real numbers can be rep-
resented as displacements along
a line, complex numbers can be rep-
resented as displacements in a plane.
The arrows labeled v and w in il-
lustration a represent two complex
numbers.

Each complex number has mag-
nitude, the length of the arrow, and
each also has phase, the direction
of the arrow. Using this represen-
tation, one can readily visualize the
addition and multiplication of com-
plex numbers. To add the two com-
plex numbers v and w, one displac-
es the arrows as depicted in illustra-
tion b.

Multiplication is somewhat more
complicated, as shown in illustra-
tion ¢. The magnitude, or length, of
the product of v and w is simply the
length of v times the length of w.
The direction, or phase, of the prod-
uct of v and w is defined by the angle
that is the sum of the direction an-
gle for v, ¢y, and the direction angle
for w, dw.

Complex Numbers

a
b W
V+W v
|
c
D+ Dy
vw
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What about the most striking result
of all, namely, that the probability van-
ishes at 90 degrees for 3He on 3He?
How can the argument of the previous
paragraph, which leads to enhanced
(rather than zero) probability for indis-
tinguishable particles, be circumvent-
ed? The rule for combining the easterly
and westerly amplitudes must be mod-
ified. The required modification is sim-
ple but may seem weird and ad hoc on
first hearing. The modified rule is that
for fermions, of which 3He is an exam-
ple, one must subtract the amplitudes
for trajectories when the particles have
been switched. Since the amplitudes
for northern arrivals from easterly and
westerly departure were equal, this rule
will yield zero total amplitude and
therefore zero probability for a north-
erly arrival.

In a fundamental sense, that is all
there is to the traditional quantum sta-
tistics of bosons and fermions. Every-
thing else follows from these basic
rules. Thus to summarize: There are
two possible classes of identical parti-
cles, bosons and fermions. For bosons
(like “He), you simply add the ampli-
tudes for all ways of getting to the final
result; for fermions (like 3He), you sub-

tract if particles are switched.
I fermion amplitudes is startling
and begs for a deeper explana-
tion. Let us strengthen our understand-
ing by seeking the “rules of the rules.”
Are there other possibilities for the
rules, besides those that apply to bo-
sons and fermions? What general re-
quirements must a prescription for
combining identical particle amplitudes
satisfy?

The most fundamental condition
comes from a principle of quantum
mechanics closely related to the super-
position principle. In ordinary proba-
bility, one has the rule that the prob-
ability for a succession of two events
is the probability for one multiplied
by the probability for the other (giv-
en the first). For example, the proba-
bility that I will hit a fastball for a
home run is the probability that a fast-
ball will be thrown times the proba-
bility that if a fastball is thrown I will
hit it for a home run. We mentioned
in our discussion of the principle of
superposition that the ordinary rules
for adding probabilities are replaced,
in quantum mechanics, by rules for
adding amplitudes. So it should not
seem altogether surprising that the
rule for multiplying probabilities of
successive events is replaced in quan-
tum mechanics by the rule that to cal-

he rule that we must subtract



culate the total amplitude for a succes-
sion of events, one must multiply the
partial amplitudes for every step in the
succession.

This rule is extremely powerful. It al-
lows one to evaluate the amplitude of a
process with a complicated history in
terms of much simpler ones. First, one
breaks down the process into many
events occurring over short intervals of
time. Then one determines the ampli-
tude for each shorter event. Finally,
one multiplies the amplitudes for all
the shorter events to get the amplitude
for the complete history. Part of the
power of this insight comes from the
fact that for very short times the be-
havior of particles is essentially gov-
erned by classical mechanics. Thus by
breaking down paths and reassembling
them, it is possible to determine the
quantum mechanical rule for ampli-
tudes almost uniquely from the classi-
cal forces and interactions.

Some processes, however, cannot be
broken down into a succession of small
changes. In such cases one cannot use
the rule for multiplying amplitudes,
and one obtains no guidance from clas-
sical mechanics. An example of such a
process occurs in the helium scattering
experiment for indistinguishable atoms.
In that experiment the trajectories lead-
ing to a northerly arrival fall into two
classes, namely, easterly and westerly
departures. Within each of those class-
es, the trajectories are all related by
small changes. Between the easterly
and westerly classes, however, the tra-
jectories are related by a large change—
the identity of the arriving particle is
completely different. Therefore the rel-
ative amplitude for these trajectories
cannot be determined from the am-
plitude for very small trajectories. In
particular, it is not determined by the
behavior of the particles in the classi-
cal limit.

Without the classical limit to guide
us, it might seem that we are faced
with an embarrassment of riches—any
amplitude at all might seem to be pos-
sible. Fortunately, the possibilities are
strongly constrained because the am-
plitudes for topologically distinct tra-
jectories (that is, trajectories that can-
not be continuously deformed into one
another) must respect the general prin-
ciples of quantum mechanics. In par-
ticular, the amplitudes must be con-
sistent with the principle that the am-
plitudes for successive events are the
products of the amplitudes for the suc-
cessive subevents.

To see the power of this requirement,
consider how it applies to a succession
of two switching processes. If two par-

NORTH

- DETECTOR

SOUTH
DETECTOR

SCATTERING EXPERIMENT can reveal the quantum mechanical behavior of parti-
cles. Two guns shoot particles toward one another. The particles that are deflected
by 90 degrees are recorded in the two detectors. The solid lines show one set of
possible trajectories for the deflected particles. The dotted lines show another set.
The particles are more likely to take the trajectories close to the center (brighter
colors) rather than the ones farther away (darker colors).

ticles exchange position and then ex-
change position again, clearly the net
effect is no exchange at all. Thus for
consistency, when we multiply by some
switching factor and then multiply by
the factor again, the overall result must
be the same as multiplying by 1. In oth-
er words, the square of the switch-
ing factor must equal 1. We are left
with just two mathematical possibil-
ities: the factor itself must be 1 or
-1. Consequently, either we simply add
amplitudes or we subtract them when
particles are switched. These are just
the cases of bosons and fermions. Both
cases are observed in nature, as we
have seen.

ut is that the end of the story?
B If it were true that the only two

disconnected classes of trajecto-
ries were those corresponding to par-
ticles exchanging their identity, then it
would be. But it is far from obvious
whether further discontinuous distinc-
tions among the trajectories exist.

© 1991 SCIENTIFIC AMERICAN, INC

For example, consider trajectories
that wind around one another a differ-
ent number of times [see illustration
on next page). Because the number of
windings is always a whole number,
to change at all it must change by a
whole number, that is, by a discrete
jump. Thus continuous changes in the
trajectory, which do not introduce any
jumps, cannot change the number of
windings at all. Does the possibility of
windings change the classification of
paths, leading to new possibilities for
quantum statistics?

In three spatial dimensions the an-
swer is no. The best view to see this is
from the vantage point of one of the
particles looking toward the other. In
the course of the motion the relative
position of the other particle traces
out a curve in space. One can imagine
shrinking this curve down to a point in
such a way that the curve never passes
our vantage point. In a similar manner,
any apparent winding, no matter how
complicated, can be undone. The origi-
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nal, complicated trajectory is continu-
ously related to a trivial one.

In two spatial dimensions the situa-
tion is quite different. The trajectory of
a particle can lasso our vantage point.
If it does, then it cannot be shrunk
without passing through our vantage
point. Hence the trajectory can be relat-
ed to a trivial one only by a discontinu-
ous change, namely, a discrete jump
over the particle that serves as our van-
tage point. Indeed the trajectory may
wind around our vantage point repeat-
edly, either clockwise or counterclock-
wise. Trajectories with different net
numbers of windings cannot be contin-
uously related to one another.

Armed with this insight, let us reex-
amine the argument that led to the
conclusion that bosons and fermions
are the only consistent forms of rules
for the interaction of identical parti-
cles. That argument was based on the
fact that if one followed an exchange of
identity with a second such exchange,
the result could be continuously de-
formed into a trivial untangled trajec-
tory. In two dimensions, however, even
some trajectories that do not involve
exchanges of identity still cannot be un-

b

tangled completely. For instance, one
cannot untangle a two-dimensional tra-
jectory in which the particles wind
around one another. If there are wind-
ings, we must be more careful about
how we formulate the “rules of the
rules.”

What is the relationship between ex-
change and winding? In a certain sense,
an exchange can be considered as half
a winding. To see this, let us consider
one concrete way of making the ex-
change. Let two particles circle clock-
wise around their midpoint until they
assume each other’s original positions.
This results in an exchange of identity.
Do it again. Now the particles are back
at their starting points, having wound
around each other once. Thus a succes-
sion of two exchanges results in a tra-
jectory with exactly one winding, which
cannot be deformed to a trivial un-
tangled trajectory—at least not in two
dimensions. And so the requirement
that the square of the factor for an
exchange must be simply 1 no long-
er holds. In fact this factor can be any
complex number. For convenience, I
will say that B is the complex number
multiplying the amplitude for an ex-

INDISTINGUISHABLE PARTICLES exchange position once and then once again as
they travel through time and space. The overall result is a process with no ex-
change. Looking from the particle a toward the particle b, the relative positions
sweep out a closed curve in space ( panels 1 through 5).
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change in the clockwise direction. Then
the amplitude for a complete winding
in the clockwise direction will be B2.
The amplitude for two windings is B4,
and so forth. There is no requirement
that B be either 1 (as for bosons) or
else -1 (as for fermions). Bosons and
fermions are merely two extreme cas-
es; there is a continuous range of pos-
sibilities between them. The term “any-
ons” expresses this freedom to choose
any complex number.

How does one handle a quantum me-
chanical process involving more than
two anyons? The rules for the am-
plitudes of processes involving many
identical particles can be derived from
those involving just two particles. For
bosons, we must simply add the ampli-
tudes. For fermions, we count the total
number of exchanges of identity, then
multiply by -1 for those trajectories
with an odd number of exchanges and
finally add the amplitudes. For the gen-
eral case of anyons, we must add up
the total number of windings over all
pairs, then multiply by B to the appro-
priate power and, once again, add the
amplitudes.

We can summarize the results of
our reexamination of the foundations
of quantum mechanics for identical
particles as follows. In three dimen-
sions, we have attained a deep under-
standing of why bosons and fermions
are the only possibilities. In two dimen-
sions, they are not the only possibili-
ties. There is a continuum of new pos-
sibilities—anyons—in between.

fter such an arduous intellectu-
Aal journey, the destination where
we have arrived may appear dis-
appointing. After all, the real world is
three-dimensional, and the existence of
exotic possibilities for identical parti-
cles in Flatland might seem rather aca-
demic. And yet anyons are quite rele-
vant to the real world and indeed to
the description of some of the most in-
teresting states of matter. How can this
be? The main point is that under cer-
tain circumstances matter does behave
as if it were two-dimensional.

One such circumstance is when we
are describing surface layers only one
or a few atoms thick. Another arises in
materials like graphite or the copper
oxide high-temperature superconduc-
tors that are composed of planes of
atoms stacked on top of one another.
Yet another, relevant to the quantized
Hall effect, arises when we consider
electrons confined in a plane by elec-
tric fields. In all these cases, the states
of motion in the transverse direction
are quantized—meaning it takes a fi-
nite amount of energy to excite them.



At sufficiently low temperatures the
energy to excite them will not be avail-
able, and a two-dimensional descrip-
tion becomes absolutely appropriate.

Of course fundamental particles such
as electrons or photons ultimately are
capable of escaping from any Flatland,
and at the most basic level (at high en-
ergies and in vacuum) they are certain-
ly required to be either bosons or fer-
mions. Yet the most direct and appro-
priate description of the low-energy
behavior of a material is generally not
in terms of these elementary particles.
For example, an electron in a materi-
al exerts forces on the other constitu-
ents of the material and creates a little
pocket of disturbance in its neighbor-
hood, like a movie star moving through
an admiring crowd. The basic excita-
tions in a material may not behave at
all like electrons or other elementary
particles in vacuum. For this reason,
they are known as quasiparticles. One
can hope that quasiparticles in effec-
tively two-dimensional materials are
sometimes anyons.

For anyons to arise, these materials
must also satisfy another subtle but
important requirement. The definition
of anyons includes the factor B, which
is associated with a clockwise wind-
ing. For consistency, we must associate
a factor B! with a counterclockwise
winding. But the clockwise and coun-
terclockwise windings are related by
mirror reflections. The counterclock-
wise windings are equivalent to clock-
wise windings viewed in a mirror, a
relationship known technically as a par-
ity transformation. Similarly, if coun-
terclockwise windings are reversed in
time, they come to look like clockwise
windings. For most practical purposes,
the form of the fundamental laws of
physics is unchanged by parity or time
reversal. The world you see in a reflect-
ed mirror or when you run a movie
backward in time obeys the same fun-
damental laws of physics (to a good ap-
proximation) as the real world.

If we assume that symmetry under
parity and time-reversal transforma-
tions are maintained in a material, then
we must conclude that quasiparticles
winding clockwise around one another
should have the same amplitude as
particles winding counterclockwise and
therefore that B equals B!. This equa-
tion forces B to be either 1 or -1, land-
ing us back at bosons and fermions.

Fortunately, this requirement proves
less restrictive than it appears. Al-
though the basic laws of physics are for
the most part unchanged by parity and
time-reversal transformations, concrete
situations and materials need not be.
For example, the presence of a magnet-

ic field, or rotation, destroys both these
symmetries.

Thus the most obvious obstacles
to the existence of anyons in reality
are not insurmountable. Thinking about
these obstacles does, however, focus
our search: anyons must be quasiparti-
cles in effectively two-dimensional ma-
terials that violate the symmetries of
parity and time reversal.

ut how would we know an anyon

if we saw one? Particles—or qua-

siparticles—do not come conve-
niently labeled “boson,” “fermion” or
“something new: anyon here.” To have
a chance of recognizing anyons, we
must know how anyons behave.

In attempting to understand a gen-
uinely new concept like anyons, it is
good intellectual strategy to relate it to
more familiar things. Fortunately, there
is a very powerful method for relating
general anyons to the more familiar
cases of bosons and fermions. A spe-
cial magic available in two dimensions
allows us to metamorphize anyons into
bosons or fermions—or vice versa—by
imaginative manipulations of fantasy
magnetic fields. This alchemy is called
statistical transmutation, and it is very
important in the theory and practice of
anyon physics.

Here is how statistical transmutation
works. You may be familiar with the be-
havior of a long solenoid, which is no
more and no less than a long winding
of wire [see illustration at right]. When
a current flows through a solenoid,
there is a constant magnetic field (pro-
portional to the current) inside the so-
lenoid but no magnetic field outside.
To generate the two-dimensional ver-
sion of a solenoid, simply take a planar
section of this setup, perpendicular to
the axis of the solenoid. In this way we
find that in two dimensions a magnetic
field can be fully contained in a small
region. This configuration is called a
flux point and is easily generated under
a variety of conditions. (Flux is a quan-
titative measure of the overall power
of a magnetic field distribution. It is
equal to the product of the strength
of the magnetic field and the area it
occupies.)

From the point of view of classical
physics, a flux point is a rather negli-
gible thing. A charged particle will feel
no magnetic field and experience no
force unless it happens to pass bang
on through the middle—which is terri-
bly unlikely. In quantum mechanics the
situation is entirely different. The am-
plitude for a charged particle winding
around a flux point is multiplied by a
factor B that is precisely similar to the
factor we discussed in connection with
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SOLENOID produces a constant mag-
netic field inside the coils but none out-
side. A cross section through the sole-
noid yields a two-dimensional region
that contains a certain amount of the
magnetic field or, more accurately, flux.

quantum statistics. For a process in
which the charge winds n times around
the flux point, the amplitude is multi-
plied by a factor of B to the nth power.
The phase of B is proportional both to
the charge and to the flux. Apart from
this, the flux points have no effect on
other particles.

Thus attaching a fixed amount of
charge and flux to every member of a
set of identical particles produces the
same effect as altering the quantum
statistics of those particles. This idea is
the essence of statistical transmutation.
It allows us to represent one type of
anyon as another type of anyon with
fictitious flux and charge attached.

If flux and charge are both present,
one may expect statistical transmuta-
tion to occur. A common case arises in
what are known as type II supercon-
ductors. When a thin layer of this kind
of superconductor is exposed to a mag-
netic field, it will allow the field to pen-
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STATISTICAL TRANSMUTATION can occur when electrons in
two dimensions encounter a magnetic field. Each electron can

etrate in localized regions. For concep-
tual purposes, we may idealize each
of these regions as a flux point. Now
suppose that an electron becomes at-
tached to such a flux point. Then we
have a charge attached to flux, and we
may expect statistical transmutation to
occur [see illustration above].

For a standard superconductor, it
turns out that the amount of flux
through a flux point is exactly enough
to transmute the statistics of an elec-
tron from fermion to boson. Thus,
whereas the free electron is a fermion,
the electron attached to a flux point
acts like a boson.

transmutation of flux points in

ordinary type II superconductors
may be difficult to observe. But the
physics involved is closely related to
one way (the best way, in my opinion)
of understanding one of the most in-
triguing phenomena in modern phys-
ics, the fractional quantized Hall effect
(FQHE). Unfortunately, a full discussion
of the FQHE is beyond the scope of this
article. Ruthlessly suppressing many
fascinating aspects and technical rami-
fications of this effect, I will now brief-
ly relate its essence.

Readers may remember that certain
atoms that contain certain special num-
bers of electrons are particularly ener-
getically favorable and stable (leading
to the existence of inert elements, or
noble gases). Likewise at certain special
densities the two-dimensional electron
gas in a magnetic field is especially sta-

I I‘ or various reasons, the statistical
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ble. More precisely—and this is very
important—it is the ratio of density to
applied magnetic field that is the cru-
cial factor. This ratio is called the filling
factor. At the preferred filling factors
the electrons, which usually behave like
a gas, instead behave more like a lig-
uid, resisting changes in density.

The existence of one of the preferred
filling factors can be understood in a
fairly straightforward way, similar to
the way we understand closed shells in
the atoms of an inert gas. This filling
factor is usually defined to be 1, and in
this case we refer to the integer quan-
tized Hall effect. In 1983 it was discov-
ered, to universal amazement, that oth-
er discrete fractional values of the fill-
ing factor—for example, exactly one
third the obviously preferred value—
are also especially preferred. At these
values the electron gas becomes a lig-
uid. That is the FQHE.

There is a lovely way to under-
stand this effect, closely related to the
physics of statistical transmutation. In
the experimental arrangement used to
study the quantized Hall effect, elec-
trons are subject to an external mag-
netic field. The electrons being stud-
ied are completely different from the
ones that generate the magnetic field.
One can fantasize, however, that the
electrons carry some of the magnetic
field, that is, they have imaginary flux
points attached. As a result, the elec-
trons transmute into anyons. At the
same time, a change occurs in the fill-
ing fraction, that is, the ratio of the
electron density to the external mag-
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ELECTRON
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“absorb” a certain amount of field (red), and in the process
the electrons can transform from fermions to anyons.

netic field. (The change is the result of
the electrons’ “absorbing” some of the
external field.) Therefore the original
electrons (which are fermions) at a giv-
en filling fraction are related to anyons
at a different filling fraction.

As each electron gathers more and
more flux, the electrons change into
anyons of various types. If the pro-
cess goes far enough, we eventually
come back to fermions. At that point
our fantasy impinges on reality, since
our imaginative swapping of magnetic
field for flux has once more produced
an acceptable state for physical (that
is, fermionic) electrons. In the process,
however, the value of the background
field has been changed and with it the
filling factor. Remarkably, this proce-
dure succeeds in generating states at
just the fractional filling factors that
are observed to be most favorable.

The theory of anyons enables us to
connect two special electron states that
otherwise appear to be of a very differ-
ent character—and a well-understood
state to another that was somewhat
mysterious. It also helps us to under-
stand in a simple, satisfying way why
the favorable filling factors are what
they are.

This use of anyons as a conceptu-
al tool is pleasing, but the best is yet
to come. Anyons also appear directly in
the FQHE. According to the construc-
tion I just outlined, electrons in the
FQHE are actually in a way “superfer-
mions.” If one electron is interchanged
with another, the phase of the ampli-
tude is not only changed by r, which is



always associated with fermions, but
also (in the simplest case of filling fac-
tor one third) altered by an extra 2m,
which is associated with the gathered-
up flux. The total change in phase is
therefore 37r. This fact strongly sug-
gests that it ought to be possible to
define another kind of pointlike excita-
tion that is, in some sense, equivalent
to one third of an electron.

In fact this hypothesis turns out to
be true in a very strong sense. The qua-
siparticles associated with the filling
factor one third FQHE carry one third
of the charge of the electron—and one
third of the electron’s statistics! Math-
ematically, when one of these quasipar-
ticles winds around another, the am-
plitude is multiplied by the cube root
of -1. In the FQHE states that appear
at other filling factors, quasiparticles
emerge carrying other types of exotic
anyon statistics.

ossibly the most exciting devel-
P opment in anyon physics recent-
ly has been the realization (main-
ly the work of Robert Laughlin of Stan-
ford University) that an essentially new
and very powerful mechanism of su-
perfluidity and superconductivity is as-
sociated with the existence of anyons.
The essential attributes of a super-
conductor are that electric currents can
flow in it and that their flow, once
started, has no easy way of dissipating.
What this second requirement means
is best elucidated by considering how
it can fail. For instance, in an ordinary
(nonsuperconducting) metal, a current
comes about as many electrons move
more or less independently in response
to an electric field. If the electric field
is taken away, the electrons will slow
down as they collide with one another
and with the nuclei of the metal. In this
way the flow of electrons is dissipated.
So a key aspect of superconductivity
is that it must not be possible for sin-
gle particles to slow down gradually,
giving up energy to other particles or
to vibrations. Yet they must be able to
move. The only way to reconcile these
requirements is if there is exactly one
isolated state having lower energy than
any other, for each possible value of
the total current. We may think of this
state as a state of correlated motion of
all the particles, such that it is energeti-
cally unfavorable for any single particle
to get out of line. The energy penalty
for getting out of line must be greater
than the energy gain for slowing down
a little.
The states of the quantized Hall ef-
fect have something of this character.
At any of the preferred filling factors,

one finds a unique isolated state of low-
est energy, in which the motion of all
the electrons is correlated. Unfortunate-
ly, however, the quantized Hall effect
takes place in the presence of a back-
ground magnetic field, which means
that charged particles cannot flow in a
normal way. As a result, although in a
certain weak sense they are supercon-
ducting, the quantized Hall states do
not exhibit the most dramatic conse-
quences of superconductivity. But by
using the idea of statistical transmu-
tation, one can relate these flawed su-
perconductors to some true ones. For
according to that idea, one can trade,
conceptually, a magnetic field for par-
ticle statistics. Let us start with a fa-
vored fractional quantized Hall state
and trade all of the real field for ficti-
tious flux attached to the particles, thus
changing them into anyons. The result-
ing stateretains its dissipationless char-
acter, and yet (since there is no real
field left) it can flow. It is a supercon-
ducting state. Such states are excellent
candidates for describing the behavior
of materials whose quasiparticles are
anyons of the appropriate type.

More detailed investigations, both
analytic and numerical, have shown
that the states predicted to be super-
fluid according to this qualitative argu-
ment are in fact so. This mechanism of
anyon superconductivity is very robust
and works even if the other interac-
tions of the quasiparticles are highly
repulsive.

(By comparison, the classic mech-
anism of superconductivity through
pairing is quite delicate. It requires a
net attractive interaction of some kind.
This is rather tricky to arrange for elec-
trons, because in most circumstanc-
es the Coulomb repulsion between
electrons is the dominant force. The
way it works in ordinary superconduc-
tors is that one electron of a pair at-
tracts the much slower-moving posi-
tively charged ions in its vicinity and
is absent from the premises when
the other electron of the pair comes
around and gets attracted by the con-
centration of positive charge. But all
this can work only if the crystal is not
too noisy and the electrons in a pair
are reliably well separated. These two
requirements make it difficult for this
mechanism to work at any but ex-
tremely low temperatures.)

Are the copper oxide high-tempera-
ture superconductors anyon supercon-
ductors? Several general signs certain-
ly encourage one to think they may be.
The main characteristic the copper ox-
ide superconductors have in common is
two-dimensional planes of copper and
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oxygen. These two-dimensional struc-
tures, which display pronounced mag-
netic ordering of a poorly understood
nature, seem like a promising breeding
ground for anyon quasiparticles. Above
all, there is the towering fact that these
materials are high-temperature super-
conductors. One feels that such a strik-
ing, apparently rare and qualitative-
ly new phenomenon deserves a wor-
thy explanation that relates to funda-
mental properties of the materials in
question.

In science, however, the ultimate cri-
terion is not the aesthetic pleasure we
take in our theories but whether they
help us to comprehend particular fac-
ets of reality. Ultimately, only experi-
ments can tell us whether the anyon
mechanism of high-temperature super-
conductivity is relevant to these partic-
ular materials.

What are the relevant experiments?
If anyons do reside in copper oxide
superconductors, then one would ex-
pect that the symmetries of parity and
time reversal would be broken in these
materials. As this article is written, the
issue is unsettled. Some experiments
seem to show evidence that these sym-
metries are broken, but others of com-
parable sensitivity do not.

fter 60 years of fruitful develop-
Ament, the theory of bosons and
fermions may be getting a bit
stale. Anyons provide a new paradigm
for the behavior of matter in two di-
mensions. The states of the fractional
quantized Hall effect provide one rich
realization of this paradigm. Experience
has taught us that nature makes abun-
dant use of every one of the few simple
and consistent possibilities quantum
mechanics offers for the description of
matter. I am therefore confident that
many further realizations of anyons
await discovery.
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René Jules Dubos

This quintessential environmentalist’s
quest for mechanisms of disease evolved
into a philosopher’s search for health

by Carol L. Moberg and Zanvil A. Cohn

uring the course of his life,

René Dubos progressed from

ground-breaking studies of tu-
berculosis and pneumonia to investiga-
tions of the overall pattern of disease
and ultimately the health of the earth.
One of the most influential ecological
thinkers of the 20th century, he com-
bined the stern requirements and care-
ful observations of a biologist with the
daring views and infinite perspectives
of a humanist. He believed that a liv-
ing organism—microbe, person, society
or planet—could be understood only in
the context of the relationships it forms
with everything else.

This view was shaped both by Du-
bos’s distinguished career as a bacteri-
ologist and by his personal experiences
of health and disease. His ecological
approach to discovering new drugs led
to gramicidin, the first clinically useful
antibiotic. That same approach, applied
on a broader scale, led Dubos to a con-
viction that chemical tools for destroy-
ing disease might eventually prove a
dead end in maintaining health.

Dubos’s vision of organisms that
influence their environments—and in
turn are influenced by them—caused
him to describe himself as a “despair-
ing optimist” in the face of human
depredations of the global ecosystem.
Although people’s actions could clearly

CAROL L. MOBERG and ZANVIL A.
COHN work in the Laboratory of Cellular
Physiology and Immunology at the Rock-
efeller University. Moberg, a research as-
sociate, began working with René Dubos
on environmental issues in 1965. She re-
ceived a Ph.D. in comparative literature
from Columbia University in 1978. Cohn
is co-head of the laboratory and a senior
physician and professor at Rockefeller.
He received his M.D. from Harvard Medi-
cal School in 1953 and joined Dubos’s
laboratory at Rockefeller in 1958. The
two recently edited a book about the ear-
ly work of Dubos and others, Launching
the Antibiotic Era.
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change the face of the world for the
worse, Dubos believed that they could
also restore it and even create sur-
roundings that would ultimately im-
prove the human condition.

‘ ‘ ] hen Dubos was eight years old,
severe myopia and an inca-
pacitating attack of rheumatic

fever forced him to make the first of

many adjustments in his life. He aban-
doned his dreams of becoming a bicy-
cle racer or tennis champion and chan-
neled his now limited athletic abilities
into an intellectual restlessness that
dominated the rest of his years. Medi-
tative walks in the French countryside
nurtured his solitary spirit. He read
avidly and found childhood heroes in
translations of Buffalo Bill Westerns and

Nick Carter detective stories. Young Du-

bos found a different kind of health,

despite physical handicaps.

At age 14, Dubos was introduced to
the molding force of the environment:
an essay by Hippolyte Taine described
how the countryside of the Ile-de-
France, the province surrounding Paris,
affected the fables of La Fontaine. Du-
bos became sensitive to the way these
tales depended on the region’s land-
scapes, where nature took on human
dimensions and also served as a mea-
sure of human life. At 80 years, Dubos
still recited from memory his favorite
La Fontaine fable, “The old man and
the three youths.” And he mused on
his love of planting trees: “I [tell] my-
self, as did La Fontaine’s old man, that
someone will enjoy the shade the trees
will cast after I am gone.”

A series of chance events—and his
responses to them—shaped the begin-
nings of Dubos’s career. On recovering
from a second bout of rheumatic fever,
he found only one school, the Nouvel
Institut National Agronomique in Paris,
still open for enrollment that year. He
excelled in all courses except microbi-
ology. It was “intensely boring,” he lat-
er recalled, because it dealt solely with
taxonomy. He also disliked chemistry
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and told his mother he would never
again enter a laboratory. On graduation
Dubos won a scholarship to study ag-
riculture and technology in Indochina
but was then disqualified because of
his rheumatic heart.

Undecided about a career, Dubos
found a job in Rome with a branch of
the League of Nations, writing abstracts
for an agricultural journal. While sitting
in the Palatine Gardens on a warm day
in May, instead of reading about fer-
tilizers, he turned to an article by the
Russian soil microbiologist Sergei Wino-
gradsky. Winogradsky wrote that mi-
croorganisms should be studied not in
artificial laboratory cultures but in their
natural environments in competition
with other bacteria. Dubos later said
his scholarly life began with this idea.
He embraced this ecological approach
to science and decided to study micro-
biology after all.

Dubos wanted to visit the U.S. be-
fore resuming his studies; instead cir-
cumstances were to dictate that he stay
for more than 50 years. On the steam-
ship Rochambeau he encountered Sel-
man Waksman, a soil bacteriologist
whom he had recently guided around
Rome during an international congress.
When Waksman learned Dubos had am-
bitions to study bacteriology but no
definite plans, he offered the young
Frenchman a fellowship to study at
Rutgers University. Dubos arrived in
New York and accompanied Waksman
that same evening to the Rutgers cam-
pus in New Jersey.

Three years later Dubos earned his
Ph.D. in soil microbiology. In the spir-
it of Winogradsky, his doctoral work
demonstrated that the environmental
characteristics of the soil, specifically
pH, moisture and aeration, determine
which microbes are activated to decom-
pose cellulose.

As a student of the soil, Dubos be-
came attracted to what he called the
“philosophic necessity” of three con-
cepts from which his scientific life took
shape. The first was that countless mi-



RENF. JULES DUBOS (1901-1982) was born in France and emi- Rockefeller University), where he developed the first clinical-
grated to the U.S. at age 23. He spent almost his entire career ly useful antibiotic. He spent leisure time planting and prun-
at the Rockefeller Institute for Medical Research (now the ing hemlock trees around his house in Garrison, N.Y.
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In the past, everyone knew the rules. If you
wanted serious, flat-out performance, you got a
manual transmission. If you did’t want all that
shifting, you got a nice, laid-back automatic.

Fortunately, Bob Downs and his team of

1990 Sawen Corporanon
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Saturn engineers had a slightly ditferent vision.
¢¢This is what you get when a bunch of
hard-core performance enthusiasts design an
automatic transmission.”’
The result is a new electronically controlled
automatic that performs in ways no conventional

THE PERFORMANCE
OF THE SATURN FOUR-SPEED
AUTOMATIC TRANSMISSION
is enhanced by a built-in
microcomputer. It
continually monitors
engine speed, controls
clutch pressure and adjusts
shift feel, as you drive.

It also considers climate,
road and altitude factors
to deliver smoother,
cleaner shifts in virtually
every driving situation.

e

automatic can. Like clocking zero to
sixty within 0.5 seconds of a manual
in an SL.2. While delivering shifts so
smooth they’re best described as

being somewhere between invisible

and almost transparent. All ’a

the stuff that’s never been in the rules. SATURN.
But which could have been predicted. Since
rewriting the rules is what Saturn is all about.

A DIFFERENT KIND Of COMPANY. A DIFFERENT KIND Of CAR.

If you'd like to know more about Saturn, and our new sedans and coupe, please call us at 1-800-522-5000.
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crobes perform limited, well-defined
tasks to recycle organic matter so that
it does not accumulate in nature. The
second was that microbes do not di-
gest foods indiscriminately; rather they
are fussy eaters that can be isolated
and trained to perform highly special-
ized tasks. Finally, he examined how
microbes function in complex mix-
tures: not only did they affect one an-
other’s lives and growth, but the envi-
ronment also influenced their activi-
ties. He later enlarged on the idea of

BACTERIAL POLYSACCHARIDE was
mentor Oswald Avery’s challenge to Du-
bos. The complex sugar coat protected
a particularly virulent strain of pneu-
monia from the body’s defenses; Dubos
isolated an enzyme that could dissolve
the protective coat.
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ecological interaction as he developed
theories linking microbes with humans
and then humans with the earth.

nother chance encounter brought
ADubos to the Rockefeller Insti-
tute for Medical Research in
1927. The National Research Council
rejected Dubos’s application for a fel-
lowship because he was not a citizen
but suggested that he consult with fel-
low Frenchman Alexis Carrel at Rocke-
feller. Carrel, a cardiologist, took Dubos
to lunch in the institute dining room
and sat him next to Oswald Avery, a
physician whose research on the pneu-
mococcus would lead him to discov-
er DNA as the material of heredity
in 1944.

When Dubos spoke with Avery, how-
ever, Avery’s hospital laboratory was
trying to produce a serum to cure the
deadly disease lobar pneumonia. Avery
had been thwarted by efforts to decom-
pose safely the polysaccharide capsule
surrounding the virulent type III pneu-
mococcus. He knew that whoever could
find a way to destroy the capsule with-
out side effects would discover a cure
for pneumonia.

Dubos was well prepared for this
chance meeting. The two spent the
afternoon discussing Dubos’s experi-
ence with recovering microbes that di-
gest cellulose, also a polysaccharide,
and Avery’s preoccupations with the
pneumococcus capsule. Dubos assert-
ed, rather brashly for a new Ph.D., “I
think I can find a germ that can decom-
pose that [capsule], and from that germ
I can extract an enzyme.” Avery, no
doubt excited by such a promise, ar-
ranged a fellowship. Dubos was always
grateful to Avery and Rockefeller for
having “taken a person like me, know-
ing nothing at all about medicine, and
coming from an agricultural experi-
ment station, and given him a chance
to work in a hospital.”

Plunged into a hospital setting with
sick and dying pneumonia patients,
Dubos fed polysaccharide coatings of
the type III pneumococci to a soil sam-
ple from a New Jersey cranberry bog.
Most microbes, unaccustomed to poly-
saccharide diets, lapsed into dormancy,
but one bacterium changed its behav-
ior to digest the introduced food. From
this bacterium, Dubos isolated an en-
zyme responsible for digesting the poly-
saccharide capsules, which he called
SIII. Less than three years after Dubos’s
rash promise to Avery, triumph came:
the enzyme cured infected animals
by allowing the naked pneumococci
to fall prey to the body’s phagocytic
mechanisms. Further development of
the enzyme, however, was eclipsed by
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sulfa drugs, which were just becoming
available. ‘

A peculiarity of the cranberry bog
bacterium was that it produced the SIII
enzyme only when the capsular poly-
saccharide was its sole source of food.
Significantly, the enzyme production
did not involve any change in the ge-
netic constitution of the microbe. The
enzyme was produced as an adaptive
response to a compelling nutritional
force in the local environment. This
simple fact heralded a fundamental
principle: any living organism possess-
es multiple potentialities; the ones it ex-
presses depend on external influences.

Such adaptability, Dubos believed,
holds for people as well as microbes.
“Each one of us,” he said, “is born,
so to speak, with the potentiality to
become several different persons, but
what we actually become depends upon
the conditions under which we devel-
op. These conditions, furthermore, are
often largely of our own choosing.”

Dubos had more successes with his
soil-culture techniques. He isolated oth-
er bacterial enzymes: one, for example,
that destroys creatinine, and another
that converts creatine into creatinine.
The latter is still used in assays to mea-
sure creatinine in blood and urine and
to determine renal efficiency. He also
found an enzyme that turned choco-
late into a liquid form that dissolved
easily in milk. Sold as Bosco, it remains
a treat for children.

In 1938 Dubos recovered and partial-
ly purified an enzyme that selectively
degraded nucleic acid in yeast cells and
pneumococci. He named it ribonucle-
ase. It later proved to be a valuable re-
search tool for other Rockefeller scien-
tists. Stanford Moore and William H.
Stein used highly purified ribonuclease
in their work on amino acid analysis of
proteins, and Bruce Merrifield selected
the small enzyme as the first test for
the solid-phase method of protein syn-
thesis—discoveries for which the three
won Nobel Prizes in Chemistry.

ubos’s enzyme discoveries laid

the groundwork for the devel-

opment of antibiotics. He set
out to find an enzyme that would de-
stroy an entire bacterium rather than a
specific cell structure. Gram-positive or-
ganisms such as pneumococci, staphy-
lococci or streptococci served as the
only food source for his soil samples.
In 1939 his search culminated in the
isolation of Bacillus brevis, from which
he extracted an antibacterial agent
that he named tyrothricin. Tyrothri-
cin proved not to be a single enzyme;
instead it contained two polypeptides,
tyrocidine and gramicidin.



Tyrocidine is toxic to all living cells;
gramicidin, which is active both in the
test tube and in animals against gram-
positive bacteria, is, however, limited
to external use because it destroys red
blood cells. (Elsie, the famous Borden
cow, who came down with mastitis at
the 1939 World’s Fair in New York City,
was one of the first invalids to respond
successfully to gramicidin.) A powerful
healer, gramicidin was the first antibi-
otic to be produced commercially and
employed clinically. It is still in use.

Before gramicidin, chemotherapeu-
tic agents were based on such chemical
poisons as arsenic, mercury or dyes,
which Paul Ehrlich predicted at the
turn of the century would act as “mag-
ic bullets.” None had. The specificity of
gramicidin made it what Dubos’s col-
laborator Rollin D. Hotchkiss called a
“kinder, gentler drug.” Exploiting eco-
logical intuition, Dubos had used soil
samples to seek out and exploit natu-
rally occurring bacterial antagonisms.
His systematic search provided a ratio-
nal approach to chemotherapy.

The remarkable contribution of this
work, like so many of Dubos’s discov-
eries, was not the isolation of a spe-
cific substance. Rather it was his syn-
thesis of major ideas that led to new
areas of medical science. Motivated by
a philosophical urge, Dubos continually
sought to find broad principles at work
in nature. He always followed Avery’s
admonition to be “bold in formulating
hypotheses” and “humble in the pres-
ence of facts.”

Dubos was excited by conceptual un-
derpinnings of problems and by cre-
ating hypotheses, but he was notably
diffident about his discoveries once
they had been made. Just as he did
not search for more antibiotics, he
was given to abandoning research proj-
ects. Some were put aside because tech-
niques and knowledge were not yet
available to carry the work further. Oth-
er projects were no longer intellectu-
ally challenging once he had opened
a pathway. Still others became more
suitable for commercial laboratories.
Throughout his life, Dubos generated
new concepts with the conviction that
others would develop his initial work.
In formulating critical questions, he
felt justified that he was “contributing
something more effective than doing
another experiment.”

‘ ‘ [ ith the gramicidin discovery,
medical science acquired a
new set of tools. Dubos’s work

encouraged English scientists Howard

Florey and Ernst Chain to revive the

dormant research on penicillin, which

Alexander Fleming had found acciden-

tally in 1928. Their first report on peni-
cillin’s use as a drug appeared in 1940,
a year after Dubos’s articles on grami-
cidin. Other scientists began probing
the soil for microbes that would pro-
duce more antibiotics. Waksman him-
self undertook numerous searches; one
led to streptomycin and a Nobel Prize.

Not surprisingly, Dubos did not use
the word “antibiotic” (against life),
coined by Waksman in 1942. Dubos re-
ferred to such agents as antibacterial
or antimicrobial, thereby emphasizing
their selective actions that work to re-
new life and health.

Even before other antibiotics became
available, Dubos predicted that bac-
teria would adapt themselves to these
drugs and produce resistant strains.
Although he recognized great victories
in the battle against fatal infections, he
grew critical of chemotherapy. He ar-
gued that a drug’s effect is determined
not only by its action on the parasite
but also by the conditions prevailing in
the body of the host.

Dubos compared the “conquer men-
tality” of drugs to the cowboy philoso-

Bacillus brevis
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phy in his childhood Western nov-
els: “In the crime-ridden frontier town
the hero, singlehanded, blasts out the
desperadoes who were running ram-
pant through the settlement,” he wrote.
“The story ends on a happy note be-
cause it appears that peace has been
restored. But...the death of the vil-
lains does not solve the fundamental
problem, for the rotten social condi-
tions which had opened the town to
the desperadoes will soon allow others
to come in, unless something is done
to correct the primary source of trou-
ble.” Shifting his ecological perspective
from microbes to humans, Dubos de-
cided the problem was not to control
disease but to promote health.

tragic event in his personal life fo-
Acused Dubos’s interest on the hu-
man condition in disease: his

first wife died of tuberculosis in 1942,
just after he had accepted a professor-
ship at Harvard Medical School. Noting
that she had suffered from tuberculo-
sis as a child in France, Dubos believed
it was reactivated by her anguish over
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ISOLATION OF GRAMICIDIN, the first antibiotic, resulted from Dubos’s ecological
approach. He fed pneumococci, staphylococci and streptococci to soil organisms
until he found a microbe—Bacillus brevis—that thrived on the pathogenic diet.
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TUBERCLE BACILLI grown in ordinary culture media form clumps that cannot be
studied easily (left). Dubos and his colleague Bernard D. Davis developed a medi-
um containing nontoxic detergents that removed the bacilli’s waxy capsule and so
allowed rapid, well-dispersed growth (right). This advance permitted the first ac-
curate quantitative studies of tubercle bacilli and their pathogenic properties.

family problems resulting from the
war. Her disease alerted him to the en-
vironment'’s effects on the balance be-
tween human health and bacteria.

Under Avery, Dubos had approached
medical microbiology with the 19th-
century doctrine of specific etiology,
which held that each infectious disease
is caused by a single microbial agent.
This “germ theory of disease” was a
powerful force in the development of
medicine because it meant diseases
could be prevented or treated by at-
tacking their microbes. Later, Dubos
questioned this orthodox approach,
observing that “microbial disease is the
exception rather than the rule. Why do
pathogens so often fail to cause dis-
ease after they have become estab-
lished in the tissues?”

His research took a different direc-
tion when he returned in 1944 to Rock-
efeller and established a laboratory de-
voted to tuberculosis. He started with
a technical advance: the introduction
of nontoxic wetting agents into the
culture medium to prevent the bacil-
li from forming clumps as they grew.
This innovation permitted Dubos to
pursue an approach similar to the one
Avery used with the pneumococcus: he
looked for morphological and immuno-
logic distinctions between strains of
bacilli that caused disease and those
that did not. (He also pioneered meth-
ods for worldwide standardization of
the bacillus Calmette-Guérin [BCG] vac-
cine against tuberculosis, thereby act-
ing on his belief that prevention is bet-
ter than cure.)

The morphological investigations
were inconclusive. Dubos turned to
testing the responses of tubercle bacilli
and their hosts to stimuli that disturb
the equilibrium in which the host re-
mains at peace with potential patho-
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gens. In these experiments, conducted
over a period of 20 years, he incorpo-
rated concepts of disease that had pre-
ceded the germ theory. He investigated
both the possible failure in a host’s de-
fense system and the impact of exter-
nal factors on internal processes. In
one phase, he identified naturally oc-
curring tissue substances that affect-
ed the growth and viability of tubercle
bacilli. And he observed that the com-
plex microenvironment surrounding an
inflammation can determine the course
of the infectious process. Dubos also
found that such environmental influ-
ences as diet, toxins, climate, crowding
and pesticides affected susceptibility to
infection and to disease.

The final phase of this work, with ex-
perimental animals, demonstrated that
early environmental influences had a
lasting effect on growth, development,
nutritional requirements and resistance
to various stresses. He labeled this phe-
nomenon “biological Freudianism.” The
overall impact of Dubos’s research es-
tablished disease not as the determin-
istic result of the presence of patholog-
ical organisms but rather as an ecosys-
tem encompassing multiple events. “Its
solution,” he predicted, “transcends
treatment of symptoms in the individ-
ual patient and might require social
reforms reaching even into the field
of ethics.”

‘ ‘ Jorking and thinking ecologi-
cally, Dubos reformulated the
theory of disease causation by

implicating the total environment. He

showed that a microbe is necessary
but not sufficient to cause disease. He
found that an infection with patho-
genic organisms, such as tubercle bacil-

li, is not inherently destructive and can

persist in a dormant state in the body
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for long periods. Under suitable condi-
tions, even ubiquitous nonpathogenic
microbes can cause diseases.

The important element in disease, he
maintained, is not infection but rath-
er any stress—external or internal—
that alters resistance, provokes the on-
slaught of illness and then determines
the outcome of the disease. Accepting
disease as part of the total ecosystem,
Dubos developed a new theme: if we
want to improve our physical and spiri-
tual well-being, we must first under-
stand and then control our impact on
our surroundings.

Unlike Avery and Louis Pasteur, two
of his personal heroes, Dubos did not
dramatize his work with a single “pro-
tocol experiment” to establish a princi-
ple. Instead he organized a campaign
to get other scientists interested in an
idea and to publicize its significance.
His flair for portraying ideas took him
from informal conversations to pol-
ished lectures. Those he infected with
his hypotheses would think about them
and come back with objections, new
ideas or experimental results.

After a workday dedicated to exper-
iments, colleagues would gather in Du-
bos’s office. There, with feet on his desk
and hands folded behind his head or
pulling on wisps of hair, Dubos would
speculate on what the day’s results
suggested. As the virologist Frank Fen-
ner recalls, “Any exciting lead formed
the base of an inverted pyramid of
heady speculation, which often as not
collapsed the next day. But we were
all, most of all Dubos, enthusiastic
about the work, and we were stimulat-
ed vastly by the imaginative leaps that
René made.”

Dubos was also fond of recounting
favorite hypotheses and stories in the
legendary Rockefeller lunchroom. Hold-
ing forth on such topics as growing
truffles in the laboratory, infections
that produce variegated tulips or why
water does not freeze in fire hydrants
in winter, he enlivened every meal with
his curiosity and imagination. At the
bimonthly Hospital Journal Club, Du-
bos’s critiques caused much anguish
among junior scientists—it was charac-
ter building to see one’s construction
tumbled into a pile of bricks and then
reassembled by Dubos into an architec-
tonic masterpiece.

Dubos’s comments sharpened his as-
sociates’ minds and influenced their ca-
reers. While Rockefeller colleagues pro-
vided an ideal forum for him to re-
hearse emerging ideas, his penetrating
insights and memorable presentations
served to concentrate their attention
on basic dilemmas. Moore, Stein and
Merrifield are only three of dozens



whose later fame can be traced to
one of Dubos’s sparks. (French Nobel-
ist André Lwoff once wrote Dubos that
he wished Nobel Prizes were given for
“ideas rather than molecules.”)

ubos’s ecologically based phi-

losophy of disease is best em-

bodied in Mirage of Health,
published in 1959. He contended that
people will never be free from disease,
because they must continuously adapt
to environments in flux. He predicted
that increasingly crowded, uniform so-
cieties would bring forth new diseases.
Health, he said, “is not necessarily a
state [of] vigor and...well-being, not
even...long life. To be healthy does not
mean that you are free of all disease; it

means that you can function, do what
you want to do and become what you
want to become.” A shocking aspect of
this definition, 30 years ago, was that it
placed the burden of keeping healthy
on the patient and not the physician
and scientific medicine.

Outside the laboratory Dubos stud-
ied social and historical aspects of dis-
ease. Other personal experiences with
illness convinced him how disease re-
sults from the dynamic processes of
life. After his second wife, Jean, con-
valesced from tuberculosis, they col-
laborated on a study of environmental
factors in tuberculosis in The White
Plague, published in 1952. Then, iron-
ically, as if providing further evidence
in support of this thesis, Dubos fell vic-

tim to the pressures of social and pro-
fessional obligations: he developed a
massive gastric ulcer from which he
nearly died. Once again he was forced
to find a new kind of health: he adopt-
ed a plain way of life and an austere
schedule to shelter an intense dedica-
tion to research, writing and lecturing.

Rarely did he interrupt his work. One
exception was to plant and prune trees,
particularly the hemlocks that grew lux-
uriantly on his Hudson Highlands prop-
erty. He took sheer pleasure in clear-
ing away brush and digging stones out
of the soil to make room for his trees
and to open vistas. Such physical exer-
tion invigorated him for long hours
of writing, frequently done out-of-
doors, where trees, insects, birds and

The Shaper and the Shaped

he ability of René Dubos to think on many scales
T at the same time is most evident in his theories

about the importance of the environment in the
development of an organism. This principle was clear in
the way that the same bacterium might express sharp-
ly different traits depending on the properties of its cul-
ture medium, in the way that external factors deter-
mine whether bacterial infection of a host animal leads to
peaceful coexistence or disease and in the way that
changing people’s surroundings can alter their behavior.

Dubos illustrated this principle by citing the arguments
of Winston Churchill in the debate over rebuilding the
British House of Commons after it was bombed during
World War I1. Many people argued that the building should
be redesigned to be more efficient and convenient, but
Churchill urged that it should be rebuilt precisely as it had
been, because to do otherwise would change the style of
English parliamentary debate and ultimately the
democratic foundations of English society itself.
“We shape our buildings,” he said, “and after-
wards they shape us.”

Another example, somewhat closer to home
for Dubos, was Jamaica Bay in New York City. By
the early 1960s urban development had trans-
formed the bay from a home for oyster beds
and a spawning ground for fish, surrounded by
marshes that supported waterfowl, to a nearly
lifeless body of water whose shoreline was
made up almost entirely of landfill. More than
1,500 outflow pipes directed raw sewage into
the water.

Residents of the area began fighting for a
cleanup of Jamaica Bay, and a city parks depart-
ment employee, Herbert Johnson, worked to
find grasses, shrubs and trees that would colo-
nize the fill. A turning point for the bay came in
1970, when Dubos and others mobilized public
opinion to block expansion of Kennedy Interna-
tional Airport into the bay. Dubos ridiculed the
idea that a two-year study would be required to
determine whether the expansion would dam-
age the Jamaica Bay ecosystem. Common sense,

he said, left no doubt as to the adverse impact of dredg-
ing the bay and dumping into it several million cubic
yards of fill.

Further improvements came with sewage treatment
plants that helped to clean the water and with the conver-
sion of roughly half of the bay’s perimeter to parkland.
Over the past 20 years more than 250 species of birds
have returned to Jamaica Bay, as have moliusks and fish.
The bay is now a wildlife refuge in the Gateway National
Recreation Area, and a peninsula across from Kennedy
Airport has been renamed Dubos Point Wetland Park. Du-
bos often cited Jamaica Bay to show how a few motivated
men and women can have a positive effect on an environ-
ment, which in turn has a positive effect on many more
people. “If | were Billy Graham,” he once said, “I would
preach to people that the best way to save their souls is
to save the environment of cities like New York.”

X L T AN R
P e s -_,a"'f-'-:

e

4
v %~ S
-

Dubos Point Wetland Park

SCIENTIFIC AMERICAN May 1991

© 1991 SCIENTIFIC AMERICAN, INC

73



flowers provided his office furnishings.

René Dubos’s transition to human
ecologist began in the 1950s. His well-
publicized views on the links between
human health and environmental forc-
es made him a representative for those
disturbed about the earth’s health. Al-
though he sounded some of the earli-
est warnings of ecological disasters, he
grew critical of doomsayers. Instead he
turned his knowledge of ecological prin-
ciples toward formulating problems of
great complexity in environmental is-
sues. Just as he had disturbed ortho-
doxy in science and medicine, he re-
stated ecology with bold, new hypothe-
ses. He introduced human contexts in
every issue and demanded fundamen-
tal changes in the ways people think
and live.

Dubos singled out humanity itself as
a balancing factor in the earth’s health.
“There is no ‘natural’ ecology,” he ar-
gued. “Man has changed everything in
nature.” From this unique stance, he
addressed environmental crises only
as aspects of a larger, more significant
problem—the disruption of relation-
ships linking individuals to nature. Al-
though his views on abuses of the
earth were well developed, he believed
that ecological crises threatened to de-
stroy the quality of life rather than the
human population itself. He focused
on preserving humanness and set out
to stimulate curiosity, adventure and
excitement about life’s potentialities.

People adapt so unconsciously to
their surroundings, he worried, that
they would no longer mind the stench
of automobile exhausts, ugly urban
sprawl, “starless skies, treeless avenues,
shapeless buildings, tasteless bread,
joyless celebrations.” He predicted that
loss of sensual perceptions would be
compensated by stimulations from loud
noises, bright lights and drugs. Just as
he had observed microbes in the soil,
he described adaptations taking place
between humanity and the earth in
which one continuously shaped the oth-
er. “We do not live on the planet earth
but with the life it harbors and with-
in the environment that life creates.”
Recognizing great dangers from passive
adaptation, especially boredom and dis-
enchantment of young people, Dubos
even more strongly advocated the hu-
man capacity and need to respond cre-
atively to one’s surroundings.

At the height of his lecturing fame in
the 1970s, Dubos deliberately start-
led his audiences with seemingly unor-
thodox questions. “Do you realize,” he
would begin, “that lawns are unnatural
and their upkeep an ecological crime?”
“Do you really need medicine every
time you get sick?” “Why do you ad-
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mire that ecological disaster and want
to visit that celebrated example of soil
erosion, the Grand Canyon?”

He toppled fashionable notions in
ecology. “Nature does not know best,”
and he would describe how inefficient,
wasteful and destructive undisturbed
nature could be. “There are no resourc-
es, only human resourcefulness,” and
he would describe how aluminum be-
came a resource only after people iso-
lated it. “Humanized nature” is not an-
ticonservationist, he argued, and he re-
minded listeners that wherever people
settle, they transform nature and adapt
it to biological needs that have not
changed for thousands of years.

A visible scientist with a wise and
hopeful message, Dubos stood apart
from the environmental movement of
the 1970s that viewed humanity as ag-
gressor and nature as victim. Instead
he focused on the interactions between
people and their surroundings in which
each is continuously modified by the
other. He recognized that the quality of
life was deteriorating but still had great
faith in the human potential for renew-
al, creation and self-transformation. As
an elder statesman of the environmen-
tal movement, he redefined ecology as
a humanistic science.

ubos dared his audiences to deal
Dwith problems at their source:

challenge not toxic wastes and
dump sites but the need for disposable
containers and the resulting wasted re-
sources. Challenge not wetland disrup-
tion but the need for more airports
or parking lots. Put fundamental needs
of life before claims of profit, prestige
or power. And he called on individ-
uals to initiate actions. He strongly be-
lieved that solutions would not come
from “the official proclamations made
in great universities, policy statements
from governments nor recommenda-
tions from expert panels. Rather it is
all the motivated individuals of the
world who can save it.”

A charismatic speaker, Dubos gave
striking performances with his charm-
ing accent and avuncular manner. Tall,
vigorous and rosy-cheeked, with dura-
ble white wisps on a balding head, he
radiated an inexhaustible joie de vivre.
One was immediately drawn in by his
attentive blue eyes filtered through thick
glasses, a shy yet broad smile and beau-
tiful, large hands that punctuated every
sentence. He could sketch intentional-
ly extravagant hypotheses or speak in
simple parables. He coined numerous
mottoes to simplify his vast messages,
among them, “Think globally, act local-
ly,” which continues to inspire environ-
mentalists. He used personal anecdotes
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to illustrate his wide experience of hu-
man nature. With an astonishing flow
of knowledge and wit amid eloquence,
he moved audiences to laughter, anger,
tears and standing ovations.

Building on his lectures, he wrote
several books in which he developed
a science of human ecology. He de-
scribed the influences of natural and
man-made environments on physical
and mental well-being. And he empha-
sized the human ability to form dis-
tinct relationships with places, persons
and cultures, thus giving rise to rich
and diverse habitats and ways of life.

In his last works, Dubos expanded
his theories on how individuals can im-
prove on nature and even remove envi-
ronmental degradation, and he encour-
aged the responsible use of science
and technology. He also amplified his
dictum that “wherever human beings
are concerned, trend is not destiny.” As
biologist he deepened the understand-
ing of ourselves, while as humanist he
encouraged our capacity to create be-
nign and beautiful surroundings.

By the end of his life, Dubos saw the
environmental movement, whose philo-
sophical underpinnings he had helped
shape, grow from a small fringe ele-
ment to a major political and cultural
force. He saw the first Earth Day in
April 1970 as more than a countercul-
ture celebration. He predicted the pub-
lic would come “to regard the right to
a healthy and pleasant environment as
one of its natural rights” and to believe
that “they are entitled to environmen-
tal quality.” And on Earth Day in 1980
he set forth what remains our most
difficult and pressing environmental
problem: defining individuals’ rights
and duties in the management of this
planet’s health.
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the forbidden

woods.

On the high western slope of
Colorado is an aspen forest where
the outside world is forbidden
to go. It’s a special place where
Rocky Mountain EIk come to give
birth. People who work nearby
preserved this sheltered area as a
calving ground. And because they
protect it, each year hundreds of
elk gather there, unafraid and
unthreatened, to raise future
generations, Do people set aside
places where only nature has
aright to be?

People Do.
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The Silicon Retina

A chip based on the neural architecture
of the eye proves a new, more powerful

way of doing computations

by Misha A. Mahowald and Carver Mead

r I Y he eye is the window through
which the mind perceives the
world around it. It is also a win-

dow through which to discern the work-
ings of the brain. The retina, a thin
sheet of tissue that lines the orb of the
eye, converts raw light into the nerve
signals that the brain interprets as vi-
sual images. This tiny outpost of the
central nervous system must extract
all the essential features of the visual
scene rapidly and reliably under light-
ing conditions that range from the dark
of a moonless night to the stark glare
of the noontime sun.

The retina’s ability to perform these
tasks outstrips that of the most pow-
erful supercomputers. Yet individual
neurons in the retina are about a mil-
lion times slower than electronic de-
vices and consume one ten-millionth
as much power. They also operate with
far less precision than do digital com-
puters. Understanding how the reti-
na manages this feat will undoubtedly
yield profound insights into the com-
putational principles of other, less ac-
cessible regions of the brain.

Clearly, biological computation must
be very different from its digital coun-
terpart. To elucidate this difference, we
decided to build a silicon chip inspired
by the neural architecture and function
of the retina. Our artificial retina gen-
erates, in real time, outputs that mim-

MISHA A. MAHOWALD and CARVER
MEAD work on analog very large scale
integrated circuits at the California In-
stitute of Technology. Mahowald, a doc-
toral student, designs neuronally in-
spired vision systems. She received her
B.Sc. in biology from Caltech in 1985.
Mead is Gordon and Betty Moore Pro-
fessor of Computer Science at Caltech,
where he has taught for more than 30
years. He played a major role in the de-
velopment of design methods for digital
VLSI and is co-author of the standard
textbook in the field. He is now working
to model in silicon biological structures
such as the cochlea and the retina.
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ic signals observed in real retinas. Our
success persuades us that this approach
not only clarifies the nature of biologi-
cal computation but also demonstrates
that the principles of neural informa-
tion processing offer a powerful new
engineering paradigm.

onventional electronic image-

processing systems bear little re-

semblance to the human retina.
Typically they consist of a photosen-
sitive array that delivers signals corre-
sponding to the absolute value of the
illumination at each point in an image,
backed by a formidable computer that
attempts to extract geometric features
from the resulting digital data.

The retina, in contrast, contains five
layers of cells, through which informa-
tion flows both vertically (from one lay-
er to the next) and horizontally (among
neighboring cells in the same layer).
The sensing of photons and the pro-
cessing of the information they contain
are inextricably combined. We believe
that this architecture is crucial to the
formation of visual images.

The top three layers of the retina—
photoreceptors, horizontal cells and
bipolar cells—are the best understood.
These outer layers are the ones whose
organization we have chosen to emu-
late in the silicon retina.

The first layer consists of rod and
cone cells that convert incoming light
to electrical signals. Horizontal cells—
the second layer—make connections
to both photoreceptors and bipolar
cells through the triad synapse. Each
horizontal cell is also connected to its
neighbors by gap junctions through
which ions diffuse. The potential of any
given horizontal cell is thus determined
by the spatially weighted average of the
potentials of cells around it. Nearby
cells make the strongest contribution;
distant ones, relatively less.

Each bipolar cell receives inputs from
a photoreceptor and a horizontal cell
and then produces a signal proportion-
al to the difference between the two. In-
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formation from the bipolar cell passes
through the amacrine cell layer to the
ganglion cells and thence toward the
optic nerve.

The most crucial function of these
first three layers is adaptation. The pho-
toreceptors, horizontal cells and bipo-
lar cells take widely varying amounts
of incoming light and adapt their re-
sponse to produce a signal with a much
narrower dynamic range that nonethe-
less captures the important informa-
tion in a scene. Adaptation is necessary
if the system is to respond sensitively
to small local changes in the image
against a background whose intensity
may vary by a factor of a million from
midnight to high noon.

The retina copes with this tremen-
dous input range in several stages. The
first biological trick is to use two differ-
ent kinds of receptors: rods are sen-
sitive to low light levels and cones to
higher ones. Furthermore, the cones
themselves can alter the range of light
intensities to which they respond, de-
pending on the average long-term
brightness in a scene. (These adaptive
mechanisms explain why people step-
ping into bright sunlight from semi-
darkness experience the scene as
washed out and overexposed.)

The bipolar cells have a narrower dy-
namic range than either the rods or the
cones. The crucial element in enhanc-
ing their response to the important ele-
ments in an image is the triad synapse.
The triad synapse mediates feedback
between the horizontal cells and the
cones. As a result, the bipolar cell does
not have to respond to the absolute
brightness of the scene; it responds
only to the difference between the pho-
toreceptor signal and the local aver-
age signal as computed by the horizon-
tal cell network.

In addition, both the photoreceptors
and the horizontal cells produce loga-
rithmic signals, so that the output of
the bipolar cell—the difference between
the two—actually corresponds to the
ratio of local light intensity to back-



ground intensity, irrespective of the ab-
solute light level. Performing further vi-
sual processing in terms of the intensi-
ty ratio enables the retina to see detail
in shaded and bright areas within the
same scene.

This local adaptation does not just
ensure reliable signaling of small chang-
es in image brightness. It also suppress-
es features of images that are not of in-

MOVING CAT as seen by silicon retina shows initial stages of
biological image processing. (Areas of the image that are dark-
er than their surroundings appear blue; those that are lighter

terest while enhancing those that are.
Large, uniform areas produce only weak
visual signals because the impulses
from any single photoreceptor are es-
sentially canceled by the spatial average
signal from the horizontal cell network.
Edges, in contrast, produce strong sig-
nals because receptors on both sides of
the edge sense light levels significantly
different from the local average.
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The relatively slow temporal response
of the horizontal cell network also en-
hances the visual system’s response
to moving images. Photoreceptors pro-
duce signals from the image of a mov-
ing object while the horizontal cell sig-
nal against which they are compared is
still reporting the previous intensity
level. Unlike a camera, which produces
a single snapshot of an image, the ret-

appear red.) The retina responds most strongly to moving im-
ages: the cat’s head and forelegs appear in sharp relief while
stationary parts of its body fade into the background.
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Modeling Neural Structures in Silicon

HUMAN RETINA

== ' L7 he human retina consists of

cells that conduct neural sig-
nals both within layers and from
one layer to another. The silicon
retina models the functions of the
outermost three layers—photore-
ceptors (rods and cones), horizon-
tal cells and bipolar cells. The rods
and cones transform light into elec-
trical signals; the horizontal cells,
meanwhile, respond to the average
light intensity in their neighbor-
hood. Bipolar cells transmit a signal
corresponding to the ratio of the
signals from rods and horizontal
cells through the ganglion cells,
where it is further processed before
being delivered to the brain.

GANGLION CELLS BIPOLAR CELLS HORIZONTAL CELLS RODS AND CONES

SILICON RETINA

B poPED SILICON
B POLYSILICON WIRES
B mETAL WIRES

E ach silicon photoreceptor mim-
ics a cone cell. It contains both
HOW SILICON RETINAL CELLS ARE CONNECTED a photosensor and adaptive circuit-
ry that adjusts its response to cope
with changing light levels. A net-
work of variable resistors mimics
the horizontal cell layer, supply-
ing feedback based on the aver-
age amount of light striking near-
by photoreceptors. And bipolar cell
circuitry amplifies the difference
between the signal from the pho-
toreceptor and the local average.
The physical layout of the chip
(above) contains circuitry in stag-
gered blocks. Silicon areas doped
with impurities (green) are the ba-
sis for transistors and photosen-
sors, polysilicon (red) forms wires
and resistors, and metal lines (blue)
act as low-resistance wires. The
functional diagram at the left shows
the arrangement of receptor circuit-
ry and the hexagonal grid of vari-
able resistors that makes up the
horizontal cell network. The re-
sponse of the retinal circuit closely
approximates the behavior of the
human retina.

RESISTORS

ADAPTIVE
CIRCUITRY

SENSOR
BIPOLAR
CELL CIRCUIT
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ina devotes itself largely to reporting
changes.

y the mid-1980s neuroscientists

had learned enough about the

operation of nerves and synaps-
es to know there is no mystery to what
they do. In no single instance is there a
function done by a neural element that
cannot, from the point of view of a sys-
tems designer, be duplicated by elec-
tronic devices. Our goal in building a
silicon retina was not to reproduce the
biology to the last detail but rather to
create a simplified version that con-
tains the minimum structure needed to
mimic the biological function.

Each pixel of our model retina con-
sists of three parts: a photoreceptor,
horizontal cell connections and a bi-
polar cell. The photoreceptor includes
both a photosensitive element and a
feedback loop that mimics the slow
adaptive mechanism of cones in the bi-
ological retina. The photosensor, a bi-
polar transistor, produces a current
proportional to the number of photons
it absorbs. The feedback loop amplifies
the difference between the instanta-
neous photocurrent and its long-term
average level. The output voltage of
this circuit is proportional to the loga-
rithm of the light intensity.

At its utmost sensitivity, the photore-
ceptor can form images from light flux-
es of about 100,000 photons per sec-
ond—about the intensity of light from
a moonlit scene focused on the chip
through a standard camera lens. (That
is also near the low end of the operat-
ing range of vertebrate retina cones.)
Large changes in intensity saturate the
photoreceptor response until it has
adapted to the new light level.

To imitate the horizontal cells, we
built a simple hexagonal network of
resistors and capacitors. Each node in
the network is linked to a single pho-
toreceptor and, through identical vari-
able resistors, to its six neighboring
nodes. The capacitors correspond to
the charge storage capacity of horizon-
tal cell membranes, whose fine branch-
ings present a large surface for storing
ionic charge from the extracellular flu-
id. The resistors, meanwhile, model the
gap junctions that couple adjacent hor-
izontal cells in the vertebrate retina.

The voltage at each node in the hori-
zontal cell network therefore presents
a spatially weighted average of the pho-
toreceptor inputs to the network. By
varying the value of the resistor, we can
modulate the effective area over which
signals are averaged—the greater the
resistance, the smaller the area over
which the signals can spread. The hori-
zontal cells also feed back to the pho-

toreceptors and reduce their response
to areas of uniform intensity.

The final output of each pixel in the
silicon retina comes from an amplifier
that senses the voltage difference be-
tween the output of a photoreceptor
unit and the corresponding node in the
horizontal cell network. The behavior
of this amplifier resembles that of the
vertebrate bipolar cell.

The result is a semiconductor chip
containing roughly 2,500 pixels—pho-
toreceptors and their associated im-
age-processing circuitry—in a 50-by-
50 array. The retina chip also incorpo-
rates wiring and amplifier circuits that
enable us either to study the output of
each pixel individually or to scan the
outputs of all the pixels and feed them
to a television monitor, which displays
the image processed by the entire ar-
ray. (Theretina has gone through about
20 iterations, each requiring a few
months for the chip’s design and fab-
rication. It continues to evolve and to
generate new, special-purpose designs
to test particular hypotheses about im-
age formation.)

he behavior of the adaptive reti-

na is remarkably similar to that

of biological systems. We first ex-
amined how the output of a single pixel
responds to changes in light intensi-
ty when the surrounding cells are at
a fixed background illumination. The
shape of the response curve is similar
to that of bipolar cells in the vertebrate
retina. In addition, changes in the back-
ground illumination alter the potential
of the horizontal cell network so that
the response curve of the silicon retina
shifts in the same manner as in biologi-
cal retinas.

The silicon retina also has a temporal
response that closely resembles that
of bipolar cells. When the intensity of
light is suddenly increased, there is a
large jump in output voltage, equal to
the difference between the new input
and the previous average voltage stored
in the resistive network. The response
then settles down to a plateau as the

LINCOLN PORTRAIT (top) eventually
disappears as the silicon retina adapts
itself to an immobile picture. Once the
retina has “adapted the image away,”
substitution of a blank sheet of paper
vields a negative afterimage—just as
the human visual system perceives af-
terimages when the eye looks away
from bright objects. The bright band
around Lincoln’s head in the first image
arises because the retina enhances the
contrast of borders between light and
dark areas.
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network computes a new average volt-
age. When the light is suddenly de-
creased to its original intensity, the out-
put voltage plunges below its original
value because the network now has a
larger average potential than it had orig-
inally. Finally, as the network returns to
the original average value, the output
also returns to its former state. In a bio-
logical retina the slow response of the
horizontal cells ensures that rapid full-
field changes in intensity—which might
correspond to the shadow of a predator
passing over an animal—pass through
the bipolar cells without attenuation.

silicon retina to be subject to many

of the same optical illusions that
humans perceive. The most obvious il-
lusion is that of simultaneous contrast:
a gray square appears darker when
placed against a white background
than when placed against a black back-
ground. Other illusions include the
Mach bands (apparent bright and dark
bands adjacent to transitions from dark
to light) and the Herring grid, in which
gray spots appear at the intersection of
a grid of white lines [see box on oppo-
site page].

Such optical illusions provide impor-
tant insight into the biological retina’s
role in reducing the bandwidth of visu-
al information and extracting only the
essential features of the image. The il-
lusions are created because the retina
selectively encodes visual information.
That our retinal model also sometimes
generates an illusory output gives us
additional confidence in our interpreta-
tion of the principles by which the bio-
logical retina operates.

The behavior of the artificial retina
demonstrates the remarkable power of
the analog computing paradigm em-
bodied in neural circuits. The digital
paradigm dominating computation to-

I n subsequent tests, we found our

SOCCERBALL in motion shows how the delayed response of
the horizontal cell network affects the retina’s perception. The
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day assumes that information must be
digitized to guard against noise and
degradation. In a digital device, voltag-
es within a certain range are translat-
ed into bits having a value of, say,
one, whereas voltages within a differ-
ent range are translated into zeros.
Each device along the computational
pathway restores the voltages to their
proper range. Digitization imposes pre-
cision on an inherently imprecise phys-
ical system.

A neuron, in contrast, is an analog
device: its computations are based on
smoothly varying ion currents rather
than on bits representing discrete ones
and zeros. Yet neural systems are su-
perbly efficient information processors.
One reason is that neural systems work
with basic physics rather than trying
constantly to work against it.

Although nature knows nothing of
bits, Boolean algebra or linear systems
theory, a vast array of physical phe-
nomena implement important mathe-
matical functions. The conservation of
charge, for example, dictates that elec-
tric currents will add and subtract.
Thermodynamic properties of ions
cause the current flowing into a cell to
be an exponential function of the volt-
age across the membrane.

Working with physics helps to ex-
plain why the most efficient digital in-
tegrated circuits envisioned will con-
sume about 1079 joule per operation,
whereas neurons expend only 10-16
joule. In digital systems, data and com-
putational operations must be convert-
ed into binary code, a process that re-
quires about 10,000 digital voltage
changes per operation. Analog devices
carry out the same operation in one
step and so decrease the power con-
sumption of silicon circuits by a factor
of about 10,000.

Even more important, however, the
capacity of analog neural circuits to

operate in unpredictable environments
depends on their ability to represent
information in context. They respond
to differences in signal amplitude rath-
er than to absolute signal levels, thus
largely eliminating the need for precise
calibration. The context for a neural
signal may be the local average light in-
tensity—as it is when a photoreceptor
signal is balanced against the signal
from the horizontal cell network at a
triad synapse. Or it may be the previ-
ous behavior of a neural circuit itself,
as in the long-term adaptation of a
photoreceptor to changing light levels.
The context of a signal may also be
some more complex collection of neu-
ral patterns, including those that con-
stitute learning.

The interplay of context and adapta-
tion is a fundamental principle of the
neural paradigm. It also imposes some
interesting constraints on neurally in-
spired circuits. Because only changes
and differences convey information,
constant change is a necessity for neu-
ral systems—rather than a source of
difficulty, as it is for digital systems.
When showing an image to the digital
retina, for example, we must constantly
keep it in motion, or the retina will
adapt and no longer perceive it. This
requirement for change firmly situates
a neural circuit in the world that it ob-
serves, in contrast to digital circuits,
whose design implicitly assumes sepa-
ration between the system and the out-
side world.

e have taken the first step in
simulating the computations
done by the brain to process a
visual image. How readily can this
strategy be extended to other types of
brain computations? It may seem that
the essentially two-dimensional nature
of today’s integrated circuits would
severely limit efforts to model neural
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ball leaves behind a trail of excitation: bright where the dark
spots have just passed; dark where bright parts have been.



Optical Illusions and the Silicon Retina

misperceptions as is the human visual system suggests
it has captured some essential biological principles.
The Herring grid is one well-studied illusion: gray patches ap-
pear at the intersections of a grid of black squares on a white
background. These patches occur because the retina’s re-
sponse at a given point in the visual field depends on the

r I Y hat the silicon retina is subject to some of the same

Close-up of the grid reveals no illusory bright-
ness change because both the center and the
surround of the receptive field are smaller
than the space between the squares.

When the size of the center receptive field
is comparable to the space between the
squares, the illusion appears.

The illusion disappears again when the grid is
viewed from a distance, because the average
intensity registered by the surround is rough-
ly the same everywhere.

The small squares in both of these images are
the same shade of gray. The retina, however,
perceives brightness in relation to an object’s
background, and so the small square on the
right appears lighter.

light intensity at nearby points. (This is the so-called center-
surround effect.) The neighborhood of the intersections con-
tains more white space and so reduces the apparent bright-
ness of the intersection itself. A simpler example of the same
effect is the illusion of simultaneous contrast (bottom), in
which a gray square appears darker or lighter depending on
the brightness of its background.
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ROTATING SQUARE appears to leave a trail of dark (blue) pixels as it spins. The
effect results from the slow decay of the voltage in the silicon retina’s horizontal
cell network: the bright square increases the potential of the network so that back-
ground pixels appear dark in comparison. Meanwhile the circular area in the cen-
ter of the square appears in the background color; its intensity does not change
over time, and so the retina adapts it away.

tissue. But many parts of the central
nervous system are in fact thin sheets
that carry two-dimensional representa-
tions of computationally relevant infor-
mation. The retina is merely the most
obvious example. Furthermore, in both
neural and silicon systems, the active
devices—be they synapses or transis-
tors—occupy no more than 1 or 2 per-
cent of the space; “wire” occupies the
remaining area. One can be sure, there-
fore, that the limitation of connectivity
has forced the design of many parts of
the brain into a highly specific form.
Specialized wiring patterns are one
clear adaptation to situations in which
the number of processing elements is
limited by the total amount of wire
needed to accomplish a computation.
The brain’s wiring, for instance, en-
sures that closely related information
is mapped onto neighboring groups of
neurons. As an example, the cortical ar-
eas that perform the early processing
of visual information preserve the spa-
tial relations of the image. This map-
like organization of the cortex allows
most of the brain’s wiring to be short
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and highly shared. Similarly, we de-
signed the silicon retina so that the re-
sistors of the horizontal cell network
implement computations for the entire
circuit, not just the immediately adja-
cent cells.

The future development of the sili-
con retina and similar neurally inspired
chips leads along two potentially diver-
gent paths. One is the development of
improved machine vision. A single chip
containing an array of relatively simple
analog circuits, after all, can perform
the same functions as a multiple-chip
system containing an image sensor and
many powerful microprocessors and
large memory chips. Some work is al-
ready in progress toward binocular
circuits—side-by-side silicon retinas
that can determine the distance of ob-
jects in a scene.

Real vision (or something somewhat
closer to it than what exists now) will
probably require retina chips contain-
ing perhaps 100 times more pixels as
well as additional circuits that mimic
the movement-sensitive and edge-en-
hancing functions of the amacrine and
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ganglion cells. Ultimately such systems
will also incorporate additional neural
circuits to recognize the patterns that
the retina generates.

Another path will take researchers to-
ward a grander objective: understand-
ing the brain. For years, biologists have
tacitly assumed that when they have
understood the operation of each mol-
ecule in a nerve membrane, they will
understand the operation of the brain.
But both the digital and the analog
paradigms of computation make it
clear that this assumption is wrong.
After all, a computer is built from a
completely known arrangement of de-
vices whose operation is understood in
minute detail. Yet it is often impossible
to prove that even a simple computer
program will calculate its desired result
or, for that matter, whether the compu-
tation will even terminate.

No matter how well the brain’s archi-
tecture is mapped out, such mapping
alone will not lead to a global view of
the principles and representations on
which the nervous system is organized.
The interactions of the computations
are simply too complex. If, however,
workers can build silicon systems ac-
cording to a deliberate and well-defined
biological metaphor, they may be able
to test and advance researchers’ under-
standing of the nervous system.

The success of this venture can cre-
ate a bridge between neurobiology and
the information sciences, and it will
also greatly deepen the understanding
of computation as a physical process. It
will give rise to an entirely new view of
information processing that harnesses
the power of analog collective systems
to solve problems that are intractable
by conventional digital methods.
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The Genesis of Ores

A precise series of geologic events takes place before
metals become minable. Water, magma and other fluids as well
as weather and wind play essential roles in the formation of ores

hen some 80,000 people
rushed to California in the
mid-19th century to find gold,

many of them knew where to look. The
now famous forty-niners worked the
gravel in modern riverbeds and washed
ancient river deposits exposed in near-
by cliffs into sluices with jets of water.
When these enormous deposits were
exhausted, they traced the gold up-
stream to its source: the Mother Lode,
a system of white quartz veins contain-
ing gold that is 150 miles long and at
points more than one mile deep.

What the forty-niners did not know
was how the gold had gotten into
the veins, why it was found alongside
quartz or why the Mother Lode exist-
ed at all. Only recently have scientists
begun to understand the processes by
which gold and other ores—that is,
minerals or rocks containing useful ele-
ments such as silver, iron, copper and
tin—are formed. They have also dis-
covered where in the earth metals orig-
inate. Today it is clear that ores are an
integral part of the earth’s formation,
of its dynamic evolution and of the ac-
tivities that shape its surface.

Just as the California streams and
rivers transported gold nuggets and
flakes from veins into streambeds, dif-

GEORGE BRIMHALL is professor of
geology at the University of California
at Berkeley. After completing graduate
work there in 1972, he worked for the
Anaconda Company doing mine devel-
opment, exploration and geologic re-
search. Brimhall then taught at Johns
Hopkins University before returning to
Berkeley. His research interests include
the geology and geochemistry of min-
eral deposits in the crust. He is current-
ly working with students and colleagues
to integrate the mechanisms of metal
transport with those of soil genesis, hy-
drology and geomorphology. When he
is not tracking metals, Brimhall and his
wife and two daughters enjoy hiking
mountain trails.
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by George Brimhall

ferent fluids above and below the sur-
face of the earth transport other ore
constituents. These fluids and their
pathways, along with the processes that
shape the earth’s crust, provide the key
to understanding how metallic ores are
formed. By tracing the different fluid
and tectonic systems that have changed
the earth over time, researchers have
come to understand the genesis of these
valuable deposits.

The creation of ores and their place-
ment close to the earth’s surface are
the result of much more than simple
geologic chance. Only an exact series
of physical and chemical events, occur-
ring in the right environment and se-
quence and followed by certain climat-
ic conditions, can give rise to a high
concentration of these compounds so
crucial to the development of civiliza-
tion and technology.

r I Y racking metals by deciphering
changes in the earth’s surface
is not an easy task. Fortunate-

ly, nature has simplified one aspect of
this pursuit: the total amount of met-
al in the earth has remained constant
through the ages. Except for a few
metals such as lead, which is formed in
part by the radioactive decay of urani-
um and thorium, those metals found
in ore deposits and rocks around the
world have resided within the earth for
its entire 4.6-billion-year history.

The earth’s invariant stock of ore
metals is found in two geospheres, or
physicochemical systems. The outer-
most geosphere is a thin, exceedingly
reactive shell near the surface of the
earth. It includes the atmosphere, bio-
sphere, hydrosphere, lithosphere and

LA ESCONDIDA COPPER MINE in the
Atacama Desert of Chile provides geol-
ogists with a window into the earth.
The region’s slow erosion rate and arid-
ity were crucial to both the enrichment
and preservation of copper some 15
million years ago.
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asthenosphere, on which the oceanic
and continental plates move. Below this
complex geosphere is another com-
posed of the mantle and the core.

Although almost all metals are pri-
mordial—that is, they have been neither
created nor destroyed since the begin-
ning of the earth—they have moved
from place to place. Complex chemical
and thermal interactions between the
two geospheres have caused the redis-
tribution of elements, metallic and non-
metallic alike. The migration of certain
metals began very early, even as the
earth was formed, according to one the-
ory, by the accretion of meteorites in
the early solar system.

The protoearth started with approxi-
mately the composition of a primitive
meteorite—an idea supported by Brian
H. Mason of the U.S. National Museum
of Natural History in Washington, D.C.,
and Alfred E. Ringwood of the Austra-




lian National University in Canberra.
Meteorites initially accreted together at

- slow speeds, but the pace accelerated
tremendously as the earth grew larg-
er and its gravitational attraction in-
creased. As a result, the primitive me-
teoritic mass was entirely restructured,
and the earth differentiated into dis-
crete concentric shells.

Each shell is composed of marked-
ly different metals. Iron droplets sep-
arated from the mantle, sank and co-
alesced to form the metallic core as
did other siderophilic, or metal-loving,
elements, such as nickel, cobalt, gold
and platinum. In contrast, the elements
concentrated in the mantle are litho-
philic, or rock-loving, ones, such as sil-
icon, magnesium, aluminum and cal-
cium. Each combines easily with ox-
ygen, the most common element in
rocks, to form minerals called silicates
within the mantle and crust. Next in
prevalence after the lithophilic ele-
ments, which constitute the bulk of the
crust, are the ore-forming elements:
largely chalcophilic, or sulfur-loving,
metals, such as copper and zinc, along
with volatile elements, such as chlorine
and sulfur.

These different ore elements, trapped
for billions of years deep within the
interior of the earth, occasionally as-
cend toward the surface where their
fate is determined. They rise in mag-
ma, which is buoyant and fluid rela-
tive to the mantle. And depending on
the type of environment or the other
substances encountered during the as-

cent, these metallic elements either
become minable metals or remain use-
less rocks.

For example, encountering sulfur
can determine a metal’s form. In the
presence of large amounts of sulfur,
metallic elements precipitate as met-
al-rich sulfide minerals that are dis-
tinct from common rock-forming min-
erals. Sulfide minerals, because of their
high metal content, have unusual phys-
ical properties, such as high density, so
they can be industrially gathered from
surrounding waste rock. Without am-
ple sulfides, metals join with rock-
forming minerals only in trace con-
centrations—parts per million or less.
These amounts are too low to be recov-
ered economically. In common rocks,
metals occur in this dispersed and use-
less form.

P ] ost knowledge about the pivotal
processes—physical, chemical
and mineralogical—that lead to

the concentration of ores comes from

mining. Mines, open pit and under-
ground, are natural laboratories of
priceless scientific value in which geo-
chemical history can be interpreted.
Additional windows on the earth are
provided by thousands of drill holes
that may penetrate the crust to depths
of more than 12,000 feet. With infor-
mation gathered by studying mines
around the world, researchers, myself
included, have come to understand the
varied geologic and geochemical pro-
cesses that must act in concert to cre-

© 1991 SCIENTIFIC AMERICAN, INC

ate and preserve high concentrations
of metals in the crust.

The introduction and redistribution
of metals into the crust require enor-
mous forces. The sheer magnitude of
this activity can be seen, for instance,
in a large copper deposit such as La Es-
condida in Chile, which was formed as
magma rose to the surface. This depos-
it contains 1.8 billion tons of ore that
yields 60 billion pounds of minable
copper, according to James A. Bratt of
BHP-Utah International. Such a concen-
tration is 300 times greater than the
normal crustal abundance of 55 parts
per million and is worth more than
$60 billion.

My work has shown that the pro-
cess of enrichment began very early in
the earth’s history with the evolution of
the crust and culminated with a series
of events bringing together ore met-
als with sulfides and oxides. To be pre-
served, these metal-rich rocks formed
near the earth’s surface had to be pro-
tected from erosion. Accordingly, I have
explored the importance of the envi-
ronment in ore preservation. The sur-
roundings had to be stable for signifi-
cant periods of geologic time while up-
lift and erosion had minimal effect.

Indeed, such preservation occurs only
if ores are incorporated into long-lived
crust. Almost all the known ore depos-
its, even the very old ones, are found
in continental crust, either in rock se-
quences that reflect the proximity of
continental crust at the time of min-
eralization or in fragments of oceanic
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crust that have been incorporated into
continental crust [see “The Continental
Crust,” by B. Clark Burchfiel; SCIENTIF-
IC AMERICAN, September 1983].

Rarely does oceanic crust survive,
however, because the mantle is in a
state of constant circulation, or con-
vection: magma rising from beneath
spreading seafloor ridges erupts and is
conveyed laterally until it sinks beneath
the continents in areas called subduc-
tion zones. The latest seafloor spread-
ing began about 200 million years ago
and produced the present placement
of continents and oceans. Less than
0.001 percent of the oceanic crust cre-
ated over the course of that spreading
has been preserved. This estimate by
Robert G. Coleman of Stanford Univer-
sity suggests that the rest of the ocean-
ic crust disappeared into the mantle
through subduction.

of concentrated ore deposits, geol-

ogists know a lot about the rocks
that host them. Usually metal concen-
trations form in sedimentary and vol-
canic rocks created under water, on
land or at least very near the surface.
They are therefore referred to as su-
pracrustal rocks. Only supracrustal en-
vironments provide all the factors nec-
essary for ore deposition, including the
geologic preservation of ores. It is for-
tunate for human purposes that ores
are usually found at minable depths.

It is not all luck, however; the location
near the surface is unique for several
reasons. First, the environment is char-
acterized by sharp gradients in phys-
ical and chemical conditions because
the earth’s surface is the interface be-
tween the solid earth, atmosphere and
hydrosphere. In particular, a steep ther-
mal gradient there causes ore miner-
als to precipitate during the cooling of
magmas and hydrothermal solutions.

Perhaps the most significant aspect
of the surface that enhances ore depo-
sition is the unusual physical proper-
ties of near-surface rocks compared
with those in the deep crust and man-
tle. At great depths, where pressures
are high, open fractures in rock are rel-
atively uncommon, but at the surface
fractured rocks predominate. The low
temperatures and pressures found near
the surface cause rocks, which are brit-
tle, to crack suddenly under tectonic
and local stresses. In contrast, high-
er temperatures and pressures deep in
the earth cause rocks to accommodate
stresses more gradually—they give way
by squeezing or by plastic flow and are
consequently less permeable.

Cracks allow the passage and rapid
circulation of magmatic and aqueous

I n addition to knowing the locations
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fluids, which are in turn critical to the
process of ore transport. Silicate mag-
ma is one of several fluids that trans-
port metals. Once elements are near
the surface, a number of liquids take
over, including water escaping from
magmas, steam, seawater and ground-
water. These fluids are highly mobile in
comparison with viscous magmas. They
are also very reactive chemically, mak-
ing them excellent solvents for salts,
acids and bases, all of which solubilize
metals efficiently.

Through fracture networks, fluids
such as groundwater or seawater have
easy access to the rocks formed in
the subsurface. Vigorous chemical re-
actions take place between these flu-
ids and the minerals exposed on rock
walls, affecting the composition of both
the rocks and the fluids by mutual
interaction.

When the composition of the ore-
bearing fluid is changed, its capacity
to transport metals diminishes. For ex-
ample, acid-oxidizing liquids become
neutralized and reduced as they pass
through rocks and alter minerals. Oxi-
dation-reduction and hydrolysis reac-
tions are common causes of ore-metal
sulfide precipitation.

In addition to reacting chemically,
fluids can become fractionated, or dis-
tilled into various phases. Metals can
preferentially enter one phase over the
other and separate from the parent
fluid. These later phases include steam
and dense brines.
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Over the course of geologic history,
the interactions between fluids and
rocks have changed. The evolution of
different tectonic environments, as well
as that of the biosphere and atmo-
sphere, modified the composition of
the rocks, minerals and fluids involved.
Many researchers have shown how
such changes are reflected in ore depo-
sition, including Richard W. Hutchin-
son of the Colorado School of Mines,
William S. Fyfe of the University of
Western Ontario, Heinrich D. Holland
of Harvard University and the late
Charles Meyer of the University of Cali-
fornia at Berkeley.

he distribution of major mines
can reveal much about the evolv-
ing nature of the crust and of
the fluid-transport mechanisms. These
mines describe the relation of the

earth’s ore-forming “engines” to the
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forces shaping the face of the earth
and to the underlying deformations
that provide fluids from greater depths
access to the surface.

To understand the complex glob-
al geochemical patterns of numerous
types of ore deposits, researchers must
categorize mines by the dominant met-
al, the character of the environment
where they were deposited and the age
of the deposit. Such classification is
necessary because ore formation and
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related geologic events occur by spon-
taneous processes. These events dissi-
pate energy, reflecting the slow but ir-
reversible degradation of the earth’s
energy sources. This idea suggests that
the present may not always provide a
perfect key to the past, thus contra-
dicting the underlying principle of geo-
logic interpretation: uniformitarianism.

By considering the spatial and tem-
poral occurrences of ore deposits, we
can also understand other aspects of
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the transport engines. As one can see
on the map, the most obvious corre-
lation is between mineralization and
orogenesis, or mountain building. Low-
grade copper deposition, caused by the
circulation of copper-rich water from
magmas, takes place almost exclusively
in zones within the youngest orogenic
belts: the Chilean Andes and the North
American Cordillera.

Other types of deposits have a well-
defined spatial and temporal distri-
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bution, but they seem completely un-
related to present tectonic patterns
such as orogenesis. To make sense
of the diverse types of ore deposits, I
will organize ore-forming environments
not only by the global distribution of
mines described above but by the na-
ture of the transport fluids and the
supracrustal tectonic age regimes as
defined by Hutchinson. This frame-
work owes much to several scientists,
including Frederick J. Sawkins of the
University of Minnesota, Richard Silli-
toe, an independent consultant in Lon-
don, and Samuel Epstein and Hugh
Taylor of the California Institute of
Technology.

re deposition can be divided

into five generalized tectonic

eras, each characterized by a dif-
ferent transport engine for metals and
a different group of ore deposits. (Of
course, the older the process, the less
certain the interpretation.) I will refer to
these five periods as the early Archean
(which lasted from 3.8 to 3.0 billion
years ago), the late Archean (3.0 to 2.5),
the early Proterozoic (2.5 to 1.7), the
mid- to late Proterozoic (1.7 to 0.7) and
the Phanerozoic (0.7 to the present).

a

During the early Archean period, crust-
al tectonics formed ore deposits in sea-
floor rifts, or troughs. Magnesium- and
iron-rich, or ultramafic, lavas reacted
with seawater, creating primary green-
stones and their associated deposits of
nickel, copper, iron and gold.

b

Changes in the late Archean caused the
melting of older crusts and formed ore
deposits in newer, or secondary, green-
stones. Lava erupted on the seafloor
and reacted with seawater, causing met-
als such as zinc and copper to leach out
and sulfide deposits to precipitate.

C

During the early Proterozoic period, tec-
tonic faulting exposed and eroded old-
er ores, and rivers carried them away.
Banded iron formations precipitated
from seawater, and intrusions into the
continental crust created deposits of
chromium and platinum.

d

After the oxygenation of the atmo-
sphere during the mid- to late Protero-
zoic, layered deposits of copper, urani-
um, zinc and lead were formed. Dense
brines escaping from sedimentary ba-
sins reacted with limestone to form lead
and zinc sulfide deposits.
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Geologic evidence prior to the early
Archean is generally lacking either be-
cause the earth was intensely bom-
barded by meteorites or because the
crust was completely recycled into the
mantle. But starting around 3.8 bil-
lion years ago, we can begin to docu-
ment the enormous changes that have
shaped the earth’s surface.

In particular, we can study how the
transport of ore changed. During the
early Archean, most ore minerals were
deposited on or near the seafloor by
the eruption of lavas from which sul-
fides precipitated and settled down-
ward in layers. Heated seawater cours-
ing through lavas also leached metals,
which precipitated and rained down on
the seafloor near submarine hot-spring

a
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3.8-3.0 BILLION YEARS AGO
NICKEL
OCEAN | GOLD

SEDIMENTARY
DEBRIS

LATE ARCHEAN
3.0-2.5 BILLION YEARS AGO

SUBMARINE VOLCANO
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vent areas. More recently, meteoric, or
fresh, water became involved in ore
genesis. (It is unclear, however, wheth-
er the record of this change is real
or simply caused by the destruction of
older examples of such surficial ores.)
The earliest record shows that ores
first formed in elongated submarine
troughs. In these furrows, which often
occur in parallel sets, primitive ultra-
mafic and mafic lavas (that is, those
rich in magnesium and iron) ascend-
ed to the surface and erupted on the
seafloor during the rifting of protocon-
tinents. Today chert, an often gray,
quartz-rich sedimentary rock, and pil-
low lavas reflect the submarine nature
of these early volcanic layers.
Extensive oceanic crust was also
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made in this fashion. Its composition
was modified as seawater circulated
through fractured mafic lavas, produc-
ing greenish secondary minerals. Be-
cause of their color and because they
are the earliest-known type of oceanic
volcanic crust, Andrew Glikson of the
Bureau of Mineral Resources in Canber-
ra called these layers of minerals pri-
mary greenstones.

Primary greenstone belts are the host
rocks for three major types of ore de-
posits. Nickel and copper sulfides, oc-
curring as droplets in magmas, set-
tled to the base of the ultramafic lavas,
forming some of the rich ores of Kam-
balda in western Australia, first recog-
nized by Roy Woodall of the Western
Mining Corporation in Australia. Chem-
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ical reaction of seawater with lava on
the seafloor also caused the precipita-
tion of iron-rich sediments.

The third type of deposit found in pri-
mary greenstone belts consists of gold-
rich sediments: chert, carbonate and
iron sulfide formations. They are similar
to the volcanic and sedimentary strata
described above and were also formed
by eruptions on the seafloor that in-
volved seawater circulation. During lat-
er low-grade metamorphism, these lay-
ered protores (proto-ores) were leached
of their metal content, which later be-
came concentrated in the form of lodes,
or veins, as in Quebec’s Abitibi Green-
stone Belt or the Kolar Gold Fields of
India. Surprisingly, these ancient rocks
have remained relatively unscathed.
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Eventually, in the late Archean, the
continued submarine eruption of dense
ultramafic lavas caused the primary
greenstone sequences to subside. As
they reached greater depths, these lay-
ers were subjected to increasing tem-
peratures, greater metamorphic effects
and even melting. On melting, new
magmas were created and ascended to
the surface, often piled one on top of
the other in the form of sequences of
basalt and rhyolite, a silica-rich rock
similar to granite. These are called sec-
ondary greenstones because their for-
mation involved the fusion and the
differentiation of more primitive lavas.

Also during the late Archean, mas-
sive zinc and copper sulfide ores were
formed on the seafloor by dense, met-
al-rich brines leaching metals from hot
volcanic piles below. Underneath these
sulfides, which formed near seafloor
vent areas, lay feeder zones interlaced
with copper sulfide veins. Sulfides were
usually produced after a rhyolitic phase
of eruption and during the cooling of
the underlying volcanic material before
the next eruption.

r I Y he third supracrustal tectonic
environment spanned the early
Proterozoic. Ore deposits then

formed in troughs that were near or

in continental rift systems or above-
ground. Evidence suggests that the rifts
formed near continental margins with

Nno major orogenic volcanic activity.

Older uplifted blocks of crust con-
taining earlier ore deposits eroded, cre-
ating this era’s sediment. Alluvial fans
deposited sediments containing gold.

(Streams could concentrate gold be-

cause it has a high density compared

with common minerals.) Heavy miner-
als were concentrated near the bottom
of channels. Accordingly, ancient river,
or placer, deposits, such as the Witwa-
tersrand in South Africa, harbor a ma-
jor portion of the world’s gold reserves.

At the same time, waste pyrite, a min-
eral composed of iron and sulfur, was

being transported by streams. This mi-

gration indicates that the atmosphere

was less oxidizing than it is today.

Another indication of the state of the

atmosphere in the early Proterozoic

comes from the widespread distribu-
tion of layered deposits of iron ox-
ides covering huge regions, such as the

Hamersley Range of Western Australia

and the Lake Superior region. Accord-

ing to Holland of Harvard, these band-
ed iron formations were formed by
chemical sedimentation. Cold, oxygen-
deficient seawater rich in dissolved iron
met with oxygenated surface waters.

This encounter led to the precipitation

of ferric oxides.
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But the creation of banded iron for-
mations ceased abruptly about 1.8 bil-
lion years ago when the atmosphere be-
came oxygenated. The mobility of dis-
solved ferrous iron was limited as it
became oxidized into a highly insoluble
form. This metal, after it was freed by
the chemical weathering of rocks, was
immediately fixed at the outcrop as
stable oxide minerals—either hematite
or magnetite; it could not proceed into
rivers and then to the ocean as before.

Simultaneously, another type of ore
deposit began to form in cratonal re-
gions, the growth centers of continents.
For the first time in geologic history,
mafic intrusions invaded a thickened
continental crust and filled large mag-
ma chambers. After interaction with
surrounding wall rocks, these magmas
precipitated deposits of chromium and
iron and titanium oxides as well as the
major platinum deposits of the world:
the Bushveld Complex of South Africa
and the Stillwater Complex of Montana.

After the oxygenation of the atmo-
sphere, the mobility of many metals—
aside from ferrous iron—increased.
This change marks the beginning of the
mid-Proterozoic era, about 1.7 billion
years ago. Continental rifts were again
the site of metal deposition. Red, oxi-
dized continental sediments encasing
hematite formed. The ocean advanced
over these red beds, leading to the
deposition of organic and sulfide-rich
sediments. This layered sequence facil-
itated chemical reactions between the
two, and the interactions in turn pro-
vided the basis for high levels of metal
transport.

Evaporation in arid regions at the
edge of continents began to induce the
upward flow of water from the oxi-
dized red beds. This flow brought met-
als into contact with overlying black
shales, which held abundant sulfides.
As a result, cobalt and copper sulfides
were deposited in shales, such as the
Zambian Copper Belt of Africa.

Like copper, uranium becomes in-
creasingly mobile at the surface. The

weathering of granites containing ura-
nium resulted in major redeposition
events near unconformities and in con-
tinental rifts that had coarse sedimenta-
ry debris. (Unconformities are areas be-
tween sedimentary rock and the rocks
below them, which indicate that erosion
rather than deposition took place.)

At the margins of thick sedimentary
basins, limestones were replaced by
acid brines expelled during compaction
of the basin. Lead and zinc deposits in
the Mississippi Valley formed in this
manner by neutralization, as described
by Dimitri A. Sverjensky of Johns Hop-
kins University.

The Phanerozoic is the fifth and lat-
est supracrustal era of ore deposition.
Because it is the most recent era in the
history of the earth, its complexities are
quite well understood. Many processes
of fluid transport still operate today
and may be studied directly by obser-
vation rather than solely by deduction.

The present configuration of the con-
tinents and oceans results from proto-
continental fragmentation that began
about 200 million years ago with sea-
floor spreading. Large convection en-
gines within the mantle divided the
lithosphere into vast mobile plates.
Most deposition of ores occurs at the
margins of these plates, at the points
where they are created or deformed
and consumed.

The ore-forming environments of the
Phanerozoic are diverse. They include a
wide variety of fluids: intrusive and ex-
trusive silicate magmas, seawater and
meteoric water. Consequently, many
important metals were deposited in
several types of ore deposits.

Particularly exciting observations
have been made on the seafloor. Ophio-
lites, which are interpreted to be slices
of ancient seafloor, often contain mas-
sive copper-rich sulfide deposits. After
lateral transport on the asthenosphere,
these ores are emplaced at continen-
tal margins. Since the development of
plate tectonic theory, scientists have
thought that these ores formed at sea-

OCEANIC
LITHOSPHERE

floor-spreading centers, where seawa-
ter leached metals and reprecipitat-
ed them as sulfides. Indeed, deep-div-
ing submarines, such as Abvin, have
allowed scientists to observe active
hydrothermal vent areas. Speculations
were confirmed when researchers dis-
covered deposits of metal sulfides,
called black smokers, on the seafloor.

Subduction of oceanic crust in moun-
tain-building belts seems to cause the
partial melting of both the oceanic
crust and the overlying continental
crust and mantle. Magmas ascend and
erupt to form the Andean-type vol-
canoes of North and South America.
Occasionally these same magmas, if
rich in water to start with, release an
aqueous fluid along their ascent path
and then freeze. Magmatic salts and
copper are fractionated into the escap-
ing water, which shatters surround-
ing rocks through its violent expansion.
Aqueous fluids circulate within this per-
meable network, driven by the heat giv-
en off by the cooling intrusive magma.
Fluids and exposed rocks vigorously in-
teract, causing copper sulfides to pre-
cipitate; in so doing, they gave rise to
three fourths of the known reserves
of copper.

A new type of gold deposit related
to subduction was recognized in an en-
vironment that was originally mined for
mercury. (Mercury’s affinity for gold
is well known, as it is commonly used
in amalgamation processes.) This dif-
ferent type of deposit, recognized by
Don Gustafson, an independent consul-
tant in Reno, Nev., occurs at the perme-
able fault contact of marine sediments
scraped off the subducted Pacific Plate
and overlying sandstones, where hot-
spring activity occurred near volcanic
centers.

Regional faults control other types
of gold vein systems—as in the case of
the Mother Lode of California—by guid-
ing the circulation of large amounts of
aqueous fluids through metamorphic
wall rocks. The Mother Lode may ac-
tually mark a former subduction zone

LEAD ZINC.. ~ MOLYBDENUM
AND CCPPEFI?..'—/;:_"\E:

CONTINENTAL
LITHOSPHERE

PHANEROZOIC crustal tectonics include seafloor-spreading
centers as well as subduction and orogenic zones at the con-
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tinental margins. Ore formation continues as magma reacts
with seawater and intrudes into the continental plates.



along which seawater or metamorphic
water circulated over great depths, ac-
cording to John K.F.P. Bohlke, formerly
at Argonne National Laboratory.

Gold eroded from primary ore de-
posits such as the Mother Lode ac-
cumulates as particles in streams, as
a lucky few of the forty-niners found.
Such secondary deposits are in many
respects younger, smaller versions of
the ancient gold and uranium con-
glomerates of the Witwatersrand. Many
primary ore deposits formed in the
Phanerozoic have been discovered by
prospecting backward to the source
of the later, secondary sites of surficial
ore deposition.

In addition to deposits of gold, tin
and other heavy minerals accumulat-
ed in riverbeds during the Phanerozo-
ic by erosional transport from moun-
tainous source areas. The buildup of
other metals, such as aluminum, nick-
el or gold, took place in subdued, or
flat, landscapes, where erosion was
minimal. These subsurface deposits re-
sulted from the chemical weathering of
rocks under oxidizing conditions.

Bauxites and laterites—residual ac-
cumulations of aluminum and iron—
occur in regions where tropical rain-
fall and high temperatures promot-
ed intense chemical reactions between
surface water and rocks. Leaching re-
moved most elements but left behind a
residue enriched in insoluble minerals
containing aluminum, nickel or gold.
We have shown that in addition to
chemical weathering, transport and de-
position of aluminous windblown dust
can contribute to the enrichment of
bauxite deposits. The wind itself then
becomes an ore-forming fluid, especial-
ly along dust trajectories, where soils
act as dust collectors.

he combination of air and water
I is particularly effective in caus-
ing local transport of metal un-
derground. Today’s oxygen-rich atmo-
sphere is pivotal to this regional trans-
port, called secondary enrichment of
ores, which is so important to success-
ful mining. Although many elements
are leached away by groundwater as
noted above, some, such as copper, are
reprecipitated farther down.

Rocks above the water table have
pores and fractures full of air. In the
presence of oxygen, pyrite—the most
common sulfide mineral—and most
sulfides oxidize to form sulfuric acid
and mobile metal ions. As acid water
carrying these ions migrates down-
ward, they meet the groundwater table.
Here reduction replaces oxidation, and
copper ions replace pyrite. This process
enriches the ore below the groundwa-
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WEATHERING IS PIVOTAL to ore concentration. Above the groundwater table,
rock pores filled with air oxidize copper, causing the ore to leach out. As this cop-
per reaches the water table—where there is less oxidation—it reprecipitates. Such
so-called secondary enrichment makes copper ore minable.

ter table, sometimes by a factor of two
or more.

Many primary ore deposits, exposed
by uplift and erosion, underwent weath-
ering and oxidation by descending
groundwaters. The metals were leached
from near the surface and reprecipitat-
ed at or near a local water table, there-
by completing the sequence of pro-
cesses leading to ore deposition. With-
out this secondary enrichment, most
copper deposits of the Western Hemi-
sphere would not be minable.

Weathering environments are per-
haps the best-understood ore-form-
ing systems because they involve the
downward migration of fluids [see illus-
tration above]. Water leaves the leached,
oxidized protore relic exposed at the
surface. Miners can then cut into the
underlying zone of secondary enrich-
ment, making these deposits very easy
to study, unlike the primary part of
the system. Such enrichment is unlike-
ly before the oxygenation of the atmo-
sphere, as indicated by the presence of
pyrite in the Witwatersrand.

Since oxidative enrichment occurs
near the earth’s surface and is related
to hydrologic factors like the position
of the groundwater table, it is ultimate-
ly controlled by climatic changes influ-
encing rainfall. Optimal conditions for
secondary copper enrichment are at-
tained during the transition from a wet
to a dry climate because the lowering
groundwater table exposes more pri-
mary sulfides to oxidative weathering.
Charles Alpers, now at McGill Univer-
sity in Montreal, and I have shown that
intense supergene, or downward, en-
richment of copper deposits in the Ata-
cama Desert of Chile occurred during
such a major climatic transition 15 mil-
lion years ago.

Furthermore, while climatic transi-
tions provide the prerequisites for en-
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richment, they also support a feedback
mechanism necessary for preservation
of the enriched ores. As the rainfall
rate dropped to its present hyperarid
state, the erosion rate decreased as
well, protecting the deposits from fur-
ther erosion.

Yrom their formation to their
P modification at the surface of the
earth, ore deposits are geological-
ly transitory and reflect dynamic pro-
cesses within the earth as well as at-
mospheric and climatic influences on
hydrologic systems. As highly reactive
supracrustal systems, they then serve as
geochemical sensors providing a power-
ful record and set of tracer elements for
deducing the history, transport paths
and forces operative in the crust.

As the understanding of the complex
transport of ancient metals to their
sites of deposition improves, the deli-
cate balances necessary for the preser-
vation of ores become more apparent.
Further study will reveal the quantita-
tive rates of various surficial processes
while metals continue to respond vig-
orously to changing environments.
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The Genetics
of Thoroughbred Horses

Thoroughbreds are the most prized of domestic animals

vet the least touched by modern genetics. New studies explore

how inheritance affects their fertility and track performance

he breeding and racing of Thor-

oughbred horses was once ex-

clusively the sport of kings, but
today it is also very much the sport of
the ordinary citizen. Thoroughbred rac-
ing and all that goes with it constitute a
huge leisure industry employing many
thousands of people. Worldwide, $1.5
billion in racing prizes was paid out
in 1984, more than half of it in the U.S.
In that same year the total of official-
ly recorded bets amounted to $33 bil-
lion, which helps to explain why gam-
bling on horse races is an immense
and closely regulated business in most
countries. For those involved in the
breeding and ownership of racehorses,
it is variously a business, a sport, an
art form, a tax strategy and a financial
speculation.

In part because those interests are so
diverse, much less organized study has
been made of the genetics of the Thor-
oughbred than of the genetics of other
domesticated species. The small size of
the average horse-breeding venture has
also discouraged such research. The
breeding of pigs and poultry is primari-
ly in the hands of companies that have
the resources and economic incentives
to harness modern population genet-
ic theory to their breeding programs.
Cattle breeding, too, is dominated by

PATRICK CUNNINGHAM, professor of
animal genetics at Trinity College in
Dublin, has worked on genetic aspects
of domestic livestock improvement pro-
grams for more than 20 years. He was
head of animal breeding and genetics
and deputy director of the Irish Nation-
al Agricultural Research Institute until
1988. Today he works in Rome as the
director of the Animal Production and
Health Division of the Food and Agricul-
ture Organization (FAO) of the United
Nations.
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artificial insemination businesses, which
implement large, scientifically planned
breeding programs. No such concentra-
tions of breeding power exist in the
Thoroughbred world.

The Thoroughbred, however, is in
many ways an ideal animal to which to
apply genetic theory. It is the best doc-
umented of all domestic animals, with
meticulous pedigree records going back
more than 20 generations. It has a sin-
gle breeding objective—success on the
track—and the performance of individ-
ual horses for this character is careful-
ly and extensively documented.

Genetic studies of Thoroughbreds are
particularly timely because of two prob-
lems facing the industry. First, Thor-
oughbreds display disturbingly low fer-
tility: on a global average, only slight-
ly more than 50 foals are produced by
every 100 Thoroughbred mares. In the
British and Irish population the annu-
al reproduction rate is better—about
67 percent—but even this figure looks
very poor compared with those in oth-
er single-offspring species, such as cat-
tle, for which a rate of 85 percent is
considered normal.

The other problem is that contrary to
what one would expect from the ef-
forts to breed and train winners, the
racing performance of Thoroughbreds
is not uniformly improving. The three
English classic races are the St. Leger, a
1.75-mile race open to horses of both
sexes, and the Oaks and the Derby, 1.5-
mile races open to fillies and colts, re-

THOROUGHBRED HORSES have been se-
lectively bred for their racing prowess
for more than three centuries. Although
the pedigrees and track records of all
these animals have been documented
meticulously, formal genetic studies of
Thoroughbreds have been almost non-
existent until recently.
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spectively. Winning times for those rac-
es improved from the 1840s up to
about 1910 but since then have been
relatively static.

A possible genetic explanation for
both the infertility and the static perfor-
mances could be that these problems




arise from the fairly small gene pool
of the Thoroughbreds. High levels of in-
breeding might limit fecundity. Selec-
tion might also have achieved some op-
timal combination of racing traits in
the Thoroughbred population. Without
genetic studies, however, it was impos-
sible to say whether such speculations
might be right or wrong.

My colleagues and I at the National
Agricultural Research Institute of Ire-
land became involved in these prob-
lems about 16 years ago, when I was
summoned to the office of the minister
for agriculture, who was also a noted
racehorse owner and breeder. He told
me he was appalled at the lack of sci-
entific method in the horse-breeding
industry. Could we improve the situa-
tion? The minister eventually went on
to become prime minister, and we be-
gan a series of investigations to estab-
lish a scientific basis for the raising of
Thoroughbreds.

One outcome of our research has
been some new perspectives on the ge-
netic origins of racehorses. The mod-

ern Thoroughbred population descend-
ed from a handful of stallions import-
ed from North Africa and the Middle
East into England in the 1600s. There is
less surviving documentation about the
mares in the founding generations, but
many of them were imported from the
same sources.

or about a century, the popu-
F lation remained relatively small,
and Thoroughbred racing was the
sport of a very limited royal coterie.
The Tudor and early Stuart kings main-
tained studs, although these were dis-
persed by Oliver Cromwell in 1649. Af-
ter the Stuart restoration, the patron-
age of King Charles II gave renewed
impetus to Thoroughbred breeding and
racing. The sport continued to develop
strongly throughout the 18th century,
and it was then that the three oldest
classic races were established: the St.
Leger in 1776, the Oaks in 1779 and
the Derby in 1780.
In 1791 James Weatherby established
his famous Stud Book, or horse-breed-

s
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ing record. In the fifth edition, pub-
lished in 1891, the editors note: “The
following list of the earliest known
mares...combined with the imported
Eastern stallions [are] the source, with
hardly any exception, of the whole of
the so-called thorough-bred stock now
existant, as may be seen by the direct
descent from them of almost all the
principal stallions.” That list comprised
80 foundation animals. From this nar-
row base, the Thoroughbred populution
has expanded and now numbers ap-
proximately half a million worldwide.

Since its creation, Weatherby’s Stud
Book has continued to document the
parentage of all Thoroughbreds born in
Britain and Ireland. Annually it reports
on about 18,000 mares. We have ana-
lyzed those pedigree records with the
primary objective of measuring the lev-
el of inbreeding. The same calculations
enabled us to quantify the contribution
of the earliest ancestors to the genetic
makeup of today’s population.

A listing of the most important of
these foundation animals confirms the




I The Pillars of the Stud Book

hree prominent stallions are often called “the pillars of

the Stud Book” because they appear in the bloodlines of

an astonishingly large proportion of all modern Thorough-

breds. Those horses are, from left to right, the Godolphin Ara-

bian (born about 1725), the Darley Arabian (born about 1688)

and the Byerley Turk (born about 1690). The cat pictured with

| the Godolphin Arabian was the horse’s inseparable compan-
| ion, and all illustrations of the stallion show them together.

A fourth horse, the Curwen Bay Barb (not pictured), which
was born about 1699, should be added to this select list of
stallions because its genetic legacy to modern horses is even
greater than that of the Byerley Turk. The significance of this

| horse is often overlooked, but one of its grandsons was high-
ly prolific and passed along many of its genes.

These paintings of the horses are by Julie A. Wear. The Go-
dolphin Arabian picture hangs in the Kentucky Derby Muse-
um in Louisville; the other two are privately held. All three are
based on earlier illustrations by the noted 18th-century paint-
er John Wootton and on written records.

prominence of the three “pillars of the
Stud Book”: the Godolphin Arabian,
the Darley Arabian and the Byerley
Turk. Those three stallions appear in
the pedigrees of a remarkably large
proportion of the Thoroughbred popu-
lation. It seems, however, that a fourth
stallion—the Curwen Bay Barb—should
have a place with this famous trio be-
cause his genetic contribution is slight-
ly higher than that of the Byerley Turk.
He is not usually recognized as a prom-
inent stallion, because most of his con-
tribution to the breed came through
only one prolific descendant, his grand-
son Partner, which was foaled in 1718.

These four top stallions donated
about one third of the genes in the cur-
rent population, and the top 10 con-
tributors are responsible for half of the
genetic makeup. If we include all ances-
tors with a contribution of 1 percent or

All Thoroughbred Genes

greater, the list includes 21 more hors-
es (11 of them mares) and accounts for
80 percent of the makeup of the mod-
ern population. Those figures hinted
that inbreeding, which seriously harms
the fertility of most animal species,
might be a problem for Thoroughbreds.

r I Y o begin a systematic search for
the causes of the low rate of re-
production, my colleagues and I

needed to determine the success rate

per covering (mating attempt). We also
had to learn how the age of mares,
the timing of conception, levels of in-
breeding and other factors affect that
rate. We therefore analyzed the detailed
breeding records for 2,466 coverings of

639 mares bred at a leading Irish stud

farm between 1964 and 1976.

The results indicated that only about

40 percent of the coverings overall pro-

PERCENT OF GENES IN

ANCESTOR PRESENT POPULATION
______ GODOLPHIN
ARABIAN 14.6 A
DARLEY ARABIAN 75
325
CURWEN BAY BARB 5.6
BYERLEY TURK 48 - 50.3
BETHELL'S ARABIAN 3.3
~—— WHITE DARCY TURK 3.3
OLD BALD PEG (MARE) 3.1
— ST.VICTOR BARB 3.1
LISTER TURK 25
LEEDES ARABIAN 25 J

JUST TEN HORSES have contributed more than half of the genes found in the mod-
ern generation of Thoroughbreds. The top four horses, including “the pillars of the
Stud Book,” have collectively donated almost one third of the genes.
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duced a live foal. Two percent end-
ed in late-stage miscarriage, 26 per-
cent ended in early embryonic loss
and 32 percent were infertile matings.
Distinguishing between an early loss
and an infertile mating is difficult; our
studies led us to adopt a rule of thumb
that an estrus interval of less than 30
days signaled that an embryo had not
been conceived.

The first coverings of the mares were
generally more successful than subse-
quent ones: they produced live foals
41 percent of the time, compared with
only 39 percent for second coverings
and 37 percent for third coverings.
Moreover, first services that took place
after May 15 had a 44 percent foaling
rate, which was much better than the
39 percent rate of first coverings car-
ried out earlier in the season.

After foaling, many mares enter es-
trus again after an interval of only
about 10 days. This estrus is known as
the foaling heat. Breeders often mate a
mare during this period in an attempt
to advance her foaling date in the fol-
lowing season. About half of the first
coverings in our data took place dur-
ing the foaling heat, but they produced
foals only about 29 percent of the time.
That result is considerably less suc-
cessful than the 49 percent foaling rate
for first coverings during the next es-
trus cycle.

Observers have often noticed that in
many mammal species a mother nurs-
ing its young is less likely to conceive
than females that are not lactating.
Nevertheless, lactation did not appear
to affect the fertility of the Thorough-
breds in our data. There was no differ-
ence in the success rates of 829 mares



with foal at foot and of 489 mares that
had not foaled in the previous year.
The age of a mare might also be ex-
pected to affect her success in produc-
ing foals. Age, however, had no notice-
able effect on fertility until after a mare
was 13 years old. Thereafter, a mare’s
fertility became considerably poorer.

e next checked the effects of

inbreeding. Garry A. T. Mahon

of Trinity College in Dublin
and I considered all 10,569 mares in
volume 35 of the Stud Book, which cov-
ers the period from 1961 to 1964. We
followed the breeding history of each
mare back through earlier volumes
and forward through subsequent vol-
umes to collect information on almost
100,000 mare-years of reproduction.
For each mare, we calculated an index
of her lifetime reproductive success. In
parallel with this analysis, we calculat-
ed an inbreeding coefficient for each
mare. The coefficient signifies the ex-
pected percentage of the genes in an
offspring that would be identical be-
cause of relatedness in the parents.

Because of the scale of the comput-
ing task involved, we limited these in-
breeding calculations to consideration
of the previous five generations. For a
smaller number of mares, we pursued
the inbreeding analysis right back to
the foundation animals of more than
20 generations ago.

Our analysis showed that over five
generations, negligible inbreeding—only
about 1 percent—had occurred. Only
about two out of 100 mares had in-
breeding coefficients higher than 4
percent. When we compared the foal-
ing success rates with the levels of in-

breeding, we found that fertility de-
clined by about 7 percent with every 10
percent rise in the inbreeding coeffi-
cient—a reduction that was not statisti-
cally significant because of the small
range of inbreeding levels.

It is therefore difficult to establish a
strong statistical relation between the
levels of Thoroughbred inbreeding and
infertility. The literature on the effects
of inbreeding on equine fertility is not
extensive and offers variable results.
A recent study in Norwegian Trotters
showed a 4.3 percent reduction in the
foaling rate per 10 percent rise in in-
breeding of the offspring. The average
level of inbreeding in the population
that they studied, however, was 5.7 per-
cent, which is much higher than we
found among Thoroughbreds.

When we traced the pedigrees of
some individuals back to the founda-
tion animals, we arrived at an average
inbreeding coefficient of 12.5 percent.
Most of that inbreeding is attributable
to the concentration of genes from a
few prominent stallions in the early
1700s. Again, there was no evidence
that inbreeding was having any signifi-
cant effect on current fertility. During
the 22 generations over which those
horses were bred, natural selection, re-
inforced by breeders deliberately elim-
inating less fertile mares, could have
counteracted any deleterious effects.
Slow, gradual inbreeding, then, may be
less damaging than fast inbreeding.

In our studies, Mahon and I believed
it was important to estimate how much
of Thoroughbred fertility was strictly
under genetic control in any case. We
calculated the degree to which fertility
is inherited by looking at how much
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more similar for this trait the daugh-
ters of any one sire were to one anoth-
er than they were to randomly selected
members of the population. The heri-
tability estimate for mare fertility was
only 7.7 percent, which suggests that
genetic differences in fertility are re-
sponsible for only a small part of the
total variation in this trait. This conclu-
sion agrees with many studies in other
species and indicates that most varia-
tion in fertility is caused by environ-
mental factors.

Further calculations based on this
heritability estimate confirmed our be-
lief that any deleterious effects of in-
breeding during the 19th century could
have been dissipated by selection for
fertility. Breeders would need to reject
only 8 percent of mares for infertility
to counteract the inbreeding depres-
sion. Our conclusion is that the current
level of inbreeding is not a problem
and that the harm from long-term in-
breeding has probably been offset by

selection.
I to Thoroughbreds’ infertility, then

perhaps some aspect of seasonal
breeding is at work. Like most nontrop-
ical animals, the horse is a seasonal
breeder. In the Northern Hemisphere,
most mares reach the peak of their nat-
ural fertility in May, June and July and
then cease ovulating in January, Febru-
ary and March. In the Southern Hemi-
sphere the peaks and lows are shifted
by six months.

That pattern of changing seasonal
fertility has been studied separately in
Australia by Virginia E. Osborne of the
University of Sydney and in Ireland by

f inbreeding is not contributing
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Joe Jennings of the Agricultural Re-
search Institute. They have indepen-
dently confirmed that in the winter few-
er than 20 percent of mares ovulate
and that by midsummer 90 percent do.
It should therefore be much easier to
breed mares successfully during cer-
tain periods of the year.

That fact may seem obvious, but it
runs contrary to routine breeding prac-
tice. In Britain, Ireland and the U.S. all
horses born in one calendar year be-
come officially one year old on the next
January 1. In Australia this registra-
tion date is August 1. Because breeders
want their horses to have the advan-
tages of relative maturity and strength
when competing with others of the
same official age, breeders try to have
their foals born early. Pregnancy in a
mare lasts 11 months, so the breeding
season runs from February 15 to July
15 in the Northern Hemisphere and
from September 8 to December 31 in
the Southern Hemisphere.

When these official breeding season
dates are superimposed on the peri-
ods of ovarian activity, it is immediate-
ly apparent that the breeding season
includes some of the mares’ least fer-
tile months and excludes some of the
most fertile. The practice of starting the
year’s registrations on January 1 in the
Northern Hemisphere therefore costs
the industry something in fertility.

The magnitude of the loss is difficult
to quantify because most mares enter
the breeding season in foal (pregnant),
which alters their subsequent ovula-
tion pattern. Close to 40 percent of the
mares, however, are maidens or were

not in foal in the previous season. For
this group, we calculated the net effect
on fertility of pushing the five-month
breeding season back from its present
starting date of February 15.

We discovered that in the early part
of the season, each week’s delay adds
about 1.5 percent in net fertility to the
mares. Changing the registration date
from January 1 to March 1 and the start
of the breeding season from February
15 to April 15 should add about 14
percent to the fertility of the studied
group and perhaps 10 percent to the
mare population as a whole. Similar re-
sults apply to changes in the Australian
dates. The potential benefits of chang-
ing the dates are significant enough to
merit consideration by the horse-breed-

ing community.
I reason breeders want their foals

born early in the year—to increase
their value—may sometimes be less
valid than most breeders believe. As a
side study, John Ruane of Trinity and
I did a small analysis of the effect of
birth date of foals on their subsequent
sale value and on their performance
at two and three years.

For the analysis of sale value, we con-
sidered 553 yearlings sold in October
1985 and calculated the average sale
price commanded by the foals born in
each month. Horses for sale are classi-
fied into three groups: Invitation, with
an average sale price of $220,000; Pre-
mier, with an average of $36,000; and
Open, with an average of $8,000. The
month of birth, we found, had no ef-

ronically, we have found that the
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MARE FERTILITY fluctuates seasonally, as shown in data gath-
ered in Ireland (left). The number of ovulating mares peaks
in the summer and reaches a nadir in the winter and early

96 SCIENTIFIC AMERICAN May 1991

fect on the sale prices for fillies nor for
any colts except those in the Open cat-
egory—that is, at the less expensive
end of the market.

Our rationalization of this pattern
is that for the more expensive and
highly bred animals, pedigree and ap-
pearance together determine the sale
price irrespective of birth date. At the
low-priced end of the market, many fil-
lies are bought for breeding, and the
month of their birth is unimportant be-
cause they do not race. Pedigree distinc-
tion counts for little among the cheap
colts, however: each animal is evaluat-
ed on its individual traits, not on its
bloodline. Because age is considered to
be an advantage, colts born late in the
year are discounted.

Even some of those late colts may be
undervalued, according to our perfor-
mance analysis. To assess the racing
ability of two- and three-year-old Thor-
oughbreds born during various months,
we used their Timeform ratings, which
we consider to be the best available
quantification of performance for hors-
es in Britain and Ireland. The rating is
expressed in pounds and represents
the handicap weight that the horse
would be given in an open or free race.
Timeform was established in 1948 by
the late Phil Bull, a remarkable English
mathematician turned punter (or gam-
bler, for American readers). The service
produces annual ratings of almost all
the horses that compete.

We looked at the end-of-year Time-
form ratings for all horses that were
two-year-olds in 1981 and three-year-
olds in 1982 and classified the animals
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spring. Currently the breeding season falls during some of
the least fertile months. If the breeding season were post-
poned, the foaling rate could rise dramatically (right).



by their month of birth. No decline
in the ratings was apparent for horses
born in the first five months of the year,
but there was some reduction for the
few born in late May and June. Taken
together, our results suggest that the
influence of birth date on performance
is commonly overrated.

he entire selection and breed-
ing process in Thoroughbreds is
founded on the belief that racing
performance is inherited. Attempts to
analyze the genetics of performance in
a systematic way have involved some
distinguished names, including Charles
Darwin and Francis Galton. It is only
in recent decades, however, that good
estimates of the heritability of perfor-
mance based on adequate data have
been produced.
Toward that end, my colleagues and
I have made several major analyses
of Timeform data, the most recent of
which included the end-of-year records
for 31,263 three-year-olds that raced
between 1961 and 1985. We have at-
tempted to measure whether groups of
half brothers or half sisters have rat-
ings that are more alike than those of
randomly assembled groups. Similarly,
we have also looked at the extent to
which the ratings of parents and their
offspring resemble one another more
than do those of random pairs of indi-
viduals selected from two generations.
Our best estimate says that track per-
formance, as measured by the Time-
form rating, is about 35 percent heri-
table. In other words, about 35 percent
of all the variation that we observe in
track performance is controlled by her-
itable factors and the remaining 65
percent by other influences, such as
training and nutrition. If a mare and a
stallion are each rated 10 percent high-
er than the average for the population,
then we can expect that their offspring
will have ratings that are on average
about 3.5 percent higher. Bear in mind,
however, that there is not a straight-
forward correlation between a horse’s
handicap rating and its actual speed.
With that performance heritability
figure in mind, Barry Gaffney of Trinity
and I sought to estimate how much the
performance of Thoroughbreds should
be improving over time, based on the
idea that the horses with the best track
records are favored for breeding. The
average generation length in Thorough-
breds is about 11 years. Approximate-
ly 6 percent of colts and about 53 per-
cent of fillies are selected for breed-
ing. Putting this information togeth-
er with the estimated heritability of
performance, we calculated that, on av-
erage, genetic improvements in Thor-
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WINNING TIMES are not steadily improving in all Thoroughbred races. In the long
British classic races (the St. Leger, the Oaks and the Derby) and in the Belmont race
in the U.S., the average winning times are not decreasing much, if at all. In contrast,
the winning times for the shorter Kentucky and Preakness races are still dropping.

oughbreds should raise the mean Time-
form ratings by 0.92 unit each year.

We then tried to verify that genetic
changes in the Thoroughbred popula-
tion were taking place at the predicted
rate. Working with 11,328 Timeform
ratings for three-year-old Thorough-
breds, we estimated the relative genetic
merit of the stallions born in the years
1952 to 1977. Our analysis showed
that although the average genetic value
varied somewhat from year to year (as
one would expect), it had a steady up-
ward trend that averaged 0.94 Time-
form unit per year. This figure was re-
markably close to our prediction and
confirmed our belief that selection is
steadily improving the average racing
performance in the population.

Yet, contrary to our conclusion, the
irrefutable fact remains that modern
Thoroughbreds are not bettering the
times of their forebears in the English
classic races. If steady genetic improve-
ment is occurring, how can we explain
static winning times?

One possibility is that a physiologi-
cal ceiling to performance is preventing
further improvement in the Thorough-
breds. There is some support for this
idea: although the performance pla-
teau is evident in the St. Leger and oth-
er long races, winning times are con-
tinuing to improve in the shorter, less
demanding races common in the U.S.,
such as the Kentucky Derby.

Richard L. Willham and his colleagues
at Iowa State University have found
evidence that selective breeding is still
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boosting the performance of quarter
horses. Quarter-horse races are run
over relatively short distances, such as
320 meters (about 0.2 mile). After ana-
lyzing more than a million finishing
time records, Willham’s group estimat-
ed the genetic trends in the quarter-
horse population between 1960 and
1983. They also found consistent aver-
age yearly improvements of 0.47, 0.43
and 0.16 percent in the finishing times
for the 320-, 366- and 402-meter races,
respectively. The genetic trend could
have accounted for one third of the to-
tal improvement in the finishing times.

r I Y he discrepancy between the im-
provements in the quarter-horse
races and the classic races would

make sense if a physiological limit on

performance came into play beyond a

certain threshold of effort. If that hy-

pothesis is true, then it should be pos-
sible to pinpoint the physiological ele-
ments that restrict performance.

The two most likely limiting factors
both relate to blood circulation and
muscle metabolism. The first one is the
blood-borne supply of oxygen to the
muscles for the regeneration of aden-
osine triphosphate (ATP), the molecu-
lar fuel that provides energy for mus-
cle contraction. The second factor is
the rate at which lactic acid is cleared
from the muscles. Lactic acid is a waste
product of the anaerobic (oxygen-free)
breakdown of glycogen, an energy-rich
carbohydrate that provides a second
source of ATP. If lactic acid accumu-
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LACTIC ACID, a waste product of anaerobic muscle contractions, accumulates
faster as a horse exerts itself more. The inability to eliminate lactic acid during the
long classic races may explain the plateau in their winning times.

lates, a muscle cannot derive as much
energy anaerobically.

In every race, a running horse relies
on both aerobic and anaerobic mus-
cle contractions. Although the flow of
blood to the muscles increases dramat-
ically during exercise, a horse’s maxi-
mum effort cannot be sustained by aer-
obic contraction alone. Similarly, the
depletion of glycogen reserves in the
muscles and liver limits activity based
on anaerobic contraction. The balance
of the aerobic and anaerobic contribu-
tions to muscular activity depends on
many variables but particularly on the
amount of activity involved—that is,
the length of the race.

The 20-second sprinting races of
American quarter horses are mainly
aerobic. The 2.5 minutes required to
run the English classics, conversely,
shift the balance, so that most of the
energy supply is anaerobic. That differ-
ence may partially explain why finish-
ing times in longer races seem to have
reached a plateau, whereasrecords con-
tinue to be broken in the sprints.

The physiology of blood circulation
and exercise in horses has been stud-
ied by G. Frederick Fregin and D. Paul
Thomas, then at the University of Penn-
sylvania. They found that as horses
stepped up their efforts during exer-
cise, their heart rate rose steadily from
a resting figure of about 40 beats per
minute to a maximal rate of close to
200. At the same time, the volume of
blood pumped by the heart with each
beat increased linearly. Running at full
stretch, a 500-kilogram horse pumps
250 liters of blood through its sys-
tem each minute, which is the equiv-
alent of 10 times its total blood vol-
ume. Because blood circulation and
oxygen delivery can rise linearly with
exercise, a lack of oxygen is not
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likely to limit a horse’s performance.

A quite different picture, however, is
presented by the levels of lactic acid
in the blood over a similar range of ef-
fort. Fregin and Thomas showed that
the elimination of lactic acid does not
keep pace with growing exertion: blood
lactic acid levels rise much faster. In-
deed, at a horse’s maximum effort, the
clearance of lactic acid from the body
lags critically. That observation sug-
gests that the limiting factor in racing
performance may well be the accumu-
lation of lactic acid in the muscles.

Even if one assumes that such a
physiological ceiling exists, further pro-
gress should be possible. In human ath-
letics, training regimens are now of-
ten targeted specifically on shifting the
lactic acid clearance rate. Such meth-
ods could well have an application in
the training of horses. Furthermore, it
might well be possible to select deliber-
ately for more efficient lactic acid me-
tabolism. In horses, that project would
be very long term, although it might be
feasible to test its applicability in a se-
lection experiment in mice.

uman society has domesticat-
ed a dozen or so of the 4,000
mammalian species now living.
For many centuries, the horse was per-
haps the most important of them, as
the dominant work and transport an-
imal outside the tropics. Those roles
have now nearly disappeared. Never-
theless, the number of horses contin-
ues to grow in many developed coun-
tries as their uses in sports expand. In
this context, the breeding and racing of
Thoroughbreds could be regarded as
the principal human involvement with
horses today.
Yet compared with the other domes-
ticated species, horses and Thorough-
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breds in particular are practically un-
touched by science. An exception is in
veterinary medicine, because the own-
ers of expensive horses demand the sci-
entifically based prevention, diagnosis
and treatment of equine illnesses. In
other respects, the horse industry has
little incentive and some disincentive
to adopt scientific methods.

The rates of genetic improvement in
cattle and pig populations have been
accelerated greatly by artificial insemi-
nation and embryo-transfer techniques,
which permit valuable males and fe-
males to contribute more widely to the
next generation. The authorities that
regulate Thoroughbred horse breeding
nonetheless forbid the use of these
methods.

Nobody is much interested in im-
proving the average racing times be-
cause advantages accrue only to the
owners of the fastest horses; what does
it matter if all horses race 10 percent
faster? The introduction of these tech-
niques would also radically alter the lu-
crative market for breeding animals:
many fewer stallions would be required,
for instance. Such an economic disrup-
tion would not be welcomed.

Nevertheless, scientific methods can
help the breeding of Thoroughbreds.
The industry would undoubtedly bene-
fit from the more efficient procedures,
already in use with other species for
evaluating breeding animals. Raising
mare fertility would also benefit ev-
eryone. That goal is the easiest one to
achieve: all it requires is a change in the
breeding regulations. New DNA tech-
niques can simplify the challenges of
verifying a Thoroughbred’s parentage,
and they may eventually improve the
selection of animals for speed and
other useful traits. All these beneficial
changes are possible without destroy-
ing the basic biological uncertainties
that go to make a horse race.
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Mechanical Engineering

in the Medieval Near East

Muslim engineers preserved earlier technology and added inventions
as basic as the crank, the windmill and the suction pump. Some
of their innovations anticipated much later developments in Europe

he West is accustomed to seeing
I its own intellectual development
as having been shaped, in the
main, by internal factors. This view of
history traces our heritage back from
the Industrial Revolution to the Enlight-
enment and Renaissance and, thence,
via the monkish scribes of the Mid-
dle Ages, to the fountainhead: Greece,
Rome and the ancient empires of the
Fertile Crescent.

But the picture is incomplete be-
cause it ignores the intermediation of
the civilizations of Greek Christendom
(or Byzantium), Hindu India, Confucian
China and Islam. Our subject here is
the technology of medieval Islam—the
knowledge it preserved, the new ideas
it contributed to the medieval world
and the inventions by which it antici-
pated later developments.

When the Prophet Muhammad died
in A.D. 632, he left behind a new reli-
gion with its administrative center at
Medina and its spiritual heart at Mecca.
Within about a year of his death the
rest of Arabia had joined the Muslim

DONALD R. HILL, a retired engineer,
became interested in Arabic while serv-
ing with Britain’s Eighth Army in North
Africa during World War II. After the
war, he worked for the Iraq Petrole-
um Company, returning to England to
join Imperial Chemical Industries. He
later moved to senior positions in the
subsidiaries of two U.S. petrochemical
corporations, from which he retired in
1984. He now devotes his time to Ara-
bic studies, in which he has earned a
master’s degree from Durham Univer-
sity and a Ph.D. from the University
of London’s School of Oriental and Afri-
can Studies. His translation of al-Jazari’s
book of machines won for him a share
of the 1974 Dexter Prize, awarded by
the American Society for the History of
Technology.
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by Donald R. Hill

fold; by 750 the Arab Empire stretched
from the Pyrenees to central Asia.

Although the advent of Islam brought
immense political, religious and cultur-
al changes, the technological traditions
were largely unaffected. In mechanical
engineering the Muslims adapted the
techniques of earlier civilizations to
satisfy the needs of the new society.
These needs centered on a city life
more extensive than any seen since Ro-
man times.

Baghdad’s population is estimated to
have reached about 1.5 million in the
10th century, and cities such as Cor-
doba, Cairo and Samarkand, although
smaller, were still of considerable mag-
nitude. Paris, by contrast, would not
number 100,000 souls for another 400
years. Feeding and clothing the inhabi-
tants of the Islamic world’s vast urban
centers placed great demands on agri-
culture and distribution. These, in turn,
depended on technology for supplying
irrigation water to the fields and for
processing the crops into foodstuffs.

ater and waterpower, there-
fore, will constitute our first
concern. Then we shall de-

scribe water mills and the windmills.
Finally, we shall turn to descriptions,
most of them in a handful of treatises
that have come down to us, of water
clocks, fountains and various automa-
ta, some of which might seem trivial
to modern eyes. Yet they exploit con-
cepts, components and techniques that
did not enter the armamentarium of
Furopean engineering until the time of
the Renaissance.

The most ancient water-raising ma-
chine is the shaduf, a counterweighted
lever from which a bucket is suspend-
ed into a well or stream. It appears in
illustrations from as early as 2500 B.C.
in Akkadian reliefs and is still in use
today in parts of the Middle East. Other
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traditional water-raising machines, in-
troduced between the third and first
centuries B.C., include the screw, or
water snail, whose invention is attri-
buted to the great mathematician Ar-
chimedes. It consists of a helical wood-
en blade rotating within a barrellike
wooden cylinder, a design that could
not push water up inclines greater than
about 30 degrees, although 20 degrees
was more commeon.

Higher lift was achieved by the noria,
a large wheel driven by the velocity of
the current. On the outer rim a series
of compartments are fitted in between
a series of paddles that dip into the wa-
ter and provide the propulsive power.
The water is scooped up by the com-
partments, or pots, and is discharged
into a head tank or an aqueduct at the
top of the wheel. Norias could be made
quite large. The well-known wheels at
Hama on the river Orontes in Syria

CHAIN OF POTS, or saqiya, raises water
for cities and farms. A wooden ox seems
to drive the sagiya, which is actually
powered by a hidden waterwheel. The
drawing (right) is based on one (above)
given by al-Jazari, who flourished in
Iraq at the end of the 12th century.
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have a diameter of about 20 meters.
The noria is self-acting, and its opera-
tion thus requires the presence of nei-
ther man nor beast. It is, however, ex-
pensive to build and maintain.

The sagiya is probably the most
widespread and useful of all the water-
raising machines that medieval Islam
inherited and improved. It is a chain
of pots driven by one or two animals
by means of a pair of gears. The ani-
mals push a drawbar through a circle,
turning an axle whose pinion mesh-
es with a vertical gear. The gear carries
a bearing for the chain of pots, or
pot garland—two ropes between which

earthenware pots are suspended. The
chain of pots is optimal for raising
comparatively small amounts of water
from comparatively deep wells.

Other mechanisms, however, were re-
quired to raise large quantities of wa-
ter relatively small distances. The prob-
lem can be solved by using a spiral
scoop wheel, which raises water to the
ground level with a high degree of ef-
ficiency [see “50 and 100 Years Ago,”
page 14]. The machine is very popular
in Egypt nowadays, and engineers at
a research laboratory near Cairo have
been trying to improve the shape of
the scoop in order to achieve the maxi-

-

WATER CLOCK, reconstructed according to al-Jazari’s specifications, incorporates
in-line” valves and other hydraulic controls. The clock measures time both by the
hour and by the seasonal progression of the signs of the Zodiac.
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mum output. Although it appears very
modern in design, this is not the case:
a 12th-century miniature from Bagh-
dad shows a spiral scoop wheel driven
by two oxen.

These machines are still in use today
in many oil-poor Middle Eastern coun-
tries, because for many purposes they
are at least as efficient as diesel-driven
pumps. Moreover, they do not require
imported fuels, spare parts or labor. Vi-
tal time can therefore be saved, when
the loss of even a single day’s opera-
tion of a machine can kill a crop, mak-
ing reliable performance literally a mat-
ter of life and death.

Given the importance of water-rais-
ing devices to the economy of many
Islamic societies, it is hardly surpris-
ing that attempts were made to intro-
duce new designs or modify existing
ones. Some of the most interesting in-
novations are found in one section of
Ibn al-Razzaz al-Jazari’s great machine
book, The Book of Knowledge of In-
genious Mechanical Devices, which was
completed in Diyar Bakr in Upper Meso-
potamia in 1206.

From our point of view, the most sig-
nificant aspect of these machines is
the ideas and components that they
embody. For example, one of them is
explicitly designed to eliminate out-
of-balance loading and so produce a
smoother operation. Another incorpo-
rates a crank, the first known exam-
ple of the nonmanual use of this im-
portant component. Some of these de-
vices functioned as curiosities.

he invention containing the most
I features of relevance for the de-
velopment of mechanical design,
however, was intended as a practical
machine for high-lift duties: a twin-cyl-
inder, water-driven pump [see illustra-
tion on page 104]. A stream turned a
paddle wheel connected to a gear wheel
meshing with a horizontal gear wheel,
which was installed above a sump that
drained into the stream. The horizon-
tal wheel contained a slot into which a
vertical pin fitted near the perimeter of
the wheel.

The turning wheel moved two con-
necting rods back and forth, thus driv-
ing opposing pistons made of cop-
per disks spaced about six centimeters
apart, the gap being packed with hemp.
The pistons entered copper cylinders,
each one having a suction and deliv-
ery pipe. One piston began its suction
stroke while the other began its deliv-
ery stroke. This machine is remarkable
for three reasons: it incorporates an ef-
fective means of converting rotary into
reciprocating motion, it makes use of
the double-acting principle and it is the



first pump known to have had true
suction pipes.

Waterpower was clearly a prominent
concern of medieval Islamic planners.
Whenever they mentioned a stream or
river, for example, they often included
an estimate of how many mills it would
operate. One might say that they as-
sessed streams for “mill power.”

The three main types of waterwheel
had all been in existence since Classical
times—the horizontal wheel and two
variations of the vertical wheel. The
horizontal wheel has vanes protruding
from a wooden rotor, onto which a jet
of water is directed. In modern Europe
the design was altered to use water
moving axially, like air flowing through
a pinwheel, creating the water turbine.
Interestingly, wheels with curved blades
onto which the flow was directed axial-
ly are described in an Arabic treatise of
the ninth century.

The more powerful vertical wheels
came in two designs: undershot and
overshot. The former is a paddle wheel
that turns under the impulse of the cur-
rent. The overshot wheel receives water
from above, often from specially con-
structed channels; it thus adds the im-
petus of gravity to that of the current.

When the levels of rivers fall in the
dry season, and their flow diminishes,
undershot wheels lose some of their
power. Indeed, if they are fixed to the
banks of rivers, their paddles may cease
to be immersed. One way this problem
was avoided was by mounting the wa-
terwheels on the piers of bridges and
taking advantage of the increased flow
there. Another common solution was
provided by the shipmill, powered by
undershot wheels mounted on the
sides of ships moored in midstream.
On the rivers Tigris and Euphrates in
the 10th century, in Upper Mesopota-
mia, which was the granary for Bagh-
dad, enormous shipmills made of teak
and iron could produce 10 tons of flour
from corn in every 24-hour period.

Gristmilling—the grinding of corn
and other seeds to produce meal—was
always the most important function of
mills. Mills were, however, put to many
other industrial uses. Among these ap-
plications were the fulling of cloth, the
crushing of metallic ores prior to the
extraction process, rice husking, paper-
making and the pulping of sugarcane.
The usual method of adapting water-
wheels for such purposes was to extend
the axle and fit cams to it. The cams
caused trip-hammers to be raised and
then released to fall on the material.

Where waterpower was scarce, the
Muslims had recourse to the wind. In-
deed, it was in riverless Seistan, now in
the western part of Afghanistan, that
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FIRST WINDMILL was invented in the seventh century in Afghanistan, where wa-
terpower was lacking. The rotor turned on a vertical axis, a design that spread
throughout much of Asia. The Muslims never adopted the European windmill, with
its horizontal axis, although the Crusaders erected such windmills in their castles.

windmills were invented, probably ear-
ly in the seventh century A.D. The mills
were supported on substructures built
for the purpose or on the towers of
castles or the tops of hills. They con-
sisted of an upper chamber for the
millstones and a lower one for the ro-
tor. A vertical axle carried either 12 or
six rotor blades, each covered with a
double skin of fabric. Funnel-shaped
ducts pierced the walls of the lower
chamber, their narrower ends facing
toward the interior in order to increase
the speed of the wind when it flowed
against the sails.

This type of windmill spread through-
out the Islamic world and thence to Chi-
na and India. In medieval Egypt it was
used in the sugarcane industry, but its
main application was to gristmilling.

ow we turn to a type of engi-
neering that is quite different
from the utilitarian technology
described so far. We may perhaps call
it fine technology, since its distinguish-
ing features derive from the use of del-
icate mechanisms and controls.
Some of these devices had obvious
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practical uses: water clocks were used
in astronomical observations and were
also erected in public places; astro-
nomical instruments aided both obser-
vation and computation. Others gave
amusement and aesthetic pleasure to
the members of courtly circles. Still
others undoubtedly had didactic pur-
poses, for example, to demonstrate the
principles of pneumatics as understood
at the time. Apart from astronomical
instruments and the remains of two
large water clocks in Fez, Morocco,
none of these machines has survived.
Our knowledge of them comes almost
entirely from two of the Arabic treatis-
es that have come down to us.

The first is by the Banu (Arabic for
sons of ) Musa, three brothers who lived
in Baghdad in the ninth century. They
were patrons of scholars and transla-
tors as well as eminent scientists and
engineers in their own right. They un-
dertook public works and geodetic sur-
veys and wrote a number of books on
mathematical and scientific subjects,
only three of which have survived.

The one that concerns us here is The
Book of Ingenious Devices. It contains
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Some Mechanical Devices of Medieval Islam
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descriptions, each with an illustration,
of 100 devices, some 80 of which are
trick vessels of various kinds. There
are also fountains that change shape at
intervals, a “hurricane” lamp, self-trim-
ming and self-feeding lamps, a gas
mask for use in polluted wells and a
grab for recovering objects from the
beds of streams. This last is of exactly
the same construction as a modern
clamshell grab.

The trick vessels have a variety of
different effects. For example, a single
outlet pipe in a vessel might pour out
first wine, then water and finally a mix-
ture of the two. Although it cannot be
claimed that the results are important,
the means by which they were obtained
are of great significance for the histo-
ry of engineering. The Banu Musa were
masters in the exploitation of small
variations in aerostatic and hydrostatic
pressures and in using conical valves
as “in-line” components in flow sys-
tems, the first known use of conical
valves as automatic controllers.

In several of these vessels, one can
withdraw small quantities of liquid re-
peatedly, but if one withdraws a large
quantity, no further extractions are pos-
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sible. In modern terms one would call
the method used to achieve this result
a fail-safe system.

The second major treatise to have
come down to modern times was writ-
ten by al-Jazari at the close of the 12th
century. He was a servant of the Ar-
tugid princes, vassals of Saladin (who
vanquished Richard the Lion Heart dur-
ing the Third Crusade). His work places
him in the front rank of mechanical en-
gineers from any cultural region in pre-
Renaissance times.

Several of al-Jazari’s machines have
been reconstructed by modern crafts-
men working from his specifications,
which provided far more detail than
was customary in the days before pat-
ent law was invented [see illustration
on page 102]. Such openness has rarely
been encountered until recent times.

1-Jazari’s clocks all employed au-
Atomata to mark the passage of
the hours. These included birds

that discharged pellets from their beaks
onto cymbals, doors that opened to
reveal the figures of humans, rotating
Zodiac circles, the figures of musicians
who struck drums or played trum-
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INTO POLLUTED MINES

TRIP-HAMMER
TO WATERWHEEL

FIRST-KNOWN CRANK
USED TO RAISE AND LOWER
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pets and so on. Generally speaking, the
prime movers transmitted power to
these automata by means of pulley sys-
tems and tripping mechanisms. In the
largest of the water clocks, which had a
working face of about 11 feet high by
4.5 feet wide, the drive came from the
steady descent of a heavy float in a cir-
cular reservoir.

Clearly, some means of maintaining
a constant outflow from the reservoir
was needed and was indeed achieved in
a most remarkable way. A pipe made
of cast bronze led out from the bottom
of the reservoir. It was provided with a
tap, and its end was bent down at right
angles and formed into the seat of a
conical valve. Directly below this outlet
sat a small cylindrical vessel in which
there bobbed a float with the valve plug
on its upper surface.

When the tap was opened, water ran
into the float chamber, the float rose
and caused a plug to enter the valve’s
seat. Water was thus discharged from a
pipe at the bottom of the float cham-
ber, and the valve opened momentari-
ly, whereupon water entered from the
reservoir, the valve closed momentarily
and so on. An almost constant head
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The draining of the tank causes the float to fall, opening a
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was therefore maintained in the float
chamber by feedback control, and the
large float in the reservoir descend-
ed at constant speed. Al-Jazari said he
got the idea for his invention from a
simpler version which he attributed to
Archimedes.

This clock did not record equal
hours of 60 minutes each, but tempo-
ral hours, that is to say, the hours of
daylight or darkness were divided by
12 to give hours that varied with the
seasons. This measurement required
another piece of equipment: the pipe
from the float chamber leading into a
flow regulator, a device that allowed
the orifice to be turned through a com-
plete circle and thus to vary the static
head below the surface of the water in
the reservoir. Previous flow regulators
had all been inaccurate, but al-Jazari
describes how he calibrated the instru-
ment accurately by painstaking trial-
and-error methods. Another type of
clock, which may have been al-Jazari’s
own invention, incorporates a closed-
loop system: the clock worked as long
as it was kept loaded with metal balls
with which to strike a gong.

Al-Jazari also describes candle clocks,

which all worked on a similar princi-
ple. Each design specified a large can-
dle of uniform cross section and known
weight (they even laid down the weight
of the wick). The candle was installed
inside a metal sheath, to which a cap
was fitted. The cap was made absolute-
ly flat by turning it on a lathe; it had a
hole in its center, around which, on the
upper side, was an indentation.

The candle, whose rate of burning
was known, bore against the underside
of the cap, and its wick passed through
the hole. Wax collected in the indenta-
tion and could be removed periodically
so that it did not interfere with steady
burning. The bottom of the candle rest-
ed in a shallow dish that had a ring on
its side connected through pulleys to
a counterweight. As the candle burned
away, the weight pushed it upward at a
constant speed. The automata were op-
erated from the dish at the bottom of
the candle. No other candle clocks of
this sophistication are known.

Other chapters of al-Jazari’s work de-
scribe fountains and musical automata,
which are of interest mainly because in
them the flow of water alternated from
one large tank to another at hourly or
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half-hourly intervals. Several ingenious
devices for hydraulic switching were
used to achieve this operation. Mechani-
cal controls are also described in chap-
ters dealing with a potpourri of devic-
es, including a large metal door, a com-
bination lock and a lock with four bolts.

We see for the first time in al-Jazari’s
work several concepts important for
both design and construction: the lami-
nation of timber to minimize warping,
the static balancing of wheels, the use
of wooden templates (a kind of pattern),
the use of paper models to establish
designs, the calibration of orifices, the
grinding of the seats and plugs of valves
together with emery powder to obtain
a watertight fit, and the casting of met-
als in closed mold boxes with sand.

recisely how Islamic mechanical

technology entered Europe is un-

known. Indeed, there may be in-
stances of ideas being inherited direct-
ly from the Greco-Roman tradition into
medieval Europe. Nor can we rule out
cases of reinvention. When allowanc-
es have been made, however, it seems
probable that some elements of the rich
vein of Islamic mechanical engineering
were transmitted to Europe.

Any such technological borrowing
would probably have been mediated
by contacts between craftsmen, by the
inspection of existing machines work-
ing or in disrepair and by the reports
of travelers. The most likely location
for the transfer of information was Ibe-
ria during the long years in which
Christians and Muslims coexisted.

The diffusion of the elements of ma-
chine technology from the lands of Is-
lam to Europe may always remain part-
ly conjectural. This should not in any
way be allowed to devalue the achieve-
ments of the Muslim engineers, known
and anonymous. Nor should we over-
emphasize the relevance of the Islam-
ic inventions to the development of
modern machinery. Of equal or great-
er importance is the contribution they
made to the material wealth, and hence
the cultural riches, of the medieval
Near East.

FURTHER READING

ROMAN AND ISLAMIC WATER-LIFTING
WHEELS. Thorkild Schigler. Odense Uni-
versity Press, 1973.

A HISTORY OF ENGINEERING IN CLASSI-
CAL AND MEDIEVAL TIMES. Donald R.
Hill. Open Court Publishing Company,
1984.

ISLAMIC TECHNOLOGY: AN ILLUSTRATED
HisTORY. Ahmad Y. al-Hassan and Don-
ald R. Hill. UNESCO and Cambridge Uni-
versity Press, 1986.

SCIENTIFIC AMERICAN May 1991 105



CLEANING UP COAL

by Elizabeth Corcoran, staf] writer

Pushed by Congress, electric utilities
are on the verge of taking bold steps
to cut emissions caused by burning
America's most abundant fuel.

cars brimming with shiny black chunks

of coal snakes across the southwest In-
diana plains. Its destination: the Gibson Gen-
erating Station, whose stacks rise 500 feet
above the adjacent wildlife preserve and lake.
Even by power plant standards, this facility
is huge: it can churn out almost 3,200 mega-
waltlts of electricity—enough to light up more
than a million and a half homes. To gener-
ate this energy, Gibson burns about 7.5 mil-
lion tons of coal a year, or 200 railroad cars’
worth every day. In the process, Gibson
emits almost 300,000 tons of sulfur dioxide
as well as other pollutants.

Up until 20 years ago, coal-fired utility
plants were hailed as a triumph of modern
technology for bringing light and heat into
homes and businesses at affordable prices.
Burning coal now generates about 56 percent
of America’s electricity,

More recently, environmental concerns
have highlighted the hidden costs of such en-
ergy: coal-burning plants spew gases into the
atmosphere that may fall back to the earth as
acid rain or contribute to global warming.
Among these gases are sulfur dioxide, oxides
of nitrogen and carbon dioxide. Of the vari-
ous sources of air pollution in the U.S., coal-
fired power plants contribute about 70 per-
cent of the SO., 30 percent of the NO, and 35
percent of the CO..

Yet because coal accounts for more than 85
percent of potential U.S. fossil-fuel reserves,
policymakers are not willing to abandon it.
The Bush administration’s National Energy
Strategy calls for increased exploitation of all
domestic fossil fuels. And even though burn-
ing natural gas creates negligible SO. and

/\scemingly endless chain of railroad

VIEW INTO UTILITY BOILER shows coal dust
and natural gas burning together. The heat
from the combustion turns the water in boiler
tubes (vertical bars) into steam, which travels

to a turbine-powered generator to produce elec-
tricity. Although most boilers burn only one type
of fuel, workers [rom Fnergy Svstems Associates
have added natural gas igniters adjacent to the
muain coal burners on this boiler at Duguesne
Light 's Cheswick Generating Station near Pitls-
burgh. In the schematic below, the gas (blue) is
used to ignite the coal stream (brown). Adding
between 5 and 15 percent gas to the fuel mix
also reduces emissions of nitrogen oxides by as
much as 25 percent. This research project was
funded in part by the Gas Research Institute.
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about half as much CO, as does burning
coal, “we didn’t promote natural gas
at the expense of coal,” says Linda G.
Stuntz, deputy undersecretary for poli-
cy at the Department of Energy (DOE).
(Natural gas accounts for 10 percent of
potential U.S. fossil-fuel reserves.) To
promote a large switch to natural gas
might risk making the U.S. eventually
dependent on foreign suppliers.
Congress, however, has ensured that
the utility industry will not neglect its
environmental duties. Last November
lawmakers passed new amendments to
the Clean Air Act, a rigorous collection
of pollution-control policies aimed at
tackling a range of air pollutants, in-
cluding the two major precursors to
acid rain. The law calls for utilities to
reduce their annual SO, emissions from
some 17.5 million tons to 8.9 million
tons by the year 2000. It simultaneous-
ly calls for cuts in NO, emissions of
two million tons (to reach an annual
emissions level of 11 million tons).
These pending cutbacks are forcing

managers in the highly conservative
power industry to take a hard look at
the way they run their businesses and
at the technologies they use. “The revi-
sion of the Clean Air Act has turned our
industry upside down,” says Gary R.
Brandenberger, a vice president at Du-
quesne Light Company in Pittsburgh.
To meet the tough new standards,
many utilities will still choose to wash,
or “scrub,” sulfur dioxide from flue gas-
es, a costly solution that has practical-
ly been their only choice for nearly 15
years. But utilities are also scrutinizing
a menu of lower-cost “clean-coal tech-
nologies” being demonstrated by the
DOE. These include advanced methods
of cleaning flue gases as well as tech-
niques for removing pollutants from
coal before and while it is burned.
Driving utilities to consider these op-
tions is the radical approach that Con-
gress has unleashed to achieve the SO,
reductions—an idea, long nurtured in
universities, of granting tradable “al-
lowances” for polluting. The policy is

1,000 25,000 75,000

ALLOWANCES (TONS OF SULFUR DIOXIDE)

150,000

POWER-GENERATING STATIONS TARGETED by the revised Clean Air Act have
been granted annual allowances for emitting sulfur dioxide. (One allowance equals

one ton of SO,.) Beginning in 1995, these 111 plants will have to reduce their emis-

sions to match their allowances or else buy additional allowances from one another.
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intended to minimize the total cost of
controlling SO, by letting managers at
every plant design their own antipollu-
tion strategy. Utilities can buy or sell
allowances to help meet the emissions
requirements that the Environmental
Protection Agency will switch on in
1995. Those unable to balance their
SO, emissions and allowance ledgers
will be charged hefty fines. Congress
has provided another incentive: their
top officers will run the risk of jail.

This time not only are the polluters
on trial, so is the antipollution strate-
gy. “The cornerstone of the Clean Air
strategy is injecting competition into
the utility industry,” declares James E.
Rogers, Jr., chairman of PSI Energy, the
Indiana utility that owns Gibson. “Com-
panies like ours have a great opportu-
nity to reduce some of our costs if we
show astuteness with respect to the al-
lowance market.” On the other hand,
“it’s an open question whether utilities
have the right mind-set to play in this
market,” he says. But if emissions trad-
ing does reduce pollution at a lower
cost than traditional “command and
control” limits, it may well become the
framework for future antipollution pro-
grams, such as limits on CO,.

A God Named EPA

One of the incubators for the new
antipollution program was an ornate
1912 building on Park Avenue South
in New York City, the home of the En-
vironmental Defense Fund (EDF). When
Daniel J. Dudek, the fund’s senior
economist, is in town, he spends his
time here in an office lined with eco-
nomics texts, regulatory statements,
computer equipment and a large chunk
of shellacked coal. More often, Dudek
is on the road, proclaiming the good
tidings of emissions trading.

Dudek was one of a handful of peo-
ple who coaxed first the EPA and then
Congress into supporting emissions
trading. He found allies in a variety
of important corners, including Robert
W. Hahn, then an economist with the
Council of Economic Advisers. Yet none
of them invented the idea. For more
than 20 years, economists have sug-
gested that rather than dictating how
polluters should control emissions, the
government should simply set targets,
let the market figure out how to achieve
them and reward the players who reach
the goals the fastest. Only the “invisi-
ble hand” of the market will lead to the
lowest-cost solutions, they argue.

But many environmentalists believed
that controlling pollution called for the
stronger arm of the law. In the late
1970s, for instance, Congress realized
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ALLOWANCE-TRADING SCENARIO portrays some of the play-
ers and strategies in the new market. Initially utilities hold
most of the allowances (denoted by “A”). They either use
their allowances (by emitting sulfur dioxide) or sell them.
Brokers may arrange sales. Plants under construction must
buy allowances to cover their future emissions. The EPA plans
to hold annual auctions to give firms opportunities to buy al-
lowances. Industrial sources of SO,, such as steel mills, may
“opt into” the program by complying voluntarily with the
standards; the epA then awards them allowances. Other com-
panies—coal mines, cleanup consultants or commercial cus-
tomers—may give or take allowances in lieu of cash payment
for goods and services. The EPA also tracks utilities’ balance
of allowances (left). State regulators and public utilities com-
missions help the EPA oversee the program.

that its first Clean Air Act was ineffec-
tive. Regulators eventually required that
newly built industrial sources of SO, be
fitted with the “best available control
technology,” or BACT, to meet emis-
sions standards. For utilities, it was, in
effect, a velvet-gloved demand for a sin-
gle solution: scrubbers.

Scrubbers have been at best a mixed
blessing. Formally named flue gas de-
sulfurization units, scrubbers are mini-
chemical plants that spray an alkaline
mist—typically crushed limestone mixed
with water—into the sulfur-laden flue
gases produced by burning coal. The

slurry reacts with the sulfur oxides in
the flue gas and forms calcium sulfite
or calcium sulfate (also called gypsum),
which precipitates out as wet sludge.
More than 15 years and 150 scrub-
bers later, utilities have learned to de-
ploy scrubbers in ways that slice SO,
emissions by as much as 90 percent.
But it has been a painful and costly
learning experience. In the mid-1970s
Duquesne became the first utility to
scrub a plant. Those early days were
memorable ones. “The acid vapor got
the ducts wet and chewed them up to
look like Swiss cheese,” recalls Ralph
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L. Nelson, who manages fossil-fuel gen-
eration for the Pennsylvania company.

Scrubbers have also become a plant’s
best customer. The scrubber on one
of Gibson'’s five boilers consumes be-
tween 10 and 12 megawatts of power,
or about 2 percent of the boiler output.
The unit’s CO, emissions rise by rough-
ly 4 percent, both because the utility
must burn more coal to support the
scrubber and because the scrubbing re-
action itself generates some CO,,.

In addition, scrubbers churn out
enormous waste. About a quarter mile
from where the coal trains trundle onto
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the Gibson site are the remains of the
cleanup process: a growing pyramid of
calcium sulfite that engineers expect
will stand 80 feet high and cover about
80 acres when completed. “Some 1,000
years from now, people are going to
dig here and decide, ‘These people
worshipped a god called EPA,”” quips
Gregory L. Hauger, the operations su-
perintendent at the Indiana plant.
More subtly, the BACT requirement
froze out other emissions-control tech-
nologies, says Kurt E. Yeager, vice pres-
ident of the Electric Power Research
Institute (EPRI) in Palo Alto. Few oth-
er emerging technologies could attain
the 70 to 90 percent reductions in SO,
promised by scrubbers, even if some
might have reduced emissions at lower
costs. Moreover, utilities have had lim-
ited incentives to chase lower-cost solu-
tions because their profit margins are
set by state public utilities commissions,
Yeager points out. Consumers not only
are paying for preserving the air—they
may be paying more than is necessary.
In the past, only a few regulators
have experimented with using market-
based programs to tempt utilities to
seek lower-cost pollution controls. In
the late 1970s the EPA encouraged lo-
cal air-pollution regulators to create
programs in which firms could offset
emissions from new sources by reduc-
ing emissions from existing ones. Cali-
fornia launched the first such program
in 1976, aimed at new and modified
industrial plants that emit smog-pro-

MENU OF TECHNOLOGIES for reducing
emissions of sulfur dioxide (SO,) and ni-
trogen oxides (NO,) shows cleanup op-
tions. A facility might use some—but not
all—of these choices. Vigorous physical
and chemical cleaning before combus-
tion (1) can reduce the sulfur content of
some coals significantly. Replacing the
boiler with a fluidized-bed combustor
(2), in which coal and limestone are
mixed together, can cut SO, emissions
by as much as 90 percent. This cham-
ber also burns coal more efficiently—
and so at a lower temperature—than a
conventional boiler, thereby reducing
the formation of NO,. In a conventional
boiler, NO, emissions can be trimmed
by raising the ratio of fuel to oxygen by
adding jets of natural gas and air (3).
Another, low-cost strategy for reducing
SO, emissions relies on injecting an al-
kaline sorbent into the duct between
the boiler and the stack (4). The most ef-
fective and expensive way to cut SO,
emissions is to scrub; advanced scrub-
bers, such as a jet-bubbling reactor (5),
promise improved efficiency. All emis-
sions can be reduced by convincing con-
sumers to conserve electricity (6) and to
use more energy-efficient appliances.
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ducing volatile organic compounds. Yet
largely because these programs were
isolated test runs, many became entan-
gled in red tape.

Then, about five years ago, a series
of overlapping events conspired to
push emissions trading into the acid-
rain limelight. Although the volumi-
nous $500-million, 10-year National
Acid Rain Precipitation Assessment Pro-
gram would not wrap up until 1990,
Congress began readying itself to re-
vise laws limiting emissions of sulfur
dioxide and nitrogen oxides.

With the administration being goad-
ed by Canada to address acid rain,
new laws seemed inevitable. The util-
ity industry and the DOE initiated a
joint program to develop alternatives to
conventional scrubbers. The DOE prom-
ised to spend about $2.5 bil-
lion between 1986 and 1994
to help build prototype and
full-scale demonstrations of
emissions-control technolo-
gies, many of which had been
gathering dust on shelves or
had been used abroad for
years. Industry would match
the federal dollars and pro-
vide the demonstration sites.
The program “was a good-
faith effort to show the in-
dustry’s desire and willing-
ness to explore new technol-
ogy,” Yeager says.

At about the same time,
Dudek was attending Unit-
ed Nations workshops on
phasing out chlorofluorocar-
bons (CFCs), which destroy
the earth’s protective ozone
layer. An international mar-
ket for trading emissions
of CFCs and other greenhouse gases
“seemed to make eminent sense to
me,” Dudek says. So “I was quite un-
prepared for the response.” The policy-
makers told him: prove such a scheme
will work.

Many papers and much politicking
later, Congress passed the Clean Air
Act Amendments of 1990, featuring an
emissions-trading program for precur-
sors to acid rain as its most novel com-
ponent. (There are several other sec-
tions to the amendments, including re-
strictions on CFCs, on airborne toxic
chemicals and on emissions from mo-
bile sources such as cars.)

To reach the goal of reducing utili-
ties’ annual SO, emissions to 8.9 mil-
lion tons, Congress divided the require-
ments into two phases. By 1995 some
111 “large” generating stations (those
producing 100 megawatts or more) will
have to reduce their SO, emissions to
2.5 pounds per million British thermal
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units (mm-BTU) per year. By the year
2000 almost all coal-fired generating
facilities will have to meet an SO, emis-
sions benchmark of 1.2 Ibs/mmBTU.
Trading comes into play because
those targeted plants have been appor-
tioned specific allowances for pollut-
ing. (The allowance awards are equiva-
lent to the average fuel consumed by
each plant between 1985 and 1987
multiplied by an emissions rate of 2.5
Ibs/mmBTU.) These plants can buy or
sell allowances to anyone willing to pay
the going price: other utilities, emis-
sions brokers, small, independent pow-
er producers, coal mines—even envi-
ronmentalists who retire a ton of SO, to
strike a public relations coup. (Planting
trees would likely bring more environ-
mental benefits for the dollar.) The
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price of a ton of SO, will vary depend-
ing on supply and demand. Some ob-
servers estimate the prices will range
between $400 and $800 a ton. Because
utilities must also conform to state
emissions limits, no region is likely to
wind up as an SO, dumping ground.
Other players can join the program.
For instance, industrial SO, sources,
such as steel mills, are not obliged to
conform to the new standards. By lim-
iting their emissions voluntarily and so
“opting into” the program, they can cre-
ate and then sell allowances. Moreover,
any new power facility, be it a utility
plant or small, independent power pro-
ducer, must buy allowances from the
market before generating emissions.
The EPA’s role ought to be analogous
to that of the scorekeeper at a baseball
game. The challenge will be to track
both the allowances held and the emis-
sions reported from every affected unit
at a utility plant. (Utilities typically have

© 1991 SCIENTIFIC AMERICAN, INC

several units, or boilers, at a single site.)
At the end of the year the accounts will
be tallied: plants that exceed their al-
lowance limits will be charged fines,
have the emissions deducted from the
next year’s balance and risk incurring a
criminal record.

Unused allowances will be carried
over to the next year’s account. After
the year 2000, the annual allotment of
allowances will remain at 8.9 million
tons. This “cap,” environmentalists say,
will ensure that U.S. emissions of sulfur
dioxide do not rise.

On Whose Shoulders?

How efficiently this market will work
depends, observers say, on several fac-
tors, beginning with the rules created
by the EPA. “Based on what
people tell us, I think we're
going to try to make the
rules fairly simple and keep
them that way,” says Brian
McLean, deputy director of
the EPA’s acid-rain division.

Yet some holes have been
punched in the legislation.
Extra allowances, for in-
stance, will be available for
utilities that comply early
or build scrubbers (and so
preserve some coal miners’
jobs). The EpPA will also hold
an annual auction of allow-
ances to give all a chance to
buy shares.

Even so, “it’s beyond con-
troversy that the reductions
will happen faster” under
the new scheme, says John
Palmisano, a former EPA of-
ficial who helped to start the
early emissions programs and had a
key role in developing the revised laws.
Palmisano now runs AER*X, an emis-
sions brokerage in Washington, D.C.,
which arranges trades in the ongoing
programs. He adds one caveat: “The
EPA must have good enforcement and
detection systems and be vigorous with
its protection.”

The real burden of making the
amendments work will fall on those
who had little to do with writing the
new law: state environmental regula-
tors and refrigerator-size monitoring
instruments called continuous emis-
sions monitors, or CEMs. “The states
are on the front line of investigating
and reporting on emissions,” points out
James K. Hambright, director of the bu-
reau of air quality in Pennsylvania. “A
conservative estimate is that all of the
state programs would logically have to
double or more” in staff and funding to
carry out the new law, he notes.



Even the tools that regulators have
will be hard-pressed to cope with the
tougher standards. CEMs record the lev-
els of specific contaminants in flue gas-
es at fixed time intervals (such as once
every 15 minutes). By 1995 all smoke-
stacks of coal-fired plants will have
these devices; although roughly three
quarters of the largest utilities are al-
ready equipped with CEMs, few of the
hundreds of units affected by the sec-
ond phase of the new program do.

But CEMs, which can cost more than
$100,000 to install, are often fussy. The
devices are sensitive to temperature
swings and easily become clogged with
contaminants if they are not rigorous-
ly maintained. Even under good con-
ditions, CEM measurements may vary
by as much as 40 percentage points,
according to Henry E. Beal, a
vice president at Research-
Cottrell Companies, a clean-
up consulting firm in Somer-
ville, N.J.

“There’s no way we will
find that kind of variability
acceptable,” counters Joseph
Goffman, a principal archi-

Crammed into a corner, his desk
overflowing with papers, Nazzaro wor-
ries about keeping up with the work.
To handle the upcoming regulations,
additional staff “should be in their seats
in this office right now,” Hambright
says. Because of a state budget squeeze,
however, Hambright does not yet have
the funds to hire any.

Public Watchdogs

Still, both the utilities and state en-
vironmental regulators agree that the
wild cards in the evolving emissions
market are the state public utilities
commissions, or PUCS. The PUCS spe-
cialize in worrying. Among their duties,
the PUCs aim to protect consumers
from possible price gouging by the util-
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the cheapest strategy. “We’ve got a huge
reservoir of SO, allowances,” he says.
Building scrubbers early would free PSI
Energy to sell those allowances. But be-
cause he must make investment deci-
sions first and appeal afterward for rate
increases, Rogers worries about “Mon-
day morning quarterbacking.” As a re-
sult, Rogers is petitioning for full ap-
proval from the Indiana pucC before em-
barking on his compliance campaign.
“I'd like all of us holding hands on our
view of the future,” he says.

In response, some PUCS are trying to
clear the regulatory air. More than a
year ago the Ohio public utilities com-
mission promised neither to encourage
local utilities to hoard allowances nor to
penalize them automatically for over-
complying with the pollution regula-
tions if they think they can
make money selling excess
allowances. “We said that
we’'d compare them with
other compliance plans,” ex-
plains Ashley C. Brown, an
Ohio commissioner whom
many consider to be among
the most open to a flexible

tect of the amendments who COAL trading market.
is now helping the EPA de- HYDROELECTRIC How to satisfy future de-
vise regulations. Instead, he mand for power in a world
says, the EPA will proba- with a tight emissions cap is
bly write rules that add a NATURAL GAS nonetheless a vexing ques-
“tax” proportional to the tion for pUCs. One option is
variability on top of any PETROLEUM to postpone the need for ad-
measurements. ditional capacity through de-
Beal hopes that such reg- GEOTHERMAL mand-side management, or
ulations are settled quickly AND OTHER conservation. Designing ad-
: - 11 - . ;
enough to give device makers equate incentives that will
time to build and test new TOTAL 2,777 encourage utilities to launch

instruments. Manufacturers
can devise more accurate
CEMs, “but we won’t until
someone wants to have one,” he says.

Also complicating the work of state
regulators will be the sheer volume of
documents they must handle. This task
is something Hambright, who began his
career as an air pollution-control engi-
neer almost 30 years ago, appreciates
daily. Pennsylvania is one of the few
states that already requires CEMs on
utility smokestacks. The state’s SO, lim-
its are relatively tough: 1.2 Ibs/ mmBTU
in air basin regions, such as the Pitts-
burgh area; 4 Ibs/mmBTU elsewhere.

Companies must report emissions
quarterly. The Harrisburg headquarters
receives about 170 thick reports ev-
ery quarter to track 85 utility boilers
and other industrial sources. Over the
next few years, as additional plants in-
stall CEMs, the number of quarterly re-
ports is likely to leap beyond 700, says
Joseph C. Nazzaro, chief of Pennsyl-
vania’s continuous emissions-monitor-
ing unit.

SOURCE: Energy Information Administration

ities and to ensure there will be suffi-
cient energy to meet future demand.
The commissions traditionally approve
rate hikes proposed by the utilities and
decree the maximum profit a utility can
make on its sales.

Over the next year the pucs will also
scrutinize the mix of technology, strat-
egy and trading options that utilities
hope to use to meet their emissions
limits. When they review a compliance
plan, commissioners will weigh wheth-
er the utility has picked the least-cost
options and so is justified in asking for
any proposed rate hike. A puc could
decide that saving allowances for fu-
ture growth amounts to wasting a val-
uable asset. Or a PUC projecting large
future demand could compel a utility
to hang onto excess allowances.

Utility managers fear the worst. At PSI
Energy, Rogers seems convinced that
complying early with the Clean Air stan-
dards will—over the long run—prove
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conservation programs is

tricky, Brown acknowledges.

Currently profits are tied di-
rectly to sales of electricity. Uncoupling
these could inadvertently reward utili-
ties for every dip in demand—even if
the “conservation” was motivated by
warm weather in December.

Many PUCs are likely to move slow-
ly, reluctant to loosen their grip on the
power producers—a plausible conse-
quence of a truly fluid trading market.
“The law says one ton cut in California
can reduce one ton in Ohio. Coping with
this is going to be a challenge for the
PUCs,” predicts Charles H. Goodman, a
vice president at the Southern Company
in Atlanta. Already officials in Florida
and New York have hinted they may
frown on local utilities engaging in out-
of-state trades. Brown remains hopeful.
“It’s kind of an experiment,” he adds.
“There’s no harm in trying.”

There is, however, irony in the idea
of experimenting with the U.S. electric
utilities. Even those in the industry ac-
knowledge they represent one of the
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slowest-moving businesses in the coun-
try. The government “couldn’t have
picked a more paranoid group of peo-
ple to try this experiment on,” says Kris
A. McKinney, an administrator of emis-
sions allowances at Wisconsin Power &
Light in Madison. The utility is one of
the few that has advertised that it will
likely be selling credits.

Two of Wisconsin Power’s plants
stumbled over the federal trip wire of
2.5 Ibs/mmBTU of sulfur dioxide. But
the company will have to overcom-
ply with the 1995 regulations; its state
emissions limits are tougher. By 1993
Wisconsin utility systems must average
no more than 1.2 lbs/mmBTU. “We’ll
probably be at that standard at both of
the plants,” McKinney says, and so they
will wind up in the sellers’ market. Mc-
Kinney consequently spends his time
analyzing which companies may be in-
terested in buying allowances “whether
they know it now or not.”

Lacking the spurs of oncoming state
regulations, other utilities are traveling
similar routes, albeit more slowly. “A
year ago I surveyed the electric util-
ities,” says Palmisano of AER*X. “They
said, ‘Hell no, we’re not going to do
anything about trading.’ Last spring 5
to 10 percent were looking into trading;
in September, 18 percent. Now I see
that people have got religion on this.”

Regardless of the number of allow-
ances traded, most utilities will still
need technological means of controlling
SO,—before, during or after combus-
tion. All will have to limit nitrogen ox-
ides as well. In the absence of govern-
ment BACT requirements, balancing the
mix of options “turns into sheer eco-
nomic analysis,” says Jim Stevenson, a
manager at Southern.

Technology Strategy

Many of the technologies being ex-
plored were pioneered in the U.S. but
have been commercialized by compa-
nies in Europe and in Japan. “Germa-
ny views SO, and NO, reductions as
a business opportunity,” says Brown
of the Ohio PUC. Anticipating that oth-
er governments would eventually limit
these pollutants, Germany created early,
tough emissions restrictions that gave
local companies a head start in devel-
oping cleanup technologies. In contrast,
the Bush administration’s recent budget
proposals recommend shutting down
the DOE’s clean-coal program in 1992.

At the largest and dirtiest coal-fired
plants, scrubbing and switching to a
lower-sulfur variety of coal will still
top the list of compliance options. Even
these methods take on a shine under
the allowance-trading program.

A handful of utilities are cutting their
teeth on the next generation of scrub-
bers. One promising approach is a jet-
bubbling reactor developed by Chiyoda
Chemical Engineering & Construction
Company in Japan. In this technique,
flue gases are forced to bubble through
a large vessel filled with an alkaline
slurry. After absorbing the SO,, the
slurry is run through a centrifuge and
transformed into dry gypsum. The re-
actor seems to present fewer main-
tenance problems than conventional
scrubbers do, in part because the pro-
cess is confined to a single reactor rath-
er than three or four scrubber mod-
ules. Although effective, scrubbers may
prove a short-sighted strategy if the
government imposes limits on CO,.

A relatively low-cost—and low-pain—
alternative that will enable many utili-
ties to meet their 1995 requirements
relies on burning coals that naturally
have a lower sulfur content. (Such fuel
switching requires some boiler modifi-
cations because lower-sulfur fuels tend
to produce more ash and less heat
than their higher-sulfur cousins.) The
increased interest in so-called compli-
ance coals, however, is forcing high-sul-
fur coal companies to calculate ways of
protecting their market share and min-
ers’ jobs. One strategy is to buy allow-
ances and then sell them along with

GIBSON GENERATING STATION in southwest Indiana is bor-
dered by a 3,000-acre artificial lake and a 160-acre wildlife
preserve, both of which were built by the utility. Flue gas
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emissions from one of Gibson’s five turbine generators are
“scrubbed,” or washed; the white plumes from one of the
stacks is water vapor produced by scrubbing.



SCRUBBING SULFUR DIOXIDE begins when the flue gases pro-
duced by burning coal react with an alkaline mist in a scrub-
ber module, producing sludge. The precipitates are trans-
ferred to “thickeners,” or settling ponds (left), where the

the high-sulfur coal; another is to re-
move the sulfur from the coal before
shipping the fuel to a utility.

Sulfur in coal is either chemically
bound to the carbon atoms (called or-
ganic sulfur) or combined with finely
dispersed iron particles that are dis-
tinct from the coal (pyritic sulfur). The
proportions of pyritic and organic sul-
fur vary depending on the coal.

Much pyritic sulfur can be physically
separated from the rest of the coal.
One such technique, “froth” flotation,
was first tried in the 1960s. A recent
version of froth flotation relies on the
fact that pyritic sulfur has a significant-
ly higher specific gravity than does the
organic material. By mixing pulverized
coal into a fluid that has a lower spe-
cific gravity than the pyrite, the impuri-
ties sink and the organic matter floats.

J. Kelly Kindig, a principal researcher
at Custom Coals International in Pitts-
burgh, is working with Duquesne on a
more thorough coal-cleaning method
that involves grinding the coal into par-
ticles measuring only a few microns in
diameter, then separating the pyritic
sulfur with a centrifugal cyclone. To at-
tack the organic sulfur, Kindig adds a
brew of limestone, soda ash and cata-
lysts to the coal dust—a combination
similar to the reactants in a scrubber.
The cleaned coal is later reshaped into
pellets so that it can be moved through
a plant by existing conveyers.

“We’'ve got a 575-megawatt plant
[called Cheswick] that’s not scrubbed,
and we're trying to find a way not to
scrub it,” explains Brandenberger of
Duquesne. Cleaning the coal before-
hand looks particularly attractive be-
cause Duquesne owns the local mine.

“Some coals, including that from Du-
quesne’s mine, can be cleaned to with-
in 1.2 lbs/mmBTU,” Kindig asserts.
Cleaned coal also produces less ash—
and so more heat—per pound, he adds.
One aggressive chemical treatment is
being tested by TRW in Los Angeles
with DOE funding. In this molten caus-
tic leaching process, coal is subjected
to heated sodium hydroxide for about
two hours, then washed and filtered.
Both the sulfur and ash contents of the
coal are significantly reduced. The pro-
cess is still costly and experimental.
Farther down the road, researchers
hope biological agents will come into
play, says David J. Boron, a manager at
the DOE’s Pittsburgh Energy Technology
Center. “We're trying to find out what
makes bugs metabolize sulfur, then im-
prove and regulate that sulfur metab-
olization,” Boron says. “We want to be
able to turn them on and not have
them go on a prolonged coffee break.”
Cleaning coal should bring another
benefit: it should reduce the toxic min-
erals in the coal that could be emitted
as airborne particles during combus-
tion. The amendments call for the EpA
to launch a three-year investigation of
toxic emissions from utilities. Air tox-
ics, says Yeager of EPRI, are “like a
sword of Damocles hanging there.”
Chlorides, for example, are ubiqui-
tous in coal. “Even a small plant might
need scrubbers to comply with the 10-
ton limit” on toxics recently established
for industrial sources, Yeager says.
Some toxics may be sifted out by vigor-
ous physical cleaning. Coals that carry
significant doses of other elements,
such as mercury and selenium, which
are volatile at average stack tempera-
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heavy materials sink and water is drained off. After further
processing to remove additional water, the sludge is moved
by conveyer belts to a staging area (right). Later, the material
is transported by trucks to a landfill near Gibson.

tures, may require additional control
techniques, Yeager warns, and such
chemical treatments will not be cheap.

Baking Soda Fix

At marginally dirty plants and old fa-
cilities slated to be retired, other clean-
coal strategies may rise to the fore.
These methods largely fall into two cat-
egories: injecting a dry sorbent into ei-
ther the boiler or duct or co-firing a
coal-burning boiler with gas.

Dry sorbent-injection technologies
are much like scrubbing minus the spe-
cial equipment. The sorbent, often a
hydrated lime, is injected into gases
while they are in the boiler or as they
are traveling between the boiler and
the stack. The sorbent reacts with the
gases, creating a dry waste product
that can be hauled out with the fly ash.
In principle, the technique could trim
SO, emissions by 50 to 70 percent.

A small Houston company, NaTec
Resources, is pushing its own sorbent
twist. It sprays sodium bicarbonate into
the duct. The highly reactive dry sodi-
um sorbent produces a dry sodium sul-
fate by-product. “The wet-scrubbing
market will still take 50 to 60 percent”
of the business of utilities, concedes
Glenn Hobratschk, an executive vice
president at NaTec. But he believes dry
sorbent injection can make a play for
the balance of the market.

Burning natural gas in a coal-fired
plant may seem like blasphemy to a
generation of power plant managers
who grew up thinking of natural gas
as a limited, precious commodity. But
some are beginning to extol the ben-
efits of using gas to lower NO, emis-
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sions. It can also replace oil to initiate
firing and to supplement coal as a fuel.

Although combustion frees the nitro-
gen molecules in coal and so creates
some NO, emissions, most of the NO,
from power plants is a result of the
burning process itself. At typical com-
bustion temperatures of 3,000 degrees
Fahrenheit, nitrogen in the air com-
bines with oxygen to form nitrogen ox-
ides. Lowering the boiler temperature
or increasing the ratio of fuel to oxygen
consequently trims NO, emissions.

According to the consulting firm En-
ergy Systems Associates, based in Pitts-
burgh, changing the mix of boiler fuel
to include 5 to 15 percent natural gas
raises the fuel-to-oxygen ratio in the
boiler, cutting NO, formation by as
much as 25 percent. In tests conduct-
ed at Duquesne’s Cheswick plant, oper-
ators also realized that gas could re-
tard the buildup of slag, or molten ash,
within the boiler. “We knew the benefits
of it in about the first six months,” says
Nelson of Duquesne. Engineers at Ener-
gy Systems report that they can get as
much as a 10 percent reduction in SO,
by adding 5 percent gas.

NO, can also be treated chemically.
One costly technique, more widespread
in Japan and Germany than in the U.S,,
is selective catalytic reduction. In this
scheme, ammonia is mixed with flue
gases in a chamber separate from the
scrubber. The gases react, forming be-
nign products, namely, water and mo-
lecular nitrogen.

The most extensive power plant sur-
gery calls for replacing the boiler with
a fluidized-bed combustor. It is not a
cheap alternative even for new plants,
such as the Texas-New Mexico Power
Company’s 150-megawatt unit that be-
gan pumping out electricity last Sep-
tember. Fluidized-bed combustors may
also find a place in so-called repowered
facilities, aging plants whose power-
generating capacity has been boosted
by an extensive overhaul.

Fluidized-bed combustion dates back
to chemical processing work in Ger-
many in the 1920s. In this technique,
crushed coal and limestone are sus-
pended in a boiler on jets of air. The
churning of the particles ensures effi-
cient combustion. Moreover, because
boiler tubes are in direct contact with
the burning particles, far more heat is
transferred than in the conventional
steam boiler. The boiler can therefore
operate at relatively lower tempera-
tures, minimizing NO, formation. The
limestone captures about 90 percent
of the sulfur dioxide emissions. Some
fluidized-bed combustors operate at
atmospheric pressure. Others are pres-
surized and can drive a combined cy-
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cle, in which hot gases in the combus-
tion chamber first drive gas turbines,
then produce steam for a convention-
al turbine.

Even as utilities consider these and
a battalion of other ways to meet the
fast-approaching deadlines for SO, and
NO, emissions, they are keeping one
eye on the coming front of environ-
mental control, namely, limits on car-
bon dioxide. “I'm clearly a little cyni-
cal,” Brandenberger says. “But I think
CO, limits are not far down the road.
That pushes me harder to find an alter-
native to scrubbers.”

Many utilities scent a political deal in
the wind. If Congress moves to limit
carbon dioxide emissions, it will also
have to relax the regulations for per-
mitting nuclear power plants, they say.
“You can’t go to serious CO, controls
without changing nuclear plant regula-
tions,” says Richard A. Abdoo, chair-
man of the Wisconsin Electric Power
Company (WEPCO) in Milwaukee.

There are few technological fixes for
reducing CO, caused by burning coal.
The simplest solution is to burn less
fuel—or from the vantage of utilities,
to convince customers to use less pow-
er through demand-side management
programs. In those states where the
PUCS support conservation, utilities are
reporting early successes.

Since 1987, for instance, WEPCO
has committed about $100 million to
conservation efforts and trimmed the
growth in demand by 250 megawatts.
Among its programs, WEPCO offers
customers U.S. savings bonds for turn-
ing in old, leaky appliances such as re-
frigerators and investing in more ener-
gy-efficient ones.

Saving Power

Yet finding ways to reduce demand
significantly is not always either obvi-
ous or easy. Workers at Battelle Pacific
Northwest Laboratory had calculated
that the Bonneville Power Administra-
tion could reduce electricity consump-
tion by about one third if it encouraged
homeowners to take such low-pain en-
ergy-saving measures as turning down
thermostats. When the consultants sur-
veyed homes, however, they found that
most consumers were already sparing
in their use of power. “We found that
you get about half the savings that the
energy models predicted,” says W. Mi-
chael Warwick, a project manager at
Battelle in Portland, Ore.

Longer term, one way to continue
to make use of coal and still reduce
CO, emissions relies on an updated
version of a 19th-century concept: coal
gasification. In this technique, coal is
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broken into methane by high-temper-
ature steam and oxygen (or air). The
purified gas can be burned and so run
a gas turbine or a combined-cycle sys-
tem. (In a combined-cycle system the
heat from the burning gases is used
to power a steam turbine in addition
to the gas turbine.) A number of com-
bined-cycle units are in use in the U.S.;
these rely on natural gas, however.
Integrated coal-gasification combined-
cycle systems are still under develop-
ment. PSI Energy, for instance, plans
to transform part of an old plant into
such a power generator—provided it
wins DOE support for the $250-mil-
lion project.

Even so, there is no way to burn ei-
ther natural or coal gas without creat-
ing CO, emissions. Efforts focus, as a
result, on how to capture those gases.
Planting more trees creates one sink
for absorbing CO,; pumping the gases
deep into the ocean may be another
way to sequester them. Along with the
Solar Energy Research Institute in Gold-
en, Colo., DOE researchers are also try-
ing to use microalgae to convert the
CO, into biomass, liquefy it, then use
the product as transportation fuel.

No utility manager believes that the
U.S. can afford to abandon its abun-
dant coal resources altogether. “The
cornerstone of energy policy is coal,”
Goodman declares. And if the world
does move toward global restrictions
on CO, emissions, trading may well be
a part of that calculus. “We've got to
balance the three E’s”—energy, the en-
vironment and economic development,
Rogers says. “And sulfur dioxide is a
great experiment to see if market solu-
tions can work in resolving environ-
mental problems.”
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SCIENCE avw BUSINESS

Handful of Pain

Pressure mounts to alleviate
repetitive-motion injuries

of Workers in 1700, Bernardino

Ramazzini, an Italian physician
and philosopher, made reference to
the “harvest of diseases” that work-
ers experience from “certain violent
and irregular motions and unnatural
postures of the body.” The 1893 edi-
tion of Gray’s Anatomy described a
“sausage-shaped swelling” of the hand
that it characterized as washerwoman’s
sprain.

Today the names may be differ-
ent, but the pain is the same. The clini-
cal term “carpal tunnel syndrome” or
“tendinitis” may be dubbed pricer’s
palsy by a store clerk, pickle-pusher’s
thumb by a worker at a food-process-
ing plant (the last pickle may go in the
jar manually) and Nintendonitis by an
overzealous video-game player.

The plethora of names points to a
growing awareness of problems that
can result from the forceful repetition
of hand, wrist and upper-body move-
ments while using a computer key-
board, a factory tool or an electronic
checkout scanner. “People have gone
beyond the denial phase,” says Thomas
J. Armstrong, a researcher at the Cen-

In his Treatise on the Diseases

CUMULATIVE-TRAUMA disorders are endemic in
the meat-packing and poultry industries. Source:
United Food and Commercial Workers Union.
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Relaxation receptors,
fiber-optic aircraft,
remote sensing for petri
dishes, real estate bubbles

ter for Ergonomics at the University of
Michigan at Ann Arbor.

Indeed, the number of such cumula-
tive-trauma cases reported by workers
increased nearly fourfold from 1985 to
1989. Responsibility may lie with the
rapid-fire pace of factory work and of-
fice assembly lines, where work is par-
celed into highly specialized tasks.
“Jobs are more repetitive than they
used to be,” observes Franklin E. Mirer,
director of the United Auto Workers
health and safety department. “The
light-duty and rotational jobs have
been cut out of the system, and people
are pushed all the time.”

Under pressure from unions and
Congress, the Occupational Safety and
Health Administration (OSHA)is now
taking a harder stance on cumulative-
trauma injuries. The agency is assess-
ing penalties for “egregious”
conditions, fining a company
for each employee exposed to
a violation instead of levying a
single fine. That policy has in-
creased the amount of fines
from thousands of dollars to
sometimes more than a mil-
lion. General Motors, Ford and
Chrysler have agreed to pay
such penalties during the past
18 months. Earlier, OSHA sin-
gled out some of the largest
meat-packing firms—IBP and
John Morrell & Co.

The meat-packing industry
has been one of OSHA’s ma-
jor targets because its workers
suffer from cumulative-trauma
injuries about 12 times more
than do workers who produce
nondurable goods such as
clothing. Last August then Sec-
retary of Labor Elizabeth Dole
released OSHA’s Ergonomics
Program Management Guide-
lines for Meatpacking Plants.

© 1991 SCIENTIFIC AMERICAN, INC

“In some plants we went into, nearly 80
percent of the people in some jobs had
cumulative trauma,” says Raymond
Donnelly, director of 0sHA’s enforce-
ment division.

To fight the growing wave of work-
men’s compensation claims, some em-
ployers have relied on medically du-
bious treatments, such as dispensing
vitamin B tablets, applying hot com-
presses to already inflamed areas and
requiring that employees keep an in-
jured joint immobilized while continu-
ing to work, a practice that may expose
them to further harm.

Health and safety trade magazines,
moreover, advertise services that can
supposedly measure nerve activity in
the hand and wrist to determine sus-
ceptibility to carpal tunnel syndrome.
But no accurate technique exists to
identify likely candidates for the disor-
der, researchers say.

More serious efforts to prevent inju-
ry rely on developing tools that require
less force while allowing the hand and
wrist to assume more natural positions.
According to the United Food and Com-
mercial Workers Union (UFCW), one in-
strument, a circular-bladed power knife
called the Whizard Knife, has been a
contributor to repetitive-motion inju-
ry. Its manufacturer, Bettcher Indus-
tries, has designed a new model that
damps vibration and allows for a better
grip. Separately, workers at IBP in Da-
kota City, Neb., have concocted their
own designs for boning knife handles
and blade angles, but finding a do-
mestic manufacturer for the knives has
proved difficult.

In the office, designers also are try-
ing to develop keyboards that reduce
persistent pounding and wrist bending.
One model, the TONY !, splits a key-
board in half to allow the sides to be
rotated, or even angled upward into an
A shape, to accommodate the typist’s
hands. Another new model, AccuKey,
has four keys for either hand, each of
which can be manipulated into one of
three positions. Using all eight keys,
a typist can form “chords” in a total
of 5,561 combinations, although only
about 500 combinations are actually
used by typists.

For now, however, designers of work
implements are crippled by the meager
literature documenting the complex in-
terplay of force, posture and repetition
involved in manual work in the office
and factory. Managing work—the mean-
ing of the word “ergonomics”—has oc-
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cupied only a few university and indus-
try researchers trying to answer the
question of how much toil is too much.
“We don’t really have any hard evi-
dence of how many repetitions can cre-
ate an injury in a certain joint,” says
Manny Halpern, a biomechanical er-
gonomist at the Hospital for Joint Dis-
eases in New York City.

Measurement of the amount of wrist
and hand stress is an inexact science.
Typically researchers videotape people
working and then watch the tapes in
slow motion, noting posture and num-
ber of repeated movements. These ob-
servations are supplemented by mea-
surements of vibration and force ex-
ertion. For example, electromyographs
can monitor activity at the surface of
muscles to estimate force.

The Center for Ergonomics at Ann
Arbor has studied tool and workstation
designs that minimize the force and
frequency of manual tasks, and it has
come up with software models of man-
nequins that can be used in computer-
aided design to test whether a tool po-
sition results in awkward hand pos-
ture. An American National Standards
Institute committee is trying to assem-
ble existing research in order to devel-
op guidelines for tool and workplace
design. OSHA may eventually use the
committee’s work as a partial basis for
formulating mandatory regulations.

Because of the growing number of
workmen'’s compensation claims, insur-
ers also are interested in studying ergo-
nomics. The Liberty Mutual Insurance
Group, the nation’s largest underwriter
of workmen'’s compensation insurance,
has set up a laboratory to study what
happens when someone performs the
same manual task over and over. It has

Who Gets Cumulative-
Trauma Disorders?

INDUSTRY INCIDENCE*

Meat packing 799

Motor vehicles 453

Shipbuilding and repair 242

Frozen bakery products 219
(except bread)

Pens ar_1d mechanical 206
pencils

Metal office furniture 195

Vacuum cleaners 177

Average for private sector 19

Per 10,000 full-time workers, 1989
SOURCE: U.S. Bureau of Labor Statistics
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recruited about 30 women to spend a
month’s time doing nothing but flex-
ing their hands every four seconds for
seven hours a day on a handgrip. The
research is directed toward develop-
ing workplace guidelines for employ-
ers, similar to ones the company re-
searched for lower-back injuries. “We
tell people, we want you to work as
hard as you can without going home
at night with a sore hand,” says Sto-
ver H. Snook, the project director for
€rgonomics.

Epidemiological studies and new
technologies may help reduce trauma
from force and awkward posture. But it
has been difficult for management to
resist the inexorable pressure to speed
the assembly line.

In Working for the Japanese, pub-
lished last year, Joseph and Suzy Fucini
document a higher than normal inci-
dence of cumulative-trauma injuries
at a Mazda plant in Flat Rock, Mich.,
which began operation in 1987. They
quote union dissidents who criticize
the plant’s just-in-time production sys-
tem, which keeps workers busy 57 sec-
onds out of every minute, in contrast
to 45 seconds at plants owned by the
Big Three automobile makers.

Automakers are also now under in-
creasing pressure to put on the brakes.
Making the job fit a worker’s abilities
is the goal of about 75 management-
labor committees that are the founda-
tion of Ford’s company-wide ergonom-
ics program. The UAw-Ford Ergonomics
Process was set up to meet the terms
of the OSHA settlement and an earlier
agreement with the United Auto Work-
ers. (General Motors and Chrysler have
adopted similar initiatives.)

Some unions fear, nonetheless, that
OSHA's limited ability to monitor indus-
try may enable dangerous work prac-
tices to persist. Deborah E. Berkowitz,
director of the office of occupational
safety and health at the urcw, which
represents the meat-packing industry,
says understaffing at the agency has
led to a controversial proposal to al-
low meat-packing companies to enter
into voluntary agreements with OSHA.
A congressional hearing on the OSHA
plan was held in mid-March.

The UrFcw is concerned that these
agreements may allow for self-polic-
ing that will enable the industry to
avoid making fundamental changes
in working conditions. But Roger Ste-
phens, OSHA’s chief ergonomist, is ada-
mant that such adjustments are need-
ed. “If somebody spends six hours
putting cakes into wrappers, the com-
pany should find something else for
that person to do for two hours,” he
insists. —Gary Stix
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Light Flight
Optical fibers may be
the nerves of new aircraft

he wiring in some modern com-
T mercial aircraft would stretch

in a straight line from London
to the Strait of Dover. But while shut-
tling vital control signals from cockpit
to flight-control computers and back,
the copper conductors sometimes take
on a less desirable role. “Wires are be-
coming the dominant antennae in these
aircraft,” says Robert J. Baumbick, a se-
nior electronics research engineer at
the National Aeronautics and Space Ad-
ministration’s Lewis Research Center in
Cleveland.

The danger posed by lightning bolts,
radar or a radio transmitter means that
aircraft designers must carefully shield
copper cabling, adding a substantial
burden of weight to the aircraft. New
airframes have also begun to incorpo-
rate composite materials that eliminate
the natural barrier to potentially danger-
ous electromagnetic interference (EMI)
furnished by the metallic airframe.

So designers of aviation electronics
systems at such government laborato-
ries as Lewis and at major airframe
manufacturers are now developing fly-
by-light control systems. In such sys-
tems, optical fibers would become the
medium for controlling electronic de-
vices dispersed throughout the aircraft,
reducing the amount and weight of ca-
bling by as much as 50 percent.

Military reality provides an important
part of the incentive. The potential for
an electromagnetic blizzard above a
war zone has been recognized by the
Department of Defense since the 1970s,
when it commissioned the YC-14, a
Boeing short-takeoff and landing proto-
type that never went into production.
The transport airplane connected flight
computers with fiber-optic cables.

Susceptibility to EMI has already em-
broiled an army helicopter program in
controversy. In 1988 the army ordered
that additional shielding be added to
the Sikorsky Aircraft Black Hawk heli-
copter. It made the announcement after
the tail rotor pedal froze when the air-
craft passed by a radio transmitter in
Germany. A news report by the Knight-
Ridder Newspapers in 1987 quoted Pen-
tagon sources and documents as saying
that EMI may have been responsible for
a number of Black Hawk crashes, a con-
tention denied by the army.

The term “fly by light” is reserved for
the network of sensors and actuators
that receive optical signals from an on-
board flight-control computer to adjust




the position of an aileron or rudder.
(The electronic predecessor to fiber-op-
tic systems was known as fly-by-wire.)

In fly-by-light, optical sensors on the
wing or tail of an aircraft note the
position of a flap or rudder, and on
an engine, they check the temperature,
throttle position or other parameters.
As a flight-control surface, such as a
rudder, moves, so too does a sensor,
which changes the amplitude or an-
other characteristic of an optical signal
generated by a transmitter in the fuse-
lage and relayed over a fiber. This in-
formation may then be relayed to cock-
pit instruments, or it may be processed
by the flight-control computer to make
automatic maneuvering adjustments to
the wing or tail surfaces.

Despite its promise, however, fly-by-
light technology has not moved beyond
the prototype stage. The most extensive
test of optically controlled flight was a
modified Black Hawk helicopter, dubbed
the Light Hawk. Boeing engineered the
system—called Advanced Digital Opti-
cal Control System (ADOCS)—for the
army in the mid-1980s.

Although the Light Hawk prototype
successfully logged more than 500
flight hours, the program also under-
lined reliability and manufacturing
problems that systems designers are
still wrestling with: the high cost of
components, signal loss from bending
of the fiber, failure of laser diodes used
in the transmitting units and contam-
ination of the sensors. “Most people
have seen that the technology will
work,” says Walter L. Glomb, Jr., a man-
ager of product development for the
United Technologies Research Center.
“Now the question is, Will it perform
well enough over a 20-year lifetime?”

Integrating readily producible sensors
in a fighter jet is the current endeavor
of NASA’s Lewis Research Center in
Hampton, Va., and the navy. Called Fi-

ber Optic Control System Integration,
or FOCSI, the program is scheduled to
test sensors for position, speed, tem-
perature, propulsion and pressure in
the navy’s F/A-18 fighter by mid-1993.

Still needed are better light sources
for transmitters used to send optical
signals to sensors. Most lasers cannot
tolerate the intense heat from aircraft
engines and supersonic flight without
external cooling, so less powerful, light-
emitting diodes have been used. Boe-
ing’s High Technology Center in Seattle
has begun tests on a laser made of gal-
lium indium arsenide that can with-
stand elevated flight temperatures and
could be used to monitor many sen-
sors at one time.

Once sensor technology is perfected,
development is likely to shift toward
research on optical components that
would replace the electrical control of
hydraulic actuators used in moving
flaps, rudders and other flight-control
surfaces. The United Technologies Re-
search Center has developed an actua-
tor that works by using an optical sig-
nal to heat a small amount of hydraulic
fluid. The tiny pressure generated by
the heated fluid is amplified by the ac-
tuator’s hydraulic system and used to
move a wing flap or tail surface.

Fiber-optics may eventually supply
a self-diagnosing system for detecting
structural impairments to the aircraft
while in flight. These “smart skins”—
built from optical sensors and fibers
embedded in a composite airframe—
could detect the presence of cracks
and other stresses from wear or battle
damage. Composites would enable a
radar or infrared detector to be built as
an integral section of the aircraft body,
with signaling to avionics computers
carried out through fiber-optic links.

The lack of a unified effort has
prompted NASA to propose the intro-
duction of an approximately $70-mil-

lion five-year program coordinating in-
dustrial, university and federal labo-
ratory work on fly-by-light for com-
mercial aircraft. “We want to achieve
a nationwide foundation in fly-by-light
technology,” says Cary R. Spitzer, man-
ager of program planning and contracts
for NASA’s Langley Research Center.
“As it is now, people are working on
bits and pieces of it.”

For now, the military is not ready to
embrace the concept fully. The develop-
ment program for the army’s new Light
Helicopter, a replacement for a fleet of
Vietnam-era armed reconnaissance heli-
copters, evaluated and rejected optical
sensors as immature technology. The
U.S. Air Force’s Advanced Tactical Fight-
er (ATF) development program, a suc-
cessor for the 16-year-old F-15, also
looked at and discarded such a system.
The ATF and the Light Helicopter, how-
ever, may incorporate a high-speed op-
tical data bus, a fiber network connect-
ing various flight computers.

Enabling computers to talk to one
another over high-capacity fiber offers
a distinct benefit in the cockpit, where
fighter pilots are barraged with instru-
ment data. The tens of millions of bits
streaming each second over a fiber net-
work provides enough communications
capacity to “fuse” infrared, radar and
other information readily into a single
image for display to the pilot. This im-
age can be superimposed on the posi-
tion coordinates of a digital map.

Integration of aircraft systems using
lightwaves will likely continue. One day,
during a stopover, a maintenance tech-
nician may hook up a fuel line. A few
feet away another worker will plug a
fiber into an optical interface on the
fuselage. Route and weather informa-
tion, along with Rocky, part XXV, will
be loaded into the big digital flying ma-
chine at hundreds of millions of bits
per second. —Gary Stix

Simplifying Flight Control

FLY-BY-WIRE
SENSORS FOR ACTUATORS AND
DEICING, SLATS ... —7 SENSORS FOR
AND ATTITUDE . FLAPS AND

\/
{

AIRCRAFT
COMPUTERS

AILERON

AUXILIARY
_ POWER
UNIT

ENGINE-CONTROL COMPUTER,
SENSORS AND ACTUATORS

—— CONVENTIONAL WIRING

FLY-BY-LIGHT

— OPTICAL FIBERS

SOURCE: United Technologies Research Center
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Cadmium Charges

The environmental costs

of batteries are stacking up
message to battery makers

G from environmentalists in-

tent on keeping toxic metals out of
landfills. So manufacturers agreed to
take back spent car batteries and re-
cycle the lead. Next came mercury. In
the mid-1980s the poisonous metal
that coats electrodes in alkaline batter-
ies accounted for 1 percent of a cell’s
weight. It will contribute no more than
0.025 percent by early 1992. Some bat-
teries already meet this requirement.

In line to leave now is cadmium. The
carcinogenic metal powers recharge-
able batteries by way of a reversible
chemical reaction with nickel.
Most of the 280 million Ni-Cd
cells purchased in the U.S. last
year went home sealed deep
within cordless appliances such
as power tools, miniature vac-
uum cleaners and toothbrush-
es. Manufacturers now are be-
ginning to promote removable
Ni-Cds for portable radios and
other electronic products. Sales
of Ni-Cds are climbing steadily
as consumers endeavor to limit
what they throw away.

Unfortunately, plenty of re-
chargeable batteries are being
disposed of. More than half
of the estimated 1,775 tons
of cadmium in the municipal
waste stream came from batter-
ies in 1987, according to the
most recent study conducted
for the Environmental Protec-
tion Agency. In landfills the bat-
teries can release toxic cadmium. When
they are burned with other garbage, the
resulting ash becomes so contaminated
with cadmium that it must be consid-
ered hazardous waste. Dumping fees
at specially lined landfills run up to
$1,000 a ton.

Connecticut and Minnesota have al-
ready passed legislation aimed at keep-
ing cadmium out of landfills and in-
cinerators. More states, including New
Jersey, Vermont, Michigan, California
and Oregon, are considering similar ac-
tions. “The bottom line is that Ni-Cds
cannot go into the waste stream,” de-
clares Jean Wagenius, a Minnesota state
representative from Hennepin Coun-
ty. “Manufacturers must be ultimately
responsible.”

Minnesota’s 1990 legislation—which
other states are regarding as a mod-
el—was co-authored by Wagenius and

et the lead out” was the first
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Senator Gregory L. Dahl. It gives mak-
ers a few years to label consumer bat-
teries by their electrometallic content,
which should simplify sorting and ulti-
mately reprocessing. By then, consum-
ers must also be able to remove batter-
ies from products, to prevent incognito
trips to the dump. Eventually Minneso-
ta wants to give consumers and retail-
ers incentives to recycle Ni-Cds. The
state’s pending 1991 legislation would
tack a redeemable surcharge onto the
product, similar to a five-cent can de-
posit. The amount, however, would be
hefty enough to encourage compliance.

The prospect of a wave of restrictive
laws has raised concern among battery
manufacturers. “We want to be respon-
sible, but we don’t want to make port-
able rechargeable tools things of the
past,” insists K. Fred Wehmeyer, chair-
man of Battery Products Alliance (BPA),

Rechargeable Batteries’ Share
of U.S. Cadmium Consumption

W BATTERIES
TOTAL

1986 1987 1988 1989

SOURCE: U.S. Bureau of Mines

an international trade association com-
posed of battery and tool and appli-
ance manufacturers. The BPA has writ-
ten model legislation of its own, which
it will take first to states already con-
sidering their own lawmaking and then
to federal bodies such as the EPA and
Congress. Wehmeyer says that most
companies “want consistency of legis-
lation. This state-by-state approach is a
marketer’s nightmare.”

Battery makers favor separating Ni-
Cds from waste as part of a communi-
ty waste-collection program. “We think
the municipality has some obligation
to collect and maybe sort,” states Ter-
ry Telzrow, manager of product safety
and standards at Eveready Technolo-
gy Center in Westlake, Ohio. Wagenius
retorts: “They want to shift the cost for
collection to the user rather than the
generator of the product. They want

SCIENTIFIC AMERICAN May 1991
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government to absorb the cost, and I
say no fair.”

Perhaps the biggest obstacle to re-
cycling consumer batteries is cadmi-
um'’s designation as a hazardous waste.
Ni-Cds do not pass the EPA’s materi-
als toxicity test, which came into effect
in September 1990. The designation
means extra, expensive paperwork for
government and industrial Ni-Cd us-
ers, who are accustomed to recycling
batteries from backup energy units
in hospitals, marine buoys and other
sources. The law makes it more dif-
ficult for municipalities who have no
such systems to dispose of or recy-
cle spent batteries. “We're reluctant to
seek consumer cells [for recycling], sim-
ply because of all the permitting and
cost. Until it’s made easier, it’s barely
worth bothering,” says Derek J. Ben-
ham, president of F. W. Hempel & Co.
in New York City.

Nor do recyclers want to be-
come marketers of what they
reclaim. The Swedish conglom-
erate NIFE, among the world’s
largest industrial manufactur-
ers of Ni-Cds, would like to re-
cycle for consumers but has
been unable to get batches
large enough to be practical,
explains Arne O. Nilsson, exec-
utive vice president of the NIFE
ol office in Greenville, N.C.

o “This is something that the

EPA is going to have to get into,”
Telzrow asserts. The agency
could extend the exemption for
household hazardous waste,
he suggests, so that batteries
could be transported for recy-
cling. Industrial batteries might
be interpreted as scrap metals.
Ni-Cds might also be granted
a specific exemption from haz-
ardous-waste designation, as was done
for lead-acid batteries on their way to
regeneration.

Still another option is to find replace-
ments for cadmium. Matsushida, the
parent company of Panasonic, has al-
ready begun to test market nickel-nick-
el hydride batteries in Japan. (It has
no immediate plans to introduce these
prototypes to the U.S., however.) Met-
al hydrides—porous compounds that
store hydrogen—are promising sub-
stitutes for low-power devices such
as toys and photoflash units. The new
metals will probably not suffice for
power tools, because they cannot main-
tain a constant rate of discharge. The
prospect of detoxifying at least some
rechargeable batteries is a bright spot.
It is one that many would argue simply
illuminates the need for recycling. But
on whose nickel? —Deborah Erickson



Protein Probe
Remote-sensing technique
screens bacterial cultures

to look for camouflage. Other re-

mote-sensing craft use it to track
pollutants and to locate mineral depos-
its. The technique works because of the
ability to differentiate between wave-
lengths of visible and infrared radia-
tion associated with, say, a sand dune
in the desert or a tank covered with
khaki camouflage.

In the early 1980s, however, Douglas
C. Youvan, now an associate professor
of chemistry at the Massachusetts In-
stitute of Technology, confronted the
absence of just such an imaging tech-
nology for identifying the various in-
habitants of the small world encom-
passed by a laboratory culture plate.
His eventual goal is to amass data on
proteins in a million different mutant
strains of photosynthetic bacteria, each
of which could potentially be identified
by a distinct spectral signature.

Yet at that time, the only instrument
available to capture the big picture in
a petri dish was a double-beam spec-
trophotometer. It allowed the spectral
characteristics of a single culture of
photosynthetic bacteria to be analyzed,
a process that took five days. But You-
van needed to examine hundreds of
bacterial colonies spread across a dish
at one time or else find another line of
research. So his need became the moth-
er of an invention called a digital-im-
aging spectrophotometer, a device he
hopes may eventually be used widely
to screen not only bacterial proteins
but pharmaceuticals—maybe even sal-
mon food as well.

The instrument Youvan devised, like
the human eye, combines the spectral
resolution of the spectrophotometer
with the spatial resolution of a camera.
But it is not hindered by the eye’s lim-
ited spectral resolving power. Youvan
and two associates, Adam Arkin and
Mary M. Yang, use a video camera to
record images of up to 500 colonies on
a petri dish. A slide carousel changes
Fabry-Perot filters in quick succession
to capture as many as 50 distinct spec-
tral images during a 10-minute span.
Each 10-nanometer slice recorded by
the filtered camera is digitally com-
bined to produce a display of absor-
bance spectra at wavelengths from the
visible to the near infrared.

Simply gathering the data is not
enough. Without further processing, the
information generated from a single
scan would take up 40 million bytes of

S py satellites use spectral imaging

computer storage. Youvan's group used
image-processing algorithms to segre-
gate an area corresponding to each bac-
terial colony. Spectral values for a col-
ony are calculated by averaging the pic-
ture elements for each area, reducing
the amount of data to be stored by a
factor of 1,000.

A scan is then displayed on a com-
puter screen broken into several win-
dows. In one window, an arrow can be
placed on a row of a color contour map
that depicts the amount of light ab-
sorbed by each colony. The 50 or so
segments along the row, each of which
corresponds to a 10-nanometer band
of spectrum, are colored to represent
how much light has been absorbed.
Other windows show the location of
colonies in a dish or a graph of the
composite absorption spectrum for the
entire row.

The photosynthetic bacterium You-
van is studying—Rhodobacter capsula-
tus—contains bacteriochlorophyll and
carotenoids, pigments that absorb light
in the visible and near infrared range.
Different absorbance characteristics
represent varying protein structures, a
spectral signature for every mutant
bacteria. “We know that if we could
image millions of different events, it
would be comparable to an evolution-
ary time scale,” Youvan says. “It would
take nature a vast amount of time to

search out and test this number of mu-
tants. We will have effectively speeded
up the mutational clock.”

Youvan believes the technology may
be good for looking at more than col-
ored bacteria. By extending the spec-
tral range of the device, it could help to
screen the effectiveness of microorgan-
isms in bioremediation for neutralizing
pollutants, to identify bioengineered
bacteria that produce compounds used
as pharmaceuticals or even to judge
the amount of a pigment in yeast fed
to domesticated salmon to give the fish
their characteristic orange hue.

It might also allow the imaging of a
microtiter tray with up to 25,000 wells.
The conventional tray used for biologi-
cal assays holds 96 wells, Youvan says.
“By increasing the plate density almost
250 times, you will be able to screen
the samples hundreds of times more
rapidly,” he notes.

Youvan has talked to E. I. du Pont
de Nemours, Beckman Instruments and
Eli Lilly about the technology, although
none of these companies have as yet
announced firm plans to commercial-
ize it. The interest is there, however.
“What you can do is an order of magni-
tude bigger than what you can do by
classical measurements,” observes Jeff
Quint, a research biochemist for Beck-
man, a manufacturer of instrumenta-
tion for the life sciences.  —Gary Stix

IMAGE PROCESSING of several hundred colonies of mutant photosynthetic bacteria
on a petri dish shows the location of the bacterial colonies (upper and lower left).
The spectral data (right) for each colony is represented as a row (indicated by the
red arrow) within a color contour map. A graph of the absorption spectrum for the
row is shown above the map. Source: Douglas C. Youvan.
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Open Channels
Hormone derivatives may
combat PMS and epilepsy

hen is a sex hormone not a
sex hormone? In the 1950s re-
searchers observed that epi-

leptic women had fewer seizures dur-
ing menstruation, when progesterone
levels are on the wane. No one knew
why until the 1980s. When the hor-
mone is no longer needed by the body,
it breaks down into metabolites that
do something completely different. For
10 minutes or so, the former sex hor-
mones become steroids that reduce
neural excitation.

Researchers did not realize they had
discovered a class of natural allosteric
modulators until 1987. These “other
site” substances enhance the function
of a nerve cell receptor by binding to it
at a place distinct from that taken by
a neurotransmitter. The new drugs are
called epalon compounds by their de-
veloper, CoCensys, Inc. The start-up
company in Menlo Park, Calif., believes
that by tailoring the compounds to
fit specific subunits of the receptor, it
will be able to tease out quite different
neurological responses.

One modification might produce a
“soft” drug to relieve the tension and
irritability of premenstrual syndrome
(PMS) without causing drowsiness. An-
other version might induce sleep, and
still another could stop the convulsions
of epilepsy. CoCensys increases the
hormonal metabolite’s half-life with a
chemical extension to the part of the
molecule the body degrades first.

Epalon compounds bind to the re-
ceptor complex for a neurotransmitter
called GABA. GABA is but one of many
such chemical messengers, each with its
own receptors throughout the central
nervous system. But unlike most neuro-
transmitters, such as serotonin and the
catecholamines, which are primarily ex-
citatory, GABA is mainly an inhibitor.

Under normal physiological states,
GABA binds to its receptor, thereby
briefly opening chloride channels in the
neuron’s outer membrane. Negatively
charged chloride ions flow in, rendering
the cell less prone to excitation typically
caused by movement of positive ions.
This instant of relaxation—measured in
milliseconds—resets nerve cells so they
may fire again. When chloride chan-
nels clench shut, this produces feelings
of anxiety. Seizures result when many
channels close in enough brain regions.

Since the discovery of GABA, drug-
makers have searched for chemicals
that can mimic its function but do
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MOLECULAR MODEL of a partial re-
ceptor complex for GABA, an inhibito-
ry neurotransmitter, shows closed chlo-
ride channel (top). Channel opens when
GABA (blue) binds this receptor in a
nerve cell membrane (middle). Proges-
terone derivatives (purple) called epa-
lon compounds also bind the receptor
(bottom), enhancing channel opening.

so for a prolonged period. Anticonvul-
sants such as the benzodiazepines help
GABA maintain open channels by bind-
ing the receptor complex, as do barbi-
turates. Epalons also work this way but
appear to bind different places.

CoCensys was not the first to identify
progesterone metabolites. In 1986 Na-
tional Institute of Mental Health (NIMH)
researchers Steven M. Paul and Maria
D. Majewska reported that the deriva-
tives would bind—albeit not tightly—to
GABA receptor complexes. The team
suspected the drugs would behave like
barbiturates.

This announcement did not go unno-
ticed by Kelvin Gee, an associate profes-
sor of pharmacology at the University
of Southern California School of Phar-
macy, who was also working on GABA
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receptors. Gee decided to see what the
progesterone metabolites did when ex-
posed to the receptor along with phys-
iological concentrations of the neuro-
transmitter that acts on it. He con-
firmed that the derivatives bound to the
GABA receptor, but now much tighter,
and to a site other than the one recog-
nized by barbiturates. A quick test on
mice bore out Gee’s hunch—the com-
pounds prevented convulsions. He filed
for patents on the derivatives in 1987.

That was almost the end of the story.
“Most pharmaceutical companies were
scared away because they were ster-
oids,” Gee says. “People have this pre-
conceived notion that anything that’s a
steroid is bad.” But the derivatives have
no affinity for hormonal receptors, just
as hormonal steroids have no effect on
the GABA complex. “It’s like taking a
wheel off a tricycle,” says Robert G. Mc-
Neil, the venture capitalist who proved
willing to take the risk. (McNeil func-
tions as CoCensys'’s president from his
offices at Sanderling Ventures. The re-
search is contracted out to founding
scientists at U.S.C.)

There is much more research to do
before epalons can be commercialized.
Scientists at CoCensys and elsewhere
are trying to determine what the recep-
tor complex looks like in fine detail. So
far they have identified five subunits,
dubbed alpha through epsilon. CoCen-
sys co-founder Michael Bolger observes,
“It is likely that in different brain re-
gions, different forms of the GABA re-
ceptor complex will predominate, each
made up of different subunits.”

This promise of diversity sets drug-
makers to dreaming. A compound that
bound a subunit combination most
prevalent in the cerebellum, for exam-
ple, which controls voluntary muscular
movement, could bring about much
different effects from a drug tailored to
fit a subunit cluster in the brain stem,
which regulates functions such as
heart rate and breathing. The specific-
ity might well reduce side effects.

Instead of trying to isolate receptor
subunits from brain tissue, Nancy C.
Lan, another CoCensys founder, is mak-
ing them by genetic engineering. The
company will test modified versions of
its epalon compounds against combina-
tions of subunits to see which fit best.

Still, safety will have to be proved
with a great deal of rigor before the
Food and Drug Administration will
consent to clinical tests for a PMS drug
to be taken by otherwise healthy wom-
en. So CoCensys will focus initially on
West syndrome, a type of childhood
epilepsy. If epalons work as expect-
ed, they are likely to find wide-open
markets. —Deborah Erickson



THE ANALYTICAL ECONOMIST

Bursting bubbles

I have long been struck by the fact,
and puzzled by it too, that in all the
arsenal of economic theory we have ab-
solutely no way of predicting how long
such a [bubble] will last. To say that
prices will fall back to earth after they
reach ridiculous heights represents a
safe but empty prediction.

—PAUL A. SAMUELSON, 1957

ick up almost any Sunday news-
Ppaper in the U.S. and a special
section devoted to real estate ad-
vertisements practically falls out. Scan
the indices of standard economics text-
books, on the other hand, and real es-
tate seldom surfaces. An economic fact
of life for 64 percent of America, the
buying and selling of homes has re-
ceived scant attention from economists.
Why the indifference? In the past, nei-
ther macroeconomists nor micro-
economists could divine a specific
reason for watching real estate
sales. From the vantage of macro-
economists, other factors—name-
ly capital, labor and technolo-
gy—drive the economy. Real es-
tate has largely provoked yawns.
House sales do not show up in
any indicators of economic per-
formance. (The value of homes is
also not included in measures of
national savings.)
Microeconomists have been un-
interested in real estate sales as
well. They study consumers’ deci-
sions to buy goods in the context
of a market. Since one efficient
market ought to function much
like any other, the same econom-
ic principles should describe deci-
sions to buy a house or a car.
These observations, however, are
proving to be wrong. Economists who
do scrutinize real estate sales are con-
cluding that such markets are far from
efficient. One glaring sign of the mar-
ket’s inefficiencies may be “bubbles,”
or rapid escalations in prices, followed
by equally rapid declines. Moreover,
these economists believe that real es-
tate bubbles puffed up by consumers’
wishful thinking can cause gross misal-
locations of resources, ultimately crip-
pling a local or regional economy.
“This has been controversial stuff,
but it’s getting less controversial by the
minute,” asserts Karl E. Case, an econ-
omist at Wellesley College. More than
five years ago Case began analyzing in-
flation in home prices. Data showed
that in 1985 the median sale prices of
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single-family homes in the Boston area
jumped 38 percent. No fundamental
factors—such as changes in population,
employment or income—that Case con-
sidered could account for the enor-
mous increase. So he speculated that
the rise in prices was a bubble driven
by home buyers’ rosy expectations.

To test this hypothesis, Case and a
colleague, Robert J. Shiller of Yale Uni-
versity, plunged into a more detailed
study of real estate prices. In spite of
the Sunday papers, there is a dearth of
reliable data on home sales. The U.S.
Bureau of Labor Statistics even gave
up calculating an index of changes in
home prices because the data were
plagued by inconsistencies.

Case and Shiller skirted these prob-
lems by constructing a new index of
house prices. Their “weighted, repeat

The Boston Home Price Bubble

tions in addition to fundamental values.

To further unravel what fuels expec-
tations, Case and Shiller surveyed about
1,000 home buyers in four other cities.
Most saw buying a home as an invest-
ment. But their reasons for expecting
prices to rise were largely anecdotal
and not rooted in serious assessments
of why prices change. “Among the most
popular clichés were ‘The region is a
good place to live,” and ‘There is not
enough land,”” Case reports. “Neither
of these is news, and neither could ex-
plain a sudden boom.”

Their conclusion—that in a real estate
boom, prices race ahead of what sound
judgment dictates—is more than aca-
demically interesting. “It means there’s
been a terrible misallocation of resour-
ces,” Case says. Banks suffer because
they lend more money than the as-
sets are worth. Homeowners profit, but
those who do not already own watch
their chances of buying a home wither.
When the bubble bursts, the economy
loses “a ton of money,” Case declares.

Case has further argued that
the Massachusetts economy was
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pushed into its current recession
by the real estate boom that last-
ed from 1984 to 1987. Over that
time, some $100 billion in real
estate equity was “created” in
Boston by the rising prices of
single-family residences. In re-
sponse to the demand for hous-
ing, construction went ahead at
a feverish pace. When the boom
ended, tens of thousands lost
their jobs. In February unemploy-
ment in Massachusetts stood at
about 9.3 percent. Case believes
that in the absence of the boom,
the economy would have slowed

1981 1982 1983 1984 1985 1986 1987 1988 1989 1990

SOURCE: National Association of Realtors

sales” index measures the changes in
the prices of homes sold at least twice
during a given time. This avoids the er-
ratic shifts in mean house prices creat-
ed by lumping together sales of uptown
penthouses and downtown walk-ups.
Applying the index to data on home
sales in four U.S. cities between 1970
and 1986, Case and Shiller found sig-
nificant excess returns from buying and
selling a house—profits above the re-
turn earned on other investments such
as Treasury bills. Furthermore, these ex-
cess returns were predictable, leading
to a simple rule for making money in
these markets: if the returns predicted
by the index were higher than the cur-
rent mean return, buy immediately. If
not, wait a year. The rule lent more
weight to the argument that real estate
booms are driven by people’s expecta-
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but not reached the “potential-

ly catastrophic recession” it is

now experiencing.
Real estate may not be the only in-
efficient market plagued by destruc-
tive bubbles, Shiller points out. “People
talk about inefficient markets, but they
don’t do research on them,” he says.
Shiller claims to have found the spoor
of inefficiency in financial markets as
well. Nevertheless, he adds, bubbles
have been an unfashionable subject of
study because of economists’ deeply
held reliance on efficient markets.

As a result, economists have yet to
sort out what initiates real estate or
other market bubbles and why they
burst. But, on the other hand, airing
the prevailing theories might provide
a salve: at least in principle, the more
people who know the market is ineffi-
cient, the fewer should jump on the
speculative bandwagon. Pass it along.

—Elizabeth Corcoran and Paul Wallich
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MATHEMATICAL
RECREATIONS

The theory of rigidity, or how to brace
yourself against unlikely accidents

by A. K. Dewdney

t helps to be flexible when you
I think about rigidity. I learned this

lesson in the summer of 1978 as
my father, my son, Jonathan, and I
fixed up our cabin in the Canadian
North. To patch the leaky roof, my fa-
ther had built a scaffold from freshly
cut spruce poles. When my father and
Jonathan climbed to the top of the scaf-
fold, the rustic framework groaned and
swayed. I mentioned that the scaffold
looked a little shaky, but my father
scoffed, “Why this thing will hold 10
men—and I used the absolute mini-
mum number of poles.”

Who was I to argue with my father,
an expert woodsman and an amateur
mathematician to boot? I returned to
my chores inside the cabin. Less than
a minute later I heard a whoosh, a
thump and two startled cries. Racing
outside, I found Jonathan and my fa-
ther sprawled on the moss. The scaf-
folding had scaf-folded, so to speak.
The two stood up, and my father
grinned sheepishly, exclaiming, “Isn’t
that the damnedest thing!”

I can hardly blame my father for
building an unstable scaffold. Math-
ematicians and engineers have been

struggling for centuries with the theo-
ry and practice of constructing rigid
frameworks. Mathematicians call the
subject rigidity theory. I recently inves-
tigated this topic, hoping that a few in-
sights might save my family and others
from further injury. My research has
also uncovered a host of amusing puz-
zles to flex the mind.

Rigidity theorists prefer not to make
frameworks out of spruce poles and
nails. Instead they have a mental con-
struction set that consists of abstract
bars that cannot be stretched, com-
pressed or bent by any amount of
force. Such bars come in all conceivable
lengths, and if the ends of two or more
of them touch, an instant universal
joint is formed. The joint allows the two
bars to swivel and twist unless other
connecting bars constrain their motion.

Imagine, for example, a framework
of 12 bars of equal lengths arranged
into a cube. The cubic framework is not
rigid. Placed on a table, it would flop
over in an instant. Indeed, if such a
framework were rigid, bridges and tow-
ers would not need diagonal girders.

Recently I attempted to brace a cube
by adding diagonal bars to some of

its six square faces. How many bars
would it take to make the cube rigid?
Four bars, judiciously placed, seemed
enough until I found a way to make the
cube flex. Even a cube that had diag-
onal bars added to five of its faces
turned out not to be rigid [see illustra-
tion below]. The five bars, along with
six of those already present in the cube,
form two tetrahedrons that are hinged
along a common bar. If the two tetra-
hedrons are folded against each other,
two of the four joints that define the
unbraced square face move toward
each other as in the illustration. The
other two joints move outward. No
matter how five diagonal bars are add-
ed to the faces of a cube, there will al-
ways be a way to flex it. No fewer than
six bars are needed.

Instead of bracing a cube on its fac-
es, what if it were braced by diagon-
al bars that run from one joint right
through the center of the cube to the
opposite joint? (With the careless élan
of theorists, readers may ignore the in-
tersections of the diagonals.) A cube
braced by four interior diagonals has
a strange kind of flexibility that theo-
rists call an infinitesimal flex. In some
sense, an infinitesimal flex is a motion
of one part of a framework relative to
another. The motion is so small, how-
ever, that it does not even exist.

Let me explain. The diagonally braced
cube shown in the illustration below
has arrows that indicate a tiny rotation
of the top face in relation to the bot-
tom face. Because all bars making up
the cube are made of ideal materials
that will not suffer the slightest change
in their length, the top face cannot be
truly rotated, even by a tiny amount.
Yet one may start to rotate the top face
and the bottom face in opposite direc-
tions. During this vanishingly tiny mo-
ment, there is no resistance from any
other part of the cube because all bars
that connect the upper face to the low-

The braced cube at the left has an ordinary flex (center), whereas the one at the right has an infinitesimal flex
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er one make right angles with the di-
rection of rotation.

If this diagonally braced cube were
made of real materials, it would be dis-
tinctly vulnerable to small but mea-
surable rotations. The structure would
wobble. (My father avoided this partic-
ular style of bracing.) Frameworks that
have only infinitesimal flexes are con-
sidered rigid, but those that have no
flexibility whatsoever are called infin-
itesimally rigid.

Besides their mental construction
sets, rigidity theorists also have a men-
tal tool kit containing a great many the-
orems and techniques that can be ap-
plied, among other things, to bracing
a cube. One of the simplest and most
effective tools was discovered by 19th-
century engineers. A framework that
has J joints must have at least 3J-6
bars to be infinitesimally rigid. This
theorem can be applied to the cube; its
eight joints mean that J= 8. The cor-
responding magic number computed
by the formula is (3 x8) -6 =18.

To show that a cube composed of 18
bars (12 edges and six braces) is actual-
ly infinitesimally rigid, one might ap-
peal to a theorem invented by the Rus-
sian geometer A. D. Alexandrov in the
1940s. Alexandrov studied rigidity in
frameworks based on a convex poly-
hedron. These faceted surfaces include
everything from cubes to cut gems
to the geodesic domes of R. Buckmin-
ster Fuller. Alexandrov proved that any

FOLD OUTWARD
FOLD INWARD
JOIN EDGES

How to construct a Connelly-Steffen surface

framework based on one of these
shapes can be made infinitesimally rig-
id by adding bars to the framework so
that every face is composed of trian-
gles. As far as Alexandrov’s theorem is
concerned, then, a triangular bracing
of each face of the cube (one bar each)
will make it strong.

I sympathize with any readers who
have problems visualizing the cubic
bracings. Even the diagrams on the op-
posite page are a bit complicated. Per-
haps it is time to descend from the
three-dimensional space that gave birth
to the theory down to the plane, a two-
dimensional space inhabited by a vast
panoply of various flat frameworks. Al-
though readers can easily figure out
that a square can be made rigid with a
single diagonal, they will find it rather
challenging to figure out how to brace
a grid of squares. For example, how
many diagonals must be added to make
a four-by-four grid of squares immune
to flexes? The illustration on the next
page shows two ways to brace such a
grid with only seven diagonals. But one
of the braced grids is not rigid. Can
readers tell which one?

The answer can be deduced in the
following manner. Make up a diagram
composed of two sets of dots. The first
set represents the four rows of the
grid, one dot per row. Likewise, the sec-
ond set corresponds to the four col-
umns. For each of the seven diagonal
bars in the grid, connect the appropri-
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ate dots in the diagram. For example, if
there is a diagonal bar in the square sit-
uated in the third row and the fourth
column, then draw a line from the third
dot in the first set to the fourth dot in
the second set.

Whether the grid is now rigid can be
answered by asking the following ques-
tion: Is the dot diagram connected? In
other words, is there a continuous path
from any dot in the diagram to any oth-
er? If (and only if) so, the grid is rigid.
This elegant theorem—first proved by
Henry Crapo of the INRIA near Paris
and Ethan D. Bolker of the University
of Massachusetts at Boston—can help
readers quickly determine whether a
grid will flex. The diagram for the grid
on the left is connected, but the other
is not. As an exercise in rigid thinking,
I will leave readers with the problem of
using the Crapo-Bolker theorem to de-
cide why seven is the minimum num-
ber of bars necessary to brace the grid.
As far as I know, there is no corre-
sponding theory to advise readers, or
my father, about how to brace scaffolds
or other cubic grids.

Sometimes the search for rigidity re-
quires flexibility in the literal sense. No
story better illustrates the point than
the history of the famed rigidity con-
jecture. In the 17th century the French
mathematician Augustin-Louis Cauchy
wondered whether all convex polyhe-
dral surfaces were rigid. Such surfaces
include the triangulated polyhedrons of
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Alexandrov’s theorem and many more.
Their facets, or faces, are bounded
by plane polygons with any number
of sides. Being convex, they have no
indentations or hollows of any kind.
In 1813 Cauchy proved that a convex,
polyhedral surface is rigid if all its fac-
es are triangles. The theorem meant
that any convex surface one could con-
struct from triangles, each triangle
sharing each of its bars with one other
triangle, would be rigid.

Despite the restriction of Cauchy’s
theorem—that the surface be convex—
mathematicians were beginning to won-
der whether all surfaces composed of
triangles were rigid—even those sur-
faces that were not convex. Such sur-
faces may appear to be folded, twisted
or contorted in quite crazy ways. The
only requirement was that they be sim-
ple in the topological sense. If sud-
denly converted to rubber and inflated,
they must be (more or less) spheri-
cal. Additionally, a simple surface re-
quired that no part of it touch another
part of the same surface. Mathemati-
cians conjectured that if a surface had
all these properties, then no matter
how deformed it happened to be, a ver-
sion composed of triangles would suf-
fer no flexes.

For more than a 100 years, no one
was able to prove this so-called rigidity
conjecture, nor could anyone disprove
the conjecture by finding a flexible,
nonconvex surface made of triangles.
The strongest supporting evidence for
the conjecture came in 1974, when
Herman R. Gluck of the University of
Pennsylvania showed that “almost all”
such surfaces were rigid. In other
words, examples counter to the conjec-
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ture, if they existed, would be rare in-
deed. Even a contrarian would find this
much evidence in favor of a conjecture
discouraging.

But Robert Connelly of Cornell Uni-
versity was convinced in some corner
of his being that the rigidity conjecture
was false. After visualizing surface after
surface that looked as though it should
flex, Connelly realized one day that he
was working against Gluck’s theorem.
His office was full of models sent to
him by amateur mathematicians who
claimed flexibility for them. Gluck’s
theorem said, in effect, “Not likely!”
Faced with the same difficulty, Connelly
decided to examine mechanisms, name-
ly, frameworks that he knew would flex.

Starting with a very simple tlexible
framework, he employed his knowl-
edge of topology, spanning parts of the
framework with simple triangles. Then
one day he felt close. Before him was a
nonconvex surface that flexed. But it
was not quite what topologists call a
sphere. Two edges within the surface
touched each other, like a deflated bas-
ketball in which one side is pressed
against the other. The thing was dis-
tinctly annoying. So near and yet so far.

It was then that the idea of a crinkle
came to him. He suddenly thought of a
way to introduce a subdivision of the
annoying edges and surrounding trian-
gles that amounted to a fold—enough
to take the two lines out of contact.
The model he built flexed!

The counterexample to the rigidity
conjecture appeared in the literature in
1978. Shortly after, the German math-
ematician Klaus Steffen found an even
simpler surface, based on Connelly’s
idea, that flexed. Readers who would
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Dot diagrams reveal whether a grid is
rigid (left) or not (center and right)

like to flex their own version of the
Connelly-Steffen surface will find it laid
out in the illustration on the preceding
page. To obtain a size that is easy to
work with, readers should interpret the
edge numbers as centimeter lengths.
Arrows that connect the edges in pairs
indicate attachments to be completed
by armchair rigidity theorists.

When the Connelly-Steffen surface
is completed, the two central triangles
make a fold by which one hand may
grasp the surface from above. With the
other hand, it will be possible to reach
up under the model and then (delicate-
ly!) to flex the bottom vertex from side
to side, but only by a small amount,
roughly 10 degrees.

When this tiny flex is performed,
the surface bounds the same volume.
These days Connelly ponders wheth-
er the constant volume property holds
true for all flexible, nonconvex surfaces
made of triangles. If he conjectures
that they do, he himself may have to be
flexible. Some young upstart may find
a counterexample.

As something of an upstart myself, I
gave my father some trouble over the
collapse of the scaffolding. But within a
few hours of the accident, the scaffold-
ing was up again. It was identical to the
previous structure, except for one extra
spruce pole. My father climbed the scaf-
fold confidently. I am sure the tiny wob-
bles I detected were merely infinitesi-
mal flexes.

FURTHER READING
CONNECTIONS: THE GEOMETRIC BRIDGE
BETWEEN ART AND SCIENCE. Jay Kap-
praff. McGraw-Hill, 1991.




IF YOU'RE NOT RECYGLING
YOU'RE THROWING IT ALL AWAY.

A little reminder from the Environmental Defense Fund  Environmental Defense Fund at: EDF-Recycling, 257 Park
that if you're not recycling, you're throwing away a lot more  Avenue South, New York, NY 10010, for a free brochure that

than just your trash. will tell you virtually everything
You and your community can recycle. Please write the ~ you need to know about recycling, @F me '
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PROFESSIONAL QUALITY
WEATHER STATION
NOW AFFORDABLE

ENOUGH FOR HOME USE!

The new WeatherPro weather station uses state-of-
the-art lechnolté%y to give you full monitoring capa-
1

bility at an incredibly Tow price. The WeatherPro

includes a weather computer, remote precision wind
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BOOKS

Reading the earth’s strata, something new
under the sun, a possible rival for chocolate

by Philip Morrison

A GEOLOGIC TIME SCALE 1989, by W.
Brian Harland, Richard L. Armstrong,
Allan V. Cox, Lorraine E. Craig, Alan G.
Smith and David G. Smith. Cambridge
University Press, 1990 ($49.50; paper-
bound, $19.95). A GEOLOGIC TIME
SCALE 1989: WALLCHART, by W. B.
Harland, R. L. Armstrong, L. E. Craig,
A. G. Smith and D. G. Smith. In color,
22 by 40 inches. Cambridge University
Press, 1990 (folded or rolled, $12.95).

finger’s breadth of clay parts two

thick rock strata in the Umbrian
hills; below it lie the rocks called Maa-
strichtian, uppermost formation of the
Cretaceous, above it the Danian, lowest
of the Tertiary. By now every scientific
reader knows of that abrupt end to a
long chapter in the Book of Sediments,
an episode judged by many to record
celestial blows that ended the reign of
the reptiles. That KT boundary is here
dated 66 million years ago, plus or mi-
nus about two million years (adjust-
ed for overall consistency, the adopted
age is 65 million years). But just how
do we know that chronology?

This volume, a lucid summary and
a technical work of reference as well,
documents a modern time scale for the
whole of geologic history. The task has
a dual nature that flavors the whole.
What is dated—the dependent variable,
one might say, and a formidably varied
one—is some 140 or 150 stages (once
called formations), found and distin-
guished in the rocks worldwide most-
ly by the field geologists of the 19th
century. This generates a wealth of tax-
onomic and historical appraisal. One
geochronological stage is simply about
as small a column of rock as experi-
ence has shown can be treated as a sin-
gle unit. That varies with the case; for
crude guidance, imagine a typical stage
as a pile of rock layers the height of a
high cliff.

Few boundaries are marked by crisp
bookmarks like that clay at Gubbio,
“golden spikes.” Most stage boundaries
have been related by 20th-century
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work to the specific organic forms
found in the rock, macrofossil and mi-
crofossil species and their population
counts. This is like ordering the scat-
tered and incomplete pages of an old
manuscript by making sure that the
joined text fragments make sense. Then
consensus is sought to partition that
shifting evolutionary continuity into
discrete stages and to label those by an
international nomenclature. New fos-
sils are being found; forms once char-
acteristic may no longer seem unique;
discordant assignments lead to bound-
ary shifts. Many stage boundaries are
settled by the judgments of expert
committees. (The authors show a little
pique about that famous discontinuity
in clay. “Along with much publicity for
catastrophic events,” they report, the
official committee has yet to recom-
mend formally its reference point for
that key boundary.)

If we describe the KT boundary in the
way used for most stages, we would
stipulate only that it overlies the rock
of one specific quarry in the chalk of
South Holland but stays below the
chalky limestone present at a second
classical locality in Denmark. The abun-
dant fossil plankton seen in those two
limy beds are quite distinct.

Stages once arranged in sequence
can be dated, but only through some
token of the uniformn flow of physical
time, the grandest of independent vari-
ables. Today the time label is radioac-
tive decay within the rock, independent
of geologic history and of living forms,
indifferent to terrestrial environment.
It is something of a surprise to see how
many dates here depend on one single
instance of the alchemical change, the
slow beta decay of the rare potassium
isotope of mass 40 into stable argon
40. This change has been measured
in the right samples for a generation
by direct mass-spectrographic analysis
for those two isotopes. The right sam-
ples are mostly unweathered crystals
of black mica, found in the lavas and
tuffs and other volcanic inclusions that



lie now and again amid the layered sed-
iments of land or seafloor. That mica
has plenty of potassium; once formed,
its crystals hold argon safe against dif-
fusive leak at “closure temperatures,”
about that of an extremely hot oven.
The volcanologists and mineralogists
have certified how little difference that
will make under the cooling conditions
of volcanic flows.

For 20 pages, the isotopic data base
reports a few hundred samples, every
sample tied to a date. The authors have
drawn the numerical data mainly from
careful compilations published during
the past 25 years. They critically ex-
amine enough measurements of other
mineral types and of other isotopes
to dispel any sense of fragility in de-
pending heavily on a single superior
method.

Now the stages stand in agreed se-
quence, with plenty to be said of the
history and reliability of most of the
choices. For each date, there is a sta-
tistical estimate of counting error. If
there were one well-known date fixed
at the midpoint of each stage, the mat-
ter would be straightforward. Utopian!
Dates with different errors are scat-
tered in the rocks, sometimes to date
different places within one stage, some-
times skipping several stages. Dates
for lower stages are sometimes young-
er than those for stages that lie higher
in the rocks.

Out of this pile of troubles the au-
thors have devised a compelling visu-
al means of displaying errors quan-
titatively. Plotted against a trial date,
they compute a measure of error, on
the model of least squares. It would
ideally generate a symmetric curve, a
valley whose lowest point would touch
the time axis at the most likely date,
the error of fit fixed by the valley width.
You can examine here some 120 of
these curves, boundary by boundary;
the curves are twisted, asymmetric,
sometimes missing the axis, sometimes
cut off by it. The final case made is
strong. Stage after stage can hardly be
in error by more than a few million
years each way. Considering the en-
tire sequence allows even better judg-
ments, amply presented and document-
ed. The uncertainty in the fossil se-
quences is not forgotten, and the linear
progress of seafloor spreading with
time aids the interpolation at awkward
places in the long list.

With increased depth in time, rocks
and their data points grow scarcer. The
“stages” become longer, less secure
than the one to five million years that
span the stage durations for the upper
three fourths of the stages. Below 570
million years, in the Precambrian, the
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grand clues of visibly intricate organ-
ic form fail almost completely. There,
the relics of life are rarer, microscop-
ic, their complexity biochemical, well
hidden from the tweezers and micro-
scopes of the paleontologists. Before
that time, atomic dates alone rule, and
the classical rock stages must give way
to broader divisions bounded by round
numbers in atomic time.

Back, back we peer, to the start of
the scale in the “Cryptic division.” That
apt name arises out of varied clues
from the earliest history of the forming
moon, 4.5 billion years ago, older than
the oldest-known rocks on the earth by
500 million years, and we are at the
lowest of rock-based horizons.

A companion wall chart reproduces
the concluding tables of the rich text,
with color added. One panel sums up
the results. Along the three-and-a-half-
foot length of the chart, the whole of
the earth’s geologic time is plotted, not
at the detail of the stage but only by
period. Two other panels fill out the
space with zoom views. One extends
stage by stage from the first metazo-
ans to Homo erectus; the other expands
the past two million years, Australo-
pithecus robustus to Cro-Magnon. The
elegant austerity of the time scale itself
is at the end ornamented to everyone’s
pleasure by the entry of a couple of
hundred varied geologic events, au-
thors’ choice, without references or jus-
tification: early grasses, Antarctic glaci-
ation, primates (before the rodents), In-
dia-Eurasia collision. This team from
Canada, the U.K. and the U.S. is fully
as scrupulous, learned and precise as
calibrators should be; they are uncom-
monly good-humored besides. It is sad
to report that co-author Allan V. Cox
of Stanford University died before the
book went to press.

THE ELEMENTS BEYOND URANIUM, by
Glenn T. Seaborg and Walter D. Love-
land. John Wiley & Sons, Inc., 1990
($49.95).

hen in 1869 Dimitri Mendeleev

published his first periodic table
of the elements, it ended with urani-
um, the heaviest atom in nature, known
somewhat vaguely as a constituent of
Bohemian pitchblende since the 1780s.
Not until 1940 was the first transuranic
element found by two Berkeley phys-
icists, later named neatly enough af-
ter the first planet beyond Uranus. The
next higher element was already im-
plied by the instability of that first find,
but plutonium was not securely iden-
tified until the first months of 1941.
That identification remained secret un-
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til August 1945. The unprecedented
delay signals the fateful coupling be-
tween the ends of the periodi¢ table
and the chronicle of our warlike centu-
ry. Scientific curiosity began the study
of the transuranics, but war and the
fear of war enabled and enlarged it.
The first visible speck of any artificial
element was a microgram or so of plu-
tonium isolated in August 1942; pluto-
nium is now stored by the hundred
ton. With that change in scale by 14 or-
ders of magnitude runs a deep fault in
history where a slip might shatter the
nations.

This concise 50th-anniversary sum-
mary is a book with mixed aims; its
personal accounts—the senior writer
was co-author of the plutonium discov-
ery paper and a Berkeley participant in
more than half of the discoveries of
transuranics since then—and its wide
scope can well serve the general reader.
Much of the text is a kind of compact
handbook, presenting quantitatively if
briefly the rich nuclear data and de-
tailed theory of our day. For instance,
the properties of some 160 isotopes
of the 17 known transuranic elements,
now up to element 109, are tabulated
(not all elements bear official names
because the act of discovery is contest-
ed). Although the plutonium in the
bombs is hidden and remote, one trans-
uranic atom, americium, available by
the kilogram, is now in wide public use.
In tiny sealed samples it is the source
of ion current within millions of smoke
detectors.

Virtuosity is commonplace among
these investigators: they carry out mul-
tiple chemical separations from mov-
ing streams of hot gas within seconds;
they can separate and detect in vacu-
um new radioactive nuclei by their
mass and charge, provided their life-
time is at least something like a mil-
lisecond; they have confidently ana-
lyzed samples with only tens of atoms,
often all of them on the surface of a
single tiny bead of absorbent resin.

Time is the arbiter of elements. Ura-
nium is simply the heaviest atom that
could endure for the billions of years
it took to evolve chemists. Only one
of all the transuranic species known
has a mean life as long as a geologic
era, about 100 million years; that one,
244Py, cannot be extinct, “although the
total amount...on earth is less than
10 g.” We know it was part of what our
planet inherited from interstellar gases,
for isotopes and tracks characteristic
of its fission are found in overabun-
dance in certain mineral grains of me-
teorites. In those yeasty times, solar
matter was more radioactive.

The transuranics are genuinely arti-



facts, something new under the sun.
They were by no means new to the an-
cestral stars; even today, somewhere
else in the Milky Way, in the debris of
some mass-shedding star, they are syn-
thesized anew. Several intricate graphs
in the book make dramatic this branch
of applied astrophysics. In the first
thermonuclear explosion at Eniwetok
in 1952, when one islet of the atoll
necklace became vapor, the internal
flood of neutrons reached unheard of
heights. In nanoseconds, uranium nu-
clei captured neutron upon neutron to
form isotopes in measurable amounts
all the way from 23°U up to mass num-
ber 255. Those quickly decayed, to pro-
duce a swath of transuranic species
from uranium up to element 100, first
isolated from that bomb debris and
named fermium.

Other graphs clarify the expected
run of successive neutron captures
expected somewhere in dying stars.
Their mark is seen in the distribution
of heavy element abundances on the
earth, when star fallout, long decayed,
coagulated into the solar nebula. The
calculations fit what we find; the star-
bomb debris held highly transient ele-
ments up to 112, never seen yet under
the sun. The physics of this field cen-
ters on the energy of nuclear droplets.
They are held together by short-range
nuclear attractions and pushed apart
by long-range electrostatic repulsions
that act among protons alone. There is
no hope for an element with more than
about 125 protons: too much mutual
repulsion, its center cannot hold. In-
creasing the neutron number, whether
in bomb, star or high-powered reactor,
is the wholesale path to transuranics.
Accelerator bombardment of a well-
chosen heavy target nucleus with a fast
neutron-rich heavy ion, say, 3°Ca, is
a more controlled method and has
claimed most recent successes.

It has turned out that the model of a
charged nuclear fluid at fixed density is
not accurate enough to predict the pro-
cesses of fission and alpha decay that
usually end the heaviest transuranics.
The energy of a nucleus is described by
such a fluid to within about 0.5 per-
cent. But prediction of the path of a re-
action depends on small differences,
and favorable arrangements of small
subsets of particles, shells, must in fact
be allowed for. It was always evident
that the decay of heavy nuclei much fa-
vored losing four nucleons all at once,
the two pairs so well bound into an al-
pha particle.

The modeling is finicky, but it seems
now that the ridge of relative stabili-
ty (we no longer expect any superheav-
ies with lifetimes of geologic duration)
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runs unbroken from where we are now
out toward the element 120, the nuclei
steadily decreasing in lifetime. In all,
some 500 species of transuranics are
expected with lifetimes greater than a
microsecond. We might hope to form
a superheavy nucleus gently, never so
overexciting it that it flies apart. Mean-
while we can admire the neutron stars,
superheavy balls of nuclear matter, sta-
ble only because they are bound at
long range by the fourth force, gravity.

ADVANCES IN NEw Crops. Edited by
Jules Janick and James E. Simon. Port-
land, Ore., Timber Press, 1990 ($65).

he black seeds, set like jewels in

the green slices of kiwifruit, came
out of China to many countries before
1905. Only in New Zealand did nurs-
erymen plant and select for new crops.
By 1940 they had bred several com-
mercial varieties; about 1950 a clever
marketer in Los Angeles encountered
the fruit and became its champion. The
distant growers learned how to wrap
and store their furry delicacy. Once
called Chinese gooseberry, the kiwi was
given its market name. The New Zea-
land acreage in kiwi vines increased by
a few hundred times; during the 1960s
their fruits sold in the U.S., Europe and
Japan for 79 cents apiece.

Some Californian growers near the
plant introduction station in Chico,
where long before good kiwi vines had
come, began to pick fruit about 1967.
A Growers Organization was formed to
improve standards and to nurture the
U.S. market. By 1985 California kiwi
“were in surplus and the boom was
over,” with production at almost 30,000
tons a year. New Zealand, the first to
finish the course, saturated their mar-
ket in 40 years; Chile, the latest to
enter, will make it in about 12 years.
France, Japan and Italy came between.
“Any country can take a new crop and
overproduce it in less than 20 years.”

Decorative kiwi is hardly a staple,
even on the trendiest of tables. But the
soybean has been a cornerstone of hu-
man nutrition in East Asia for 3,000
years. That bland, white proteinaceous
curd puzzled naive Furopean travelers,
who saw no dairy farms at all. In 1665
observant Friar Navarrete understood:
“They drew the milk out of the Kidney-
Beans and...make great Cakes of it like
Cheeses.”

Soybean has been grown on and off
as a forage crop in the U.S. ever since
its introduction near Savannah, Ga., in
1765. The new agricultural field sta-
tions began to promote it during the
1880s, with mixed response, until in



1888 it was found that all legumes
fixed nitrogen in the soil through the
microflora of their root nodules. Soon
W. P. Brooks showed how to encourage
soybean by planting it along with a
pinchful of soil dust from previous
roots. The new crop was truly rooted
in America: by the 1920s the crushed
seed was a source of high-protein feed.

The World War II shortage of edible
oils and feed induced a great expan-
sion. Between 1924 and 1984 the U.S.
crop of soybean, largely exported, had
increased 400-fold. Crop restrictions
on corn and wheat favored soybean,
which now earns more for U.S. farmers
than any other (legal) crop save those
two cereals. The whole Western world
still eats soybean mainly at second
hand, via its poultry, pigs and cattle; in
Asia they frugally avoid middle crea-
tures and enjoy their tofu at consider-
able saving.

This thick volume reports the First
National Symposium on New Crops,
held in Indianapolis in the fall of 1988,
with many sponsors. Some 30 papers
treat systematic topics, such as plant
breeding, biotechnology and crop eval-
uation. About 120 papers discuss spe-
cific crops, grouped as cereals, oilseeds,
fiber and industrial crops, floral crops,
vegetables, fruits and nuts, spices, me-
dicinals, even space crops. (Cowpeas
and garden peas appeal to space gar-
deners, because they are self-pollinat-
ing and offer a variety of uses of leaf
and seed.)

Starchy Andean tubers like the pota-
to, but in many forms and colors, pro-
tein-rich grains amaranth and quinoa,
the rye-wheat hybrid triticale, a success
on marginal lands in Eastern Europe,
and one perennial relative of wheat—the
best among 100 grass species for a
new approach to the husbandry of ce-
reals—are all surveyed here, in place
and in promise. None are yet wonder
crops. A long list of tropical fruits and
vegetables that may enter our markets
includes a possible rival to the divine
chocolate: it is another such rain-forest
fruit, cupuassu, whose pulp now fetch-
es top cruzeiro around Manaus for its
intense perfumed aroma, “a little over-
powering at first.”

One enthusiastic expert offers con-
cise prophesy for a new crop, not as
food or fiber but to guard the envi-
ronment. World Bank staff in India re-
port a certain deep-rooted grass able to
grow in snow, shade or desert sands,
there able to halt soil erosion and hold
moisture but never to spread weedlike.
“I think we’ll see hundreds of thou-
sands of miles of vetiver grass strips
banding hillsides in every continent,”
and perhaps we will.
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ESSAY

The sting of truth
by John Kenneth Galbraith

here is a troubling question:
T Does mainstream economic the-

ory and instruction serve to con-
ceal economic reality? And, a closely re-
lated matter, do accepted political at-
titudes and instruction likewise serve
concealment? The answer is, alas, that
both do. It is with that misguidance that
this essay is concerned.

In the great tradition of economics,
nothing is more central than the sov-
ereign role of the consumer. It is to this
authority, manifested in the market,
that the producing firm responds. This
it does with basic efficiency; such re-
sponse is the natural product of profit
maximization in the competitive mar-
ket. Monopoly or imperfect competition
or defective knowledge may invade and
frustrate this process. But only what so
offends as aberration stands against
the basic power of effectively served
consumer choice. The textbooks, with
appropriate bows to market imperfec-
tion and producer error, so affirm.

The facts of economic life are man-
ifestly different. That the producing
firm reaches forward to shape and thus
to subsume the consumer sovereignty
it is assumed to serve is patently clear.
Even the most austere of economic
scholars watch television.

Not less evident, and especially in
these last years, has been the commit-
ment of those who manage the mod-
ern corporate enterprise to the maxi-
mization of compensation and also of
the enjoyments of power not for the
firm but, and frequently with grave
damage to the firm and the public, for
themselves. There has always been a
question as to why corporate manag-
ers should be powerfully committed
to profit maximization but in a selfless
way for distant, dispersed, unknown
and effectively powerless stockholders.
Why shouldn’t they, if so motivated,
maximize for themselves? We now see
that, at least within limits, they do. The
mergers and acquisitions mania and
the protective leveraged buy-outs have
not been for profit maximization by
the firm. They have been struggles for
power, position and reward by man-
agement or those who seek to control
and manage. Of this, given the media

136

SCIENTIFIC AMERICAN May 1991

attention, economists can also hardly
have been unaware.

The self-service of the management
of the enterprise, not the service of the
public, is the reality that the estab-
lished doctrine conceals. Economic ed-
ucation then extends that concealment
in colleges and universities.

In civilian industry this broad and
visible tendency to bureaucratic and
corporate self-service is only a smaller
shadow of its much larger manifesta-
tion in the field of military organization
and production. Here there is a truly
massive escape from public purpose as
the business enterprise becomes part of
a vastly larger bureaucratic and politi-
cal complex. The compelling case of bu-
reaucratic and economic power in pur-
suit of its own purposes and controlling
the means by which these purposes are
achieved is the modern military estab-
lishment, including the intimately asso-
ciated weapon-producing firms and the
more than adequately subservient polit-
ical acolytes.

This coalition defines the military
goals to be pursued, notably the weap-
onry held to be needed, which is thus
developed and produced. These goals
and the serving instruments are those
not of the public but of the organiza-
tion. Serving the self-constituted aims
of organization is control over effec-
tive demand—over the provision of the
public funds that pay for the pursuit of
organization goals. This control is by
a decisive influence on the legislative
process. Overall sanction, the equiva-
lent of presumptively beneficent mar-
ket response, is then held to come
from the democratic process. The peo-
ple, through the Congress and the pres-
ident, have made the decision and giv-
en their assent and the money. Democ-
racy is held to justify what serves the
great bureaucracy as it serves its own
interest. The result is our highest form
of self-sanctioned, self-serving econom-
ic and bureaucratic power.

This is evident with rewarding clarity
at the present moment. The cold war
was long cited as the sustaining case
for weaponry that was ever more so-
phisticated, ever more expensive, ever
more excessive in destructive power
and ever technically more implausible,
going on to the B-2 bomber, the Strate-
gic Defense Initiative and beyond.

With the somewhat reluctant agree-
ment of the president, the cold war now
has come to an end. This, at most, has
been only mildly troublesome to the
military establishment. Its self-consti-
tuted authority continues. The weapon
production and development and the
supporting budgets go on. According-
ly, we see with even greater clarity the
independent or autonomous power of
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the military-industrial complex. It does
not really need a plausible enemy.

In the months just past there was in-
deed much talk of a peace dividend.
Those attracted to the idea were regret-
tably innocent of the deeper situation.
The cold war was serving the military-
industrial power only as an available
justification. When the cold war end-
ed, all that was changed was that the
self-sustaining military power became
slightly more revealed.

In yet more recent times, as this is
written, Saddam Hussein has indeed
emerged as a justification for the mil-
itary-industrial power. There is a so-
bering possibility that the undue ea-
gerness for conflict on and over the
desert sands reflected in some measure
military needs and purposes. And, in
any case, the larger point remains. Ad-
vanced mass-destruction weaponry and
other ultrasophisticated weapons had,
finally, to give way to ground warfare.

The lesson here for economists and
not less for political scientists and for
scholars in general is plain. Great orga-
nization is a commonplace in our time.
The myth that it serves social purpose
is deep in our faith and in our scholarly
instruction. This must not continue.

The military-industrial bureaucracy,
the extreme case, serves extensively its
own ends. From its extended arm comes
the revenue that buys its products and
otherwise finances its existence. Democ-
racy, like the market, is then the cov-
ering facade behind which it pursues
its own interest. Only as we realize and
urge this will we be in the service of
countering and therapeutic truth.

And only then will we have an accept-
able view of a very substantial part of
all economic activity—of between 5 and
6 percent of GNP in calendar 1990 and
a full one quarter of all federal expendi-
ture in a time of grave competing need.
In dismal contrast with Japan and Ger-
many, our vast and commanding mil-
itary organization absorbs a very sub-
stantial share of our capital and highly
qualified manpower. Those who lost in
military conflict, in contrast, have used
their capital and qualified manpower
to defeat us in the larger arena of mod-
ern economic competition. Can we in
our economic instruction gloss over
the motivation in so important a sector
of the national economy?

The pursuit by great organization of
its own interest should now be central
in our research, writing and instruc-
tion. If it is not, we are cooperating in
a major and economically, socially and
politically damaging exercise in con-
cealment. Of this as scholars we must
not be guilty. Rather we should wel-
come, not without pleasure, the some-
times stinging inconvenience of truth.
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