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In Bavaria, Audi built the car
Road &Track thinks

“could be the finest car in the world”’

|
A1

© 1982 SCIENTIFIC AMERICAN, INC




Dankeschén, Road &
Track Magazine®

Rarely, if ever, has a car arrived
from Europe with the acclaim as that
bestowed upon this newest Audi.

The 1983 Audi Quattro demon-
strates how far enlightened technol-
ogy can go when Bavaria’s great
engineers are given the freedom to
build a car like this.

By any standard, the Quattro is one
of the world’s most advanced high-
performance GT Sports Coupes.

The Quattro’s unique system of
four-wheel drive, turbocharged five-
cylinder engine, five-speed transmis-
sion, four-wheel independent
suspension and low-drag aerody-
namics establishes new parameters in
automotive design.

Audi’s revolutionary all-wheel
drive represents the most significant
breakthrough in recent automotive
technology. To drive this truly excit-
ing automobile today is to know what
it may be like to drive the automobile
of the coming decades.

Ironically, the Quattro arrives in
America at a time when virtually
every car maker worldwide is franti-
cally redesigning cars en masse to
incorporate “innovative” front-
wheel drive systems.

In truth, it was Audi that pio-
neered front-wheel drive more than
50 years ago, long before it became a
fashionable marketing expedient.

As a result of this considerable
head start in drive-system technol-
ogy, Audi is clearly ahead with its
exclusive all-wheel drive concept.

Unlike ordinary “off-road” four-
wheel drives, the Quattro’s drive
train is a sophisticated system
designed for maximum “on-road”
efficiency.

At the heart of this system is a third
differential, located behind the trans-
mission. [t distributes power evenly
between the front and rear wheels.

The benefits of having the front
wheels pulling and the rear wheels
pushing simultaneously are nu-
merous. The Quattro delivers re-
markable performance in cornering,
straight-ahead driving and even in
climbingsteep, snowy hills.

Because of its all-wheel traction,
the Quattro has a hill-climbing factor
of 1.75 to 2.10, which means it is far
superior to many of today’s genera-
tion of cars.

The Quattro’s tractive forces and
response give it outstandingaccelera-

tion and speed. Wheel lockup while
braking is much less likely; steering
response remains neutral through on-
off throttle changes; and the ten-
dency to aquaplane is greatly
minimized.

Stunning first-year victories in four
World Championship Rallyes in Eu-
rope have quickly borne witness to the
merits of this new Audi technology.

The Quattro is powered by Audi’s
five-cylinder turbocharged engine,
with CIS fuel injection.

[t provides 160 horsepower, giving
the Quattro fast sprint times: 0 to 50
in 5.3 seconds, and the quarter mile
in 15.7 seconds, and a top speed of
128 miles an hour.

Its highway passing prowess illus-
trates the engine’s strength and elas-
ticity. In fourth gear, the Quattro can
go from 35 miles an hour to 62 miles
an hour in just 9.6 seconds.

Into this remarkable powerplant,
Audi engineers have built many ad-
vanced features. For example, an in-
tercooler, that is normally found only
in exotic racing cars. It is a small
radiator that can cool the turbo-
charged intake air by 40°-50° centi-
grade, thereby providing greater
density for improved horsepower.

Notable, too, are the notched pis-
tons in the engine. This allows for
engine oil to be sprayed onto the bot-
tom of each piston for added cooling.

The Quattro also introduces a
compact, five-speed transaxle. Its de-
sign makes possible a ground clear-
ance of only 5.3 inches for excellent
aerodynamics with a low center of
gravity.

As extraordinary as the Quattro s,
it is like every Audi in its dedication
to the newest ideas in technology and
the craftsmanship of its Bavarian
coachmakers.

The 5000 Turbo, the new 5000
Turbo Diesel, the GT Coupe and the
4000 Sports Sedan have all been
recognized in the automotive com-
munity for their advanced engineer-
ing ideas.

Indeed, the Quattro is the defini-
tive statement for high-performance
automobiles of this decade and a
milestone in the art of engineering.

For your nearest Porsche Audi
dealer, or details on the Audi Deliv-
ery in Europe Program, call toll free
(800) 447-4700. In Illinois, call
(800) 322-4400. © 1982 Porsche Audi
*Paul Frere, European Ed., 6/80.

PORSCHE +AUDI

Audi: the art of engineering.
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THE GRAPES OF REMY M/

TIN.

THE PRIVILEGED FEN¢/

For over 250 years, the house
of Remy Martin has refused to
compromise.

All of Remy Martin's cognac
is made exclusively with the grapes
from the two best districts of
Cognac: Grande Champagne and
Petite Champagne.

Of the six grape- growing
areas within the Region, these two
areas are indisputably the finest—
and the only areas Remy Martin
deems suitable for the making
of its cognac.

But Remy Martin does not
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owe the quality of its cognac to
these vineyards alone.

From time immemorial, Remy

Martin has used only the finest
oak from the majestic Limousin
Forest in the making of its casks
and cooperage.

It has used, exclusively, the
traditional copper, onion-shaped

“Charentais pot-still” to ensure

the perfect and proper distillation
of the young white cognac. A still
that's smaller in volume than the
stills used by every other major
cognac house.

Yet it is e all, the skilled
craftsmans pride of the
cognac - mak o in harmony
with natm’a;,]? Remy Martin
the finest of S.

Do 3 ¢ will forever

be less costlm

1e-consuming,

less painstakin s to make
cognac. g
But the pre use of Remy
* Martin will to create
cognac as it alwi s in the past;
cognac of excep body, bou-
quet and charact emy Martin.
Cognac wil compromise.
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The illustration on the cover is a schematic view of the diffusion of adsorbed
atoms on a single facet of a perfect metallic crystal (see “Surface Diffusion,” by
Robert Gomer, page 98). The crystal is made up of tungsten atoms, shown in
gray, which are packed in the ordered array called a body-centered-cubic lat-
tice. The atoms exposed at the surface of the crystal have a regular configura-
tion characteristic of the orientation of the plane of the surface with respect to
the lattice structure. The plane shown is a rugged one at the atomic scale. The
diffusion of atoms on the surface proceeds more slowly than it would on a
smoother one. Adsorbed atoms at the surface, shown in red, move from re-
gions of high concentration to those of low concentration (left to right). The
atoms tend first to occupy the sites on the tungsten surface where their energy
can be minimized, namely in the deepest wells. The shallower energy wells
are then filled as the adsorbed atoms continue to spread over the crystal plane.
Diffusion on a single crystal plane can be observed and recorded at high res-
olution with the remarkable instrument called the field-emission microscope;
the magnification of the microscope can be as great as a million diameters.

Touch Sensitive Technology

MEET
YOUR NEW
SALESPERSON

TOUCH
HERE
- FOR

v 0
% INFORMATION

The power of the computer at the touch
of a finger. You can use our touch-sensitive
technology for marketing, merchandising —
virtually any sales or communications need.
Interaction Systems, Inc. is the leader in
components and systems for direct human
interaction with on-line information. We
will custom-build systems to meet your
specific application requirements, at a price
you can afford.

If you are a leader in your industry
and want to keep your competitive edge, call
Walter A. Winshall, President, Interaction
Systems, Inc., 24 Munroe Street, Newton-
ville, MA 02160, (617) 964-5300.

PN Interaction
/4 Systems, Inc.
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We turned a lot of pants inside out before specifying
the trousers in the Lands’ End Charter Collection

Full F'rench tab

efore electing to get into
traditional clothing, we

asked ourselves some

hard questions, the kind you

: Extra
owe it to yourself to ask, next long
time you shop for a pair of fly
slacks. .. Extra deep

What should a really good front pockets
trouser have? How should it be
made? Taped | Crotch

Our findings and inside |\ is lined

what we did about them. %¢4™ and 100%
0 We found most front pockets reinforced worsted
are too shallow at 12 inches. wool
(Qurs are now 13.)
0 Most watch pockets with flaps Premium
are too bulky. (Lands’ End Hiteiion welted
watch pockets have no flaps.) tvim fabric side
0 A quality pocket fabric pro- seams

longs trouser life. (We don’t cut
corners here.)

0 Trousers tend to sag in the
center of the back. (We've
added an extra center belt loop.
Plus a “locker loop” for noon-
time racquetball players.)

INSIDE BACK VIEW

Fused Ban-Rol waistband

Hanging loop

OUTSIDE FRONT VIEW

0 Expensive pants shouldn’t
have ragged interior seams. (We
tape ours, and reinforce the
crotch seam while we're at it.)

o A curled waistband looks
sloppy. (Ours has Ban-Rol and,
because neatness counts, our
trousers have Y4-inch welted
side seams. )

A kind of breakthrough.

one of the above items
in itself is a major
improvement, but to

put them all into one pair of
pants is some sort of
breakthrough—even if we
priced them at $70 to $80.

Yet these features are yours
in the Lands’ End Charter
Collection priced from $39.50
to $49.50. If you take the time

to comparison shop, you'll find

that's a little astonishing.

Not one fabric,
but four.

We offer three 100% worsted
wool fabrics—flannel, gabar-
dine and tartan plaid. Plus:
a 65/35 tropical worsted.

As always, our objective
has been a simple one. To be
sure we're offering quality, at a

\l\ A\
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reasonable price, that we can
support with proper service.
Backed by an unconditional
guarantee.

Try us. Send for a catalog.
Better still, call our 24-hour
toll-free number: 800-356-4444.

You'll find that, along with
our trousers, we'll turn ourselves
inside out to serve you.

D Please send free 96-page catalog.
Lands” End Dept. Q-10
Dodgeville, WI. 53533
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Zip
Or call Toll-free

800-356-4444

(Except Wisconsin, call 608-935-2788)




A new book
of logic puzzles by

Raymond
Smullyan

THE LADY OR
THE TIGER?

Paradoxes, metapuzzles,
number exercises, and com-

binatorial brain-twisters—from
the simplest to the toughest—
plus a mathematical novel fea-
turing Godel’s great discovery.

Hailed by
Martin Gardner:

“A scintillating collection of
brilliant problems and para-
doxes by the most entertaining
logician and set theorist who
ever lived.”

$13.95 at bookstores. Or send check (add
$1 postage) to Dept. AAC, Knopf, 201 East
50th Street, New York, NY 10022. ?"\

JAPANESE
CHINESE
RUSSIAN
GERMAN

Crash courses in Smithers, B.C., or
on your premises. Intensive week-
end, 4-day and 5-day programs.
Individual or group instruction. 3-
week seminars. Contact us for more
information or an appointment. Mail
correspondence courses, with tape
assignments. Send $ 10 for starter
package, specifying language.

Programmed learning — the only
way to lasting results! !

FAR EAST BUSINESS
LANGUAGE SERVICES

Dr. Peter Leimbigler,

President & Chief Instructor

Box 3922, Smithers, B.C.

Canada VOJ 2NO

Phone (604) 847-2563

Telex 047-85579 FAR EAST SMRS

The Canadian Language School
Serving the Western World

LETTERS

Gordon Moyer [“The Gregorian Cal-
endar,” by Gordon Moyer; SCIENTIFIC
AMERICAN, May] states that the calen-
dar established by Pope Gregory XIII in
1582 “affords a highly satisfactory com-
promise between essential accuracy and
much-desired simplicity.” The accuracy
is impressive and the simplicity of intro-
ducing leap centuries to hold down the
drift of the date of the vernal equinox is
elegant, but there the simplicity of our
calendar ends. The months vary from
28 to 31 days, they are misnamed from
September through December, one can-
not calculate in any simple way the
number of days elapsing from one
month to another, or know on what day
of the month a given day of the week
will fall without consulting a calendar,
etcetera. Also, in contrast to the “grand
cycle” Moyer describes of 400 years be-
tween the years that exactly repeat iden-
tical calendars, a simple calendar would
repeat them monthly for the days of the
week and annually for the days of the
month.

A truly convenient system was over-
looked by those whose passion for astro-
nomical accuracy and religious tradi-
tion left them indifferent to arithmetic
simplicity. Within 1.24+ of the number
of days in a tropical year exists a num-
ber, 364, having three extraordinarily
convenient factors: 7, 4 and 13. They
suggest a year made up of 13 months,
each month of exactly four seven-day
weeks. All one has to do is have the last
day of the year, the 365th, be a correc-
tion day. In leap year it would be two
days. This would become the interim
day, or two days, for ending one year
and beginning the next. This interim/
correction period would not be part of
any week or month. The factors 4 and
13 also specify the quarters of the year,
each being 13 weeks long.

Two further changes would assist the
manipulation of calendar time ‘in one’s
head’: day names and month names
should be number derivatives. For start-
ers Monday becomes Oneday, Tues-
day Two’sday or Twosday... Thursday
(once Thor’s day and day four of the
new week) becomes Four’sday (Fors-
day?); Fiveday (Friday) would inevi-
tably be corrupted to Fiday, etcetera.
More fun and games are in store for
number-naming the months, only this
time we don’t make the ninth month the
seventh, the 10th the eighth, etcetera, as
the present calendar does. If, following
the Latin, we call the 13th month Trede-
cember and transpose Christmas (cur-
rently the 359th day of a nonleap year)
to the new system, it would become
Twosday, the 22nd of Tredecember, and
would remain Twosday every year, in-
cluding leap years and leap centuries.

© 1982 SCIENTIFIC AMERICAN, INC

All the change-ups around holidays fall-
ing on different days of the week with
the attendant adjustments for weekends
versus weekdays would end.

Now, that’s a simple calendar. With
a little practice, calculating days and
dates is no more difficult than counting
change. There’s only one thing wrong
with it. It has no more chance of happen-
ing than I have of becoming Pope.

VERNON RowLAND, M.D.

Professor of Psychiatry
Case Western Reserve University
Cleveland, Ohio

Sirs:

In his article on the Gregorian calen-
dar Gordon Moyer failed to mention
that the scholars who devised that calen-
dar adopted the same system employed
by the Jewish calendar.

Some 3,000 years ago Moses faced
the identical problem in determining the
date of Passover. He had to justify the
lunar and tropical years because Pass-
over, the most important festival in the
Jewish calendar, must be in the spring.
His solution was to fix it at “the four-
teenth day of the first month” (Numbers
9:5). The “first month” was the new
moon following the vernal equinox....

MERYL SILVERSTEIN

Brooklyn, N.Y.

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

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

Offprint correspondence and orders should be ad-
dressed to W. H. Freeman and Company, 660 Market
Street, San Francisco, Calif. 94104. For each offprint
ordered please enclose 75 cents.

Subscription correspondence should be addressed to

Subscription Manager, SCIENTIFIC AMERICAN, P.O. Box
5969, New York, N.Y. 10017. For change of address,
notify us at least four weeks in advance. Send both old
and new addresses and enclose an address imprint from
a recent issue. (Date of last issue on your subscription is
shown at upper right-hand corner of each month’s mail-
ing label.)

Name

New Address

| Old Address




HORNET: THE PLANE

THAT TAKES ITS OWN PULSE.

BUILTTO LAST, EASY TO FIX.
An aircraft down for maintenance takes time and
manpower. It is not enough for an aircraft to be
capable—it must also be reliable, easily maintained,
and ready to go when needed.
So at McDonnell Douglas, we build the Hornet to
work better and last longer—and to need
repair much less often—than the six
different airplanes itis replacing
around the world.

SERVICING CREWS
GET A HELPING HAND.

After a flight, the ground crew calls up a full
status report on the aircraft on a panel just
behind the nose wheel. Systems checks take
only seconds and the push of a
button. A part needing
B repairis easyto

4§ reach behind
shoulder-high
equipment
doors. There’s
seldom a need

for work
y stands or
bulky ramp
: equipment.
] ) ) Mechanics need no workstands Power carts
Maintenance is quick to reach equipment bays. aren’t needed
and easy because each either—a small built-in engine supplies
Hornet comes with a maintenance power.
. remarkable ability Attention to quality and detail, from design
for self-diagnosis. through production, is what makes the Hornet
.1 Cockpit controls let easy to keep in the air. Already, the Hornet is
£ 1 thepilotdisplaythe demonstrating reliability three times better than
s “health” of Hornet aircraft it was designed to replace.
systemsduring flight Dependability, performance, and reliability—

and store details of

4 flight performance

- Hornet style. That means better planes and
D g aman®

i greater utilization over the operational lifetime
for later review. of the Hornet fleet.

Hornet pilots can review
aircraft system performance
anytime in flight. /

-

MCDONNELL DOUGLAS
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A car that captures energy lost
in the tailpipe and recycles it to give you
“free”extra power:
The Peugeot turbocharged diesel.

Two trucks lumber up a long,
steep hill, their exhausts
bellowing. A car noses out from
behind them. It looks safe to pass.
Or is it? The car is a diesel, and

a diesel’s strong suit is fuel econ-
omy, not swift acceleration.

The exhaust-driven turbocharger blows
a 600-mph whirlwind that “packs” the
engine with 13% more horsepower, 35%
more torque.

The driver presses down on
the accelerator pedal...and starts
a fascinating chain of events.

Under the hood of the car,

a tiny turbine wheel begins to spin
ever faster; it will eventually reach
a speed of up to 100,000 revolu-
tions a minute.

A 600-mph whirlwind is
created that literally stuffs the
combustion chambers with power.

The pressure on top of each
piston rises to nearly 13 tons.

Gathering momentum, the car
surges past one truck, and then
the other, and soon dwindles to a
dot on the horizon.

p

Zero to 50 in 11.2 seconds
This was no ordinary diesel. It was

the Peugeot 505 S Turbodiesel.

Exhaust gases that normally

would be wasted have been har-
nessed by a turbocharger to provide
“free” extra power: 13 percent
more horsepower, 35 percent more
torque.

This 5-passenger sedan, weigh-
ing a ton and a half, will reach
50 miles an hour in 11.2 seconds.

The engine has its very own suspension
system. Tiny hydro-elastic shock
absorbers like this are one reason why

the 505 S Turbodiesel feels so smooth.

© 1982 SCIENTIFIC AMERICAN, INC

The Peugeot 505 S Turbodiesel has extra power on dend for passihg situations like this.

En y

e\ "

Although the performance
of the Peugeot Turbodiesel yields
little to comparable gasoline-
engined cars, it has not sacrificed
any of its diesel miserliness with
fuel: EPA estimated mpg,
36 estimated highway mpg® Proof
that you do not have to switch
to a “downsized” car to live with
today’s bloated fuel costs.

Important note: 85 percent of
the diesel engines sold in the U.S.
are actually gasoline engines con-
verted to burn diesel fuel. This is
not Peugeot’s way. Every Peugeot
diesel is a true diesel. It is designed
from scratch to withstand the
enormous internal pressures of
diesel combustion: the Turbo-
diesel's compression ratio is two
and one-half times that of a gaso-
line engine. Engine blocks are




designed with heavy structural
ribs. Reinforced crankshafts,
pistons, and connecting rods are
fitted. The Turbodiesel’s upper
piston rings are coated with ultra-
hard molybdenum.

The Peugeot Lion

The lion has repre-
sented Peugeot since
1858. It was Peugeot
that built the first car
ever sold commer-
cially (1891)...the
world's first diesel-powered car
(1922)...and the first high-rpm

diesel engine (1967).
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A suspension of
awesome efficiency

Normally, shock absorbers are
designed to provide either a soft
ride or good handling...but not
both at the same time. The
Peugeot shock absorbers, however,
are awesomely efficient damping
devices. They will swallow large
bumps without breaking stride
and deliver excellent handling.

Cut apart a Peugeot shock
absorber and you will discover its
secret: the piston contains four
times as many valves as a normal
shock absorber.

Every car is tested
After the car comes off the assem-
bly line, it is put to a test that is
extremely rare today. Every

v!"h'- ; . -
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The Peugeot 505S Turbodiesel Its engine uses 75 percent
less fuel at idle than a gasoline engine. Rapid-start glow plugs

permit engine to start within 7 seconds.

single Peugeot is taken to a special
track where it is tested by one of
a 65-member team of expert
drivers. It must meet Peugeot’s
standards or it is not permitted to
leave the factory.

Peugeot has little tolerance for
a poorly made car.

The meaning of “S”

Peugeot does not believe in nib-
bling you to death with extra-cost
options. When you spend $16,175**
for a 505S Turbodiesel, this is the
“S” (for Special) equipment that
comes with the car:

Factory-installed air
conditioning

Electric windows

Electric sunroof

Cruise control

Digital AM/FM 40-watt stereo
radio with cassette player, scan
tuning, and four speakers

Automatic electric antenna

Central door-locking—a twist
of the key locks all four doors and
fuel-filler door

Alloy wheels

Multi-adjustable driver’s seat.

So fully equipped is the 505S
that the only other ways to spend
your money are by ordering a
3-speed automatic transmission
($370) in place of the manual
5-speed overdrive gearbox, and by
specifying metallic paint ($295).
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The world’s first diesel-powered car,

built by Peugeot in 1922.

See your dealer for details of
Peugeot’s limited warranties.

*With 5-speed manual transmission. Use EPA
estimated mpg for comparison purposes. The
mileage you get may vary with trip length,
speed, weather, and condition of car. Actual
highway mileage will probably be less.

**Based on PO.E. manufacturer’s suggested retail
prices. Actual prices may vary according to local
dealer. Destination charges ($255), state and
local taxes, dealer preparation, if any, and
license fees are extra.

For name of nearest Peugeot dealer, call
1-800-447-2882 toll free in the conti-
nental U.S. In Illinois, 1-800-322-4400.

Please send me the Peugeot Facts Kit,
complete with brochures, road tests by
leading car magazines, plus list of my
nearest dealers.

on Overseas Delivery

Name

Address

City.

State Zip

Peugeot Motors of America, Inc.,
One Peugeot Plaza, Lyndhurst,

|
|
|
|
|
|
Please include details |
|
|
|
|
|
|
I
I
New Jersey 07071 I

PEUGEOT

© 1982, Peugeot Motors of America, Inc.
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50 AND 100
YEARS AGO

( SCIENTIFIC
| AMERICAN

AUGUST, 1932: “When some wise
historian of the remote future under-
takes to interpret our time, the early dec-
ades of the 20th century will call for a
special comment, because it was then
that physicists began an attack on the
atom that resulted in discoveries that
changed the whole character of chem-
istry and engineering. To that historian
the experiment conducted by Drs. John
D. Cockcroft and Ernest T. S. Walton of
Cambridge University, which resulted
in the splitting asunder of lithium atoms
and the reuniting of their shattered nu-
clei in new combinations, will be singled
out as an example of the method that
finally led to the voluntary transmuta-
tion of the elements, to the controlled
release of the energy that holds matter
together and thus to a revelation of the
whole plan and method of creation. Drs.
Cockcroft and Walton are not the only
ones who have devised an electrical
method of hurling particles at atoms.
Drs. Merle A. Tuve, Lawrence R. Haf-
stad and O. Dahl of the Carnegie Insti-
tution of Washington have been ex-
perimenting for many months with pro-
tons to which energies of 2,000,000 and
3,000,000 volts have been imparted.”

“With the discovery of the neutron,
science has one more physical entity
to juggle with. The possibility of dense
matter being formed out of neutrons
might help to explain the nature of the
‘white dwarf’ stars. These stars are thou-
sands of times denser than water and are
supposed to be at extremely high tem-
peratures. If they had a core of neutrons,
they could be dense and yet cool. The
neutron may have remarkable possibili-
ties in astrophysical theory.”

“Fliers have now crossed the North
Atlantic by the great-circle route, by the
Faroes and Iceland, by Newfoundland
and Ireland and by the Azores, and they
have crossed the South Atlantic from
Africa to Brazil. The east-to-west cross-
ing has proved to be more difficult on
the whole than that from the Ameri-
can continents to Europe and Africa; the
southern crossing is least troubled by
storms and fog. It naturally follows that
one of the most seriously considered
services should be one across the South
Atlantic—from Europe to Africa and
thence across the ocean to Brazil and
return. Among the competitors for first
honors in establishing trans-Atlantic air
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services it is therefore likely that either
the Italians or the Germans will launch
their services first, the former with air-
planes and the latter with an airship and
with airplanes.”

AUGUST, 1882: “On Pearl Street in
New York, under the shadow of the
Third Avenue Elevated Railroad, is an
iron-front building, originally put up for
commercial purposes, that for a year or
more has been in process of preparation
for a central electric lighting station un-
der the Edison system. The beginning of
this great work was indicated by the lay-
ing of underground conductors around
every block in that portion of the city
bounded on the east by the East Riv-
er, on the west by Nassau Street, on
the north by Spruce and Ferry streets
and Peck Slip and on the south by
Wall Street. This district included 946
consumers, whose premises are already
wired. The number of lamps to be used
in connection with these wires is 14,-
311. Now the street conductors are
laid, the service conductors are put in,
the buildings are wired, the dynamos
with their attached engines are in place
and the district and central stations are
fully equipped, and we have no doubt
that before this paper meets the eye of
the reader the district will have been il-
luminated.”

“Robert Koch has endeavored to as-
certain what agents are able to destroy
the spores of bacilli, how they behave
toward the microphytes most easily de-
stroyed, such as the molds, ferments and
micrococci, and whether they suffice at
least to arrest the development of these
organisms in liquids favorable to their
multiplication. His results with phe-
nol, thymol and salicylic acid have
been unfavorable. Sulphurous acid and
zinc chloride have also failed to de-
stroy all the germs of infection. Chlo-
rine, bromine and mercuric chloride
gave the best results; solutions of mer-
curic chloride, nitrate or sulphate dilut-
ed to one part in 1,000 destroy spores
in 10 minutes.”

“William Ramsay of University Col-
lege, Bristol, believes there is a probabil-
ity that our sense of smell is excited by
vibrations of a lower period than those
that give rise to the sense of light or
heat. These vibrations are conveyed by
gaseous molecules to the surface net-
work of nerves in the nasal cavity. The
differences among smells are caused by
the rate and by the nature of such vibra-
tions, just as the difference among tones
of musical sounds depend on the rate
and on the nature of the vibration, that
nature being influenced by the number
and pitch of the harmonics. It is to radi-
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ant heat, Mr. Ramsay thinks, that we
must look for indications of harmonics
of the fundamental vibrations that are,
according to his theory, the cause of
smell. Prof. Tyndall has shown the pow-
er odors have of absorbing heat rays.
There is no doubt that by refracting such
heat rays by means of a rock-salt prism,
after they have passed through an atmo-
sphere of odor certain portions of the
heat spectrum show colder spaces, each
corresponding to the particular rate of
vibration that is absorbed by the va-
por. By measuring the position of such
gaps in the heat spectrum, calculating
the particular vibration of the rays at
such gaps and referring them to their
fundamental, we should arrive at the
rate of vibration of the molecule that
causes smell.”

“A correspondent who has lately gone
over the territory devastated by the
great fire in the forests of Michigan last
fall says his observations are conclusive
that phenomena aside from the ordinary
conditions of combustion were devel-
oped. In the first place the fire created at
least two centers that had the essential
features of storms, especially the spiral
winds. The evidences are confirmatory
of the belief that this storm center, after
it became fully developed, consisted of
a heated body of air or gas in a state
of combustion, constantly fed by the
smoke and vapor driven to the center
by the whirling winds and the gases
generated in the combustion of the
pines and other resinous woods. This
body of air or burning gas by its heat
acquired an ascensive force, but by the
rapid forward motion of the fire it
was sucked forward, actually preceding
the fire proper. It is evident that this
body was of intense heat, possibly as
great as 400° Fahr., at which point
oxygen and carbon unite. That such a
body of luminous vapor existed, de-
tached from the fire, is asserted by
many who saw it from a distance.”

“At the recent meeting of the New
York State Teachers’ Association the
report of the Standing Committee on
the Condition of Education showed that,
notwithstanding the steady increase in
the population of the state, the number
of children in daily attendance in the
public schools is declining. The decrease
was attributed by the chairman of the
committee to ‘the increased demands
made by manufacturing interests,” by
which was meant, we presume, an in-
creased employment of children in fac-
tories. At other teachers’ gatherings
this summer the same condition of
things has been noted and variously
commented upon as being more or less
visible throughout the country, and
more or less to be deplored. The gen-
eral feeling seems to be that the school-
master is losing his grip and that the
country is likely to suffer.”



IT USED TO BE THAT BY THE TIME
YOU GOT AROUND TO DOING SOMETHING
ABOUT YOUR INVESTMENT INCOME,
YOUD ALREADY LOST INCOME.

THEN
MERRILL LYNCH

It's pretty frustrating to l NVENTE D

have your money just sitting
there at low interest or no
interest.

And vet, that often hap-
pens.You wait for dividends and
other income to accu-
mulate before rein-
vesting. Or weeks are
lost waiting for
checks to arrive
and dlear.

Now there’s a
better way to manage
your money so it never takes a

vacation.

It is the Merrill Lynch Cash
Management Account® financial
service, the revolutionary bro-
kerage account that makes sure
your money virtually never stops
making money.

gain distributions...any income gener-
ated by your securities is automatically
invested in your choice of three profes-
sionally managed money market funds
to start earning dividends right away.

But that's not all. You also get instant
access to your money with checking serv-
ices and a special VISA® card—both pro-
vided by Bank One of Columbus, N.A.

Py p—r—

And if there aren't
enough shares in your mon-

i ey market fund, you may auto-
. matically borrow up to the full

margin value of your securities.

At the end of every month, you'll
receive one comprehensive statement of
everything that went onin your account.
Absolutely everything.

How to get started. To qualify, all
you need is a minimum of $20000 in
securities and/or cash. For more com-
plete information about the Merrill
Lynch Cash Management Account. in-
cluding a prospectus containing all sales

. @ charges and expenses,
call 1-800-526-
3030 Ext. 796 (in
. m===mm New Jersey, call

T mmsmm 1-800-742-2900

Ext 796). Be sure
to read the prospectus

=

Interest, dividends, capital ————————mm carefully before you

invest or send money.

THE MORE YOU DEMAND
OF YOUR MONEY,
THE MORE YOU NEED CMA*

{5 Merrill Lynch

Merrill Lynch, Pierce. Fenner & Smith Inc

A breed apart.

CMA™is not available in lowa. The Cash Management Account program is proprietary to Merrill Lynch. US. Patents Pending. © 1982 Merrill Lynch Pierce Fenner & Smith Inc. Member.SIPC
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Increase the efficiency of your training
the way Shell does.

“PLATO computer-based training fills an important role in

Shell's extensive training program. It gives us the flexibility,
% uniformity and timeliness we need to introduce technical
and support staff to seismic data processing. And it does it
at a significant savings in time.’

G.D. (Jerry) O'Brien
Manager of Exploration

Training & Staff Administration
Shell Oil Company

CHANGING HOW THE WORLD LEARNS
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Cognac, the world’s tallest off-
shore drilling platform, exemplifies
the technology that has made Shell
a leader in exploration and pro-
duction. Now Shell matches this
technology with the technology of
PLATO® computer-based training to
speed the development of the people
needed to process seismic data.

PLATO is more than a simple
cit:estion and answer use of

the computer. It's interactive,
individualized, self-paced training
on a scale no traditional method

of technical training can match.

Each participant is a class of one.
Concentration is maximized

through the use of simulations, ani-
mated visuals and other techniques.
Reinforcement is constantly pro-
vided through frequent tests.
Motivation is spontaneous because
of the participants’ success in
absorbing material at every level
in the course.

Shell is among a dozen oil com-
panies working to make PLATO
training available to geophysicists

worldwide. But you can't learn
about PLATO only by what it is
doing for others. You do it by
examining what the PLATO
system can do to solve your train-
ing problems, with either stan-
dardized or customized courseware,
at your location or any of Control
Data’s 100 Learning Centers.

Ask for an Executive Briefing.
*Call 800-328-1109 or write
Control Data, Dept. HQV003-4,
PO. Box 0, Minneapolis, MN 55440.
*In Minnesota, call collect, 612-853-7518

~ N~
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(G2 CONTROL DATA

Addressing society’s major unmet needs
as profitable business opportunities
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There are, fortu-
nately, still some people
in the world who can
discern the difference be-
tween a car that’s worth
the money and one that’s
outrageously overpriced.

If you’re one of
1 them, you'll appreciate
the Volvo GL.

[ts an automobile
that not only exhibits
extraordinary work-
|\ manshipand care of
construction. It abounds
in the refinements you'd
expect in a fine prestige
car: air conditioning, sun
roof, power windows,
orthopedically-designed
front bucket seats, and a
driver’ seat that auto-
matically heats up when
the temperature falls be-
low 57° (All of these
things, incidentally, are
standard.)

In one place, and
one place only, does the
Volvo GL fall short of
other select imported
luxury cars. In price.

Which simply
means its now possible
for you to purchase a fine
European luxury sedan.

Without being taken
for a ride.

VOLVO

BELIEVE ACAR’S
PRICE SHOULD
BEAR SOME
RELATIONSHIP
TO ITSWORTH.

FOR PEOPLE
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THE AUTHORS

ROGER REVELLE (“Carbon Diox-
ide and World Climate”) is professor of
science and public policy at the Univer-
sity of California at San Diego. After he
had worked for many years as an ocean-
ographer his interests expanded to in-
clude numerous interactions of science,
the biological environment and eco-
nomic development. He was graduated
from Pomona College in 1929 and went
on to obtain his Ph.D. from the Univer-
sity of California in 1936. In the same
year he joined the faculty of the Scripps
Institution of Oceanography as an in-
structor, ultimately becoming professor
of oceanography. From 1951 to 1964 he
was director of the Scripps Institution.
In 1963 and 1964 he was university dean
of research. In 1964 he went to Harvard
University as Richard Saltonstall Pro-
fessor of Population Policy. From 1964
to 1976 he was director of the Center for
Population Studies at Harvard. He re-
turned to San Diego in 1976. Revelle has
served in many public positions, includ-
ing that of science adviser to the Secre-
tary of the Interior from 1961 to 1963.
He was the first chairman of the Board
on Science and Technology for Devel-
opment of the National Academy of
Sciences and was a member of the U.S.
delegation to the United Nations Con-
ference on Science and Technology for
Development. In 1974 he was president
of the American Association for the Ad-
vancement of Science. His interest in the
role of carbon dioxide in the environ-
ment goes back to his graduate-school
days. Revelle writes: “My first major sci-
entific paper concerned the role of car-
bonate and bicarbonate ions and dis-
solved carbonic acid in controlling hy-
drogen-ion concentration in the ocean.”

CORALE L. BRIERLEY (“Microbi-
ological Mining”) is president of Ad-
vanced Mineral Technologies, Inc., a
company she helped to found this year.
She received a bachelor’s degree in biol-
ogy at the New Mexico Institute of Min-
ing and Technology in 1968 and a mas-
ter’s degree in chemistry from the same
institution in 1971. She joined the New
Mexico Bureau of Mines in 1971 as a
chemical microbiologist and remained
in that position until earlier this year,
taking time off to get a Ph.D. in environ-
mental sciences (granted last year) from
the University of Texas at Dallas.

KLAAS S. pE BOER and BLAIR D.
SAVAGE (“The Coronas of Galaxies”)
are astrophysicists who share an interest
in the diffuse gases that occupy the space
between the stars in spiral galaxies such
as our own. De Boer received his uni-
versity education at the University of
Groningen. From 1971 to 1974 he was
a member of the faculty at Groningen.

From 1974 to 1977 he was a member of
the Netherlands Space Research Group
and served part-time on the Astronom-
ical Netherlands Satellite ultraviolet
team. In 1978 he came to the U.S. as
research associate at the University of
Wisconsin at Madison. In 1981 de Boer
joined the faculty of the University of
Tiibingen in Germany. Savage’s bach-
elor’s degree in engineering (1964) is
from Cornell University. His M.A.
(1966) and Ph.D. (1967) are from
Princeton University. In 1967 and 1968
he was research associate at Prince-
ton. In 1968 he went to the University
of Wisconsin at Madison, where he be-
came professor in 1978. Savage and de
Boer collaborated on the work that led
to the present article while both were at
Wisconsin.

PAUL D. BUISSERET (“Allergy”) is
associate professor of medicine at the
Louisiana State University School of
Medicine. Born in Shropshire, he got
his medical degree at the University of
Leeds in 1964. He then served an intern-
ship and residency and spent some years
in general practice. From 1971 to 1976
he was on the staff of St. Mary’s Hos-
pital in London. In the same period
he was a member of the faculty of the
Wright-Fleming Institute of Microbiol-
ogy. From 1976 to 1979 he was on the
faculty of Guy’s Medical School in
London, where he did work on the sub-
ject of the present article. In 1979 Buis-
seret moved to Louisiana State; his work
there has been primarily in pulmonary
physiology and medicine.

ROBERT GOMER (“Surface Diffu-
sion”) is professor of chemistry and di-
rector of the James Franck Institute of
the University of Chicago. He is a native
of Austria whose family moved to Scot-
land in 1938 soon after Austria’s annex-
ation by Germany. After a short stay in
Scotland the family came to the U.S.,
where Gomer obtained his B.A. at Po-
mona College in 1944 and his Ph.D.
from the University of Rochester in
1949. After a year of postgraduate work
at Harvard University he joined the fac-
ulty at Chicago. His work has mainly
focused on the phenomena of diffusion
and adsorption; he has also done work in
electrochemistry. He writes that “after
hearing a seminar account of E. W.
Muiiller’s field-emission microscope I
built one and became active in develop-
ing this instrument as a tool for surface
studies.” Gomer describes himself as an
“outdoor intellectual” much of whose
vacation time is spent skiing and hiking
in Austria.

LAWRENCE E. GILBERT (“The
Coevolution of a Butterfly and a Vine”)
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is associate professor of zoology and di-
rector of the Brackenridge Field Lab-
oratory of the University of Texas at
Austin. His B.A. (1966) is from the Uni-
versity of Texas. After graduation he
spent a year at the University of Oxford
on a Fulbright Fellowship. He got his
Ph.D. from Stanford University in 1971.
In that year he joined the faculty at Tex-
as. His main research interest is the
social and demographic organization
of insects that feed on plants. Gilbert
writes: “My interests in insect-plant re-
lations probably derive from helping
my grandfather with his honeybee busi-
ness in southern Texas each summer
during my youth.”

IAN G. GASS (“Ophiolites™) is pro-
fessor of earth sciences at the Open Uni-
versity in England. Born in England, he
spent his early childhood in Burma. His
original academic interest was history,
but his university career was interrupted
by World War II and in the course of
four years of military service he became
interested in geology. When the war
ended he returned to the University of
Leeds to study geology, receiving his
B.Sc. in 1952. After being graduated he
served in the geological surveys of the
Sudan and Cyprus. In each case he was
involuntarily retired when the country
achieved independence. He writes that
he then “decided to try academic life
as the prospects of being repeatedly re-
tired from the diminishing British colo-
nial empire did not appeal.” In 1960
he obtained his Ph.D. from Leeds.
After teaching briefly at the University
of Leicester, Gass joined the faculty at
Leeds and remained there until 1969,
when he moved to the Open University.

OWEN GINGERICH (“The Galileo
Affair”) is professor of astronomy and
the history of science at Harvard Uni-
versity and a member of the staff of the
Center for Astrophysics of the Harvard
College Observatory and the Smithsoni-
an Astrophysical Observatory. His B.A.
(1951) is from Goshen College. His
M.A. (1953) and Ph.D. (1962) are from
Harvard. From 1955 to 1958 he was a
member of the faculty of the American
University in Beirut. In 1958 and 1959
he was lecturer in astronomy at Welles-
ley College. In 1960 he went to Harvard
as instructor, becoming professor in
1969. His research interests have been
divided between astrophysics and the
history of astronomy. Much of his astro-
physical work has dealt with the atmo-
sphere of the sun. His historical re-
search has centered on the work of Jo-
hannes Kepler and Nicolaus Coperni-
cus. Gingerich notes that his work on
the Galileo affair has been helped by
discussions with the Reverend Joseph
Clark and the Reverend Ernan McMul-
lin. Gingerich also acknowledges the as-
sistance of George V. Coyne, S.J., the
director of the Vatican Observatory.
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METAMAGICAL
THEMAS

Undercut, Flaunt, Hruska, behavioral

evolution and other games of strategy

by Douglas R. Hofstadter

ninger and I, both young mathemat-

ics students at Stanford, were riding
in a bus in Germany on the way back
from a trip to Prague when boredom set
in. To pass the time we invented a curi-
ous number game. The rules were sim-
ple but the game was tricky because it
involved trying to “psych out” your op-
ponent in devious ways. The rules we
initially made up went like this. The
game would consist of 10 turns. On each
turn we would each choose a number
in secret and then we would compare
them. One of us, however, would choose
a number (always an integer) in the
range 1 to 5 and the other would choose
a number in the range 2 to 6. Each of us
would get to “keep” our own number,
that is, to add it to our score—provided
the numbers did not differ by 1. If, how-
ever, they did differ by exactly 1, then
the player with the Jower of the two num-
bers collected both of them. Thus if I
said 2 and Robert said 3, well then, I
would get five points and poor Robert
would get none. Very jolly! At least until
I said 5 and Robert said 4.

It seemed amusing to have the ranges
not quite coincide, since it is hard to sort
out who really has the advantage. One’s
first impression might be that the “larg-
er,” or 2-to-6, player has an advantage,
but that is nicely counterbalanced by the
fact that if you name 6, you are running
the risk of being undercut by your oppo-
nent’s 5, whereas your 6 cannot under-
cut anything. Moreover, the “smaller”
player can always name 1 safely without
any risk of being undercut. Although the
asymmetry seemed charming, we soon
decided that having equal ranges—both
1 to 5—was probably preferable. And
that was the way we played the game,
which I shall here call Undercut.

Competition was pretty fierce. The
lovely thing about the game was how
level on level of “outpsyching” could
pile up in our minds. For instance, I
could tease Robert by choosing 4 a few
times in a row, trying to lure him into
saying 3, and just at that moment plan to
switch my move on him, jumping to 2
and outfoxing him.

In the summer of 1962 Robert Boe-
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When I returned to Stanford from
Europe that fall, I was eager to get a
computer to play the game. My friend
Charles Brenner had recently written a
program that compiled frequencies of
letters and letter groups (actually tri-
grams) in a piece of text in English
(or any other language) and then, using
a random-number generator, produced
a pseudo-English output whose trigram
frequencies were the same as those of
the input text sample. I had been most
impressed by the way seemingly deep
patterns of English could be so aptly
captured by such an algorithm, and I
saw how the concept could be adapted
to a game-playing program. In particu-
lar I was taken by the idea of getting a
program to detect patterns in the move
sequences of its opponent and then use
them to generate predictions—in short,
having the computer itself try to “out-
psych” its opponent. It would be all the
better if the opponent program were
also trying to do something similar to
my program.

I have vivid memories of standing over
the printer from which the output
would spill forth, watching the progress
of games emerge line by line. We would
have our programs play games of sever-
al hundred turns, thereby putting them
to a serious test. My program often
started out on a losing tack, given that it
had not yet “smelled” any patterns in
the opposing program’s behavior. Soon-
er or later, though, there would be a mo-
ment when my program would appear
to catch the scent and would make a
decisive undercut or two in a row. Then
I would see it begjn to surge forward,
often leaping quickly into the lead and
wiping the opponent out. It gave me
a feeling of overwhelming power: the
power of insight defeating raw strength.
It reminds me now of one of my favor-
ite book titles: Chess for Fun and Chess
for Blood (by Edward Lasker). This ti-
tle captures exactly that subtle blend of
goodwill and rivalry one feels in a high-
ly competitive game with friends.
Since then I have realized how univer-
sal, how primitive, such a feeling is. It is
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probably the most engrossing aspect of
all sports, that feeling of pitting two
strategies and watching them fight it
out. Even dogs seem to enjoy this kind
of sporting competition. When I play a
chasing game with my friend Shandy the
airedale, I detect that he has a precise
sense for how well I can anticipate his
moves, and in his dodging tactics he al-
ways stays one ply—one level of trick-
ery—ahead of me. Whenever I think I
have caught on to his pattern, he some-
how senses it and just at that moment
shifts his strategy so that I wind up lung-
ing for a dog that is not there.

Oh, to be sure, he does let me win
sometimes, just to keep me interested.
He even has the instinct of teasing, drop-
ping his prized stick or ball right in front
of me, acting nonchalant about it and
coolly daring me to make a move for it.
But he has it all calculated out. He
knows how quick I am, how quick he is
and what my patterns of trying to fake
him out are.

What is more, Shandy often seems to
come up with new ways of shifting his
strategy, so that I cannot simply catch
on to the metapattern of his strategy
shifts and thereby outwit him. No, there
is something extremely cunning in his
dog’s mind, and clearly the joyous exer-
cise of that native intelligence reflects
a deeper quality of dogs and people
in general, namely the enormous evolu-
tionary advantage intelligence seems to
confer on beings that have it in this dog-
eat-dog, people-eat-people world.

Back to Undercut. One day Jon Peter-
son, a math graduate student who used
to hang around the “comp center,” chal-
lenged my program with his own. He
said he had used game theory in his pro-
gram. At first I wasn’t worried, but when
I pitted my program against his, I soon
saw there was good cause for worry. It
was not that my program got trounced
by his; it just never caught on to any
patterns and simply wound up more or
less tying his program every time. This
was baffling. Jon explained that he
had computed appropriate weights for
each choice, 1 through 5, weights hav-
ing nothing to do with the opponent’s
strategy, only with the payoff for each
set of possibilities. Here is the “payoff
matrix” he was talking about:

JON
1] 2 3 | 4 5
1|0 |[-3 | 2 | 4
2§ 30 -5 | 2] 3

= 3l—2 [ s | o |-7] 2
al-3 =2 [ 7] 0 [-9 |
sl-a -3 [=2 [ o [ o

The matrix shows, for each combina-
tion of numbers, how much Jon stands
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to gain with respect to me. Note the “an-
tisymmetry”: the fact that each number,
when it is reflected across the diagonal
of zeros, changes sign, signaling that
what is good for me is bad for him. And
of course the zeros down the diagonal
mean that when we name identical num-
bers, it does neither of us any good (oth-
er than carrying us one turn closer to the
end of the game).

Since the game iscompletely symmet-
rical for the two players, there can be no
winning strategy; otherwise both players
could use it and be assured of beating
each other. Nevertheless, there is an op-
timal strategy, according to game theo-
ry, that in a statistical sense will guar-
antee you long-term parity with your
opponent. That strategy is based on as-
signing statistical weights to the five
numbers. To find those weights you
have to solve five simultaneous homo-
geneous linear equations. Each equation
is based on making your opponent’s ex-
pectation equal to zero. If Jon’s weights
for playing 1, 2, 3, 4 and 5 are respec-
tively a, b, ¢, d and e, then my expecta-
tion, when I choose, say, 3, will be —2a
+ 5b — 7d + 2e (read straight off the
third row of the payoff matrix). Set this
expectation at zero and you have one of
the five equations. The other four arise
analogously. The system to solve is thus

1 —3b+2c+3d+4e=0
2 3a—5¢+2d+3e=0
3. —2a+5b—7d+2e=0
4 —3a—2b+7c — 9% =0
5 —4a—3b—2¢c +94d=0

This amounts to inverting a 4 X 4 ma-
trix. Jon had done so, and he came up
with the weights 10, 26, 13, 16 and 1
respectively for choosing 1,2, 3,4 and 5.
Thus according to game theory an opti-
mal player should play 5 very seldom:
one time out of 66. And 2 should be
your commonest choice. It would do lit-
tle good, however, to play 10 I's in a
row, followed by 26 2’s, 13 3’s and so
on. One must choose completely at ran-
dom, given these weights.

Imagine a 66-sided die 10 of whose
faces have the number 1 on them, one
of whose faces has the number 5 on it,
and so on. You must throw such a die
(or a suitable computational simulation
thereof) on each move. In other words,
when you play according to this strate-
gy, you must avoid any and all patterned
behavior. No matter how tempting it
may be, you must not yield. Even if your
opponent plays 5 a dozen times in a row,
you must totally ignore it and merely
keep on throwing your 66-sided die
obliviously. That is the way Jon’s pro-
gram played and why my program
found nothing to pick up on. If Jon’s
program had ever given in to temptation
and tried to outguess me, my program
would probably have picked up some
pattern and twisted it around to work
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against his. But his program knew noth-
ing of temptation or teasing. It just
played blindly on, and the longer the
game was, the more surely Jon’s pro-
gram would break even. If it won, so
much the better for it, but it had only a
50-50 chance of doing so. That’s the
“optimal strategy” for you!

It was a humiliating and infuriating
experience for me to watch my pro-
gram, with all its “intelligence,” struggle
to overcome the blind randomness of
Jon’s program, but there was no way
out. I was disappointed to learn that in
some sense the most intelligent strategy
of all not only was dumb; it paid no
attention to the enemy’s moves. Some-
thing about this seemed directly con-
trary to the original aim of Undercut,
which was to have the players trying to
psych each other out to increasingly
deep levels.

When I saw the game so complete-
ly demolished by game theory, I aban-
doned it. Recently, however, I have re-
turned to thinking about such games
in which patterns in one’s play can be
taken advantage of, even if game the-
ory can in some theoretical sense find
the optimal strategy. There is still some-
thing curiously compelling about the
teasing and flirting and other ploys that
arise in these games, something that viv-
idly recalls strategies in evolution and
even seems relevant to many current po-
litical situations.

Furthermore, there is something strik-
ingly academic and bookish about un-
dertaking a purely game-theoretical
strategy when one is playing against a
human opponent, particularly in the
face of “teasing” strategies. Obviously
human beings have goals in life more
complex than merely winning a game,
and this fact determines a lot about how
they play a game. Impatience and au-
dacity, for instance, are both impor-
tant psychological elements in human
game playing, and an optimal strategy
in the ordinary game-theoretical sense
does not take them into account. Hence
I feel games of this kind are still im-
portant models of how people and larger
organizations tackle complex challeng-
es and threats.

Et me describe, therefore, some recent
variations on Undercut I have been
experimenting with. They all involve ex-
tending the degree to which one can go
out on a limb by baiting one’s opponent.
My purpose was to encourage teasing,
which means that one player flaunts a
pattern for a while, in effect saying, “I
dare you—just try an undercut!” In or-
der to encourage this kind of pattern-
flaunting it seemed reasonable to award
bonus points to any pattern that is not
picked up by the opponent. Let us call
this version of the game Flaunt.
Suppose you and I are playing Flaunt.
I say 4, you say 1. As in Undercut, I get
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four points, you get one. Now, on my
next turn suppose I again say 4 and you
say 2. If we were playing Undercut, I
would again get four. In Flaunt, how-
ever, repetitions are rewarded. There-
fore I am given the product of my two
numbers: 4 X 4, or 16. Now suppose
on my next turn I again play 4 and
you again play 2. My daring earns me
4 X 4 X 4, or 64, points, while you get
2 X 2, or four. Thus in these three turns
I have gained 4 + 16 + 64, or 84 points,
to your 1 + 2 + 4, or seven. Of course,
you have not been oblivious to my
prancing about; you have merely been
biding your time. Now you make your
move, a 3, hoping to undercut me. Too
bad, I chose 2! I get five points, you get
nothing. Sorry, sucker.

But suppose I had been so dumb as to
let you catch me at this. If I had indeed
said 4 this time, I would have been hop-
ing for 256 points. But since you under-
cut my pattern with your 3, you get a
high reward for it, namely 259 points
(your three points plus my 256).

Flaunt is a theme amenable to many
variations. The one I have just presented
is the simplest. If you like, more com-
plex patterned behavior can be reward-
ed. I am not sure of the best way to do
this, and so what follows—the game I
call Superflaunt—is only one possible
way to reward pattern-flaunting. Sup-
pose instead of playing 1-2-2 against
my 4-4-4 moves you had played 2, then
1, then 2. You might well have had a
good reason for doing so. Maybe it was
the continuation of a pattern for you and
was worth your while keeping up for the
moment. If your preceding four moves
had been 2-1-2-1, then these last three
moves would have continued that pat-
tern. Depending on how the scoring is
done, extending your own established
pattern might be more worthwhile than
undermining my relatively new one. If
2-1-2-1-2-1-2 is worth the product of
its elements, then that amounts to 16
points. (Actually it is worth 16 only if it
was preceded by another 21, but that is
beside the point.) By the time you have
picked up on my 4-4 pattern maybe it
seems worth it for you to let me have my
third 4 while you name one more 2,
thinking that this will lull me a bit and
that at that moment you will suddenly
strike and undercut me.

'What should constitute a pattern in
this game of Superflaunt? At the
moment I am inclined to limit it to one
fairly simple definition, although more
complex definitions might be possible.
The main idea is that a pattern exists
when in a given situation you do what
you did the last time you were in “that
situation.” Hence it all hinges on what is
meant by the notion of “same situa-
tion.” Let us say you have just played x
and are about to play y. We shall say you
are creating a pattern provided that the



most recent time you played x you also
followed it with y. If, for instance, your
last seven moves had been 3-4-1-5-3-
4-1, then to have your pattern continue
you must play 5, and after that you must
play 3,4, 1, 5, 3, 4, 1 and so on. When
you first establish the sequence 3-4-1-5,
you of course get no bonus points, be-
cause until the repetitions start there is
no pattern. Thus only when the second 4
is played has a pattern arisen, and it nets
you 12 (3 X 4) points. The next pat-
terned move, 1, nets you another 12
points, and then saying 5 gives you 60
points (as long as it is not undercut). As
soon as you break the pattern, however,
your cumulative product must start out
again from scratch.

If you had played 3-4-1-5-3-4 and
were worried about the obviousness of
playing 1 next, you might choose to play
4, which, although it breaks one pattern,
establishes another (namely 4-4). Now,
in ordinary Flaunt this in itself would
already be worth 16 points, but in Su-
perflaunt only on your next 4 would you
begin to reap the benefits of your pat-
terned playing, since only then would
you have made “the same choice” in
“the same situation” twice in a row.

A limitation of Undercut and Flaunt
is that both restrict your moves to a
small range. I wanted a game in which
numbers of arbitrary size were allowed.
It was not too hard to come up with the
following game, which I call Under-
whelm. You and I both think of positive
integers. If they are unequal and do not
differ by 1, then whoever named the
smaller one gets that number. (The other
player gets, of course, nothing.) If the
integers do differ by 1, then whoever
named the /arger one gets both numbers.
In that respect Underwhelm is like a
tipped-over version of Undercut. (An-
other name for it was Overcut.) If our
two numbers are equal, then for this
turn neither of us gets anything.

The goal can be a fixed number of
points—any number. A good choice
might be 1,000, although 100 or even a
million will do just fine. Think about
what this does to the game. Clearly it is
not useful for you to name huge num-
bers, because I am likely to name a low-
er number and then you will get nothing
and I will get something. There is pres-
sure on both of us—it seems—to play
fairly small numbers. If, however, we
stick to very small numbers, then the
likelihood of being overcut is fairly
high. Furthermore, the scores will ad-
vance very, very slowly. If we are pro-
gressing toward the goal of 1,000 points
at a snail’s pace, someone will want to
speed things up. And so someone will go
out on a limb, naming a big number
such as 81. Of course, doing so just once
is not useful, because the other player
will not have known in advance that the
81 was coming.

Suppose, however, I say 81 several
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times in a row. (Pattern-flaunting is not
rewarded in Underwhelm, by the way,
at least not in this version.) You will
soon catch on, and you may well be
tempted to say 82 to overcut me. Or per-
haps you will want to score points more
conservatively off my foolishness, by
simply choosing numbers close to 81
but below it, such as 70. Aha! Once I
have lured you up into my vicinity, then
of course I can start trying to jump below
you. And maybe I can even anticipate
when you will bite. If I can, then I can
really take you to the cleaner’s.

he interesting thing about Under-

whelm is that by using obvious pat-
terns as bait to lure an opponent either
player can in essence establish one or
more Undercut-like games at various
positions along the number line. I can
set up a game in the vicinity of 81, trying
to coax you into saying 82 just when I
anticipate it. Meanwhile you may be
playing a baiting game down around 30,
getting 30 points each time I extrava-
gantly bait you with my 81, and you
know that sooner or later I am bound to
try to catch you there, either going be-
low you or overcutting you.

What I find fascinating is how many
parallel subgames can arise spontane-
ously. Particularly interesting is what
happens toward the end, when one play-
er has a significant lead. At that point
the trailing player will tend to play very
conservatively, naming very small num-
bers. This means the possibilities for
overcutting are much enhanced. More-
over, there is an entirely psychological
element to the game having to do with
human impatience. No one wants to
dawdle to victory by choosing smallish
numbers several hundred times. There-
fore the simple quest for variety will
inevitably lead to some quirky, daring
play every once in a while, and that will
of course be exploitable.

Much of the spontaneous and creative
teasing behavior that tends to arise in
these games has its parallels in evolu-
tion. The most picturesque and vivid
portrayal I know of the uncanny pat-
terns and counterpatterns set up by liv-
ing organisms competing against one
another is given by Richard Dawkins in
his book The Selfish Gene. The discus-
sion centers on the notion of an “evolu-
tionary stable strategy” (ESS), a term
introduced by John Maynard Smith. An
ESS is defined as “a strategy which, if
most members of a population adopt
it, cannot be bettered by an alternative
strategy.” Here, however, “adoption of
a strategy by an individual” really
means that that individual has genes for
that behavioral policy.

Dawkins’ first example of this concept
involves rival genes for two types of ag-
gressive behavior in a given species. The
two strategies are named “hawk” and
“dove,” and they have the recent politi-
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cal connotation of those terms. If x posi-
tive points are assigned for winning a
fight, y negative points for wasting time
and z negative points for getting hurt,
one can calculate as a function of x, y
and z the eventual optimal balance of
hawks and doves in the population. This
may be an average over time, involv-
ing swings back and forth between the
population’s now consisting mostly of
hawks and then consisting mostly of
doves, or it may be an eventual equilib-
rium in which the ratio is stable.

Dawkins considers a wide variety of
colorful everyday examples in human
life, carefully comparing them with
strategies in the world of nonhuman
evolution. Such things as ‘“gas wars,”
with their price-fixing and treacherous
undercutting, fall neatly into line with
the game-theoretical analysis Dawkins
brings to bear. Some other strategies
considered are “retaliator” (an individu-
al that, when it is attacked by a hawk,
behaves like a hawk, and when it is at-
tacked by a dove, behaves like a dove),
“bully” (an individual that goes around
behaving like a hawk until another indi-
vidual hits back, then immediately runs
away), “prober-retaliator” (an individu-
al that is like a retaliator but that occa-
sionally tries a brief experimental esca-
lation of the contest). These five strate-
gies can all be activated at once in a
computer simulation of a large popula-
tion, just as the strategies in Undercut
can fight each other on a computer.
From such simulations one can learn
about the optimal strategies without do-
ing the game theory. In essence, Daw-
kins maintains, this is what nature has
done over eons: vast numbers of strate-
gies have competed with one another,
nature’s profligacy paying off in the
long run in the development of species
with optimal strategies, in some sense
of the term.

awkins uses the concept to show

how group selection can seem to be
taking place in a population when in fact
mere gene selection can account for
what is observed. He writes: “Maynard
Smith’s concept of the ESS will enable
us, for the first time, to see clearly how a
collection of independent selfish entities
can come to resemble a single organized
whole.... Selection at the low level of
the single gene can give the impression
of selection at some higher level.”

The book contains many other pro-
vocative examples of peculiar strategies
that offer alarming parallels with situa-
tions in the world of human politics,
some of which remind one of the perils
of the current arms race. Indeed, the
connection is made explicitly by Daw-
kins more than once. He refers to “evo-
lutionary arms races” and the survival
value of one species’ being able to de-
ceive another.

One of the funnier parts of Dawkins’
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book, although it is dead serious, con-
cerns the evolution of sexuality. To ex-
plore how sexuality might have evolved
he invents “sneaky” and “honest” ga-
metes (fertilized eggs) and shows how,
over many generations, sneaky gametes
slowly evolve into males while the hon-
est gametes evolve into females. Along
the way he discusses such strategies as
the “coy” and “fast” strategies (limited to
females), the “faithful” and “philander-
er” strategies (limited to males) and the
“domestic bliss” strategy. He emphasiz-
es that these are only metaphors and
are not to be taken literally (and cer-
tainly not anthropomorphically). Tak-
en with a grain of salt, though, they can
greatly illuminate the mechanisms of
evolution. And many of the strategies
find counterparts in the kind of number
games I have described above.

As I was preparing this article  had a
long telephone conversation with Rob-
ert Boeninger in which we tried out vari-
ous versions of our old and new number
games. One idea that intrigued me was
to play Underwhelm with no specific
target number of points, such as 1,000,
in mind. Instead play would be termi-
nated by a convention of another kind.
My candidate for the convention was
“Stop when the two players’ numbers
differ by 2.” Thus if I say 10 and you say
8, that is the end of the game (and nei-
ther of us gets any points on that turn).

Robert and I tried out this version,
and we quickly discovered that when-
ever one of us started losing we would
have no option but to go for a stalemate:
a nonterminating game. One way for the
losing player to do this is to name huge
numbers at random, so that they cannot
be anticipated and so that the condition
for termination is never met. The player
who is ahead, having nothing to lose,
will cooperate by naming small num-
bers all the way, thereby gaining even
more points and building up even more
of a lead. Hence you get a kind of vi-
cious circle in which both players wind
up cooperating in a stalemate.

Robert suggested that one way to pre-
vent the stalemate is to add the condi-
tion that if either player wins five turns
in a row (that is, gets a positive number
of points five times in a row), the game
is over. This prevents the losing player
from going for the stalemate, because
such behavior would now ensure a loss.
As Robert amusingly pointed out, even
if you are behind, you can start to wind
things up by trying to win five turns in a
row, because by the time those five turns
have passed you may be in the lead. My
name for this game is Pounce, since it
made me feel like a tiger hunting down a
giraffe on the savanna, bringing down
my prey in one swift, sudden move.

ne day, several years after the Un-
dercut episode, my sister Laura
and our friend Michael Goldhaber and
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Physician, did you miss any of these
significant developments in medical science?

* Campylobacter fetus subsp. jejuni is
associated with a colitis that can clini-
cally and sigmoidoscopically resemble
acute idiopathic ulcerative colitis. Stool
cultures are in order for C. fetus before
beginning nonspecific anti-inflamma-
tory therapy.

* Coumarin derivatives cross the pla-
centa. A recent study shows that the
consequences for the fetus can be se-
vere. These include embryopathy, still-
birth, and premature delivery.

* Nonsteroidal anti-inflammatory
drugs may produce a marked reduction
in glomerular filtration rate; with ter-
mination of the drug, GFR returns to
normal.

* The first documented incident of in-
digenous transmission of dengue in the
continental United States since 1945
has been reported in Brownsville,
Texas.

be a prodigiously energetic or pro-

digiously lucky reader. With 2,000
or more journals published each year,
information that significantly affects pa-
tient management all too easily slips by.
Textbooks are out-of-date before they
are published.
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Scanning electron micrograph of a glomeru-
lus shows a portion of a capillary loop.

Abdominal computed tomogram reveals
large renal carcinoma replacing part of right
kidney.
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I were having lunch in the Peninsula
Creamery and jotting down various triv-
ia on napkins, as was our wont, and
somehow it came to us to play a number
game involving three people. We decid-
ed that on each turn each of us would
choose a number in a certain range, and
since it seemed uninteresting simply to
let the biggest number win, and scarcely
any more interesting to let the smallest
number win, the idea of having the mid-
dle number win suggested itself. We de-
cided that on each turn only the “most
mediocre” player’s score would be al-
lowed to increase. It would increase, of
course, by the mediocre number; the
other players’ scores would stay fixed.
(A bit of a problem came up when two
players chose the same number, but we
found a makeshift way out.)

Thus at the end of, say, five turns we
would compare our scores, and the
highest one—no, wait a minute. Why
should we let the highest score win? To
do that, after all, would be contrary to
the spirit of each turn. We saw quite
clearly that, if the spirit of the whole was
to be consistent with the spirit of its
parts, then the player whose score was in
the middle should win. We called the
game Mediocrity, but I have since re-
named it Hruska.

This name is inspired by a famous re-
mark by Senator Roman Hruska of Ne-
braska. At the time we invented the
game President Nixon was trying to
get Senate confirmation for his appoint-
ment of G. Harrold Carswell to the
Supreme Court. In a radio interview de-
fending Carswell against his critics, Sen-
ator Hruska came out with the follow-
ing profundity: “Even if he [Carswell]
were mediocre, there are a lot of me-
diocre judges and people and lawyers.
They are entitled to a little represen-
tation, aren’t they, and a little chance?
We can’t have all Brandeises and Frank-
furters and Cardozos and stuff like that
there.” Alas for mediocrity, Carswell
was not confirmed. But it worked out
fine for Hruska, who shall forevermore
be known as a champion of mediocrity—
and stuff like that there.

Speaking of champs, after eating our
sandwiches and consuming our milk-
shakes (served in the Peninsula Cream-
ery’s old-fashioned metal containers)
the three of us sat in our booth and
played a few rounds of this quirky game,
and what came to our minds but the
inspired idea of determining the world
champion of mediocrity. Therefore we
totaled our scores over several games
to see who had come out highest. High-
est? Again something seemed wrong.
The pervasive spirit of mediocrity that
had settled on us like a heavy smog
urged us to deem champion not the
player who had won the most games,
not the player who had won the fewest
games, but the player who had won the
middlemost number of games. So it was,
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and I forget who had the honor. This
may be appropriate.

At that point a general principle
seemed to be emerging that created a
hierarchy of levels of Hruska. To win at
Level Two (that is, our “championship”
level) it is best to be a mediocre player at
Level One (the single-game level). This
means that whereas before it was desir-
able to be extremely mediocre at choos-
ing mediocre numbers, now it is desir-
able to be mediocrely mediocre at choos-
ing mediocre numbers. How perverse!
How wonderful! How wonderfully per-
verse! It fits in with a general principle of
perversity, a Zenlike principle, that ap-
plies to many aspects of life: you wind
up a loser if you try too hard.

After the session where the game of
Hruska was born I worked on other ver-
sions of it, trying to polish it and make it
elegant. Let me present the rules as they
now stand.

The main problem is how to avoid
ties, not only ties at Level Zero but also
at all higher levels. My current best so-
lution is the following: Let each player
have a slightly shifted range with respect
to the other two players. More concrete-
ly, let player A pick integers from, say, 1
to 5. Then players B and C will have
staggered ranges: B picks numbers of
the form n + 1/3 and C picks numbers
of the form n + 2/3, where n runs from
1 to 5. Clearly there can be no ties at
Level Zero.

Now what happens at Level One? Re-
member that a Level One game
consists of five Level Zero games, in
each of which the middlemost number is
awarded to the player who chose it and
the other two players should get zero.
Well, the first part of this scoring scheme
is fine, but the second part has to be
modified slightly in order to avoid ties at
higher levels. Suppose the numbers cho-
sen are 4, 3; B, 2V, and C, 4%,. Having
the middle number, 4 gets three points.
B and C, however, do not get zero points
each but the closest possible approxi-
mation to zero they can, given their
staggered ranges. Thus 1/3 point goes
to B and 2/3 point to C.

The reasoning behind this goes as fol-
lows. After five turns each player has
had five numbers of the same form. Play-
er A's five pure integers will add up to a
pure integer; player B’s five numbers of
the form n + 1/3 will add up to a num-
ber of the form n + 2/3, and player C’s
five numbers of the form » + 2/3 will
add up to a number of the form n + 1/3.
Thus at the next level up B and C have
exchanged roles in terms of the form of
their numbers. As a result the three total
scores at the new level are all of different
form and cannot tie. Hence there will
always be a most mediocre Level One
score: a winner.

If we now go on to consider a game at
Level Two, we must award points to
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each Level One game. The winner of a
Level One game gets, of course, that
middling number of points, whereas the
other two players once again receive
the closest approximation to zero possi-
ble in their respective forms. For play-
er A this means, as before, exactly zero
points. For B, however, it now means
2/3, and for C it means 1/3. Five games
of Level One constitute a game at Level
Two. The heretofore tacit “principle of
uniformity of levels” obliges us to add
up the five Level One numbers to get
Level Two scores. Needless to say, the
same reasons as before will prevent tie
scores, and so there will always be a
Level Two winner.

The same general principle will of
course allow us to extend the game of
Hruska to any number of levels. One
game of Level n + 1 Hruska consists of
five Level n games. The winner of each
Level n game is awarded the Level n
score, and the other two players get the
minimum amount (0, 1/3 or 2/3) of the
form of their scores at that level. The
five Level n numbers are added up to
yield totals for the three players, and the
middlemost player wins. Actually there
is nothing sacred about always having
five Level n turns in a Level n + 1 game;
the “width” could just as well be four or
even two. (Multiples of three must be
avoided, because after three moves all
three players have scores that are per-
fect integers, thus making ties possible.)
With a width as narrow as two this al-
lows a very deep (that is, many-level)
game to be played much more easily.
For instance, with width two a five-level
game of Hruska requires only 32 Level
Zero turns, whereas with the standard
width of five merely three levels of
depth will require 125 Level Zero turns.

Moreover, there is nothing sacred
about the Level Zero choices’ having
n bounded by 5; n could run from 1
to infinity! This is just one of many pos-
sible variants of Hruska. I can testify
that the strategy for playing even Lev-
el Two Hruska gets mighty confusing
very quickly. I have played Level Three
Hruska on a couple of occasions and
found it completely beyond my reach. I
find this both fascinating and frustrat-
ing. Think, however, what it implies
about world politics if such simple
games as the ones described in this arti-
cle can be baffling. How much more
complex are the “games” of internation-
al bargaining and bluffing and warmak-
ing. All the tricky concepts I have dis-
cussed here have their counterparts in
international politics—only ‘“squared,”
so to speak. As one watches these huge
themes being played out on the world
stage one can hardly help but feel like a
single cell in some vast organism that
long ago became fixed in its evolution-
ary strategy, whose consequences one
can only observe, hoping all will turn
out for the best.
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BOOKS

A composite physicist, the creole languages,

marvelous mammals and tunnel technology

by Philip Morrison

IGHT THOUGHTS OF A CLASSI-
N cAL PHysicisT, by Russell Mc-

Cormmach. Harvard Universi-
ty Press ($15). It was the 50th month of
the First World War. The old professor
of theoretical physics was losing weight
seriously; official meatless weeks came
again and again, and the compensatory
ration was only a little extra bread, gray-
er than ever, to spread with turnip jam.
The day’s cup of milk went to Max-
well, the stray cat that had adopted Herr
Professor Jakob and had in return been
given that unpopular English name,
perhaps because it scratched its back
against the two volumes of James Clerk
Maxwell’s Treatise on Electricity and
Magnetism on the lowest shelf. The Ge-
heimrat director of the physical institute
had tried for a while to dub the cat Ront-
gen, surely more fitting for a German
cat in this time of war against the En-
glish and even their ideas. But Clerk
Maxwell’s photograph hung highest on
the wall of the professor’s study, just
above the larger central depiction of
noble Hermann von Helmholtz. With
the precisionist experimenter August
Kundt, those two had been the pro-
fessor’s revered teachers in Berlin and
Strassburg after his return to his studies,
a wounded veteran of the 1870 Franco-
Prussian War.

Victor Jakob—no Jew in spite of his
name, which had no doubt somewhat
affected his career—is the man we come
to know in this remarkably evocative
book (whose period photographs, docu-
ments and drawings add visual depth to
the intimate narrative). The tone is som-
ber, even melancholy. We meet Jakob
late in 1918 at a “patriotic evening” to
sell war bonds in his university town,
telling of his brave experiences of the
year of Bismarck’s great victory. We fol-
low him internally: his thoughts of the
past, his diary of 1870, a few dreams, a
visit to the theater, a lecture to students
on acoustics (the earnest young women
of the wartime student body seem stran-
gers to the lecturer), his memories of
Gustav Hertz and Paul Drude, and the
rise of a new atomic physics whose hy-
potheses seem as wild as the unend-
ing war. Beset by his sense of failure,
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by ill health, even by overt ridicule, the
professor, patriot and internationalist
at once, shocked again and again by
the obituaries of fallen physicists each
month in his Physikalische Zeitschrift,
trudges high into the dark hills above the
town to place the heavy old revolver
taken out of his desk drawer to his open
mouth.

There is no such person as Victor Ja-
kob even in the careful biographical dic-
tionary of Poggendorff. He is a compos-
ite physicist, constructed and explicit-
ly documented “from real voices and
events of the past.” If Jakob prefers the
mature Bach with its profound structure
to the emotional chorales of Bach’s
youth, their passion so easily joined to a
cult of German national fervor, it is be-
cause the real Gottingen theorist Wolde-
mar Voight so wrote in 1911. Drude’s
real suicide is echoed by Jakob’s own.
The bright little interior painted by
Menzel—each scratch in its place—be-
comes Jakob’s example for the physi-
cist’s idea of nature, as indeed it was so
discussed by Felix Auerbach. He muses
on James Chadwick and Peter Prings-
heim doing physics as prisoners of war;
so they did.

Jakob thinks of the trenches where
dead hands protrude from the walls, one
layer of German bodies and then a layer
of English ones. He concludes that even
physics cannot always help, the very
words from Einstein’s own letters of the
period. His entire consciousness, not to
say the entire social and material milieu
built around him in a town not far from
Bonn, is elegantly assembled from the
documents of 50 years of physics and
physicists in Germany. The author, a
historian of science at Johns Hopkins,
has made a brilliant mosaic of authen-
tic and glittering tiles, echt Deutsch, al-
though untinted by Hegel.

A reader, particularly one familiar
with theoretical physics and attentive
to our uneasy times, cannot fail to enter
a few reservations to this compelling
genre, a serious counterpart of myth-
building dramatizations on television.
Night Thoughts is more tendentious than
history plain. One does not see any page,
real or pastiche, of the Annalen der
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Physik, where the physics of Professor
Jakob and his colleagues appeared,
nor any piece of Jakob’s blackboard
notes so humiliatingly erased by Ja-
kob’s young atomic-physicist colleague.
No doubt Jakob was not a forest gi-
ant among physicists but a mere ground
creeper. Yet it is likely that his everyday
work remains closer to the life of phys-
ics today than the tone of the book ad-
mits. The inner narrative amounts to
a sunny time past, an era of romantic
idealism and a slow approach to certain-
ty, to be replaced by the implacable
darkness of rampant nationalism, bran-
dishing the weapons fashioned by the
physicists of atomic uncertainty. But
yesterday’s history, like today’s, is more
ironic than that. Self-centered Europe
was at peace, it may be, after 1870. The
classical Maxim machine gun guaran-
teed that on other continents life was
less assured.

It was the grand concept of the world
ether, a complex pervasive medium
of electromechanical nature, around
which Jakob’s deepest research hopes
centered. His eulogist would remark
that his ambitious concepts retain no
modern value; only his devoted teach-
ing and a few small technical triumphs
would be remembered. Yet the world
ether is still visible, in the strange form
of a fluctuating, energy-rich vacuum
from which all the world, so they specu-
late today, once formed. Perhaps people
in the advanced countries of the north
remain caught in the spell of a cold gray
sky turning to a summer blue, with a
sense of complete replacement in due
season. Most of the rest of the world,
physics too, enjoys a less consistent
mental climate, a single day bringing
both storm and sun.

Jakob’s acoustic gun-ranging experi-
ments in the First World War proved
less useful to the military than the elec-
tromagnetic novelties of the radar mag-
netron at the start of the Second War,
but the physics of both was classical.
The issue is open; the consequences of
the new power of a physics at once rela-
tivistic, atomic and probabilistic remain
in dark recesses of the future.

00TS OF LANGUAGE, by Derek Bicker-
ton. Karoma Publishers, Inc., 3400
Daleview, Ann Arbor, Mich. 48103
($24.95). Faced with “a catastrophic
break in linguistic tradition,” human
beings invent languages; they must
have language to survive. What happens
when people drawn from widely sepa-
rated language groups are thrown into
a life of single-crop agriculture under
the rule of a small European minor-
ity? Soon there arises a new auxiliary
language of contact, native to no one,
known as a pidgin. It is followed in time
by an expanded form known as a cre-
ole, now the native speech of a larger
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The Surface Contingent

A recent finding at the General Motors Research
Laboratories has changed scientific thinking about
the behavior of electrons in metal surfaces. This discovery

provides a greater understanding of the fundamental

physical processes involved in such surface events as
adhesion, corrosion and catalysis.

Surface Atomic Layer

Density of States

AN
Electron Energy

Figure I: Energy distribution of electrons in
outermost atomic layer. Red area indicates
electrons in surface states.

Figure 2: Two electron density contour maps of
the cross-section of a Cu(100) surface. One map
shows a clean copper surface (tan); the other

shows a nitrogen-covered copper surface (green).

CONVENTIONAL scientific
thought treats virtually all
of the valence electrons found in

the surface atomic layer of a
metal as if they are free to roam

throughout the metal’s interior.

The work of three physicists at

the General Motors Research Lab-
oratories suggests otherwise.

Through calculations confirmed
by experimental data, the
theorists have shown that more

than a quarter of the valence elec-

trons in the top atomic layer of
some metals are effectively

trapped in the surface. The pres-
ence of so many “surface state”

electrons must be considered
when analyzing physical and

chemical surface phenomena, in-
cluding such surface events as ox-

idation leading to corrosion.
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Drs. John Smith, Jack Gay
and Frank Arlinghaus applied
their theoretical analysis to the
(100) surface of five metals: cop-
per, nickel, silver, rhodium and
palladium. They made bold predic-
tions concerning the percentage
of electrons in the surface atomic
layer to be found in surface states:
Cu(36%), Ni(23%), Ag(23%),
Rh(23%) and Pd(19%). The ratio of
the red area to the hatched area
of figure 1 gives the percentage
for copper.

Electrons in surface states
are not only abundant, but also
highly localized on the surface.
Chemisorption on a metal is also
confined to the surface region.
Figure 2 shows what happens in
the case of nitrogen chemisorbed
on copper. The two contour maps
coincide except in the surface
layer, where the interaction is
largely exhibited. Localization of
the interaction holds for the chemi-
sorption of other gases, including
oxygen in the initial stage of
metal oxidation. These observa-
tions led the physicists to conclude
that surface states are important
in chemisorption.

One way to probe electrons in
surfaces is to chemisorb atoms on
a clean metal surface and look for
changes in photoemission spectra.
Such an experiment was per-
formed at GM for fractional mon-
olayers of nitrogen, oxygen and
sulfur on Cu(100). The dominant
change in the photoemission spec-
trum was the disappearance of a
large peak whose shape and en-




ergy location was independent of
the chemisorbed atom. It was of
special interest that the shape and
energy location of this peak was
nearly identical to the envelope
around the surface state peaks in

figure 1. This suggests that sur-

face state electrons play a major
role in the chemisorption process.

| HE THEORETICAL ad-
vance at the heart of the dis-

covery is the “Self-Consistent
Local Orbital (SCLO) Method” for
solving the Schrodinger equation.
This new mathematical method
was devised by the GM theorists
to handle the classic dilemma

posed by the self-consistency re-

quirement. The characterization of
electron behavior used to com-
plete the equation must be consis-
tent with the behavior predicted
by the equation. In other words,
one almost needs to know the an-
swer in order to make the calcula-
tion.

Self-consistent solution of
the equation for a metal surface is
made exceedingly difficult by the
three-dimensional nature of the
electron density distribution. The
theorists dealt with this challenge
successfully by dividing the elec-
tron density distribution into two
parts—the first part due to over-
lapping atomic density distribu-
tions; the second part equaling the
difference between this atomic
contribution and the exact density
distribution.

One of the more stringent
tests of the accuracy of the SCLO

method was an angular photo-

emission experiment conducted

by Heimann et al. at the Univer-
sity of Munich, subsequent to pub-

lication of the GM research. The
German research team confirmed
a prominent surface state band

predicted by the three GM physi-

cists. This was the first time a
surface state band on a solid had
been calculated prior to its being
seen experimentally. The SCLO
method makes possible something

that could not be done before—ac-
curate prediction of the actual be-

havior of electrons whirling
around nuclei at the surface of a
metal.

“The large body of surface

states we found on metal sur-

faces,” says Dr. Smith, “may be a

controlling factor in many physi-
cal and chemical surface phenom-

ena. By replacing conjecture with

calculation, the new surface theo-

retical methods give us the means
to make major steps forward in

the analysis of surface and inter-

face properties.”

TH
WORK

Drs. Smith, Gay
and Arlinghaus
are theorists in
the Physics De-
partment at the
General Motors Research Labora-
tories.

John Smith (center) and
Jack Gay (right) received doctor-
ates in physics; Smith from Ohio
State University and Gay from the
University of Florida. Frank Ar-
linghaus received his Ph.D. in
physical chemistry from the Mas-
sachusetts Institute of Technology.

John Smith, leader of the
GM solid state physics group, did
postdoctoral work at the Univer-
sity of California in La Jolla. He
joined General Motors in 1972.
Frank Arlinghaus and Jack Gay
joined the corporation in 1964 and
1965, respectively.

Each member of the team
brings to the project a different
expertise: Smith in surface phys-
ics, Gay in solid state theory, and
Arlinghaus in bulk band structure
calculations.

The future of transportation is here

-
7] General Motors
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time and energy, but because
its solar cell operates in any normal
light, it'll save you from ever having
to buy batteries.

And while our credit card size
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model FX—78 is among the small-
est calculators of its kind, with its
41 functions, you have to give it
credit for thinking big.

If you wantto get with a
programmable, our FX—3600P
gives you 61 functions and 38 pro-
gramming steps at only a small step
up in price.

And when you're ready for
the step up to a computer, our
FX—702P willmake it easy. It uses
BASIC programming language.
And its 1680 programming

als can take you to the highest tech

possible using a hand held computer.
High tech at low .

prices. That's something

you've always been able

to count on from Casio. §

A detailed applications manual
comes with each Casio
scientific calculator

CASIO

steps and optional peripher—Whel'e miracles never ceqase

Casio, Inc. Consumer Products Division: 15 Gardner Road, Fairfield, N.J. 07006 New Jersey (201) 575-7400, Los Angeles (213) 923-4564.
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community. Generally a creole differs
enough from any parent tongue to be a
new language; superficial resemblance
is usually found in the vocabulary, but
the syntax may be strongly distinct.

This cultural disaster and this burst of
human creativity has been seen again
and again under colonial and slaving
regimes. A couple of dozen examples
worldwide are cited in this witty, power-
fully argued, personal treatise by a lin-
guist from the University of Hawaii.
Here and there the technical prerequi-
sites of Professor Bickerton’s book go
beyond the resources of a general read-
er, but the current of the argument is
strong enough to carry the reader along
with it.

We cannot say what year Italian came
into existence; there was surely some
continuum flowing from Latin along a
river delta of dialects. We can be sure,
however, that before 1880 there was no
Hawaiian creole, because the date when
new tariff laws allowed the duty-free im-
portation of Hawaiian sugar to the U.S.
was 1876. In a few years the planters
brought into the islands a multilin-
gual community of workers from Chi-
na, Portugal, Korea, the Philippines and
Puerto Rico, people who soon greatly
outnumbered the Hawaiian and English
speakers alike. Careful field study has
shown that a complex and quite homo-
geneous new language, Hawaiian Cre-
ole English, had originated between
perhaps 1910 and 1920. That first cre-
ole-speaking generation had invented a
language. They did not speak the ante-
cedent pidgin; theirs was the task of
producing rules of syntax for which
their parents had no counterpart.

The first half of this book examines in
detail the evidence for distinct rules of
grammar in the new island tongue. The
evidence is hard to follow, and not just
because of its intricacy; any nonlinguist
knows a good deal of grammar through
using it, once the general nature of the
rules is pointed out. The difficulty is that
the items are small details, the statistics
are few and far between, and the gener-
alizations, although plausible enough,
do not always seem demanded by the
data. It is here that linguistic experience
is needed.

An example is provided by articles.
One Japanese speaker in pidgin used
only a tenth of the indefinite articles En-
glish would have required. A Filipino
used in his pidgin sentences many more.
Pidgin is variable. In the Hawaiian cre-
ole, however, the uses of the definite ar-
ticle (da boi), the indefinite article (wan
blaek buk) and zero marking (dag smar)
are strictly governed by the nature of the
references. Yet the rules do not resem-
ble the rules of English or of any other
language in the substrate. A dozen other
such features of Hawaiian Creole En-
glish are presented.

Now enters the argument. In a long
summary of creoles worldwide, admit-
tedly only a first careful look, Bickerton
concludes that their syntaxes show deep
resemblances, and the sooner the sam-
ples come after that first inventive gen-
eration the closer the resemblances are.
Creoles everywhere are built on one and
the same set of rules from the basic con-
stituents necessary to a still unfixed pid-
gin. To arrive at this conclusion many
apparent exceptions have been argued
away on a variety of knowledgeable
grounds. If we accept the inference,
however, it appears that an incredible
play of chance has led people forced to
construct a new tongue out of elements
as disparate as Yoruban and Dutch,
without common model or interchange,
across continents and centuries, to fol-
low the same structural path.

There is a way out of this scarcely
believable convergence. Here at last we
are in touch with an innate human bio-
program that determines the form of all
human language, one that unfolds nor-
mally whenever it has a chance. All chil-
dren need to acquire a language and are
marvelously able to do so. In a fascinat-
ing chapter Bickerton proceeds to show
that the child’s language learning too
can be interpreted along such lines; the
examples chosen include the markers
for the specific and the nonspecific, the
relation between single events and regu-
lar events, a feature related to tense, and
a couple of others. The data are recent.
Not very rich, they include ingenious
studies of the acquisition by children of
English articles, of French, Turkish and
Italian verbs, of questions in English
and so on. No child learns language in
a vacuum; the heart of this inquiry is
the steps children take toward acquiring
language. The chapter concludes with a
tentative confirmation: what the creole
inventors did the children can learn ef-
fortlessly. Once that simple program
has evolved to novelty, the children
more gradually conform to the model
they hear.

The last chapter, at once a polemic
and a direct line of argument, enters on
the speculative. How did language be-
gin? The key is a rejection of that sim-
plistic question. “Anything as complex
as language . .. must consist of a number
of interacting systems.” The question is
how far along the road to useful lan-
guage has the would-be speaker come?
Language is not the mere elaboration of
an animal call system, a set of alarms,
the squeaks and grimaces so well distrib-
uted among other animals. It is first of
all abstraction.. There is some system
of long-term storage of perceptions,
packed away but recallable because
they are stored not as whole images but
as particular features.

Next comes the ability to recombine
such stored features; they are by now
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concepts, somehow defined neurologi-
cally. We do not see our world anew
from second to second; rather we inter-
pret it as we go from previous catego-
rization. A dot surrounded by 10 rays,
one of them longer than the others, is
universally understood as a flower; it is
reproduced in the book. Now that cog-
nitive map must be coded, taking a
gambler’s—or a scientist’s—chance of
correctness. No more is needed. Ap-
proximation is often success enough,
and speed is plainly its fruit.

Then the concepts must be spread so-
cially. Language is the means to that
end; the species must go beyond the here
and now to “achieve not just predictabil-
ity but the dissemination of predictabili-
ty.” Grammatical marks for tense, con-
tinuation and the counterfactual are the
most natural and necessary of distinc-
tions. These structures are subject to
natural selection. The creole builders
had such programs straight, as have our
children. Long ago our hominid ances-
tors went beyond the simple concepts
clearly held by the unspeaking apes.
What came just before language was not
a cruder form of communication; that
skill was old indeed. What came first
was the mind’s power to compute, to
judge the probable consequences of
events not at hand. The language bio-
program arose out of selection for such
powers. When it was that our fore-
bears mastered the communication of
abstractions we cannot now date; prob-
ably the rise of our own species, H.
sapiens, and its proliferation over the
past 500 centuries hold the answer.

Altogether bold, fresh and incisive,
this by no means easy book is a find, if
its argument is still less than validated.
Bickerton is no detached scholar; he
sounds and re-sounds one ironic theme
out of the cruel history of creolization.
Just as in the Bible honey came out of
the rent carcass of the lion, so human
self-knowledge may emerge from in-
sight into the creativity of the victims
of “the Cartesian savagery” of the co-
lonialists.

AST AFRICAN MAMMALS: AN ATLAS
OF EVOLUTION IN AFRICA, by Jona-
than Kingdon. Volume III, Part C and
Part D (Bovids). Academic Press (each
part $99.50). “An initial explosion of
excited impala,” the big gregarious ga-
zelles leap and jink before you in sud-
den magnificent spectacle. Once again
the large pages of his handsome pair
of books put the pencil and keen eye of
this artist-mammalogist before any for-
tunate reader.

It is a full decade since the first vol-
ume of Kingdon’s ambitious work ap-
peared. That told of primates and a few
other oddities. Two books on the small-
er fry followed. Then came Volume III,
its first book on carnivores, its second
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on the larger mammals of that world.
The seven-book set closes now with the
horned ungulates, 15 years well spent in
“the contemplation of physical beauty
in mammals;...a reward in itself.”

Our reward is more tangible; first is
the apt text, a profile of each species
among nearly 50 of the bovid family,
creatures almost heraldic for our visions
of East Africa. The exciting drawings
are here too: poised skeletons, carefully
drawn full-page life portraits species by
species, with pages and columns and
odd corners turned by pencil into infor-
mal evocative field views or anatomical
highlights. A dozen forms of red duikers
parade across a color plate. Perhaps
the eye is most enchanted by one plate
of genuine heraldry: pair by pair con-
front each other, their horns locked, the
fighting males of 14 species, from water-
buck to sheep. Such interplay of infor-
mation and design is the delight of King-
don’s work.

How did such hoof-horn variety arise?
Nowadays the ruminants are mostly
cellulose eaters, thanks to their active
microbial symbionts, but the trick is
not universal among them. The begin-
ning of their rise was probably a “securi-
ty strategy”: fill up when you can and
then go somewhere in the tall grass to
digest in peace—good advice for the
avoidance of predation and for the eco-
nomical utilization of animal energy.
(The hippopotamus follows a subma-
rine version of that strategy.) In this
niche the bovids grew, first little seen in
the fossil record because of predation.
Then they radiated; in Africa in particu-
lar they diversified, some as solitaries to
the forest glades, others to the water-
courses and the sumplands. In good time
they included the high-density grazers
of the open green grass, wildebeest (1.3
million now in Serengeti alone), impala,
hartebeest and the little gazelles, all the
horned herds that crowd our images of
those great reserves.

Tsavo and Serengeti are known by
name everywhere; they are the largest of
145 mapped conservation areas. King-
don has himself visited 105 of those ar-
eas. He returns with his trove of image
and understanding, and with a clear
plea. The cattle, sheep and goats on
which so many human beings depend,
from the Masailand to Amazonia and
Texas, are only three West Asian bovid
species. From all their worldwide lucra-
tive exploitation no support has flowed
to the few scientists who have tried to
understand in detail the origins and na-
ture of the bovids of Africa, where 20
million years have perfected an intricate
system to unite herd and sun through
grass. War and poverty and misgovern-
ment now threaten the elegant adapta-
tions of the grasslands; the local people
cannot bear the burden of the world’s
future alone. Cropping the wildlife of-
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fers a direct benefit; both long-term con-
servation and shorter-term yield might
be served by timely investment in land
and in research. The light airplane has
made wildlife stocks a quantifiable re-
source; radio tracking and immobiliz-
ing drugs are powerful tools for rational
management.

This final book includes a set of useful
appendixes. The reserve maps constitute
one appendix; others include an essay on
conservation, one on animal manage-
ment in captivity (by the London Zoo’s
chief veterinary officer, who treats all
the orders of mammals) and a summary
of diseases and parasites.

The heaviest antelope is the eland,
which can weigh a ton. “In the prehistor-
ic paintings of Kondoa and in the rock
art of southern Africa, the eland is the
most frequently represented of animals,
which is perhaps more a measure of the
bushmen’s preoccupation with the ani-
mal than an indication of its abundance.
As with the horses, cattle and bison rep-
resented in European cave paintings,
still lives of seventeenth-century Hol-
land and advertisements in the modern
world, beauty lies not in the eye but in
the stomach of the beholder.” A certain
inconsistency may be perceived in this
comment by our delighted artist, but ev-
ery reader will sense a rueful bond of
understanding.

UNNEL ENGINEERING HANDBOOK, ed-

ited by John O. Bickel and T. R.
Kuesel. Van Nostrand Reinhold Com-
pany, Inc. ($52.50). The crimson laser
beam is a slim, unbendingly solid shaft
down the dusty axis of the dark tunnel.
A couple of hundred feet ahead it strikes
the transparent bull’s-eye of its first tar-
get, to pass another 10 feet to a terminal
red spot. The specs are plain: the mile-
long tunnel is expected to hold center-
line well enough to hit a three-inch
bull’s-eye. (A prudent heading engineer
will bolt in place for each setup an inter-
mediate control target, a small metal
aperture the beam can clear. After all,
someone might bump the laser brackets
in the night, and it is best to be sure
whether it is the survey line or the tun-
nel wall that has shifted.)

The direction is set by a high-quality
primary survey run on the surface; a big
project such as a tunnel can well afford
it. That line is brought underground by
sighting at two opposite ends of an ac-
cess-shaft diameter; the line segment be-
low grade then fixes the laser’s path. A
long program of computed offsets will
next steer the tunnel, an inch at a time,
around the curves and up and down the
grades of the planners. In normal condi-
tions the tunnel-machine crew can hold
line and grade within a tenth of a foot;
taken together, the errors of the primary
survey and its transfer underground are
about the same.



The tunnel-boring machine is a mod-
ern wonder. The Hoosac railway tunnel
was bored in hard western Massachu-
setts rock by the powerful likes of John
Henry, steel-driving men with a ham-
mer in their hands. It took them about
five years per mile. Just 10 feet were
made there in 1856 by the first tunneling
machine before it was abandoned; in-
ventor John Wilson was ahead of his
time. This year is the centenary of the
first successful boring machine. Colo-
nel Beaumont’s compressed-air-pow-
ered borer made 50 feet a day through
the Dover chalk, but work on the fa-
mous Channel Tunnel was stopped for
political reasons.

Perhaps a dozen tunnel borers were
built and tried in all the years gone by;
none of them saw lasting service. The
rock face attacked by power drills held
on big steel-armed frames—*“jumbos’—
and then shattered by hand-set dyna-
mite or ammonium nitrate blasts for
conveyor removal is still entirely com-
petitive, almost standard. (A full ac-
count is given in the book.) Then in
the 1950’s James Robbins of Seattle
brought out his tunneling machines.
Their success (his first machine with
rotary disk cutters pushed a 10-foot
tunnel through medium-hard Toronto
rocks at 10 feet per hour) stimulated
worldwide development of the technol-
ogy. A dozen companies in America,
Europe and Japan now build such ma-
chines, both for hard-rock work and for
soft ground. They are here carefully
listed and compared.

The biggest rotary machines for full-
face rock tunneling run to some 10 me-
ters in diameter. The body may be 100
meters long, packed with its motors,
jacks, buckets and big conveyor belt. Its
thrust against the rock face may rise to
1,000 tons or even more. That thrust by
the big jacks presses the whirling cutters
slowly ahead a few feet at a time, shove
by shove as the tunnel proceeds. Big,
well-padded retractable hydraulic legs
carry the thrust to the tunnel wall; a se-
ries of jacks allows systematic advance
and steering. The cutting head will use
1,000 kilowatts of electric-power drive;
a couple of dozen men serve the ma-
chine on each shift, usually around the
clock. The monster is at work about half
of the hours of the week and is down for
maintenance for the rest. It eats rock
at the rate of a mile per year, speaking
broadly; that speed may double under
good conditions but may drop to half
under poor ones.

Two dozen chapters of this hefty
book, replete with working drawings
and performance sheets, cover an an-
cient and lively branch of civil engineer-
ing with detail adequate for engineers
entering the work or for their adminis-
trative colleagues. The chapters are un-
usually appealing for the general reader

because much of the complex task is il-
lustrated by example and even narra-
tive. There are some of the tables and
charts that make up most handbooks,
but this diverse activity is less codified
by its nature. The consulting engineers
of long experience who wrote these
pieces have worldwide interests; tunnels
hold the subways of Moscow, Washing-
ton and Sao Paulo, take the Japanese
bullet trains under the sea floor from
Honshu north to Hokkaido, carry the
waters of the Jhelum before it reaches
the Indus, and drain a flooded mine in
Peru (where the hot underground waters
reached a temperature of 156 degrees
Fahrenheit, so that only refrigeration
made the work possible).

Tunnel construction is widely viewed
here: there are chapters on cut-and-cov-
er and on boring tunnels in soft ground
with the hazardous (for physiological
reasons) aid of compressed-air work
space. The method of choice for under-
water tunnels is to fashion great tubes
ashore, launch them into the water and
sink them in place, trenched permanent-
ly into the bottom. Steel shells, concrete
boxes and even big ribbed fiberglass
tubes make good underwater tunnels.

Tunnels once opened must be put to
use. They often need surface finish,
drainage, air, light, power, fire protec-
tion, signals and a good deal more, even
washing. All are treated in some detail,
often with quantitative support. Those
who daily drive automobiles in tunnels
should appreciate the newer estimates
for traffic density: allow a 1.8 second
headway and add a small term quadrat-
ic in the speed. Ventilation is the design
task that most calls for good traffic-flow
data. A well-lighted and well-ventilated
tunnel can carry 2,000 vehicles per hour
along one standard 12-foot lane, but
don’t ignore the truck correction.

TRACES OF THE PAST: A FIELD GUIDE
TO INDUSTRIAL ARCHAEOLOGY, by
David Weitzman. Charles Scribner’s
Sons ($17.95). In 1883 the price of steel
in the U.S. fell below that of iron. Any
abandoned railway track, its rusty rails
incongruous in the quiet countryside,
will declare its period from that fact
alone. Steel rail has flatter surfaces
joined by sharper curves in its section
profile; iron rail is rightly called “pear
rail.” Our standard railway gauge is
not from time immemorial; the change-
over from a regional variety of gauges
was not complete until about 1900. The
mighty Pennsylvania and its tributaries
maintained an alternate standard, half
an inch wider than Stephenson’s four
feet 8Y, inches that had been standard
until then.

Equipment could tolerate that small
difference. Real narrow-gauge “light
iron” is of course still more distinct. Any
old line of track is a pathway into the
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past, back to the entire system it recalls
to the surface archaeologist walking the
old ties, alert to signs, mile and whistle
markers, track-dating nails and a good
deal more. From that evidence the in-
quiring traveler may come to know the
smokestack pattern, elegant paint jobs,
wheel arrays and the locomotive weight
the track once bore.

This modest excursion into railway
lore from tangible evidence is the open-
ing chapter of a personal field trip into
the industrial past. Weitzman is now a
Californian, but he is well traveled in
time and space and can report how the
visitor who stands on any line of the old
Boston & Maine can look down rails
that “run straight and true to Boston (a
map of the entire system forms a per-
fect arrow pointed at the city),” not idly
known as the Hub.

Even more engaging is the account of
trusses, the articulated bridges in iron
or steel or timber that nowadays often
sleep in countryside, carrying a few
strollers or vehicles a day, with only the
memory of the rails they once bore still
present. The book offers a good cap-
sule history of rational bridge design in
America, since Squire Whipple wrote it
all down when he built bridges in the
days of the Erie Canal. Those spans
have by no means all become scrap;
many are hidden in a gentler service,
moved long ago to new sites as valuable
structures. This particular quest is gov-
erned by the author’s Rule of the Com-
monplace; get out of your car the next
time you cross that deck bridge and
walk down the embankment to see what
is underneath. You may have a surprise.
It may not be a Whipple, but trusses
were everywhere until very recently,
and the book offers a dozen-odd care-
fully drawn spreads to help you name
and date that bridge you cross. Roof
trusses too are not to be forgotten. The
bridges and their builders deserve and
repay attention.

That is the burden of this gentle study.
The book goes on to treat iron furnaces
and old oil fields, much less common
artifacts but surely worth the trip if you
hear of one. There is an attractive essay
on bringing schoolchildren to recognize
this past of ours; one particularly ad-
mires the aphorism that “learning to see
means sketching.” Of course, the print-
ed word too is an essential resource for
the aspiring archaeologist with or with-
out a spade; good brief leads to the map
literature and to the weighty books are
included.

This book is not well described as a
field guide; the term has been given so-
lidity by a flood of admirable works
that attempt a more or less complete
summary of some broad class of experi-
ences afield. Rather it is a sampling of
the future, a pleasing evocation of a
guide that does not yet exist.
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NEVER JUDGE A SHOE
BY ITS WEIGHT.

If you're looking for the fastest
shoe, you've got to do more than

count grams.
e know. We've done exten-
sive research on racing flats, and
there’s one thing we know for sure.
Light doesn’t always make right.

If it did, the best shoe for race
day would be no shoe at all. But
things don’t work that way. The fact
is, you can run faster in just about
any training shoe on the market
than you can barefoot.

t appears to have something to
do with the amount of shock
created with every footstrike.
Somehow that shock has to be dis-
sipated. If your shoe won’t do the
work, your body will.

And work, as we all know,
takes energy.

SOFT SHOE (3,547)

HARD SHOE (3,594)

3500 3525 3550 3575 3600

OXYGEN CONSUMPTION PER MINUTE (MILLILITERS)
AT 6:00 MILE PACE

It takes more energy to run in a hard shoe than a
soft one. Our lab tests were based on two models,
one registerin 8£eak G's in impact tests, the

other 18 G's. Both were same weight and profile.

But how much? To find out, we
ran a series of tests that compared
two shoes of identical weight. The
only significant difference was that
one model was nearly twice as hard
as the other. As it turned out, run-
ners saved 1.3 percent more energy
when they ran in the model with
more cushioning.

Interesting. And it became
even more so when we investigated
our air shoes. The Mariah, for
example, can deliver the same 1.3
energy savings. Even when com-

ared to a pair of shoes weighing
00 grams less.

Then why, you ask, has
everyone been so fanatical about
reducing shoe weight? It goes back
to some earlier research which says
that for every 200 grams you knock
off a pair of shoes, you gain a 2 per-
cent energy rebate.

7:00 MILE

6:00 MILE

5:30 MILE

1% 2% 3%

OXYGEN UPTAKE INCREASE (%) FOR
200 GRAM WEIGHT INCREASE

Shoe weight makes less difference the faster you
run. Our study of oxygen consumption rates was
based on comparison of two racing flats, one pair
being 200 grams heavier than the other.

Well, we found it wasn’t quite
so simple. Our tests show that the
saving in energy is less the faster

ou run. At a 7:00 mile pace, that
00 gram difference is actually
worth about 2.7 percent added en-
ergy. But at a 5:30 pace, the savings
—while still noteworthy—drops to
1.7 percent.

Then, you conclude, it’s the
slower runner who stands to benefit
most from a lighter shoe. Well, yes
and no. In the longer races, mainly
no. Because a 3:00:00 marathoner
is going to hit the ground 6,500
times more often than a 2:24:00
marathoner. And that shock accum-
ulates and leads to fatigue.
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Another thing to keep in mind.
Regardless how fast you train,
when the gun goes off and the ad-
renalin smrt%ﬁmping, you'll run
even faster. That’s good "But that’s
no time to forget cushioning. As our
research points out, when speed
goes up, so do the impact forces.
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The faster you run, the greater the impact. Verti-
cal force record based on same runner, same shoe,
at two different speeds.

It all boils down to this.
Whatever your speed, whatever
the conditions, don’t throw away
cushion to get rid of a few extra
grams.

Now, we're not doing all this
research just to amuse ourselves.
We take all the data and turn itinto
shoes that are faster, safer. Not
according to theory. But according
to fact.

With innovations like the Air-
Sole® in our Mariah. Or Phylon, in
our Terra T/C. And since the right
balance of weight and cushioning is
goin%fto vary from runner to runner,
we offer a choice. From the super
lightweight American Ezigle, to the

agnum, Elite, and the Boston and
Atlanta.

We know it sounds like heresy,
but you're better off never trying to
pick a racing flat by weight alone.

Evenitit's
a tough habit ”I
to drop.

Beaverton, Oregon



SCIENTIFIC

Established 1845 AM ERIC AN August 1982  Volume 247

Number 2

Carbon Dioxide and World Climate

That the atmospheric content of carbon dioxide is increasing

now seems well established. As a result some latitudes could

become warmer and wetter, but the effects may not all be bad

he “carbon dioxide question,”
which has become the subject of
extensive concern in recent years,
is actually three questions. The first is
how much carbon dioxide will be added
to the atmosphere in future years, and
at what rate, from the burning of fossil
fuels and the clearing of forests. These
human activities have already increased
atmospheric carbon dioxide by about 15
percent in the past century. The second
question is whether the increase in car-
bon dioxide will cause an important
global rise in average temperature and
other changes in the climate of various
regions. Mathematical models of the
world’s climate indicate that the answer
is probably yes, but an unambiguous cli-
matic signal has not yet been detected.
The third question is whether possible
climatic changes and other effects of the
growing concentration of carbon diox-
ide in the atmosphere would have major
consequences for human societies. Here
too the answer is probably yes, with
the qualification that the consequences
would be complex: some regions and
some human activities would benefit,
whereas others would be harmed.
Carbon dioxide alters the heat bal-
ance of the earth by acting as a one-way
screen. It is transparent to radiation at
visible wavelengths, where most of the
energy of sunlight is concentrated, so
that the sun is able to warm the oceans
and the land. On the other hand, mole-
cules of carbon dioxide in the atmos-
phere absorb and reradiate some of
the longer-wavelength, infrared radia-
tion that otherwise would be transmitted
back into space from the surface of the
earth. This is the “greenhouse effect.” If
there were no carbon dioxide at all in the
atmosphere, heat would escape from the
earth much more easily. The surface
temperature required for a balance be-
tween incoming and outgoing radiation

by Roger Revelle

would be lower and the oceans might be
a solid mass of ice.

Over geologic time vast quantities of
carbon dioxide have been emitted by
volcanoes. Almost all of it has been
chemically transformed into calcium
carbonate and magnesium carbonate or
into organic matter and has been buried
in marine sediments. The amount of car-
bon in sedimentary carbonates is esti-
mated to be about 50 million gigatons (a
gigaton is a billion tons) and the amount
in sedimentary organic matter is esti-
mated to be about 20 million gigatons.
The total of some 70 million gigatons is
almost 2,000 times larger than all the
carbon in the atmosphere, the oceans
and the biosphere, namely about 42,000
gigatons. The atmospheric component
is itself a small fraction of this latter
amount: roughly 700 gigatons. The fact
that most of the carbon in the earth’s
surface layers has passed through the
atmosphere and has been buried in
sediments accounts for the moderate
strength of the greenhouse effect in the
earth’s atmosphere. On Venus, which
has no oceans, the atmosphere consists
mainly of carbon dioxide, so that the
greenhouse effect is much severer and
the surface temperature is 400 degrees
Celsius; on Mars, where the atmosphere
is very thin, the effect is weaker and the
surface temperature is —50 degrees C.

Nearly 100 years ago the Swedish
chemist Svante Arrhenius and the
American geologist Thomas C. Cham-
berlin independently advanced the hy-
pothesis that changes in the abundance
of carbon dioxide in the atmosphere
would affect the surface temperature
of the earth. Arrhenius estimated that
a doubling of the concentration would
cause a global warming of about nine
degrees C. In 1939 G. S. Callendar sug-
gested that the global warming observed
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over the previous 60 years might have
been caused by an increase in atmos-
pheric carbon dioxide from the burning
of fossil fuels. Gilbert N. Plass argued
along similar lines in the early 1950’s.

Neither suggestion was taken very se-
riously by other scientists. One reason
was that at about the same time the av-
erage global temperature stopped rising;
over the next two decades it even de-
creased slightly. A second reason was
that many scientists assumed that al-
most all of the industrially produced
carbon dioxide would be taken up by
the oceans and thereby withdrawn from
the atmosphere. The sea holds some 60
times as much carbon dioxide as the at-
mosphere, and it was thought this pro-
portion would be maintained. Third,
measurements of the carbon dioxide in
samples of air taken at different times
and places varied so much that it was
impossible to determine whether the to-
tal amount in the atmosphere was in-
creasing or decreasing.

Most of the carbon dioxide in the
oceans is in the form of carbonate and
bicarbonate ions, and only a little is dis-
solved “free” carbon dioxide. In 1957
Hans Seuss and I showed that a rather
small change in the amount of free car-
bon dioxide dissolved in seawater corre-
sponds to a relatively large change in the
pressure of carbon dioxide at which the
oceans and the atmosphere are in equi-
librium. From this finding it followed
that the rate at which the oceans can
absorb the gas is much lower than had
been thought.

Gases are readily exchanged between
the oceans and the atmosphere only in a
well-mixed surface layer some 80 me-
ters deep on the average. If absorbed
carbon dioxide is confined to this layer,
a given change in the amount of carbon
dioxide in the atmosphere would change
the content of the surface water by
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only about a ninth as much. We called
this 9:1 ratio the “buffer factor” and
showed that it increases with increas-
ing atmospheric carbon dioxide. Down-
ward diffusion, advection or convection
between the well-mixed layer and the
deeper water would increase the amount
of carbon dioxide taken up by the ocean
and thereby reduce the amount remain-
ing in the atmosphere, but we believed
these processes are relatively slow.
Hence it seemed likely that much of the
carbon dioxide released by the combus-
tion of coal, oil and natural gas would
stay in the atmosphere for a considera-
ble time, possibly with profound effects
on the world’s climate.

Man was inadveriently conducting a
great geophysical experiment. If it were
adequately documented, it could lead
to a new level of understanding of the
ocean and the atmosphere. It might also
result, however, in climatic changes that
could be seriously disruptive.

Projects for the measurement of at-
mospheric carbon dioxide were incor-
porated into the program of the Interna-
tional Geophysical Year in 1957-58.
Part of the work was assigned to the
Scripps Institution of Oceanography,
which appointed Charles David Kee-
ling to make the measurements. He set
up highly accurate gas analyzers for the
continuous measurement of carbon di-
oxide at two sites: near the summit of
Mauna Loa in Hawaii and at the South
Pole station of the U.S. Antarctic Pro-
gram. The sites were chosen because
they are free from local contamination
and presumably would offer well-mixed
air for sampling. The data from these
sites were supplemented by measure-
ments of air samples collected over the
oceans by airplanes.

The accompanying graphs [page 39]
show the results obtained by Keeling
and his collaborators in the U.S. Nation-
al Oceanic and Atmospheric Adminis-
tration in two decades of measurements.
At both stations an annual cycle of car-
bon dioxide concentration is evident;
the cycle reflects the changing seasonal
activities of green plants. During the
growing season there is a net removal of
carbon from the air by photosynthesis;
at other times carbon dioxide is returned
to the air by the oxidation of plant tis-
sues. With the seasonal variation re-
moved the records show a roughly expo-
nential increase at both stations. When

the measurements began, the concentra-
tion was rising at a rate of about .7 part
per million per year; by the late 1970’s
the rate had reached 1.4 parts per mil-
lion per year.

Keeling and his colleague Robert Ba-
castow concluded that the average con-
centration at Mauna Loa increased
from 315.8 parts per million in early
1959 to 334.6 in January, 1978—a rise
of 6 percent. The South Pole station lags
behind Mauna Loa because of the time
required for mixing across the Equator,
and so the observed increase was slight-
ly smaller at the South Pole. The in-
crease of about 19 parts per million at
Mauna Loa corresponds to the addition
of 40 gigatons of carbon to the atmos-
phere in those 19 years.

Ralph M. Rotty of the Institute for
Energy Analysis in Oak Ridge, Tenn,,
has compiled and evaluated United Na-
tions data on the production of coal, oil
and natural gas over this period. He has
concluded that the total carbon dioxide
produced (including a small contribu-
tion from cement manufacture) corre-
sponds to about 70 gigatons of car-
bon, rising from 2.4 gigatons per year in
1959 to five gigatons per year in 1977.
This quantity is 1.75 times the meas-
ured amount of carbon added to the at-
mosphere.

Rotty has also calculated that the
fossil-fuel carbon dioxide produced
between 1860 and 1958 corresponds to
76.5 gigatons of carbon. Applying the
same ratio of production to atmospheric
increase, the carbon added to the atmos-
phere between 1860 and 1977 was 84
gigatons, or 40 parts per million of car-
bon dioxide. The estimate is uncertain,
however, because there must have been
a major input of carbon dioxide during
the century after 1860 from the clearing
of hundreds of millions of hectares of
forest to increase agricultural land ar-
eas. Until recent decades such an expan-
sion of farmland was necessary to feed
the world’s growing population; crop
yields per hectare did not increase much
until after World War II.

The convincing evidence that the con-
centration of atmospheric carbon diox-
ide is rising exponentially has resulted in
an even more rapid growth of scientific
measurement and theorizing about the
carbon dioxide problem. There has been
a plethora of conferences and symposi-
ums, and measurements of atmospheric

CLEARING OF FORESTS is evident in the Landsat image of the Toledo District of Belize
(formerly British Honduras) on the opposite page. In the infrared-color system of Landsat
imagery the dark red areas are forests and the blue-green and blue areas (other than the Gulf
of Honduras at the bottom right) represent recently cleared forest. The bright pink areas indi-
cate regenerating vegetation, either converted cropland or minor forest growth. The denuded
area is approximately 218 square kilometers, or nearly 1 percent of the area of the country.
Similar clearing, in most cases to extend agricultural regions, has been done in Bangladesh,
Brazil, the Philippines, Thailand, Venezuela and other countries. The removal of forests adds
large amounts of carbon dioxide to the atmosphere because the trees incorporate from 10 to
20 times as much carbon per unit area as land in crops or pasture does. Countervailing factors
are the regrowth of forests on abandoned farmland and deliberate reforestation in some areas.
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carbon dioxide have been made in many
places, ranging in latitude from Barrow
in Alaska to Halley in Antarctica, in
environmental conditions from western
Europe to weather station PAPA in the
center of the North Pacific and Amster-
dam Island in the south Indian Ocean
and in time from the present to the cold-
est part of the last glacial period about
18,000 years ago. The measurements
make possible the construction of a
cross section showing the variation with
latitude of the mean annual concentra-
tion of carbon dioxide in the atmos-
phere. The highest values turn out to
be north of 40 degrees latitude in the
Northern Hemisphere, where the com-
bustion of fossil fuels and the seasonal
changes in plant productivity are great-
est. The lowest values are found in the
Southern Hemisphere, where fossil-fuel
combustion and land-plant activities are
relatively small.

For the earth to remain at a constant
temperature the infrared emissions
from the planet must balance the ab-
sorbed solar radiation. Under present
conditions the balance is reached at a
radiating temperature in the earth’s at-
mosphere of —18 degrees C. and at
an altitude of from five to six kilome-
ters. Below this level the temperature
increases by about six degrees per kilo-
meter approaching the earth’s surface,
where the average temperature is 15 de-
grees. If the opacity of the atmosphere
to infrared radiation increases, the radi-
ating level and the temperature of the
surface and the lower atmosphere must
rise until the emissions from the plan-
et and the absorbed solar radiation are
again equal. An increase in the amount
of carbon dioxide in the atmosphere
tends to close the atmospheric infra-
red “window” because there are more
molecules of carbon dioxide to absorb
the radiation.

The mean increase in surface temper-
ature can be calculated with the aid of
a mathematical model that predicts the
temperature as a function of altitude
above the surface. James E. Hansen and
his colleagues at the National Aeronau-
tics and Space Administration have em-
ployed such a model to examine the
main processes that could influence the
temperature as carbon dioxide is add-
ed to the atmosphere. They assumed
that both the relative humidity and the
temperature at the cloud tops would re-
main constant and that the temperature
would decrease with altitude at a rate
of 6.5 degrees C. per kilometer. Under
these conditions they found that dou-
bling the atmospheric carbon dioxide
would raise the global mean surface
temperature by 2.8 degrees, with an esti-
mated uncertainty factor of two.

Water vapor in the atmosphere is also
an efficient absorber of radiation at in-
frared wavelengths. Part of the calculat-
ed rise in temperature results from the

37



assumption of constant relative humid-
ity; because warm air can hold more
moisture than cool air, keeping the rel-
ative humidity constant requires the
amount of water vapor in the atmos-
phere to increase with the tempera-
ture. Therefore more infrared radiation
would be absorbed and reradiated back
to the earth’s surface, creating positive
feedback.

If the average temperature of the
cloud tops does not change, the amount
of infrared radiation being emitted into
space from them remains constant. The
clouds move to a higher level, however,
because of the warming of the lower
atmosphere. If the rate of temperature
change between the surface and the
cloud tops remains constant, the result
is still more warming, giving rise to an-
other positive feedback effect.

The warming at the surface could be
expected to melt snow and ice, reducing
the earth’s albedo, or reflectivity. More
solar radiation would then be absorbed,
leading to a further increase in tempera-
ture. The result would be still another
positive feedback effect about equal in
magnitude to the one implied by the as-
sumption of fixed temperature at cloud
tops. Future warming near the earth’s
surface from increased carbon dioxide
would also be significantly enhanced,
perhaps by as much as 50 percent, if the
concentration of other infrared-absorb-
ing gases, including nitrous oxide, meth-

100 100

ane and chlorofluorocarbons, increas-
es as it is expected to in the next 50 to
100 years.

Hansen and his colleagues also exam-
ined records of the mean annual tem-
perature worldwide between 1880 and
1980. They found that the temperature
rose about .5 degree C. between 1885
and 1940, with a slight cooling thereaf-
ter. In records based entirely on data
collected in the Northern Hemisphere
north of the Tropics the recent cooling is
a prominent trend, but Hansen’s group
found that the average global tempera-
ture in 1980 was almost as high as it was
in 1940. During the period from 1880 to
1980 the mean global temperature rose
about .4 degree, a change roughly con-
sistent with their calculation that the
increase in the carbon dioxide in the at-
mosphere was 43 parts per million over
the same period.

The correlation between carbon diox-
ide level and temperature is not exact,
however, indicating that other factors
must have affected the global tempera-
ture. When Hansen’s group took into
account the absorption of heat by the
oceans and variations in the quantity
of volcanic aerosols, the fit improved
considerably. An even better fit is ob-
tained when a hypothetical variability
of .2 percent in the sun’s luminosity is
also included.

The general agreement between mod-
eled and observed trends in temperature

ATMOSPHERE

MIXED LAYER 700 ¥
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38,400

CARBON CYCLE is shown in terms of the amount of carbon stored
in various reservoirs and the annual flows between reservoirs. The
flows are indicated by the arrows. The numbers are in gigatons, or
billions of tons. In the cubes representing stored carbon the num-
bers show the present carbon content of the reservoir. The numbers
associated with the arrows give the equilibrium flow of carbon in
gigatons per year, which would take place without any human inter-

38

strongly suggests that carbon dioxide
and volcanic aerosols are responsible
for much of the global variation in tem-
perature in the past 100 years. It must be
said, however, that so far the warming
trend has not risen above the “noise lev-
el” of yearly fluctuations in tempera-
ture, which amount to plus or minus .2
degree C. Confidence in the carbon di-
oxide hypothesis will be much firmer if a
warming trend exceeding the noise level
becomes evident. Almost any reason-
able estimate of how much fossil fuel
will be burned in the coming years sug-
gests that if carbon dioxide is indeed al-
tering climate, an unmistakable warm-
ing trend should appear in the 1990’s.

Syukuro Manabe, Richard T. Wether-
ald and Ronald Stouffer of the Geo-
physical Fluid Dynamics Laboratory
at Princeton University have devised a
mathematical model to explore the geo-
graphic distribution of probable climat-
ic changes resulting from a doubling or
a quadrupling of atmospheric carbon
dioxide. The model shows a markedly
different climatic response at different
latitudes. With a doubling of carbon di-
oxide the rise in the average tempera-
ture at the surface is less than two de-
grees C. in the Tropics, but it is three
degrees C. at a latitude of 35 degrees
North (roughly the latitude of Los An-
geles and Tokyo). At 50 degrees North
(near Paris and Vancouver) the temper-
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vention. Human activities such as the burning of fossil fuels and the
clearing of forests are increasing the amount of carbon (as carbon di-
oxide) in the atmosphere. The increase could lead to a global warming
because molecules of carbon dioxide in the atmosphere absorb and
reradiate some of the infrared radiation from the earth’s surface. The
estimates of stored carbon and carbon flows from the land biosphere
were made by Jerry Olson of the Oak Ridge National Laboratory.



ature is higher by four degrees C., and at
76 degrees North (well above the Arctic
Circle) the increase is seven degrees C.
The projected increase at high northern
latitudes is much larger between Octo-
ber and May than it is during the sum-
mer, thereby reducing the amplitude
of seasonal temperature variations over
northern lands.

The model also shows a large increase
in the rates of precipitation and runoff
at high northern latitudes. Between 35
and 45 degrees North, however, there is
a significant decrease in the difference
between precipitation and evaporation,
which could result in a marked decline
in runoff. For a doubling of atmospheric
carbon dioxide the climatic changes pre-
dicted by the model are larger than any
since the end of the last ice age about
12,000 years ago. Global temperatures
might be warmer than civilized man
has ever experienced. The high tem-
peratures would persist for hundreds
of years until slow absorption by the
oceans removed excess carbon dioxide
from the atmosphere.

Models of the type employed by
Manabe and his colleagues entail many
uncertainties. For example, the model
has only a partially realistic coupling be-
tween the atmosphere and the ocean,
and so it cannot represent the transport
of heat from low to high latitudes by
ocean currents or the exchange of heat
between the mixed surface layer of the
ocean and deeper water. Another uncer-
tainty stems from the difficulty of pre-
dicting the response of clouds to chang-
es in climatic conditions. Similarly, it is
difficult to predict the effect of varia-
tions in the geographic extent of sea ice
on the exchange of heat and water vapor
between the sea and the air. The coarse
spatial resolution of the model obscures
regional variations in climate.

All these uncertainties suggest that
the mathematical modeling of changes
in climate should be evaluated and con-
trolled by studies of past climates, and
particularly of past warm periods. A
study of this kind has recently been done
by Hermann Flohn of the University of
Bonn. From his findings he has estimat-
ed the changes in average temperature
and precipitation that are likely in sever-
al latitude belts if the concentration of
atmospheric carbon dioxide rises into
the range from 560 to 680 parts per
million (about twice the level of a cen-
tury ago) and other infrared-absorbing
gases also become more abundant [see
bottom illustration on page 41].

Flohn’s analysis of the historical rec-
ord suggests there could be appreciable
decreases in precipitation and increases
in temperature (and hence in evapora-
tion) in bands of latitude centered on 40
degrees North and 10 degrees South.
Precipitation would be greater, on the
other hand, between 10 and 20 degrees
North and in the regions north of 50
degrees North and south of 30 degrees
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RISING CONCENTRATION of carbon dioxide in the atmosphere at Mauna Loa in Hawaii
is evident in continuous measurements made by Charles David Keeling of the Scripps Institu-
tion of Oceanography and by the National Oceanic and Atmospheric Administration. The sea-
sonal variation (color) arises because carbon dioxide is removed from the air by the photosyn-
thetic activity of plants during the growing season and is returned later by the oxidation of
plant tissues. Smoother curve (black) shows change with seasonal effect artificially suppressed.
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South. These changes could have pro-
found effects on the distribution of the
world’s water resources. For example,
in the Colorado River system of the U.S.
the major drainage basin is at about 40
degrees North. Not only would rainfall
diminish in this area but also the high-
er temperature would augment evapo-
ration. At present about 85 percent of
the precipitation evaporates and only 15
percent is carried by the river. With a
rise of several degrees C. in air tem-
perature and a 10 to 15 percent decline
in precipitation the average flow of the
Colorado could diminish by 50 percent
or more. Even today’s flow, backed up
by large volumes of water stored in res-
ervoirs, is barely enough to meet the de-
mands of irrigated agriculture.

Major changes in surface and under-
ground water supplies would be likely in
other parts of the world. In northern
Africa the average flow of the Niger,
Chari, Senegal, Volta and Blue Nile riv-
ers could increase substantially because
their basins would receive from 10 to 20
percent more precipitation while tem-
peratures at the surface would rise only
slightly. In many other rivers the flow
could greatly decrease: the Hwang Ho
in China, the Amu Darya and Syr Darya
in one of the prime agricultural areas
of the U.S.S.R., the Tigris-Euphrates
system in Turkey, Syria and Iraq, the
Zambezi in Zimbabwe and Zambia and
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the Sdo Francisco in Brazil. Somewhat
smaller runoff and underground storage
could be expected in the Congo River in
Africa, the Rhone and the Po in west-
ern Europe, the Danube in eastern Eu-
rope, the Yangtze in China and the
Rio Grande in the U.S. Many of these
rivers form the basis of extensive and
highly productive irrigated-agriculture
systems, and the projected slackening
of their flow could have grave conse-
quences. At the same time large increas-
es in the flow of the Mekong and the
Brahmaputra rivers could lead to fre-
quent destructive floods over wide areas
of Thailand, Laos, Cambodia, Vietnam,
India and Bangladesh.

The large-scale effects of increased at-
mospheric carbon dioxide on rain-fed
agriculture would be complex and are
more difficult to estimate than the ef-
fects on irrigated agriculture. Carbon
dioxide is an essential plant nutrient; it is
one of the raw materials from which or-
ganic matter is formed in photosynthe-
sis. As Sylvan H. Wittwer of Michigan
State University and Norman J. Rosen-
berg of the University of Nebraska at
Lincoln have emphasized, experiments
both in the greenhouse and in the field
show that a higher concentration of car-
bon dioxide promotes photosynthesis
and gives rise to faster growth. Other
things being equal, a higher atmospheric
content of carbon dioxide should lead to
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CALCULATED LATITUDINAL VARIATION in the atmospheric content of carbon diox-
ide is given for altitudes where the barometric pressure is 700 millibars (black) and 900 milli-
bars (color). The gray dots show measurements over various periods from 1958 to 1979 at lati-
tudes from Barrow in Alaska to the South Pole. The data are in parts per million of carbon
dioxide above and below the annual mean concentration at Mauna Loa. The highest readings
are north of 40 degrees north latitude, where the combustion of fossil fuels is also the highest.
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increased production of such crops as
rice, wheat, alfalfa and soybeans.

Of perhaps equal importance is the
fact that many plants tend to partly
close their stomata, or leaf pores, in an
environment high in carbon dioxide,
with a resulting reduction in the transpi-
ration of water. Hence with marginal
rainfall maize, sugarcane and sorghum,
as well as the crops already named, are
likely to be less affected by water stress
as the atmospheric content of carbon
dioxide increases. At high latitudes the
higher temperatures induced by carbon
dioxide may lengthen the growing sea-
son, making it possible to expand rain-
fed agricultural areas.

A possible consequence of climatic
warming that has been widely discussed
is the disintegration of the West Ant-
arctic ice sheet, which many glaciolo-
gists think is unstable because much of it
is below sea level. The volume of ice
above sea level is about two million cu-
bic kilometers. If it were all carried into
the ocean, the sea would rise by five to
six meters, inundating many coastal cit-
ies and much farmland in the Nether-
lands, Bangladesh, the coastal lowlands
of the southern U.S. and populated riv-
er deltas throughout the world. Half of
the state of Florida would be covered
by seawater.

Although such changes in the map of
the world may seem to be the most dra-
matic potential consequence of climatic
warming, social and economic adapta-
tion might not be difficult, at least for
the cities, if the change were sufficiently
slow. Except for historical monuments,
cities are constantly being rebuilt even
without the impetus of changing coast-
lines. The “half-life” of city buildings—
the period after which half of the build-
ings erected in a given year have been
destroyed or replaced—seems to be be-
tween 50 and 100 yea:s. Thus the dis-
ruptiveness of climatic change will de-
pend strongly on the rate of change.

It has been argued above that impor-
tant consequences can be expected
when the atmospheric content of carbon
dioxide reaches a level twice what it was
in the middle of the 19th century. When
might that happen? The range of proba-
ble answers depends on two other mat-
ters: the future rate of combustion of
fossil fuels and the future proportion of
carbon dioxide emissions from all hu-
man activities that remains in the air.
This proportion is called the airborne
fraction. A future doubling of carbon
dioxide over the probable 19th-century
level would require the addition of
about 500 gigatons of carbon to the at-
mosphere beyond the amount there in
1980. If the airborne fraction remains
the same as it has been in the past two
decades, the required input of carbon
to the air would be between 1,000 and
1,250 gigatons, some 200 times the an-
nual emissions during the past few
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WARMING TREND that may have arisen at least partly from the
increase in the amount of carbon dioxide in the atmosphere is evident
in recorded temperature variations from 1880 to 1980 (color). James
E. Hansen and his colleagues in the National Aeronautics and Space
Administration compared the observations with a climatic model
(black) that assumes a rise of 2.8 degrees Celsius in the global mean
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temperature if the atmospheric content of carbon dioxide doubles.
Versions of the model took into account the effects of carbon dioxide
only (a), the effects of both carbon dioxide and volcanic aerosols (b)
and the effects of these factors and a hypothetical variability of .2
percent in the luminosity of the sun (c). Also considered was the abil-
ity of the top several hundred meters of the ocean to absorb heat.
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CLIMATIC EFFECTS of a rise in atmospheric carbon dioxide into
the range from 560 to 680 parts per million (about double the level of
100 years ago) were projected by Hermann Flohn of the University
of Bonn. The graphs show the projected variation by latitude in tem-

CHANGE IN PRECIPITATION (PERCENT)

perature (/eft) and precipitation (right). Flohn assumed that a global
warming would melt the ice in the Arctic Ocean during the summer
but would leave a significant amount of ice on the continent of Antarc-
tica. The three curves in each group reflect the range of possibilities.
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years. Because of continuing population
growth, however, the world’s rate of en-
ergy use will need to be greater in the
future than it is now in order to maintain
a constant supply of energy to each per-
son. Populations are growing slowly in
the developed countries of Europe and
North America, the U.S.S.R. and Japan,
and the consumption of energy per per-
son there could be significantly reduced
by several feasible conservation meas-
ures. But the 70 percent of human be-
ings in the developing nations, where
populations are still growing rapidly,
will need much more energy per per-
son than they are now using if they
are to lift themselves out of poverty.

For even moderate economic growth
in the developing countries the world’s
energy use should probably increase
by 2 to 3 percent per year. This would
amount to a continuation of present
trends. Since 1973 the combined con-
sumption of coal, oil and natural gas has
been growing at 2.25 percent per year.
Before the oil shock of 1973 the rate of
growth was more than 4 percent per
year. If most energy continues to come
from fossil fuels and net contributions
from the biosphere are small, carbon
emissions into the atmosphere in 2050
could be from 20 to 40 gigatons per
year. The atmospheric carbon dioxide
would be twice the 19th-century value

by about the middle of the next century.

Because other energy sources may be
partly (or someday completely) substi-
tuted for fossil fuels, one can make only
plausible guesses about the quantity of
fossil fuels that will be consumed in
times to come. It is certain, however,
that the present pattern of fossil-fuel
consumption, in which nearly two-
thirds of the carbon dioxide production
comes from petroleum and natural gas,
cannot continue for long because the re-
coverable supplies of those fuels are
limited. With the present fuel propor-
tions and rates of growth in fuel con-
sumption most of the petroleum and
natural gas will be gone by 2050, where-
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WESTERN ANTARCTICA, meaning the land and ice west of the
zero meridian to the 180-degree meridian, is a focus of concern be-
cause of the possibility that a global warming resulting from a rise in
the amount of carbon dioxide in the atmosphere might melt the ice
sheet there. Part of the continental ice is supported by bedrock that

42

is above sea level and part of it by rock below sea level. Most of the
ice in the Ross and Filchner-Ronne ice shelves is floating, but it is
“pinned” here and there by submarine features that rise high enough
to touch the base of the ice. The melting of any ice above sea level
could raise the level of the world’s oceans by as much as six meters.
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as from 90 to 95 percent of the recover-
able coal will remain. The carbon diox-
ide problem is thus fundamentally relat-
ed to the future consumption of coal.

_Almost 90 percent of the recoverable
coal is in the U.S.S.R., China and the
U.S. Therefore only these three coun-
tries can have a decisive role in any large
future increase in atmospheric carbon
dioxide. The U.S. has more advanced
mining and transportation systems than
the other two countries have, and so for
the next few decades the primary re-
sponsibility for what will be done about
coal will probably rest with the U.S.

As for the fraction of carbon diox-
ide that remains in the atmosphere, it
should eventually be possible to make
useful estimates through analytic mod-
eling of the carbon cycle and of oceanic
circulation. It is generally agreed that
the clearing of forests has contributed
fairly large quantities of carbon dioxide
to the air. The reason is that forests in-
corporate from 10 to 20 times more car-
bon per unit area than cropland or land
in pasture does. On the other hand, the
regrowth of forests on abandoned ag-
ricultural land and the deliberate in-
crease of forests by tree planting and
improved silviculture in China, Europe
and North America must compensate
to some degree for the loss of wooded
land elsewhere.

Direct worldwide monitoring of the
living biomass and the organic content
of soils by means of satellite imagery
combined with ground surveys should
in principle yield data on changes in
these quantities caused by human activi-
ties. Studies of this kind are being done
by George M. Woodwell and his associ-
ates at the Marine Biological Laborato-
ry in Woods Hole, but evaluating the
data has turned out to be extremely diffi-
cult. The amount of carbon liberated
annually by forest clearing is probably
between one gigaton and two gigatons.

It can be concluded from the limited
evidence available that in the past two
decades between 40 and 50 percent of
the carbon dioxide produced by human
activities has remained in the air. It is
not certain, however, that the airborne
fraction will remain the same in the fu-
ture. Several factors have an influence
on the size of the airborne fraction. The
buffer factor should become larger as
atmospheric carbon dioxide increases,
and this will reduce the rate at which
carbon is transferred from the air to the
ocean. On the other hand, if the rate of
carbon emissions diminishes, as it has in
the past few years, there will be more
time for the oceans to absorb a given
quantity of carbon dioxide and conse-
quently more of the gas can be dispersed
in the deeper ocean layers.

It is likely that the rate at which for-
ests are cleared for agriculture will de-
crease in coming decades as the limits of
cultivable land are approached and as
improved technology results in larger

crop yields from land already under cul-
tivation. At the same time the increase
in atmospheric carbon dioxide may
bring about an increase in photosynthe-
sis and hence in the quantity of biomass,
at least in some regions. The combina-
tion of factors could result in a signifi-
cant net flow of carbon from the atmos-
phere to the biosphere. In 1977 Walter
H. Munk and I constructed a rather
primitive model that attempts to take
account of these various factors. Our
calculations suggest that the fraction of
carbon dioxide from human activities
remaining in the air will be almost con-
stant, with a value ranging from 40 to
50 percent, until the peak rate of fossil-
fuel consumption is passed. This peak
should be reached near the beginning of
the 22nd century.

In sum, the carbon dioxide question is
obscured by many unknowns and un-
certainties. Indeed, about the only facts
available are the actual measurements
of atmospheric carbon dioxide, partic-
ularly the two-decade series at Mauna
Loa and the South Pole, and some fairly
reliable data from the UN on the annual
consumption of fossil fuels in industri-
al countries. These facts are sufficient
to suggest, however, that steps should
be taken to obtain more evidence and
to consider the consequences of a con-
tinuing increase in atmospheric carbon
dioxide.

Experience has shown that the plan-
ning and construction of water-resource
developments in major river basins can
take several decades. It is not too soon
to begin to think of ways in which the
planned utilization of water could ame-
liorate the potential effects of climatic
changes or even take advantage of them.
Several measures come to mind: (1)
changes in legislation that would allow
water to be transferred from one riv-
er basin to another, for example from
the Columbia to the Colorado; (2) im-
proved efficiency in the use of water for
irrigation; (3) conservation of waste wa-
ter and of municipal water supplies; (4)
limitations on the size of irrigated areas;
(5) increases in crop yields per unit vol-
ume of applied water, and (6) enhance-
ment of the recharge of aquifers.

Modern research-intensive agricul-
ture is highly adaptable to different cli-
matic conditions. Rosenberg has cited
the example of hard red winter wheat,
which is grown from North Dakota to
northern Texas in areas with a wide
range of temperature and precipitation.
A few decades ago it was grown only in
eastern Nebraska. Comparable efforts
could be made to ascertain which crops
might grow best in places where climat-
ic change is possible as a result of in-
creased atmospheric carbon dioxide.

Evidence from fossil corals reveals
that the sea level was approximately six
meters higher during the last interglacial
period (some 120,000 years ago) than it
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is now. Coral reefs established during
the period of high water were stranded
by the subsequent retreat, leaving fossil
terraces. The transient rise in sea level
may have been caused by the breakup
of the West Antarctic ice sheet. Drilling
through the present sheet could give
useful information. One might expect to
find a discontinuity in the annual ice lay-
ers at a depth corresponding to a time
about 120,000 years ago. The nature of
the discontinuity could give an indica-
tion of the sequence of events.

If the ice sheet did disintegrate in the
last interglacial, an attempt to deter-
mine the rate of its destruction would
seem to be a research problem of great
importance. If the disappearance was
rapid, a surface layer of low-salinity wa-
ter might have persisted long enough to
leave a measurable trace. Fresh water
and seawater differ in their content of
certain isotopes of oxygen; the differ-
ence might be detected in the fossilized
coral terraces.

The dynamics of ice flow also pre-
sent an important research problem. At
present the West Antarctic ice shelves
are calving off huge icebergs at a rate
that corresponds to a seaward motion of
about a kilometer per year. Along 1,200
kilometers of ice front some 500 cu-
bic kilometers of ice are being depos-
ited in the sea each year. Other things
being equal the result should be a rise
of 1.5 millimeters per year in sea level,
which is in fact observed in worldwide
annual averages of the sea level ob-
tained from tide gauges.

Terrence J. Hughes, George H. Den-
ton and James L. Fastook of the Uni-
versity of Maine at Orono and John H.
Mercer of Ohio State University have
constructed models indicating that the
flow of the West Antarctic ice shelves
could conceivably accelerate to as much
as 20 kilometers per year, raising the sea
level by about three centimeters per
year or three meters per century. Such
a rise would have serious repercussions
for coastal areas. Many glaciologists
think such a high velocity is unlikely,
but they acknowledge it is possible. The
movement of the ice sheet could be
monitored by satellite observations.

Societies have had much experience
in responding to short-term environ-
mental catastrophes: events such as hur-
ricanes, floods, droughts, volcanic erup-
tions, earthquakes and forest fires. The
changes that may come as a result of
an increased amount of carbon dioxide
in the atmosphere, however, will not be
events. They will be slow, pervasive en-
vironmental shifts. They will be imper-
ceptible to most people from year to
year because of the annual range of cli-
matic variation. It would be prudent
to begin thinking now about what the
changes might be and how humankind
might best avoid or ameliorate the unfa-
vorable effects and gain the most benefit
from the favorable ones.
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Microbiological Mining

The central role of bacteria in the leaching of copper from low-grade

ore long went unrecognized. The minerals industry now stands to gain

from the application of novel methods of microbiological technology

The recovery of copper from the
drainage water of mines was prob-
ably a widespread practice in the
Mediterranean basin as early as 1000
B.C. Although such mining operations
are difficult to document, it is known
that the leaching of copper on a large
scale was well established at the Rio
Tinto mines in Spain by the 18th centu-
ry. What none of the miners engaged in
this traditional method of mineral ex-
traction realized until about 25 years
ago is that bacteria take an active part in
the leaching process. They help to con-
vert the copper into a water-soluble
form that can be carried off by the leach
water. Today bacteria are being deliber-
ately exploited to recover millions of
pounds of copper from billions of tons
of low-grade ore. Copper obtained in
this way accounts for more than 10 per-
cent of the total U.S. production. In
recent years bacterial leaching has also
been applied to the recovery of another
nonferrous metal: uranium.

Recent progress in the genetic manip-
ulation of microorganisms for industrial
purposes promises to revitalize not only
the bacterial leaching of metal-bearing
ores but also the microbiological treat-
ment of metal-contaminated waste wa-
ter. The enthusiasm of the microbiolo-
gists working on the development of the
new “biomining” techniques is matched
by a need in the minerals industry to find
alternatives to conventional methods of
mining, ore processing and waste-water
treatment. The need arises from recent
trends in the industry: the continued de-
pletion of high-grade mineral resour-
ces, the resulting tendency for mining
to be extended deeper linderground, the
growing awareness of environmental
problems associated with the smelting
of sulfide minerals and the burning of
sulfur-rich fossil fuels and the rising cost
of the prodigious amounts of energy
required in the conventional recovery
methods. The current methods will sure-
ly prevail for many years to come, but
biological processes are generally less
energy-intensive and less polluting than
most nonbiological ones, and so the role
of biological technology in mining, ore
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processing and waste-water treatment is
likely to become increasingly important.

To understand the applications of mi-
crobiology to the minerals industry sev-
eral questions must be answered. What
are the microorganisms thatextract met-
als from rocks and from metal-bear-
ing solutions, and where are they found?
What biochemical functions do the mi-
croorganisms perform, and what do
they need in the way of nutrients and
environmental conditions to maintain
their activity? What are the constraints
on the commercial exploitation of such
biological techniques? What impact will
the new tools of genetic engineering
have on the future of biomining? I shall
address each of these questions in turn.

he bacteria involved in the leaching

of metals from ores are among the
most remarkable life forms known. The
microorganisms are said to be chemo-
lithotrophic (“rock-eating”); they obtain
energy from the oxidation of inorganic
substances. Many of them are also auto-
trophic, that is, they capture carbon for
the synthesis-of cellular components not
from organic nutrients but from carbon
dioxide in the atmosphere. The leach-
ing bacteria live in environments that
would be quite inhospitable to other
organisms; for example, the concentra-
tion of sulfuric acid and of soluble met-
als is often very high. Some thermo-
philic, or heat-loving, species require
temperatures above 50 degrees Celsius
(122 degrees Fahrenheit), and a few
strains have been found at temperatures
near the boiling point of water.

For many years the only microor-
ganism thought to be important in the
leaching of metals from ores was the
rod-shaped bacterium Thiobacillus ferro-
oxidans. This microorganism was dis-
covered in the acidic water draining coal
mines; it was not until 1957 that a cor-
relation was recognized between the
presence of the bacterium and the dis-
solution of metals in copper-leaching
operations. Since then a great deal of
information has been amassed on T.
ferrooxidans and on its vital role in the
leaching of metals.
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T. ferrooxidans is acidophilic, or acid-
loving; it tends to live in environments
such as hot springs, volcanic fissures and
sulfide ore deposits that have a high con-
centration of sulfuric acid. It is also
moderately thermophilic, thriving in the
temperature range between 20 and 35
degrees C. The bacterium gets energy
for growth from the oxidation of either
iron or sulfur. The iron must be in the
ferrous, or bivalent, form (Fe++), and it
is converted by the action of the bacteri-
um into the ferric, or trivalent, form
(Fe+++). Several forms of sulfur can be
attacked. They include both soluble
and insoluble sulfides (compounds con-
taining the bivalent sulfur ion S--), ele-
mental sulfur and soluble compounds
that incorporate either the thiosulfate
ion (S;03~-) or the tetrathionate ion
(8406 7). In each case the product of
the transformation is a substance in
which the sulfur atom has fewer va-
lence electrons, culminating in the for-
mation of the sulfate ion (SO4—-). T. fer-
rooxidans obtains carbon autotrophical-
ly from atmospheric carbon dioxide.

Although T. ferrooxidans is essential
to the bacterial leaching of metals, it is
by no means the only microorganism
with an important role in the process.
Among the other microorganisms tak-
ing part is T. thiooxidans, a rod-shaped
bacterium not unlike 7. ferrooxidans that
grows on elemental sulfur and some sol-
uble sulfur compounds. Studies by Don-
ovan P. Kelly and his associates at the
University of Warwick have confirmed
the importance of mixed cultures of
bacteria in the extraction of metals from
ores. T. ferrooxidans and T. thiooxidans
combined, for example, are more effec-
tive in leaching certain ores than either
organism is alone. Similarly, the com-
bination of Leptospirillium ferrooxidans
and T. organoparus can degrade pyrite
(FeSy) and chalcopyrite (CuFeS,), a feat
neither species can accomplish alone.

In acidic environments supporting
leaching bacteria one can often isolate a
number of heterotrophic microorgan-
isms: bacteria and fungi that scavenge
the small amounts of organic matter
present in these environments or that



survive on the organic by-products of
other organisms’ autotrophic metabo-
lism. The role of the heterotrophic mi-
croorganisms in the leaching process
is largely undetermined. Thiobacilli that
attack some sulfide minerals and certain
soluble sulfur compounds under neutral
conditions (that is, neither acidic nor al-
kaline) are often found in sulfide ore de-
posits and in other habitats where sulfur
is available. Thiobacilli of this type may
be responsible for the initial increase in
acidity that establishes an environment
conducive to the growth of the more aci-
dophilic leaching bacteria.

At temperatures between 60 and 75
degrees C. and under neutral conditions
the filamentous bacterium Thermothrix
thiopara oxidizes sulfhydryl ions (HS-),
sulfite ions (SO3-), thiosulfate ions and

elemental sulfur to form sulfate ions.
There isincreasingevidence of the wide-
spread existence of Thermothrix species
and similar filamentous, sulfur-oxidiz-
ing bacteria in thermal springs and near
volcanic fissures. Few leaching sites
have been tested for the presence of
these bacteria. Their existence in sulfur-
bearing springs, however, suggests they
could colonize sulfidic ores and there-
by prepare such environments for the
more acidophilic species.

mong the most interesting of the
leaching microorganisms are the
moderately thermophilic and acidophil-
ic bacteria designated TH (for thermo-
philic and Thiobacillus-like). Studies by
James A. Brierley of the New Mexico
Institute of Mining and Technology and

Norman W. Le Roux of the Warren
Spring Laboratory in Britain have estab-
lished that strains of TH bacteria grow
on ferrous iron or on minerals such
as pyrite, chalcopyrite, covellite (CuS)
and pentlandite [(Fe,Ni)gSg]. An organ-
ic supplement to the mineral diet is ap-
parently required by these organisms
for growth. Although the TH strains are
similar in form to the rod-shaped thio-
bacilli, their distinctive temperature do-
main near 50 degrees C,, their very dif-
ferent biochemical activities and their
inability to metabolize carbon dioxide
rule out a close relation with 7. ferro-
oxidans. TH strains have been isolated
from acidic hot springs and from leach-
ing environments where copper sulfide
is present. The role of the organisms in
extractive processes has not been fully

LEACHING OF COPPER from low-grade ore is done on a huge
scale in the western U.S., accounting for more than 10 percent of the
country’s production of the metal. The photograph is an aerial view
of a large dump-leaching operation adjacent to an open-pit copper
mine near Salt Lake City. The trucks backed up to the rim of the
dump at the left haul as much as 170 tons of waste rock each from
the mine to the dump. To recover the copper, which is dispersed at
low concentration throughout the millions of tons of material in the
dump, acidified water is applied to the top surface. As the water per-
colates through the pile, bacteria of the genus Thiobacillus, which

are ubiquitous in such sulfidic rocks, proliferate. The bacteria great-
ly accelerate the leaching process by breaking down the sulfide min-
erals, converting ferrous iron into ferric iron and generating sulfuric
acid. The ferric iron serves to oxidize the degraded sulfide minerals,
yielding soluble copper sulfate, which is washed from the rock with
the leaching solution and collected in catch basins for further process-
ing. In some parts of the dump heat-releasing chemical reactions may
raise the temperature to more than 80 degrees Celsius, making the
environment too hot even for the moderately thermophilic, or heat-
loving, bacilli. Such “hot spots” may harbor more robust bacteria.
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LEACHING SOLUTION is sprayed by a sprinkler system on top of page. The recycled waste water, from which the copper sulfate has
a copper-leaching dump similar to the ones shown on the preceding been removed, retains much ferrous iron and some sulfuric acid.

PRECIPITATION PLANT removes copper from the leaching solu- cones. The leaching solution is concentrated in the two large, round
tion by a cementation reaction, in which ferrous iron replaces the “thickener” tanks. In some leaching operations solvent-extraction
copper in solution. Here scrap iron is used to precipitate the copper systems have replaced the precipitation plant, thereby eliminating
in two modules; each module consists of 13 units called precipitation the need for smelting, which is a source of sulfur dioxide pollution.
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elucidated; from an industrial point of
view, however, they must be considered
potentially important to the develop-
ment of any high-temperature biomin-
ing process.

The most robust of the leaching mi-
croorganisms are the extremely thermo-
philic and acidophilic species of the ge-
nus Sulfolobus. These bacteria flourish in
acidic hot springs and volcanic fissures
at temperatures that can exceed 60 de-
grees C. Some strains of Sulfolobus have
been observed in springs at tempera-
tures near the boiling point of water.
The cell wall of the Sulfolobus bacteria
has a different structure from that of
most bacteria. Microorganisms of this
type are thought to belong to the Ar-
chaebacteria, a group of unusual bac-
teria proposed as a separate kingdom
of life forms [see “Archaebacteria,” by
Carl R. Woese; SCIENTIFIC AMERICAN,
June, 1981].

Sulfolobus acidocaldarius and S. brier-
leyi oxidize sulfur and iron for energy,
relying on either carbon dioxide or sim-
ple organic compounds for carbon. Or-
dinarily oxygen is required by Sulfolo-
bus; as in other aerobic organisms, the
oxygen serves as the ultimate acceptor
of the electrons removed in the process
of chemical oxidation. Sulfolobus bacte-
ria can also grow anaerobically, howev-
er. It has been demonstrated that mo-
lybdenum (Mo6+) and ferric iron can
serve as electron acceptors in the ab-
sence of air. Minerals that resist most
microorganisms, such as chalcopyrite
and molybdenite (MoS;), are readily at-
tacked by Sulfolobus, and the result-
ing soluble metals are not toxic to the
organism. Molybdenum, which is ex-
tremely toxic even to the metal-toler-
ant thiobacilli, is readily endured by S.
brierleyi in concentrations as high as 750
milligrams per liter. Sulfolobus has not
been isolated from commercial leaching
operations, but laboratory studies con-
firm the ability of the organism to prolif-
erate in such environments. The poten-
tial of Sulfolobus species to leach metals
from ores is only now being recognized;
because of the extraordinary ability of
these organisms to attack resistant min-
eral structures, however, they are cer-
tain to be among the leaching bacte-
ria that will be successfully exploited in
the future.

How exactly does the growth of the
leaching bacteria result in the ex-
traction of metals from rocks? By con-
vention bacterial leaching has been di-
vided into two approaches: direct and
indirect. Direct bacterial leaching en-
tails an enzymatic attack by the bacteria
on components of the mineral that are
susceptible to oxidation. In the process
of obtaining energy from the inorganic
material the bacteria cause electrons to
be transferred from iron or sulfur to
oxygen. In many cases the more oxi-
dized product is more soluble. It should

ROD-SHAPED BACTERIA of the genus Thiobacillus are essential to the leaching of metals
from sulfide minerals. Microorganisms of this type get their energy from the oxidation of inor-
ganic substances; in addition many of them obtain carbon from carbon dioxide in the atmos-
phere. The species in this scanning electron micrograph, 7. thiooxidans, is seen growing on ele-
mental sulfur. The micrograph, which enlarges the bacteria by approximately 15,000 diame-
ters, was made by Karen A. Couch of the New Mexico Institute of Mining and Technology.

be noted that the inorganic ions never
enter the bacterial cell; the electrons re-
leased by the oxidation reaction are
transported through a protein system in
the cell membrane and thence (in aero-
bic organisms) to oxygen atoms, form-
ing water. The transferred electrons give
up energy, which is coupled to the
formation of adenosine triphosphate
(ATP), the energy currency of the cell.

Indirect leaching, in contrast, does not
proceed through a frontal attack by the
bacteria on the atomic structure of the
mineral. Instead the bacteria generate
ferric iron by oxidizing soluble, ferrous
iron; ferric iron in turn is a powerful
oxidizing agent that reacts with other
metals, transforming them into the sol-
uble, oxidized form in a sulfuric acid
solution. In this reaction ferrous iron
is again produced and is rapidly reoxi-
dized by the bacteria. Indirect leaching
is usually referred to as bacterially as-
sisted leaching. In an acidic solution
without the bacteria ferrous iron is sta-
ble, and leaching mediated by ferric iron
would be slow. T. ferrooxidans can ac-
celerate such an oxidation reaction by
a factor of more than a million.

Direct and indirect leaching by bacte-
ria are difficult to differentiate quanti-
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tatively because most minerals include
some iron. Even if leaching were to be-
gin with the direct process exclusively,
the iron would be released from the
mineral and would establish an indi-
rect leaching cycle. Direct leaching by
thiobacilli has been demonstrated in
the laboratory with iron-free synthetic
metal sulfides.

In practice the leaching of metals is
far more complex than the above analy-
sis might suggest; there are numerous
processes in addition to direct enzymat-
ic oxidation and bacterial generation
of ferric iron. Some chemical reactions
between ferric iron and metal-sulfide
minerals result in the formation of sec-
ondary minerals and elemental sulfur,
which can “blind,” or inactivate, the re-
active surfaces. When sulfur is formed,
T. thiooxidans plays an indispensable
role in oxidizing the sulfur to sulfuric
acid, thus exposing the metal for fur-
ther leaching.

The control of acidity is of utmost im-
portance in leaching, because an acidic
environment must be maintained in or-
der to keep ferric iron and other met-
als in solution. Acidity is controlled by
the oxidation of iron, sulfur and metal
sulfides, by the dissolution of carbonate
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ions and by the decomposition of ferric
iron through reaction with water. The
last reaction promotes leaching by gen-
erating hydrogen ions (which make the
solution more acidic), but it may also be
detrimental because precipitates of ba-
sic ferric sulfates may inactivate the sur-
faces of metal-sulfide minerals and in
some cases may even prevent the flow of
the leaching solution. The chemical
and biological processes are part of a
complex system whose functioning de-
pends on elements of hydrology, geolo-
gy, physics and engineering.

In commercial dump-leaching opera-
tions millions of tons of sulfidic over-
burden and waste rock, containing small
but valuable quantities of copper and
other metals, are transported by truck or
train from open-pit copper mines to the
dump site. The dump is often built in
a valley to take advantage of natural
slopes for maintaining the stability of
the pile and for facilitating the recovery
of the applied solutions. Such a dump
can be immense, with slopes up to 1,200
feet high holding four billion tons of

material. To these impressive forma-
tions thousands of gallons of acidified
water are applied by flooding or sprin-
kling the top surface. Sprinkling intro-
duces air, a vital component of both the
chemical and the biological oxidation
reactions, into the solution.

The dumps are not inoculated with
the leaching bacteria. The organisms
are ubiquitous, and when conditions in
the rock pile become suitable for their
growth, they proliferate. Rock samples
collected near the top of a leach pile
typically harbor more than a million
bacteria of the species T. ferrooxidans
per gram; T. thiooxidans bacteria are
present in somewhat smaller numbers.
The leach solution percolates through
the leach dump, and the ‘“pregnant,”
or metal-laden, solution is collected in
catch basins or reservoirs at the foot of
the dump. The copper is removed from
solution either by a cementation reac-
tion, in which ferrous iron replaces the
copper in solution, or by solvent extrac-
tion, in which the copper is concentrat-
ed by transferring it from the aqueous
leaching solution to an organic solution.

SPHERICAL BACTERIA of the genus Sulfolobus oxidize sulfur and iron under extreme con-
ditions of temperature and acidity. The single-cell microorganisms are classified as Archaebac-
teria, a distinct grouping of primitive life forms. Species of Sulfolobus thrive in environments
such as hot springs and volcanic fissures, where they get energy from the degradation of min-
erals in solution and carbon from carbon dioxide in the atmosphere. They can readily leach
metals from minerals such as chalcopyrite and molybdenite, which resist attack by most other
microorganisms. The large difference in acidity between the inside of the cell, which is almost
neutral, and the outside, which in most cases is highly acidic, may be important to the survival
of the microorganisms in extreme environments. The electron micrograph, made by Joseph V.
Scaletti of the University of New Mexico, shows cells of the species S. brierleyi, enlarged by
some 80,000 diameters. The unusual cell wall is made of hexagonally packed protein subunits.
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The “barren,” or copper-free, solution is
then recycled to the top of the dump.

In a large dump-leaching operation
the ore is processed for many years to
recover as much of the copper as possi-
ble. Because of the construction meth-
ods employed and the volume of the sol-
id material treated, dump leaching is a
crude operation. The placement of the
dump in a natural valley can impede the
flow of air to the interior of the pile. The
large size of some of the rocks limits
contact among the metal-sulfide min-
erals, the oxidizing solution and the
bacteria. During the dump’s construc-
tion large ore haulers compact the sur-
face, creating impermeable zones in the
pile. Gypsum (CaSO,), ferric hydrox-
ide [Fe(OH);3] and basic ferric sulfate
precipitates also decrease permeability,
further reducing the contact of the solu-
tion with the sulfide rocks.

Although studies of bacteria in the
dump environment have barely begun,
some factors that may adversely affect
the populations are known. They in-
clude high metal concentrations, partic-
ularly of ions such as silver and mercury
that are known to be toxic to the organ-
isms, lack of air, and temperatures high-
er than those tolerated by the organisms.
Because the limitations of dump leach-
ing are more clearly defined today than
they were in the past, considerable fore-
thought now goes into the construction
of the leaching piles. Special “finger”
dumps allow greater air circulation, and
haulage is controlled to minimize com-
paction. From a biological viewpoint,
however, dump leaching remains an es-
sentially uncontrolled process.

Extractive methods other than dump
leaching offer somewhat more reg-
ulation of biological, chemical and en-
gineering factors. Heap leaching, for ex-
ample, is used to extract metals from
sulfide and oxide minerals in ores of a
somewhat higher grade than those sub-
jected to dump leaching. In heap leach-
ing the rocks are often crushed to avoid
the solution-contact problems encoun-
tered when leaching large boulders, and
the heaps are built up on impermeable
pads to prevent loss of the solution into
the underlying soil. Aeration systems
have been installed to increase the flow
of air in the piles.

In-place leaching is a promising tech-
nique for the recovery of metals from
low-grade ores in inaccessible sites. This
technology, which has minimal impact
on the environment, is currently em-
ployed to extract residual minerals from
abandoned mine workings and to recov-
er uranium from low-grade deposits. To
leach metals from depleted mine work-
ings the leaching solution is applied di-
rectly to the walls and the roof of an
intact stope (an underground excavation
from which ore has been removed) or
to the rubble of fractured workings. In-
place leaching techniques have been



successful in the recovery of both cop-
per and uranium.

In the extraction of uranium the bac-
teria do not directly attack the uranium
mineral; instead they generate ferric
iron from pyrite and soluble ferrous
iron. Ferric iron readily attacks miner-
als incorporating quadrivalent uranium
(U4+), converting this ion into hexava-
lent uranium (U6+), which is soluble in
dilute sulfuric acid.

The bacterially assisted leaching of
uranium could in principle be applied
not only to the recovery of residual met-
als but also to the in-place leaching of
low-grade uranium ore bodies. There
are a number of low-grade deposits in
the western and southwestern U.S., but
they are low in pyritic material and in-
clude rocks that tend to neutralize acids.
Such mineralogical conditions are not
conducive to bacterial leaching, and an
exclusively chemical method of leach-
ing has been adopted instead. Wells are
drilled into the isolated ore bodies at
depths ranging from tens to hundreds of
feet. A carbonate solution containing an
oxidant is then injected into the mineral-
ized zone, where the uranium is solubi-
lized. The uranium-bearing solution is
withdrawn from the formation through
a precisely engineered pattern of recov-
ery wells.

The same practices might be applied
in formations suitable for in-place bac-
terial leaching. Further study is needed,
however, to assess such factors as the
effect of hydrostatic pressure on the
leaching bacteria and the loss of perme-
ability in the formation resulting from
bacterial growth.

Vat leaching is employed mainly for
the chemical extraction of copper from
oxide ores. The technology is based on
the controlled agitation of concentrated
ore particles with precisely determined
amounts of acid. Vat leaching is seldom
used for sulfide ores owing to the need
for an oxidant and to the long leaching
times; these requirements, however, do
not preclude the vat leaching of sulfide
ores under certain circumstances. Stud-
ies by A. Bruynesteyn of British Colum-
bia Research and by Arpad Torma of
the New Mexico Institute of Mining
and Technology indicate that the bac-
terial leaching of sulfidic concentrates
can be competitive with existing meth-
ods of extraction.

Although bacterial leaching is cur-
rently exploited only for the recovery of
copper and uranium, the appetite of the
leaching bacteria is fairly nonspecific.
The organisms readily degrade other
sulfide minerals, yielding zinc from
sphalerite (ZnS) and lead from galena
(PbS). The leaching bacteria can there-
fore be considered for the extraction of
many other metals. The bacteria readily
catalyze the dissolution of inorganic sul-
fur from coal, and recent advances indi-
cate that organic sulfur may also be
vulnerable to microbiological attack.

SUBSIDIARY ROLE in leaching may be played by bacteria of the species Thermothrix thi-
opara, shown here growing on pyrite. These microorganisms, which inhabit moderately warm
springs under neutral conditions (neither acidic nor alkaline), are capable of oxidizing sulfur
aerobically in the presence of air or anaerobically in the presence of nitrates. Thermothrix spe-
cies have not been assigned a specific function in the extraction of metals by leaching, but by
generating sulfuric acid they may create an environment favorable for more thermophilic and
acidophilic species. The scanning electron micrograph, made by Thomas L. Kieft and Gregory
P. Minion of the University of New Mexico, enlarges the cells by about 130,000 diameters.

Progress in this area suggests that the
precombustion desulfurization of sul-
fur-laden coal is on the horizon.

Given the seemingly limitless capabil-
ity of bacterial leaching for the re-
covery of metals, why has such a poten-
tially powerful tool not been more wide-
ly exploited? Probably the main reason
is that the technology was not much
needed until now, when energy is costly
and the supply of accessible, high-grade
metal ores is limited. Now that a genu-
ine need exists for biomining, the tech-
nology lacks refinement. The study of
bacterialleaching haslargely been in the
hands of a few investigators who have
been systematically examining the or-
ganisms and the reactions they carry
out. There has been no coordinated en-
gineeringeffort to harness the organisms
and their beneficial reactions in con-
trolled fermentation tanks. To do so will
require a carefully directed effort and
large sums of money. The effort will
probably be financed by private indus-
try. The difficulties in development are
likely to include those that can befall
any engineering project as well as a
number of other problems heretofore
unknown. Unlike the carefully nurtured
microorganisms that yield chemical and
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health-care products, the leaching bac-
teria will be subject to adversities such
as severe weather, erratic fluctuations in
acidity, a continual onslaught of com-
petitive “wild type” bacteria and varia-
tions in the concentration and type of
the mineral feedstock.

It seems probable that at some time
in the future genetic manipulation may
produce leaching microorganisms with
highly desirable characteristics. Two of
the qualities sought are an enhanced tol-
erance of toxic metals and a greater abil-
ity to generate the oxidant, ferric iron.
The genetic modification of the organ-
isms may prove difficult, however, be-
cause little is known about the genetics
of the leaching bacteria or the exact
mechanisms they rely on for the degra-
dation of minerals. The latter problem is
particularly troublesome, since it is un-
certain which bacterial characteristics
should be genetically altered to enhance
the organisms’ leaching capabilities.

Increasing the leaching rate of the
bacteria is certainly one of the most
sought-after improvements. The major
drawback of bacterial leaching has been
the slowness of the biological process
compared with some chemical methods
of extraction. The disadvantage is most
striking when the microbiological leach-
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SWIRLING FILAMENTS of organic matter may represent a source of new microbial strains
better suited to the requirements of the minerals industry. The filaments, which are seen in a
sulfurous hot spring in Yellowstone National Park, are made up of the fused cells of millions
of microorganisms of various species. The genetic manipulation of certain species found in
such natural habitats may result in new strains with an enhanced capability for recovering
nonferrous metals from sulfide ores or from metal-contaminated waste water. The photo-
graph was made by James A. Brierley of the New Mexico Institute of Mining and Technology.

50

© 1982 SCIENTIFIC AMERICAN, INC

ing rate is compared with some high-
temperature, high-pressure extraction
processes in which strong oxidants act
on finely ground particles. Valid com-
parisons between biological and chemi-
cal processes, however, must be based
on economic factors.

Bacterial leaching is likely to find its
greatest application in the controlled
treatment of vast quantities of solid ma-
terials, such as discarded waste rock,
overburden and tailings, in which small
quantities of valuable metals are widely
dispersed. For example, the U.S. has
vast sulfide deposits, including more
than seven billion tons of material with
an average nickel content of .2 percent.
At current prices the nickel is worth ap-
proximately $60 billion. The nickel is not
mined because of inefficiencies in cur-
rent mining and extractive technologies
and because of possible detrimental ef-
fects on the environment. Advances in
biomining technology may make it pos-
sible to recover not only some of the
nickel but also some of the 400 million
pounds of cobalt (worth $10 billion at
current prices) found in the same sulfid-
ic material. In this situation the em-
phasis is not so much on rapid reaction
rates as it is on lower capital investment,
greater recovery of metal and reduced
environmental damage.

In spite of the many uncertainties as-
sociated with the genetic engineering of
leaching bacteria and the scale-up of mi-
crobiological leaching processes, there
is little doubt that such technologies
will be developed. Interest in industrial
microbiology, a need to develop more
cost-effective methods for the recovery
of metals from low-grade mineral de-
posits and the desire to utilize processes
that are environmentally benign all fa-
vor this development.

he controlled use of microorganisms

for the extraction of metals from
ores and from solid waste materials is
paralleled by the application of biologi-
cal technology to the restoration of par-
ticulate-laden and metal-contaminated
industrial waste water. Such technolo-
gy not only would aid in clarifying the
waste water but also would allow the
recovery of valuable metals. Now un-
der investigation are bacteria, algae and
fungi that readily accumulate inorgan-
ic ions present in dilute concentrations
in waste streams. The microbiological
processes for the removal of metals
from solution can be divided into three
categories: the adsorption of metal ions
onto the surface of a microorganism,
the intracellular uptake of metals and
the chemical transformation of metals
by biological agents.

Most microorganisms have a negative
electric charge owing to the presence of
negatively charged groups of atoms on
the cell membrane and the cell wall. The
charged groups, or ligands, include phos-
phoryl(PO,~——),carboxyl(COO -),sulf-



EXTRAORDINARY ADAPTABILITY displayed by certain mi-
croorganisms in harsh volcanic environments is demonstrated by the
metal-encrusted, filamentous bacteria seen in this scanning electron
micrograph, made by John A. Baross of Oregon State University.
The bacteria were found growing at a temperature of 100 degrees

hydryl (HS-) and hydroxyl (OH-)
groups and are responsible for the ad-
sorption of positively charged metal
ions from solution. The adsorption is
typically rapid, reversible and inde-
pendent of temperature and energy me-
tabolism. The common beer yeast Sac-
charomyces cerevisiae and the fungus
Rhizopus arrhizus have recently been
shown to adsorb uranium from waste
water. For S. cerevisiae the acidity lev-
el at which the surface binding of ura-
nium is optimal suggests that the posi-
tively charged uranium ions are attract-
ed to the negatively charged ligands on
the cell. Uranium concentrations repre-
senting between 10 and 15 percent of
the dry weight of the cell have been re-
corded for this yeast. R. arrhizus ad-
sorbs uranium to the extent that the met-
al amounts to 18.5 percent of the dry
weight of the cell. This is more than
twice the uptake of a commercially
available ion-exchange resin.

The deposition of insoluble metals
has been observed at the surface of
some microorganisms. The sheathed, fil-
amentous bacteria of the Sphaerotilus-
Leptothrix group and the polymorphic
Hyphomicrobium can become encrusted
with oxides of manganese. Sphaerotilus-
Leptothrix and Gallionella are called iron
bacteria because they deposit a sheath
of iron on their twisted stalks.

Microorganisms ordinarily take up
some ions that are necessary for cellular
activity. The transport systems for the
ions are dependent on both temperature

and energy. Examples of trace sub-
stances that are readily transported into
the cells of microorganisms are magne-
sium (Mg++), calcium (Ca+ +), potassi-
um (K+), sodium (Na+) and sulfate
(SO4~ ). Although the mechanisms by
which the cells assimilate the ions are
highly selective, substitutions are pos-
sible. For example, the negatively
charged chromate (CrO4—-), selenate
(SeO4—-), vanadate (VO4—-), tungstate
(WO,4~-) and molybdate (MoO4—-)
ions can be transported into the cells
of some microorganisms by the system
that ordinarily carries sulfate ions.

he most bizarre phenomenon of

this kind is the reported intracellu-
lar accumulation of very high concen-
trations of toxic metals. The common
soil and water bacterium Pseudomonas
aeruginosa accumulates nearly 100 mil-
ligrams of uranium per liter of solution
in less than 10 seconds. With the aid of
an electron microscope Starling E. Shu-
mate II and Gerald W. Strandberg of
the Oak Ridge National Laboratory
found that only 44 percent of the cells
accumulated the uranium. This obser-
vation implies that in the active cells
uranium accounts for as much as 56
percent of the dry weight of the cell. The
mechanism that drives the cells to vir-
tually commit suicide by the accumula-
tion of toxic metals is not known; never-
theless, the phenomenon may someday
be exploited for the restoration of metal-
contaminated waste water.
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C. on rocks collected in May, 1981, from within the newly formed
crater of Mount St. Helens. According to Baross and his colleagues,
who have made a study of the microbial colonization of the site, the
bacteria are present in great numbers in the cooling debris of the
volcano’s eruption. The magnification is roughly 25,000 diameters.

Other microbiological mechanisms
with a potential for waste-water treat-
ment eliminate metals by precipitating
them in chelates, or cagelike com-
pounds, and by incorporating them into
volatile compounds that can later be
evaporated. Many microorganisms syn-
thesize specific chelation compounds
that immobilize heavy metals. More
commonly in natural systems, however,
metals adsorbed or absorbed by plants
and microorganisms become seques-
tered in sediments following the death
of the organisms.

Precipitation results when hydrogen
sulfide (H2S), which is generated by sul-
fate-reducing bacteria, combines with a
metal to form an insoluble metal sul-
fide. The exploitation of microorgan-
isms such as Desulfovibrio for the genera-
tion of hydrogen sulfide has consider-
able potential for application in the
treatment of metal-contaminated efflu-
ents. The generation of ferric iron by T.
Jferrooxidans serves to remove soluble
iron from acidic mine wastes. The or-
ganisms, attached to plastic disks, are
immersed in acidic waters containing
ferrous iron. Through oxidation the bac-
teria convert the iron into the less solu-
ble ferric form. This pretreatment is ex-
pected to reduce the cost of neutralizing
the acids in the drainage water.

The methylation of metals (that is, the
substitution of a metal atom for the hy-
drogen atom of the hydroxyl group of
a methyl alcohol molecule) can result
in the metal’s becoming volatile. Metals
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and metalloids known to be subject to
biomethylation include mercury, seleni-
um, tellurium, arsenic, tin, lead and cad-
mium. It has been predicted that plati-
num, palladium, gold and thallium can
also be transformed in this way. The
commercial applicability of biomethyl-
ation is questionable, however, owing
to the difficulty of trapping the volatile
compounds and the extreme toxicity of
some of them.

The microbiological processes men-
tioned above for the recovery of metals
and metalloids from solution have been
observed in the laboratory and in natu-
ral environments where conditions are
suitable for specific types of biological
activity. An example is Schist Lake in
Manitoba, which receives metal-con-
taminated tailings from a mining and
smelting operation and sewage effluent
from a small town. Nutrients in the
sewage promote algal blooms, and the
algae in turn accumulate metals. The
decay of the metal-laden algae is medi-
ated by microorganisms that generate
hydrogen sulfide, which precipitates the
metals as sulfides.

Observations of such natural cleans-
ing systems have encouraged workers
in the mining industry to try to imitate
them. An artificial meandering stream
draining a tailing pond in the New Lead

Belt of Missouri is inhabited by the al-
gae Spirogyra, Rhizoclonium, Hydrodic-
tyon and Cladophora. The microorgan-
isms are credited with the removal of
nutrients and soluble heavy metals and
the entrapment of suspended mineral
particulates. A sedimentation pond and
a baffled outlet prevent the algae from
escaping into the receiving stream. At a
uranium mine in the Grants Uranium
District of'New Mexico the mine water
is treated by means of an interconnected
system of impoundments in which the
algae Spirogyra, Oscillatoria, Rhizocloni-
um and Chara accumulate soluble ions
of molybdenum, selenium, uranium and
radium. The sediments of the impound-
ments are enriched with the metals and
metalloids, suggesting an ion-removal
scheme analogous to the natural proc-
ess observed at Schist Lake. Large pop-
ulations of sulfate-reducing bacteria in
the sediments indicate that hydrogen
sulfide may have a role in the sedimen-
tation of the ions. Uranyl carbonates
[UO3(CO3)—- and UO4(CO3)3¢-] prob-
ably interact with Chara, which is en-
crusted with crystalline hydrous car-
bonates, to form the mineral liebigite
[Ca2U02(C03)3 . 10H20]

The microbiological processes cur-
rently exploited by the minerals indus-
try are fairly simple in engineering de-

MICROSCOPIC PELLET formed by the filamentous fungus Cladosporium cladosporoides
encases suspended particles of clay in this demonstration of the application of microbiology to
waste-water treatment. The pelletization of suspended particulates may be well suited to areas
such as central Florida, where millions of gallons of water must be treated to settle suspended
clay before the water can be recycled for the mining and beneficiation of phosphates. The par-
ticle is enlarged by about 54 diameters in this scanning electron micrograph, made by Couch.
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sign, and their effectiveness is sensitive
to seasonal changes and sudden altera-
tions in the chemistry of the system. Re-
cent developments in the study of the
uptake of metals by S. cerevisiae, R. ar-
rhizus and P. aeruginosa make it proba-
ble that these microorganisms can be
utilized in precisely engineered proces-
ses for the recovery of metals from
waste-water streams. The new tools of
genetic engineering may well lead to the
creation of modified organisms with
greater effectiveness in metal removal.
It was noted above that only 44 percent
of the P. aeruginosa cells take part in the
uranium-uptake process. Shumate and
Strandberg speculate that if the factor or
factors controlling the uptake can be
identified, the bacteria may be genetical-
ly altered to increase the population that
accumulates the metal.

he accumulation of metals by mi-
croorganisms, whether the process
is intracellular uptake or surface accu-
mulation, is fairly nonspecific: negative-
ly charged groups of atoms on the sur-
face of microorganisms attract any pos-
itively charged ions in the solution.
Many organisms have cellular compo-
nents that are highly metal-specific. One
of the best-understood metal-binding
agents is the protein metallothionein.
Structural studies of metallothionein in-
dicate there is a high concentration
of sulfur-containing amino acid units,
which, when they are brought into jux-
taposition by the folding of the protein
chain, form a sulfhydryl (HS -) chelation
site. In the marine blue-green alga Syn-
echococcus a comparatively small cad-
mium-binding metallothionein can bind
an average of 1.28 atoms of cadmium
per molecule of protein. ‘The identifica-
tion of the gene or the genes that specify
the structure of the metallothionein of
this organism or any other may en-
able geneticists to isolate and‘clone the
genes in selected microorganisms. Cells
carrying the cloned genes could be di-
rected to synthesize massive quantities
of metallothionein with a specific metal-
binding capacity. The small protein
could be immobilized on an inert carrier
and waste water contaminated with met-
als could be passed over the fixed pro-
tein. Further studies of metallothioneins
with the ability to bind specific metals
may provide clues for the laboratory
synthesis of simple compounds with an
increased metal-binding capacity.
Based on nature’s own workings, on
controlled laboratory studies done by
many workers and on current applica-
tions in the field, it is clear that microor-
ganisms and their versatile activities will
help man to lay claim to mineral wealth
buried deep in the ground or available in
amounts not economically feasible to
recover at present. These small servants
of man promise to help in cleaning the
air and water while retrieving valuable
metal resources.



EXTRACELLULAR ACCUMULATION of uranium ions by cells
of the common beer yeast Saccharomyces cerevisiae is recorded in an
electron micrograph made by Gerald W. Strandberg of the Oak Ridge
National Laboratory. The positively charged uranium ions in the test

INTRACELLULAR ACCUMULATION of uranium ions by the
common soil and water bacterium Pseudomonas aeruginosa is anoth-
er potentially attractive approach to the microbiological restoration
of metal-contaminated waste water. According to workers at Oak

solution are attracted to negatively charged groups of atoms associat-
ed with the membrane and the wall of the yeast cells, forming a layer
of needlelike uranium crystals around each cell. The electron micro-
graph magnifies the yeast cells by approximately 30,000 diameters.

Ridge, the bacteria are capable of accumulating as much as 100 milli-
grams of uranium per liter of solution in less than 10 seconds. In the
active cells the concentration of uranium can reach 56 percent of the
dry weight of the cell. The magnification is about 20,000 diameters.
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The Coronas of Galaxies

Satellite observations indicate that the entire disk

of our galaxy has an extended envelope of hot gas.

The same appears to be true of other spiral galaxies

by Klaas S. de Boer and Blair D. Savage

The familiar picture of a spiral gal-
axy is a thin disk of stars, gas and
dust with a somewhat thicker cen-
tral bulge. Our own galaxy is such a
spiral system, with a disk some 100,000
light-years in diameter. Surrounding the
disk is a region called the halo, thinly
populated by old stars and globular star
clusters. The disk of the galaxy has been
patiently mapped by means of radiation
emitted by the gas in it, and the halo
has been mapped by means of radiation
emitted by the stars in it. There is a third
component of the galaxy that is difficult
to detect from the earth. Called the ga-
lactic corona, it is an envelope of hot gas
that extends tens of thousands of light-
years on each side of the central plane of
the galactic disk.

Given the difficulty of detecting the
corona from the earth, how was it dis-
covered and how is it studied? The an-
swer is that the hot gas of the corona
absorbs ultraviolet radiation. Therefore
if the gas lies between an ultraviolet-
emitting star and an ultraviolet-detect-
ing instrument, the gas can be detected
by its absorption of the star’s ultraviolet
radiation. Most ultraviolet wavelengths,
however, cannot penetrate the earth’s
atmosphere, so that such observations
can be made only from above the atmo-
sphere. This was one of the reasons the
satellite International Ultraviolet Explor-
er (IUE) was launched in 1978. Since
that time the instruments of the satellite
have begun to yield a rich picture of the
galactic corona and its dynamic physi-
cal processes.

Until about 20 years ago it was be-
lieved that much of the volume on each
side of the central plane of the galaxy
held no gas. It is now thought that in this
volume are gigantic streams of gas as-
cending from the galactic plane and de-
scending toward it. The force that drives
the streams is the explosion of superno-
vas in the galactic plane. Such an explo-
sion heats the surrounding gas to a tem-
perature of a million degrees Kelvin (de-
grees Celsius above absolute zero). The
hot gas moves outward from the galac-
tic plane, cooling as it does so. It then
begins to condense and move back to-
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ward the plane of the galaxy, where the
process may begin again. The entire cy-
cle has been called the galactic fountain.

In addition to securing the first direct
evidence for the corona of our galaxy
the instruments of the International Ul-
traviolet Explorer have probably detect-
ed coronas around two neighboring gal-
axies. Indeed, coronas of hot gas may be
common in the universe. If they are,
they may provide a simple explanation
for a long-standing problem about the
light of the enigmatic quasars.

he galactic corona has been named

by analogy with certain other phe-
nomena. “Corona” is from the Latin for
“crown” or “garland.” In astronomy the
word has been employed to describe
the extended envelope of gas that sur-
rounds some celestial objects and also to
describe the light emitted or scattered by
such gas. The most familiar corona is of
course the corona of the sun. The solar
corona cannot be seen with the unaided
eye except during a total eclipse of the
sun, when it appears as-a luminous halo
around the dark eclipsing disk of the
moon. The light that appears to origi-
nate in the solar corona is mainly the
light of the sun’s luminous disk, scat-
tered by free electrons in the corona’s
diffuse gas.

The spectrum of the radiation emitted
by a celestial object is a signature of the
object’s temperature. The spectrum of
the solar corona shows that the corona
is extraordinarily hot: between one and
two million degrees K. (The tempera-
ture of the sun’s visible surface is 6,000
degrees.) Observations made with satel-
lite instruments capable of detecting X
rays indicate that many stars have hot
coronas much like the corona of the sun.
It has also been shown that planets and
comets have coronas. The coronas of
planets and comets; however, are much
cooler than those of stars, having a
temperature of at most a few thousand
degrees K.

The evidence that has been gathered
for the existence of a corona around
the galaxy has created a problem of ter-
minology for astronomers. The trouble

© 1982 SCIENTIFIC AMERICAN, INC

arises from the fact that the meaning of
the word corona overlaps that of the
word halo. “Halo” is from the Greek
halos, which originally meant the disk
of the sun or the moon. Aristotle used
the word in this sense; it was only later
that it came to mean the nimbus around
the head of a saint. In meteorology
“halo” refers to the ring of scattered
light around the sun or the moon when
they are seen through cirrus clouds.

In astronomy the meaning of the word
halo has gradually become limited to
the region around the galactic disk pop-
ulated by old stars and globular clusters.
When it was concluded that this spheri-
cal region might contain gas, the enve-
lope of gas was called the gaseous halo
by some astronomers and the corona by
others. Here we shall reserve “halo” for
the population of old stars and “corona”
for the gaseous envelope of the galaxy.

The disk of a galaxy such as ours has
spiral arms that appear much brighter
than the regions between them. The con-
centration of stars in the spiral arms is
not, however, as high as it might seem;
the reason is that the arms contain the
hottest and most luminous stars. Such
stars are short-lived, with a life span
of from one to 10 million years. They
make up only a small minority of the
stars in the galaxy. Most stars, the sun
among them, are less brilliant, have life-
times of billions of years and are uni-
formly distributed in the galaxy.

Much of the gas in a spiral galaxy
is concentrated near the central plane
of the galactic disk. The gravitational
forces exerted by the stars in the central
plane tend to hold the gas in it. The
thickness of the layer of gas is less than 1
percent of the diameter of the disk.

Although the disk of interstellar gas
occupies a small volume compared with
the volume of the galaxy as a whole, it is
the scene of much activity of astronomi-
cal significance. One current hypothesis
is that the gas of the disk is itself com-
pressed into spiral arms by the gravita-
tional forces exerted by all the rotating
material in the disk. If the density of the
gas in a particular region of the disk gets
high enough, the mutual gravitational



attraction of its own atoms or molecules
may cause it to begin to coalesce. The
process can result in the formation of
the dense dark clouds in which stars
originate. The gas can also be com-
pressed by the blast wave from the ex-
plosion of a supernova: a massive star at
the end of itsevolutionary development.
Furthermore, the gas of the disk has a
magnetic field that may serve to main-
tain the spatial relations among some of
the structures of the galaxy. The mag-
netic field may have loops that extend
away from the central plane and into the
galactic corona.

t was not until the early 1950’s that the
extent and significance of the gas in
the central disk began to be appreciated.
The best evidence for its existence came
from observations made with radio tele-
scopes. Most of the disk gas is hydrogen,
roughly half in the atomic form (H) and
half in the molecular (Hjy).

Like the electrons of other atoms, the
single electron of a hydrogen atom is
not free to move randomly around the
atomic nucleus; it must remain .in cer-
tain strictly specified patterns or states.

The states differ according to the
amount of energy the electron possesses
in each one. The transition of an elec-
tron from one-state to a state of higher
energy requires that a specific quantity
of energy be put into the atom; if the
electron reverts to the original state, the
same quantity of energy is released.
The energy needed to change the state
of an electron may come from one of
several sources, including collisions be-
tween atoms and electromagnetic radia-
tion from nearby stars. If the energy is
in the form of radiation, a particular
wavelength is required. The reason is
that the energy needed to change the
state of the electron is rigidly specified.
The energy of any form of radiation
is inversely proportional to its wave-
length; the higher the energy, the shorter
the wavelength. Therefore only radia-
tion of a certain wavelength can ac-
complish a particular electron transition.
Since the same quantity of energy is re-
leased when an electron returns to its
initial state, the emitted radiation will
have the same wavelength as the radia-
tion that caused the transition. Because
a particularratom is capable of only cer-

tain transitions the wavelengths that are
absorbed or emitted as radiation passes
through a cloud of gas yield informa-
tion about the atoms making up the gas.

In the case of the cool gas in the ga-
lactic disk the energy needed to change
the state of the electron is furnished by
collisions between hydrogen atoms. Be-
cause of the low temperature of the gas
such collisions are followed by only the
smallest electron transition. Therefore
when the electron reverts to the lower
state the radiation emitted has a long
wavelength: 21 centimeters, which is in
the radio range.

With radio telescopes 21-centimeter
radiation has been exploited to detect
disk gas at large distances from the sun,
which is about 25,000 light-years from
the center of the galaxy. Hydrogen has
been detected at distances as great as
100,000 light-years. Since the disk is
about 100,000 light-years across, such a
distance implies that the gas is present
throughout the disk.

Furthermore, the radio-telescope ob-
servations indicate that the gas of the
disk participates in the rotation of the
galaxy about an axis perpendicular to

RADIO-EMISSION MAP, here superposed to scale on a photo-
graph of a spiral galaxy seen edge on, is indirect evidence for the ex-
istence of a corona of hot gas around the galaxy. The radio emission
is not from gas atoms but from free electrons spiraling around lines
of force in the galaxy’s magnetic field. The galaxy is NGC 4631.
The radio emission was mapped at a frequency of 1,412 megahertz
by Renzo Sancisi of the Kapteyn Laboratory in the Netherlands and

his colleagues with the Westerbork Synthesis Radio Telescope. The
radio intensity decreases with distance from the central plane of the
galaxy; the contours extend 30,000 light-years from the plane. Ob-
servations made by Adrian Webster of the University of Cambridge
indicate that radio emissions may originate in a region extending 30,-
000 light-years from the plane of our galaxy. The region has about
the same extent as that of the gas detected at ultraviolet wavelengths.
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the central plane of the disk. The ro-
tation is such that matter more than
10,000 light-years from the center of the
galaxy moves in orbit with a velocity of
about 220 kilometers per second. Given
the diameter of the galactic disk, gas at
the periphery of the disk may have re-
volved about the galactic center only
some 25 times since the origin of the
galaxy some 10 billion years ago.
Similar principles have been em-
ployed in the investigation of compo-
nents of the disk gas other than hydro-
gen. When a telescope is aimed at a dis-
tant star, the radiation emitted by the
star must pass through the gas in order
to reach the telescope. The emission
from the star generally consists of radia-
tion of many different wavelengths, and
as the radiation passes through the gas
specific wavelengths will be absorbed.
As we have seen, the wavelengths that
are absorbed are those with precisely the
quantity of energy needed to raise the
electrons of the atoms of the interven-
ing gas from one state to another. In the
spectrograph the absorbed wavelengths

THERMAL BLANKETS

SOLAR ARRAY

ATTITUDE-CONTROL THRUSTERS

VHF ANTENNA

are recorded as dark lines, representing
sharp decreases in the radiation in the
spectrum of wavelengths.

Absorptionlinescanyieldinformation
not only about the composition of the
interstellar gas but also, by taking into
account the Doppler effect, about its ve-
locity. If the gas is moving away from
the observer, the absorption occurs at
a slightly longer wavelength. This “red
shift” is directly proportional to the ve-
locity of the gas along the line of sight,
and so the velocity can be readily cal-
culated.

he pattern of the absorption lines
indicates that the interstellar gas in-
cludes many elements besides hydrogen.
Some elements are found primarily in
the solid particles of interstellar dust.
The relative proportions of the elements
in the gas and the dust combined are
probably similar to those in the atmos-
phere of the sun. (The sun’s atmosphere
is mostly hydrogen, but it includes more
than 50 other elements.)
Each atom in the interstellar gas can

TELESCOPE HOUSING

ANALOGUE
SUN SENSORS

FINE SUN SENSORS

S-BAND ANTENNA

APOGEE BOOST MOTOR
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INTERNATIONAL ULTRAVIOLET EXPLORER (IUE), an earth satellite launched in
1978, was designed for astronomical observations at ultraviolet wavelengths. The satellite is
now in geosynchronous orbit over South America, that is, it stays in position with respect to the
continent. It is a joint project of the National Aeronautics and Space Administration (NASA),
the European Space Agency and the British Science Research Council. The IUE carries a tele-
scope and spectrograph. With the telescope pointed at a distant star the spectrograph records
the intensity of ultraviolet radiation, including specific wavelengths absorbed as the radiation
from the star passes through the intervening gas. Such data can indicate the gas’s composition,
temperature and velocity. The solar panels provide the power for the satellite’s instruments.
The sun sensors make it possible to adjust the satellite’s attitude with respect to the sun. VHF
antenna receives commands from ground stations; S-band antenna relays data to the ground.
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assume several different states of ioniza-
tion. An ion is an atom that has more
or fewer electrons than the atom in the
neutral (un-ionized) state. Most of the
ions in the interstellar gas have had
electrons removed and are therefore
positively charged. Electrons can be re-
moved from an atom by the same proc-
esses that raise them from one energy
state to another, namely collisions with
other atoms and exposure to electro-
magnetic radiation.

The degree of ionization depends on
how many electrons have been re-
moved. For example, if a single electron
is removed from a neutral interstellar
carbon atom, the atom acquires one unit
of positive charge and is said to be once
ionized. If another electron is removed,
the atom, with two units of positive
charge, is twice ionized. In atomic spec-
troscopy the neutral carbon atom is des-
ignated C 1, the once-ionized atom C 11
and the twice-ionized atom C 111. Much
of the hydrogen in the interstellar gas is
H 1; the large clouds of neutral hydrogen
between stars are known as H 1 regions.
Near a hot star, however, energetic pho-
tons (quanta of radiation) remove the
electron from the hydrogen atom; the
result is the formation of an H 11 region.

The elements in the interstellar gas
that are heavier than hydrogen are also
influenced by radiation from nearby
stars. For each of these atoms a particu-
lar quantity of energy is required to re-
move an electron; the quantity is re-
ferred to as the ionization energy. The
differences in ionization energy result
in varying degrees of ionization of the
heavier elements under the conditions in
the interstellar gas.

As in the neutral atom, each electron
in an ion moves only in strictly specified
ways. The wavelength of the radiation
absorbed in the electron transitions can
yield considerable information about
the ions. Work done in the 1950’s by
Guido Miinch of the California Institute
of Technology with the 200-inch Hale
telescope on Palomar Mountain yielded
significant results on the interstellar gas.
Miinch directed the telescope at stars far
above the galactic plane. Examination
of the resulting spectra indicated ab-
sorption by Na (sodium) 1 and Ca (calci-
um) 1. The absorption lines were quite
complex; they indicated the presence of
gas clouds with high velocities.

The high-velocity clouds observed by
Miinch have since been studied inten-
sively by astronomers working with the
21-centimeter emission line of hydro-
gen. The existence of gas clouds at very
large distances from the galactic plane
raises several problems. The first prob-
lem is related to the gravitational for-
ces exerted by the stars of the galactic
plane. If a cloud of gas is to rise above
the plane, it must overcome these forces.
The fact that the high-velocity clouds
had risen so far above the galactic plane
indicated that they must have had a very




high velocity when they left the central
disk of the galaxy.

Another problem was somewhat
more perplexing. If the space around a
high-velocity cloud were empty, the
cloud would expand, disperse and disap-
pear. The continued existence of the
clouds implies that some force holds
them together. In interstellar space the
likeliest candidate for such a force is the
pressure exerted by gas surrounding the
high-velocity clouds. In 1956 Lyman
Spitzer, Jr., of Princeton University pro-
posed that the galaxy is surrounded by
a corona of hot gas, and that it is the co-
ronal ‘gas that holds the high-velocity
clouds together.

Spitzer had inferred the existence of
the hot coronal gas from evidence gath-
ered by Miinch and others on the high-
velocity clouds. In discussing the possi-
bility of proving the existence of the co-
ronal gas in a more direct way Spitzer
noted that the presence of the coronal
gas would probably be indicated only by
the absorption of radiation with a wave-
length of 2,000 angstrom units or less,
which is in the ultraviolet range.

A the temperature predicted for the
gas in the hottest part of the corona
most atoms would have lost many elec-
trons; the high temperature of the gas
increases the kinetic energy of the col-
liding atoms and therefore the probabil-
ity that one of the atoms will lose an
electron. The highly ionized atoms in-
clude C 1v, Si (silicon) 1v, N (nitrogen)
v. and O (oxygen) vi. These ions all
show absorption lines at wavelengths
shorter than 2,000 angstroms. The ab-
sorption lines of the abundant atoms
carbon, nitrogen, oxygen, magnesium,
aluminum, sulfur, silicon, iron, nickel
and zinc in their neutral or once-ion-
ized states are also in the ultraviolet.
At the time Spitzer published his clas-
sic paper it was impossible to verify the
existence of the corona; the necessary
observations would have had to be
made from the ground—from the bot-
tom of the earth’s ultraviolet-absorbing
atmosphere. In order to gather more di-
rect experimental evidence for the exis-
tence of the galactic corona an observa-
tional platform outside the atmosphere
was needed. Earth satellites have sup-
plied such a platform. The first satellites
with instruments capable of detecting
absorption in the ultraviolet part of the
spectrum were launched by the Nation-
al Aeronautics and Space Administra-
tion (NASA) in the early 1970’s; they
were known as the Orbiting Astronomi-
cal Observatories (OAO). The second
successfully launched observatory in
the series, Copernicus, was in operation
from 1972 until the end of the OAO
program in 1980. Copernicus carried ex-
perimental .apparatus designed specifi-
cally for the study of lines in the ultra-
violet absorbed by interstellar gas. The
Copernicus project was directed by Spit-
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INSTRUMENTATION OF THE IUE is shown with the telescope housing cut away. With
the telescope pointed at a star the baffles inside the housing prevent light from the sun and the
earth from entering the spectrograph. The primary mirror of the telescope is 45 centimeters in
diameter. The radiation that strikes it is reflected to a secondary mirror near the top of the
housing and back through an aperture in the primary mirror into the spectrograph compart-
ment. Mounted behind the telescope are two spectrographic systems. One covers the wave-
lengths from 1,150 to 2,000 angstrom units; the other covers those from 1,900 to 3,200 ang-
stroms. The two systems are quite similar; only the short-wavelength system is shown. The
aperture plate behind the main mirror directs part of the beam to the fine error sensors, which
keep-the telescope directed at the target. Most of the beam passes through the aperture plate to
the collimator mirror. The collimated beam is reflected onto the echelle grating, which breaks
it down into its constituent wavelengths. The spherical grating separates the beam into spectral
orders and directs it into one of two television cameras that are sensitive to ultraviolet radia-
tion. The cameras make a television image of the spectrum that has been yielded by the echelle
spectrometer. The television image is converted into digital form and relayed to the ground.
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CLOUDS OF MAGELLAN are two small galaxies near our own. The Large Cloud of Magel-
lan is about 160,000 light-years from the sun, the Small Cloud about 200,000 light-years. Hot
stars in the two galaxies were exploited as a source of radiation for the study of the galactic co-
rona with the JUE. The absorption indicates the presence of gas at temperatures between 10,-
000 and 200,000 degrees Kelvin. Other data suggest there is also gas at a million degrees K.

ECHELLE SPECTROGRAM made by the instruments of the IUE is a television image of
part of the spectrum. The spectrum shown is for the star HD 38282 in the Large Cloud of Ma-
gellan. It includes radiation with wavelengths from 1,200 angstroms (upper right) to 2,000 ang-
stroms (lower left). The gratings of the spectrograph break the radiation down into orders
about 15 angstroms wide. Each dark diagonal line in this positive print corresponds to one or-
der. The white space in certain orders indicates that radiation of a particular wavelength has
been absorbed by the gas of the corona. The dark spots were made by cosmic-ray particles.
The white dots are a grid for correcting the geometrical distortions in the television image.
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zer, who also supervised the design of its
instruments.

Of the many findings made with Co-
pernicus one of the most important was
the observation of O vi1 absorption in
the interstellar medium near stars in
the vicinity of the sun; the work was
done by Edward B. Jenkins and his col-
leagues at Princeton University. The
presence of O viindicates that this inter-
stellar gas has an extremely high tem-
perature. William L. Kraushaar and his
co-workers at the University of Wiscon-
sin at Madison also concluded that com-
ponents of the interstellar medium near
the sun were extremely hot; their results
were obtained by studying the emission
of X rays.

he hot components of the interstel-

lar medium, which were discovered
in the 1970’s, have been the subject of
much recent experimental and theoreti-
cal work. The best current hypothesis is
that the gas is heated by shock waves
from the explosion of supernovas. In a
spiral galaxy these dramatic explosions
come about once every 100 years.

The later work tended to support Spit-
zer’s hypothesis that the high-velocity
clouds are held together by pressure ex-
erted by surrounding clouds of hot gas.
Copernicus, however, did not have in-
struments sufficiently sensitive to mea-
sure the absorption of radiation from
distant stars far above the plane of the
galaxy. Measurements of this kind are
needed to detect the galactic corona. It
was not until the launching of the In-
ternational Ultraviolet Explorer in Jan-
uary, 1978, that the corona could be
actively studied.

The IUE is operated jointly by NASA,
the European Space Agency and the
British Science Research Council. It has
served for observations of many phe-
nomena other than the galactic corona.
It is a geosynchronous satellite: its peri-
od of rotation about the earth is syn-
chronized with the period of the earth’s
rotation so that the satellite remains
stationary above South America, about
40,000 kilometers from control stations
in Europe and the U.S. The satellite car-
ries a telescope and a spectrometer. The
beam of ultraviolet radiation from the
spectrometer is directed toward televi-
sion cameras sensitive to ultraviolet ra-
diation; the cameras create an image of
the spectrum that is subsequently re-
layed to the ground.

The resolving power of the spectrom-
eter can be altered by the observer on
the ground. In one mode details of the
spectrum seven angstroms wide can be
detected; in the other mode details .1
angstrom wide can be detected. The
high-resolution spectrum is essential for
the study of absorption by the galactic
corona.

To examine regions of the corona far
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ABSORPTION BY THE CORONA of our galaxy and the corona of
the Large Cloud of Magellan is shown in a plot of the intensity of ra-
diation detected by the IUE against the wavelength. The plot is for
three orders of the spectrogram of the star HD 38282 at the bottom
of the opposite page; the orders are separated by spaces. Absorption
by the coronal gas appears on the plot as deep, narrow troughs. Each
ion in the gas absorbs radiation of a particular wavelength. Two ions
absorb radiation with wavelengths within the orders shown: the sili-

con atom with one electron removed (Si 11) at about 1,527 angstroms
and the carbon atom with three electrons removed (C 1v) at about
1,550 angstroms. The absorption is due not only to coronal gas but
also to gas in the central plane of the two galaxies. Because of the
Doppler effect the wavelength of the absorption by the corona of the
Large Cloud is longer than that of the absorption by the corona of our
galaxy. Large trough and peak in middle order were made by matter
flowing outward from the star; they constitute the P Cygni profile.

from the plane of the galaxy we directed
the telescope of the IUE toward a star
in the Large Cloud of Magellan. The
Large Cloud and its close neighbor, the
Small Cloud of Magellan, are small gal-
axies near our own: about 160,000 light-
years from the sun. At that distance the
stars of the Clouds of Magellan are so
faint that an exposure of six hours was
required to make a high-resolution spec-
trogram.

The Large Cloud of Magellan has an
apparent velocity of 270 kilometers per
second away from the sun. Much of the
apparent velocity is actually due to the
motion of the sun around the center of
our own galaxy. When we examined
absorption spectra made with the IUE,
we found a complex pattern giving evi-
dence of absorption by gas clouds with
quite different velocities. We found evi-
dence of absorption at a velocity of zero
with respect to the sun and also at a
velocity of 270 kilometers per second.
The absorption lines were clearly due to
gas near the sun and to gas in the Large
Cloud of Magellan.

Surprisingly, we also observed pro-
nounced absorption by gas with an in-
termediate velocity. The wavelengths of
the absorption implied that the ions re-
sponsible were C 11, Mg (magnesium) 11
and Si1r; such ions are formed at moder-
ate temperatures. Even more intriguing,
however, was the finding of strong ab-
sorption by C 1v and Si 1v. Such ions
are formed at a temperature of about
100,000 degrees K., so that their pres-
ence gives confirmation for the idea of a
hot galactic corona.

In order to gain a more detailed under-
standing of the absorption lines the
television image of the ultraviolet spec-
trum is converted into a plot of the in-
tensity of radiation at each wavelength.
By applying formulas related to the
Doppler effect the velocity of the gas
responsible for the absorption can readi-
ly be computed. If certain additional as-
sumptions are made, the distance of a
cloud can be estimated by measuring its
velocity. Such a procedure makes it pos-
sible to determine the position of hot
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and cool clouds in the galactic corona.

Since the gas of the galactic disk ro-
tates with the galaxy at 220 kilometers
per second, that is the maximum appar-
ent velocity with respect to the sun a
cloud of interstellar gas in our galaxy
can have. The motion of most points in
the galaxy, however, is not directed pre-
cisely at the sun. The component of the
velocity directed at the sun varies ac-
cording to the distance from the sun.
The sun is itself moving around the cen-
ter of the galaxy; the apparent velocity
of the object is therefore the difference
between the velocity of the sun and the
velocity of the object along the line of
sight. The relation between velocity and
distance makes it possible to calculate
one quantity from the other.

Along the line of sight to the star des-
ignated HD 36402 in the Large Cloud of
Magellan the maximum velocity an ob-
ject in our galaxy can have is 175 kilo-
meters per second away from the sun.
When we pointed the telescope of the
International Ultraviolet Explorer at HD
36402, we observed strong C 11 absorp-
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VELOCITY OF GAS in the galactic corona can be calculated from the wavelength at which
absorption takes place by means of Doppler-effect formulas. The intensity of the radiation de-
tected can then be plotted against the velocity of the absorbing gas. This illustration shows
such a plot for six ions in the coronal gas; the background source was the star HD 36402 in the
Large Cloud of Magellan. The short lines on the vertical axis indicate the zero level of intensity.
The Large Cloud has an apparent velocity of 270 kilometers per second away from the sun,
much of it due to the sun’s rotation about the center of our galaxy. For each ion strong absorp-
tion is seen by stationary gas and by gas with a velocity of 270 kilometers per second; this cor-
responds to gas near the sun and gas in the Large Cloud. Absorption is also seen at intermediate
velocities. If assumptions are made about how the coronal gas moves in our galaxy, the posi-
tion of the gas can be calculated from its velocity. Iron and silicon with one electron removed
(Fe 11 and Si 11) are formed in cool clouds. Absorption by these ions at 70 and 120 kilometers
per second indicates the presence of cool clouds at intermediate distances from the central
plane of our galaxy. Carbon and silicon with three electrons removed (C 1v and Si 1v) are formed
in hot gas. Absorption by these ions at as much as 175 kilometers per second indicates gas
with a temperature of about 100,000 degrees K. at large distances from the galactic plane.
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tion at that velocity. We also observed
absorption at higher velocities corre-
sponding to gas near the Large Cloud
of Magellan. In addition we found evi-
dence of the highly ionized atoms C 1v
and Si 1v at distances perhaps aslarge as
30,000 light-years. The absorption pro-
file of C 1v and Si 1v suggests that their
density decreases in direct proportion
to distance; the density appears to be re-
duced by a factor of three over 10,000
light-years.

Our results suggest that there are
clouds of ionized gas a long way from
the galactic plane. The clouds are so far
from the plane, in fact, that their posi-
tion raises a theoretical problem. The
gas of the galactic disk turns at 220 kilo-
meters per second because of the gravi-
tational forces exerted by the stars. The
clouds observed with the JUE are so far
from the galactic plane that one can ask
whether the force exerted by the stars
is sufficient to keep the gas in the dis-
tant clouds moving around the galactic
axis of rotation at the same speed as the
gas in the galactic disk. If the distant
gas does not rotate at the same speed as
the disk gas, the calculation of distan-
ces from velocities would be invalid.

Other work done with the JUE, how-
ever, has tended to confirm our estimate
of the extent of the coronal gas. G. E.
Bromage, A. H. Gabriel and Dennis W.
Sciama of the University of Oxford and
more recently Max Pettini of the Royal
Greenwich Observatory and Kim West
of University College London have
studied C 1v absorption along the line of
sight to stars in the galactic halo that
are as much as 10,000 light-years away.
They found strong C 1v absorption in
the direction of all stars more than 3,000
light-years from the galactic plane.

he cooler gas of the galactic corona

also seems to be widely distributed.
With the TUE the cool gas is best detect-
ed by means of C 11 absorption. With
telescopes on the ground Ca 11 absorp-
tion is the best indicator. Donald G.
York and his colleagues at Princeton
and Chris Blades of the European Space
Agency station of the JUE, working with
investigators using the Anglo-Austra-
lian telescope in New South Wales, have
observed Ca 11 absorption at very large
distances from the galactic plane, there-
by extending the pioneering work of
Miinch. Numerous cool clouds, in many
different directions from the center of
the galaxy, thus seem to be embedded in
the hot coronal gas.

Detailed examination of absorption
lines at the velocity of the Clouds of
Magellan indicates that these two small
galaxies also may be surrounded by en-
velopes of coronal gas much like that
of our own galaxy. Our work suggests
that all spiral and irregular galaxies
have coronas. Further investigation will
certainly be needed to confirm this hy-
pothesis. Meanwhile much detail is be-



ing added to the general picture we al-
ready have of the gas in our galaxy.
That picture has changed considera-
bly over the past 25 years. Until about
10 years ago the interstellar medium
was thought to consist of two main com-
ponents: cool, neutral gas between the
stars of the spiral arms and warm, ion-
ized gas between the spiral arms. The
detection of O vi absorption and X-ray
emission suggested that on the contrary
much of interstellar space is filled with
highly ionized gas having a temperature
of a million degrees K. Gas at such a
temperature cools quite slowly; once it
has been heated by the explosion of a
supernova it remains hot. A subsequent
explosion of a supernova would gener-
ate shock waves that could travel easily
through the hot gas and keep it ionized.
Paul Shapiro and George B. Field
of the Center for Astrophysics of the
Harvard College Observatory and the
Smithsonian Astrophysical Observato-
ry have argued that the hot gas would
not be confined to the galactic disk: it
would tend to burst out of the disk and
flow away from the central plane. The
distance it traveled from the disk would
depend on its temperature and on the
gravitational forces exerted by the stars
of the central plane. As the gas flowed
outward it would gradually cool and be-
come denser. Denser clouds would be-
gin to descend; ultimately they might be
observed as the cool regions of the coro-
na. It is Shapiro and Field who have giv-
en the cycle the name galactic fountain.
Other workers have contributed to the
effort to understand the processes in the
galactic corona. Joel N. Bregman of
New York University has extended Spit-
zer’s work by constructing a model for
the “percolating” motion of the gas in
the fountain. Donald P. Cox of the Uni-
versity of Wisconsin at Madison has an-
alyzed the large-scale structure of the
interstellar medium and its energy bal-
ance. Results obtained by both workers
support the hypothesis that the driving
force of the fountain is the explosion of
supernovas. If the hypothesis is correct,

“GALACTIC FOUNTAIN” is shown in a
highly schematic cross section of the corona
and the galactic disk. The dense gas of the
disk is about 500 light-years thick. Hot disk
gas rises to a height equal to about 50 times
the thickness of the disk. Cooler gas in the
form of clouds descends toward the disk to
complete the fountain. The explosions of su-
pernovas heat some of the disk gas to a tem-
perature of a million degrees K.; such explo-
sions take place in our galaxy roughly once
every 100 years. The heated gas bursts out
of the disk and moves away from the central
plane. As the gas rises it begins to cool and
condense, and then it descends toward the
disk. Ultimately it is observed in the form
of the clouds of cool coronal gas observed
with the JUE. When the clouds reach the ga-
lactic plane, they become part of the cool
gas in the disk and the cycle can begin again.

WLV IC V. I,
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SPECTRUM OF A QUASAR (shown schematically at bottom) is
strongly shifted toward the red, suggesting that the object is moving
away from our galaxy at high velocity and therefore, in accord with
the general expansion of the universe, is at a great distance. Super-
posed on such spectra, however, are groups of absorption lines that
show smaller red shifts. These anomalous red shifts may be explained
by the absorption of radiation from the quasar by the coronas of gal-
axies between the quasar and our galaxy (schematic diagram at top).

the vigor of the galactic fountain and the
mixing of hot and cool gas in the disk
would depend on the frequency of the
explosions.

The gas with a temperature of 100,-
000 degrees K. detected by the Interna-
tional Ultraviolet Explorer is far from the
hottest gas in the corona. It is difficult
to determine whether the gas detected
by means of C 1v and Si 1v absorption
is ascending or descending. It is even
difficult to tell whether the tempera-
ture ascribed to the gas is correct. In
dense gases, such as those on the earth,
raising the temperature of the gas adds
kinetic energy that is quickly spread
evenly throughout the atoms by colli-
sions. As a result the temperature of the
gas is closely connected to the degree of
ionization.

In very diffuse gases such as those of
the galactic corona, however, the rela-
tion between temperature and ioniza-
tion may be much weaker. Collisions
between atoms and electrons may be so
infrequent that changes in temperature
are not spread rapidly through the gas.
In addition processes such as the ab-
sorption of cosmic X rays by the gas
might affect the degree of ionization.
The presence of particular ions there-
fore might not indicate the precise tem-
perature of the gas as a whole.
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The discovery of the corona of our
galaxy has important implications for a
long-standing problem concerning the
quasars. The emissions of quasars in the
ultraviolet region of the spectrum are
red-shifted into the visible region. Most
workers interested in quasars have con-
tended that the red shifts indicate the
quasars are billions of light-years away
in an expanding universe. Some workers
have suggested that quasars are near-
by objects in which peculiar phenom-
ena are taking place.

Acareful examination of quasar spec-
tra has shown that in many of the
spectra absorption lines can be put in
groups that have red shifts smaller than
the red shift of the quasar. In 1969 John
N. Bahcall of the Institute for Advanced
Study and Spitzer suggested that some
of these systems of absorption lines
might be introduced by the coronas of
galaxies along the line of sight to the
quasar. With the results from the IUE it
is possible to compare absorption due
to the corona of our galaxy with typi-
cal quasar absorption-line systems. The
patterns of absorption are remarkably
similar; the JUE data thus support the
idea that intervening coronas are re-
sponsible for many quasar absorption-
line systems.
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In the spectrum at the bottom are six absorption lines made by the
ion C 1v. Stationary C 1v absorbs radiation at 1,550 angstroms; ab-
sorption at that wavelength is due to gas in the corona of our galaxy.
C 1v absorption near 3,000 angstroms and between 4,000 and 5,000
angstroms corresponds to objects with respective velocities of .5 and
.8 the velocity of light (c). Absorption at these wavelengths may be
due to intervening galaxies. Absorption near the quasar appears at
about 5,400 angstroms, corresponding to a velocity .85 that of light.

If the coronas are indeed responsible
for the observed absorption, it follows
that quasars are at enormous distances
and that they represent the most lumi-
nous objects known. And if the absorp-
tion-line systems commonly seen in the
spectra of quasars are due to absorption
by the coronas of galaxies, the coronas
must be considerably larger than the im-
ages of galaxies seen in photographs.

The coronas required to yield the ob-
served effects would need to be from
100,000 to 300,000 light-years in radius,
or larger by a factor of three than the
dimensions of galaxies in photographs.
It has already been recognized, how-
ever, that galaxies are much larger when
they are observed at the 21-centimeter
emission line of neutral hydrogen than
when they are observed at visible wave-
lengths. They would undoubtedly ap-
pear larger still if they were probed by
means of absorption at the wavelengths
of the highly sensitive ultraviolet ab-
sorption lines. It should soon be possible
to expand greatly on these preliminary
studies of galactic coronas. With the
launching into orbit of the 2.4-meter
Space Telescope in 1985 much addition-
al information from the ultraviolet part
of the spectrum on the corona of our
galaxy and the coronas of other gal-
axies should be forthcoming.
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SCIENCE AND THE CITIZEN

Saving Europe

an American military officer was

reported to have said that in order
to “save” a Vietnamese village it was
necessary to destroy it. Much the same
attitude is implicit in current plans on
both sides of the East-West confronta-
tion in central Europe to resort to nucle-
ar weapons to defend European cities
and towns against the threat of attack by
the other side.

Recent official statements indicate
that the military forces of the North
Atlantic Treaty Organization have de-
ployed more than 6,000 nuclear weap-
ons in Europe for possible use in a “lim-
ited” nuclear war. The opposing forces
of the Warsaw Pact are thought to have
an equally formidable arsenal of nucle-
ar weapons aimed at targets in Europe.
Included in these tallies are both “thea-
ter” nuclear weapons deployed on inter-
mediate-range aircraft and missiles and
tactical, or battlefield, nuclear weapons
such as short-range missiles, artillery
shells and land mines. The bilateral nu-
clear-arms-control talks now under way
in Geneva are directed toward reducing
the number of theater nuclear weap-
ons capable of reaching targets in Eu-
rope and reducing the number of strate-
gic, or intercontinental, nuclear weap-
ons targeted by the two superpowers at
each other. Excluded from the negotia-
tions are the large numbers of tactical
nuclear weapons based in Europe.

A disturbing aspect of the shorter-
range nuclear weapons is that many of
them are deployed in forward positions
in central Europe, particularly in East
Germany and West Germany. Because
the weapons would be close to the front
lines in any likely war they would stand
a good chance of being overrun by in-
vading forces. Given a choice between
using the weapons or losing them, the
defending forces would presumably be
under pressure to fire them first, thus
escalating the conflict past the “nuclear
threshold.” Furthermore, the compara-
tively small size of some of the tactical
nuclear weapons could have the psycho-
logical effect of lowering the threshold.

Both of these issues were addressed
recently by the Independent Commis-
sion on Disarmament and Security Is-
sues, an international group of present
and former government officials formed
two years ago under the chairmanship
of Olof Palme, the former prime minis-
ter of Sweden. (The group, which was
made up of members from Eastern,
Western and Third World nations, in-
cluded Cyrus Vance, former secretary
of state of the U.S., and Giorgi Arbatov,
a representative of the government
and the Academy of Sciences of the

In the course of the war in Vietnam
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U.S.S.R.) In a report published in June
the commission called for “the estab-
lishment of a battlefield-nuclear-weap-
on-free zone in Europe” together with
other “measures to strengthen the nucle-
ar threshold and reduce pressures for
the early use of nuclear weapons.”

According to the report, Common Se-
curity: A Blueprint for Survival, the nucle-
ar-weapons-free zone would start with
central Europe, perhaps as a strip 300
kilometers wide centered on the border
of West Germany with East Germany
and Czechoslovakia. In time the zone
would be extended, “ultimately from
the northern to the southern flanks of
the two alliances.” No nuclear weapons
of any kind would be permitted in the
zone. Measures to ensure compliance,
the members of the commission agreed,
“would have to include a limited num-
ber of on-site inspections in the zone on
a challenge basis.”

In addition, the report states, “it is
important to maintain a clear distinc-
tion between nuclear and conventional
weapons. We urge the nuclear-weapon
states to abstain from deploying weap-
ons which blur the distinction by ap-
pearing to be more ‘usable.’” The sec-
tion of the report devoted to the nuclear
threat in Europe also urges the U.S. and
the U.S.S.R. to make “substantialreduc-
tions in all categories of intermediate-
(medium-) and shorter-range nuclear
weapons which threaten Europe.”

The possible consequences of failing
to remove nuclear arms from Europe
are spelled out in another recent pub-
lication. Writing in a special issue of
Ambio, a journal of the Royal Swedish
Academy of Sciences, three American
arms-control specialists, William Arkin,
Frank von Hippel and Barbara G. Levi,
calculate the effects of a “limited” nu-
clear war in the two Germanys. Their
analysis shows that because of the densi-
ty of the population in central Europe,
the presence of military targets near ci-
vilian centers and the substantial “areas
of death” of even the smallest battlefield
nuclear weapons, “the purely military
use of nuclear weapons in Europe on
any scale large enough to achieve mili-
tarily significant results would result in
the unintentional deaths of many mil-
lions of civilians.”

The Education Gap

he education in science and mathe-

matics that American students get in
elementary school, junior high school
and high school has declined in both
quality and quantity in the past decade.
The decline may have become severe
enough to affect the capacity of Ameri-
can society to produce a competent la-
bor force. A number of scientists, edu-

© 1982 SCIENTIFIC AMERICAN, INC

cators and members of the Reagan Ad-
ministration agree on these points. The
Administration, however, differs sharp-
ly from the other groups over how the
problem should be solved. The disagree-
ment was in evidence at the Nation-
al Convocation on Precollege Educa-
tion in Mathematics and Science held in
Washington in May.

The data cited most frequently in the
controversy over science education are
students’ scores on standardized tests.
Paul D. Hurd of Stanford University re-
ported to the convocation that between
1963 and 1980 the mean score on the
mathematical part of the Scholastic Ap-
titude Test, which serves as a college-en-
trance examination, decreased from 502
to 466. The results of another national
testing program show a steady decline
between 1969 and 1977 in the general
level of scientific knowledge among 17-
year-olds. One factor contributing to the
lower scores may be the minimal quan-
tity of science and mathematics educa-
tion in the country’s 16,000 school dis-
tricts. For example, only about a third
of all students take three years of math-
ematics in high school.

Hurd went on to suggest that the fu-
ture of scientific education may be
bleaker than its present. Between 1971
and 1980 the number of candidates
training to become mathematics teach-
ers decreased by 77 percent; the number
training to become science teachers de-
creased by 65 percent.

The current concern over American
science education is reminiscent of that
provoked by the launching of the first
earth satellite by the U.S.S.R. in 1957.
Much of the subsequent improvement
in education was due to efforts by the
National Science Foundation in collab-
oration with workers in the sciences and
mathematics. The NSF established pro-
grams aimed at improving courses and
textbooks and at reforming the training
of teachers. The programs had consid-
erable effect: in 1978 more than half of
all high school science teachers were
using materials developed by the NSF.

The Reagan Administration, howev-
er, is unsympathetic to a revival of the
collaboration between the Federal Gov-
ernment and scientific workers. The Ad-
ministration contends that responsibili-
ty for further improvement in public ed-
ucation lies with local government and
private industry. Two years ago the NSF
spent about $70 million on programs in-
tended to improve science education.
The agency asked for only $15 million
in the current budget, all of it for fellow-
ships for graduate students.

A fact often overlooked by both pro-
ponents and critics of Federal interven-
tion is that the decline in science educa-
tion, although widespread, has not been
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uniform. It is the education of lower-
middle-class and working-class children
that appears to suffer the most. Indeed,
the education received by an elite of
middle-class students seems to have im-
proved in the past decade. Hurd noted
that test scores of children of couples
who live in the suburbs and have had at
least some college education showed lit-
tle decline in the past decade. Further-
more, the number of students taking ad-
vanced-placement examinations in sci-
ence and mathematics increased from
24,000 to 50,000 between 1969 and
1979, and the average scores increased
in each of those years. Advanced-place-
ment tests give a high school student the
opportunity to receive credit for a year
or more of college work.

Izaak Wirszup of the University of
Chicago has compared the effectiveness
of the science-education systems in the
US. and the U.S.S.R. For many years
Russian schools offered an excellent ed-
ucation for a technical elite but little ed-
ucation for the masses. The system was
reformed in 1966, however, and today
98 percent of all students in the U.S.S.R.
complete secondary education, com-
pared with 80 percent in the US. Rus-
sian students are required to take 10
years of geometry, five years of physics,
six years of biology and four years of
chemistry, compared with one year of
each subject in most American schools.

Cosmological Objects

On a photographic plate of the sky a
quasar looks like a star. It is none-
theless proposed that each quasar is the
extremely luminous center of a distant,
hyperactive galaxy. In the main the sup-
porting evidence has been simply the
most salient feature of a quasar’s spec-
trum: peaks in the spectrum, which re-
sult from the emission of electromag-
netic radiation at specific wavelengths
by specific types of atoms, are offset
markedly toward the red end of the
spectrum. On the basis of the red shift a
quasar is presumed to be rushing away
from our own galaxy as part of the ex-
pansion of the universe. It follows that
the quasar is a distant (or “cosmologi-
cal”) object, and so it must be prodi-
giously bright or it could not have been
detected.

Recently new lines of evidence have
added support to the proposal that qua-
sars are cosmological. One line of evi-
dence is the discovery that the light from
at least a few quasars passes near a dis-
tant galaxy on its way to our own. The
first such quasar was found in March,
1979, by Dennis Walsh of the Jodrell
Bank Radio Astronomy Observatory,
Robert F. Carswell of the University of
Cambridge and Ray J. Weymann of the
University of Arizona. They detected
what they took to be two quasars only
six seconds of arc apart that had identi-
cal spectra and red shifts. Eight months
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later photographs made by Alan N.
Stockton of the University of Hawaii at
Manoa and by a group of investigators
at the Mount Wilson and Las Campafias
Observatories revealed a faint elliptical
galaxy between the quasar images. The
galaxy’s red shift places it about half as
far away as the quasars. It is now accept-
ed that the intervening galaxy acts as a
gravitational lens: its gravitational field
bends the light from a single quasar in
such a way that light passing on opposite
sides of the galaxy is redirected toward
the earth. Hence a single quasar gives
the illusion of being two. Since then two
more instances of a quasar image split
by a gravitational lens have been noted.

The discoverers of gravitational len-
ses find it disconcerting that with more
than 1,000 quasars known only three in-
stances of lensing are confirmed. They
find it equally disconcerting that if lens-
ing is common, it must focus the light of
many quasars, leading observers to mis-
judge their luminosity. One extreme sur-
mise is that quasars do not exist at all as
a distinct class of objects; they are im-
ages of bright galaxies further bright-
ened by an interposed gravitational lens.
J. Anthony Tyson of Bell Laboratories
evaluated this hypothesis in view of the
distribution of known galaxies across
the sky and the probability that a lens-
ing galaxy will intervene between a qua-
sar and an observer. He found that the
idea “is not totally crazy,” although the
mass of the postulated lensing galaxies
had to be made “unreasonably large.”

A less extreme surmise is that lensing
preferentially affects the images of very
distant quasars because they are the
ones most likely to have a lensing gal-
axy interposed in the path of their light
toward our galaxy. Thus, it is proposed,
the brightened images of distant quasars
lead investigators to conclude that qua-
sars are commonest at great distances.
This conclusion, which suggests that
quasars were abundant in the early uni-
verse but are rare today, is in turn a basis
for the broader hypothesis that the uni-
verse changes with time—in a word, that
it is evolving.

Does gravitational lensing account
for the apparent “cosmological evolu-
tion” of the quasars? In The Astrophysi-
cal Journal Yoram Avni of the Harvard-
Smithsonian Center for Astrophysics
and the Weizmann Institute of Science
notes that lensing can redirect the pho-
tons (quanta of electromagnetic radia-
tion) from a quasar but cannot change
their quantity. “This means,” he writes,
“that while the fluxes from some of the
quasars are amplified, the fluxes from
the other quasars are deamplified, and
there is no net mean amplification.”
Avni constructs hypothetical distribu-
tions of quasars and lenses under the
condition that the net flux from quasars
is conserved. He concludes “that lenses
can in principle mimic an apparent evo-
lution,” but he finds it unlikely that lens-
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ing accounts completely for the statis-
tics of quasars and their red shifts.

A second line of evidence that quasars
are cosmological is reported in Nature
by Todd A. Boroson and J. Beverly
Oke of the California Institute of Tech-
nology. Their evidence is direct: they
propose that the wispy nebulosity (they
call it fuzz) observed just north and
south of the quasar 3C 48 is the distant
galaxy in which the quasar is embed-
ded. Last year Boroson and Oke mea-
sured the spectrum of narrow strips of
the fuzz two arc-seconds north and
south of the quasar. The spectra turned
out to be notable for absorption lines:
dips at certain wavelengths characteris-
tic of the spectrum of blue-giant stars,
which populate the arms of spiral gal-
axies. Boroson and Oke note that the
lines are red-shifted by an amount that
matches the red shift of a number of
lines in the spectrum of the quasar it-
self. They conclude that the quasar lies
at the center of a spiral galaxy, albeit an
unusually luminous and blue one.

While Boroson and Oke have been ex-
amining 3C 48, Tyson and William A.
Baum and Tobias J. N. Kreidl of the
Lowell Observatory have recorded de-
tailed images of the quasar 3C 273. It is
the quasar closest to us, or at least the
one with the smallest red shift; it is re-
ceding from our galaxy at merely a sixth
the speed of light. Along the line of sight
to 3C 273 Tyson and his colleagues have
found a galaxy. It is too large to be an
ordinary elliptical galaxy, yet its light is
much too red (in color, not in red shift)
for it to be a spiral galaxy. Thus Tyson
and his colleagues doubt that gravita-
tional lensing by an ordinary galaxy
along the line of sight to some other ob-
ject givesrise to 3C 273. Tyson now sus-
pects that 3C 273 has no lens. What he
and his colleagues have found may be
the second established instance of a gal-
axy in which a quasar is embedded.

Backward Flow the Genes

New evidence of the complexity and
plasticity of the genetic appara-
tus in higher organisms continues to
emerge. Five years ago the big surprise
was the discovery of split genes. Where-
as in bacteria a protein chain is encoded
by a continuous array of the DNA sub-
units called nucleotides, in most of the
genes of amphibians, birds and mam-
mals the coding sequences are interrupt-
ed by noncoding intervening sequences,
or introns. To express a split gene the
enzymatic machinery of the cell first
transcribes the DNA (introns and all)
into RNA. Then the primary transcript
is processed. The upstream end of the
gene is modified by the addition of a
“cap.” At the downstream end a “tail”
is added: it is a long string of just one
kind of nucleotide, adenylate, and so it
is called a poly-4 tail. Finally enzymes
cut out the introns and splice together
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the coding sequences to make a coher-
ent messenger RNA that is translated
into protein.

Split genes were just the beginning.
Further analysis of the genome (the full
complement of genes) in mammalian
cells revealed that there can be more
than one copy of a gene or even an entire
family of copies. In most cases the in-
trons of the copies are different but the
coding sequences are very similar, so
that any of the copies can be transcribed
to yield a functional transcript. Some
members of gene families are pseudo-
genes, however, which have been altered
by mutation and do not yield a function-
al transcript. In some gene families all
the members are grouped on a single
chromosome, but in others pseudogenes
are found dispersed to a chromosome
other than the one carrying the function-
al genes.

In 1980 Philip Leder and his col-
leagues at the National Institute of
Child Health and Human Development
were studying the family of alpha-glo-
bin genes in the mouse, which code for
one of the proteins of hemoglobin.
When they determined the nucleotide
sequence of one member of the family,
they found not only the random muta-
tions typical of a pseudogene but also
something much more striking. The
gene’s two introns had been cleanly
excised; the coding sequences were con-
tiguous, just as they are in messenger
RNA. Moreover, the intronless pseu-
dogene was not on mouse chromosome
15 with its functional siblings. It had
moved to chromosome 11. The com-
bination of precise splicing and gene
movement suggested that the gene is
a DNA copy of processed RNA that
has somehow been reintegrated into the
mouse genome. By now a number of
other genes that look like messenger
RNA have been discovered. Leder calls
them processed genes.

Recent reports from Leder’s laborato-
ry and from that of Nicholas J. Cowan
of Princeton University describe proc-
essed genes that display additional ev-
idence of having passed through an
RNA phase. Gregory F. Hollis, Philip
A. Hieter, O. Wesley McBride, David
Swan and Leder report in Nature on a
pseudogene member of the human gene
family encoding the lambda light chain,
a component of antibody molecules.
The pseudogene is not on the same
chromosome as the known functional
versions of the lambda light-chain gene,
and it lacks an intron characteristic of
all the functional genes.

There is another significant hallmark
of RNA processing. Near the down-
stream end of the gene there is a long
sequence of adenylates suggestive of the
beginning of a processed RNA’s poly-4
tail. The string of 4s is followed by a
nine-nucleotide sequence that is a pre-
cise repeat of a sequence far upstream,
near the beginning of the processed
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gene. Such repeats are often generated
at sites where a stretch of DN A has been
cleaved and a new segment of DNA has
been inserted into the break. The impli-
cation is that a processed RNA derived
from a lambda gene was somehow
copied into a single strand of DNA that
was converted into double-strand DNA,
and that the double-strand version was
inserted into the chromosome. If the
lambda pseudogene was indeed made
from RNA, however, the RNA was a
highly aberrant transcript: the entire up-
stream end of the gene is missing.

In another report in Nature C. Debo-
rah Wilde, Carol E. Crowther, T. P.
Cripe, Mary Gwo-Shu Lee and Cowan
describe a processed gene encoding the
protein beta tubulin, a component of
the cablelike organelles called micro-
tubules. Again the introns are missing,
there is a poly-A tail and there are re-
peated segments suggestive of insertion.
In this case, moreover, the entire se-
quence of the pseudogene is roughly
homologous with that of a functional
beta-tubulin messenger RNA. The beta-
tubulin pseudogene, in other words, ap-
pears to be derived from a complete
processed-RNA transcript.

The only enzyme known to make
DNA from an RNA template is reverse
transcriptase, an enzyme carried by cer-
tain viruses (retroviruses) that have an
RNA genome. It has been suggested that
retroviruses may have mediated the re-
verse transcription and reintegration of
some processed genes, and indeed there
is evidence of viral sequences in some of
them. It is also possible that some mam-
malian enzymes may transcribe RNA
into DNA under special circumstances.
The reversed flow of genetic informa-
tion must be rare, but over the long span
of evolution even a rare process might
suffice to explain the presence of a large
number of processed genes.

Spring Cleaning

The particles called intermediate
vector bosons seemed almost with-
in grasp. A machine for making them
had been assembled at the Europe-
an Organization for Nuclear Research
(CERN) in Geneva. Two large detectors
stood ready to record evidence of their
brief passage. In a test of the apparatus
last fall all had gone well. In April the
search was to begin in earnest, and by
summer it seemed possible that at least
preliminary results would be announced.
Instead there was a mishap, and the
search has been delayed by six months.

Intermediate vector bosons are the
hypothetical particles that are thought
to act as carriers of the weak nuclear
force. They are much heavier than any
particles yet observed, and the CERN
device, in which protons and antipro-
tons collide head on, is the only one
now operating with enough energy to
create them (see “The Search for Inter-



mediate Vector Bosons,” by David B.
Cline, Carlo Rubbia and Simon van der
Meer; SCIENTIFIC AMERICAN, March).

The mishap damaged the larger of
the two detectors, designated UAL. In
the course of preparations for the April
experiments the annular vacuum tube
of the proton-antiproton collider was
being “baked” to remove stray vapors.
The detector was being protected from
the heat by a flow of air when an ac-
cumulation of rust, oil and grime was
blown into it. The most serious contami-
nation was on the outer surface of the
electronic particle counter called a drift
chamber, which forms the core of the
detector. On the surface there are some
50,000 connections to wires threaded
through the chamber; each connection
had to be cleaned individually.

The cleanup was completed in June.
By then, however, the accelerators at
CERN were committed to other experi-
ments, and the boson hunt had to be put
off until September.

Torn Knapsack

wo-key encryption systems were a

mathematical novelty in 1975; they
are now being applied to the coding of
banking transactions, electronic mail,
signals specifying the routing of tele-
phone calls and other kinds of electron-
ic information that would otherwise be
vulnerable to the forger or the eaves-
dropper. The two-key ciphers, which are
also called public-key ciphers, seem to
offer both convenience and security.
Now AdiShamir of the Weizmann Insti-
tute of Science in Israel has shown that
one of the first two-key systems is inse-
cure. He did so by proving that a math-
ematical problem called the knapsack
problem, which had been considered ex-
ceedingly difficult, can be solved rapidly
by a simple computer algorithm.

The practicality of a two-key encryp-
tion system depends on the ability of the
authorized user (or his computer) to
quickly carry out relatively easy mathe-
matical operations, such as finding the
product of two large prime numbers.
The security of the system is based on
the difficulty of doing the operations in
the opposite direction; for example, the
task of the forger or the eavesdropper
might be to find the two prime factors of
a large composite number. Such oper-
ations can be so time-consuming that
they are computationally impractical.

The knapsack problem is a venerable
mathematical puzzle whose application
to cryptography was suggested in 1976
by Ralph Merkle and Martin E. Hell-
man, who were then at Stanford Univer-
sity. Given a large set of objects, each of
which has a different weight, the prob-
lem is to determine which subset of the
objects will fit exactly into a knapsack
with a given carrying capacity. In a
cryptographic system the objects are
simply numbers and the total weight is
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their sum. The authorized user merely
chooses a subset of numbers and finds
their sum, which is easy. The unautho-
rized user, however, knows only the sum
and must deduce which numbers were
added in order to form it.

Shamir was able to solve the knapsack
problem after he noted that it could
be transformed into a mathematically
equivalent problem in integer program-
ming. Integer programming is a well-
established means of assigning scarce
resources to several products in or-
der to maximize some quantity, such
as profit. Shamir showed that the in-
teger-programming problem to which
the knapsack problem is equivalent
can be solved by an algorithm recent-
ly invented by Hendrik W. Lenstra of
the University of Amsterdam. Hence
Lenstra’s algorithm can also solve the
knapsack problem.

Shamir’s successful attack on the
knapsack problem does not jeopardize
any of the two-key cryptographic sys-
tems that are now in service or that are
being considered for commercial appli-
cations. The system invented by Merkle
and Hellman has never been adopted
for coding purposes, largely, it appears,
because mathematicians suspected that
it could be cracked. Several other two-
key systems, however, may soon face
similar challenges.

Of these the most important is the
technique based on factoring. It was de-
vised by Ronald L. Rivest of the Massa-
chusetts Institute of Technology, Sha-
mir and Leonard M. Adleman of the
University of Southern California. Fac-
toring has been a central concern of
mathematics for at least 2,500 years,
and lately it too has been yielding some
ground to persistent assaults by mathe-
maticians. With a large computer prime
factors that have as many as 50 digits
can now be extracted from a composite
number in several hours. Gustavus J.
Simmons of the Sandia National Labo-
ratories projects that within a year prime
factors will have to exceed 100 digits in
order to be secure.

In spite of the lively game between
code makers and code breakers, the con-
venience of the two-key systems still
outweighs the fear that they will become
insecure. In a conventional crypto-
graphic system security is compromised
if the key to the cipher is not kept secret.
In a two-key system an encoding key is
generated by every potential recipient
and is made publicly available. In the
method proposed by Rivest, Shamir and
Adleman each recipient would publish
the product of a pair of prime numbers.
Anyone who wanted to send a message
to a particular recipient could employ
the published composite number to en-
code the message, but only the intended
recipient, who alone knows the factors,
could decode it.

Two-key systems are now being in-
corporated into fast, low-cost micro-
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electronic chips. The Hewlett-Packard
Company is testing a chip capable of
preventing electronic “forgeries,” in
which the origin of data transmitted
electronically is misrepresented. The
chip employs a technique invented by
Hellman and Stephen Pohlig of the
Massachusetts Institute of Technology
that enables two people to exchange in-
formation over a public communica-
tions channel about how they intend to
encode messages to each other, without
revealing the encryption method to a
third person who might be listening in.

Probably the most intriguing applica-
tion of a two-key system is one suggest-
ed by Simmons. If a ban on the un-
derground testing of nuclear weapons
could be negotiated, compliance might
be verified by on-site seismic monitoring
stations. Each station would have to
transmit information that could be read
by both sides but would be impossible to
forge. Simmons points out that a two-
key code based on the multiplication of
four prime numbers could meet all the
requirements. Each country could be
certain that only seismic data were being
transmitted to the other side and yet
would be assured that the data received
had not been tampered with.

256 Kilobits

:Random—access memories, or RAM’s,
which are the microelectronic chips
made in the largest quantities, have been
steadily growing more capacious. The
growth is now accelerating. An early
RAM could store roughly 1,000 bits of
information; it was designated a one-
kilobit, or 1K, RAM. Each succeeding
generation has been larger by a factor
of four, progressing from 4K to 16K to
64K. The next generation, the 256K
RAM, was not expected to be commer-
cially available until about 1985. Now
Hitachi Ltd. and Fujitsu Ltd. in Japan
and Motorola, Inc., in the U.S. have in-
dicated that they may get versions of the
256K RAM on the market next year.

Among problems to be overcome in
this endeavor are yield, size and redun-
dancy. Yield is the percentage of chips
that prove to be satisfactory at succes-
sive stages of the manufacturing proc-
ess. In most cases a chip of a new genera-
tion is not brought to market until its
yield is 10 percent; by then the yield of
chips of the previous generation is gen-
erally about 50 percent. The 64K RAM
is now being made in the U.S. at yields
of from 25 to 30 percent. Manufactur-
ers apparently will have to speed up
the pace of development if they are to
achieve economic yields of the 256K
chip by next year.

Size is related to yield, because a larg-
er chip is more likely to have defects.
The 256K chips made in the U.S. are
expected to be from 30 to 60 percent
larger than typical 64K chips. That
would give them an area of 40 or 50
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square millimeters, compared with the
25 or 30 square millimeters expected for
the Japanese 256K devices. On the other
hand, a larger chip has larger memory
cells, which could make each cell less
susceptible to failure. The U.S. manu-
facturers plan to compensate for lower
yields by building their 256K chips with
extra rows of memory cells that can be
switched in to replace malfunctioning
ones. The value of such redundancy is
under debate because it may raise the
cost of testing chips and reduce their
long-term reliability.

The Botanical Light Guide

growing seedling can respond to
light even when most of the plant is
still covered by the soil. How is the sig-
nal that triggers the response transmit-
ted from the exposed shoot to the rest of
the plant? Evidence is at hand that in at
least three kinds of plant (corn, mung
bean and oat) the tissues of the seed-
ling’s new stem conduct light over con-
siderable distances to potential sites of
photoreception. In doing so the tissues
function much as a bundle of optical
fibers does. The work is described in
Proceedings of the National Academy of
Sciences by D. F. Mandoli and W. R.
Briggs, each of whom is associated with
both Stanford University and the Carne-
gie Institution of Washington’s Depart-
ment of Plant Biology in Stanford.
Mandoli and Briggs were spurred to
their investigation by observing the ex-
treme photosensitivity of etiolated oats:
young oat plants growing in the absence
of light, a condition in which the plant
develops an immature white stem and
a few pale yellow leaves. Tiny amounts
of light induce photomorphogenesis (a
change in the pattern of growth) while
the plant is still underground. Mandoli
and Briggs found that even a brief expo-
sure to “safe” illumination, a green light
botanists have employed thinking that
it will not evoke a response in plants,
can induce photomorphogenesis in the
oat seedling. They thought light-guid-
ing by tissues might enable photomor-
phogenesis to begin well before most of
the seedling had emerged from the soil.
To test the hypothesis Mandoli and
Briggs directed light from a .5-milliwatt
helium-neon laser onto one end of a de-
liberately curved segment of etiolated
tissue and measured the output of light
at the other end with a photomultiplier.
They found that the tissues of sever-
al plants transferred the light over dis-
tances of 45 millimeters or more. The
curving of the tissue was one of several
tests to determine whether the transmis-
sion was the result of simple light-scat-
tering in the tissue or of internal reflec-
tion, the mechanism in optical fibers.
Scattered light cannot follow a curve,
but internally reflected light can. All
the tests were consistent with transmis-
sion by internal reflection.
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A meeting of minds; Dr. Albert Einstein and Jawaharlal Nehru at Princeton University in 1949.

¢¢It is science and technology which has made other
countries wealthy and prosperous, and it is only through
the growth of technology that India shall become a
wealthy and prosperous nation. *’

Jawaharlal Nehru

Science and
technology in

the past, present, and future.
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“Jawaharlal Nehru clearly recognized the importance of science. It is
due to him that we as a people have at least some consciousness of
science. He founded a chain of national laboratories and established
what is now the Bhabha Atomic Research Center in Trombay. It was
under his inspiration that the Government adopted a Scientific Policy

Resolution in 1958.

Science has long ceased to be considered an esoteric pursuit. It has to
be part of the life of every Indian, the soldier, the farmer, the worker,
the housewife and the student.”

Indira Gandhi
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The past: cradle of science
in the Indus Valley.

“INDIA has a population of 660 million speaking 15 main languages and is
a vast and complex sub-continent. It ranges from the snow-capped Himalayas
in the north down to the Ganges Plain and the lush green of the tropical south.
Its development stretches back almost to the dawn of time with its first techno-
logical revolution around 4,000 BC. The people of the Indus Valley civilization
made use of the wheel and possibly the plow, they smelted and forged metal,
and they developed elaborate fire and flood controls for their farms and vil-
lages. As then, oxen still plow the land, but today’s scientists send rockets hur-
tling into the same skies mapped more than a thousand years ago by the first
astronomers. Science and technology in India is a continuing story.”

IT BEGAN with the technological
revolution that took place between
4,000 BC and 3,000 BC when India,
along with Egypt and West Asia,
emerged from the mists of antiquity.
During this period India was both tech-
nically and socially well advanced. Ar-
chaeological excavations have shown
that there were then thriving cities and
centers of commerce. The towns were
well planned, the buildings were con-
structed of standardized fired bricks,
and drainage systems were installed.
Ports such as Lothal were developed as
export centers for early manufactured
products of smelted copper and bronze;
polychromic paints were used to deco-
rate pottery with a variety of ahimal
and bird designs.

It was not until around 800 BC that
the smelting of iron began and then, as
today, it was the result of a technologi-
cal spin-off from the primitive arms in-
dustry that existed at the time. In order
to improve early weaponry, metallurgi-
cal experiments took place which later
led to the use of iron in agriculture and
for other crafts. The proficiency of the
ironsmiths still stands today in the form
of the 24 ft. 3 in. high six-tonne Iron
Pillar in Mehrauli, Delhi. It is made of
wrought iron with an iron content of
99.72 percent and appears to have been
protected against rusting by the appli-
cation of a thin coating of manganese
oxide. An even larger pillar, from a later
period, about 1200 AD, was some 42 ft.
high but now lies in several pieces at
Char.

Several centers existed for iron
founding and copper smelting, and

huge copper and brass images of the
Buddha were frequently cast during
the Classical Period from 400 AD to 800
AD. According to an account by a Chi-
nese pilgrim, one image of Buddha tow-
ered 80 ft. high. Other Buddhas and
statues were produced by the cire per-
due (lost wax) process which is fully de-
scribed in Sanskrit texts of the time.
Construction engineers in the 12th cen-
tury were using iron girders and beams
on a scale unknown in any other part of
the world. The most significant use is in
the temples at Puri and Konark in Oris-
sa. The Puri temple contains 239 iron
beams, and one of the beams at Konark
is 35 ft. long by about one foot square.
All are 99.64 percent iron and are pro-
duced in a similar manner to the Delhi
iron pillar.

Religion played a vital role in the ear-
ly days, too. Some of the oldest recorded
mathematical works such as “Sulva-Su-
tras” showed how geometry was used in
the design and construction of altars.
The early mathematicians of the 5th
century, like Aryabhata and Bhaskara I,
and later mathematicians like Brah-
magupta, Mahavira, and Bhaskara II,
used and developed most mathematical
formulas that we know today. A unique
development followed in the 6th centu-
ry—the use of the zero to represent a
group of 1-9 digits or decimal place nu-
meration. A symbol, in this case a dot,
was inserted to represent the missing
unit value (ten, hundred, thousand, etc).
This breakthrough was described by a
7th Century Syrian writer as “a com-
puting that surpasses description.” By
about the 9th century a zero was used
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instead of the dot. Most historians agree
that the use of the zero originated in
India and spread to other cultures, an
early transfer of “know-how.” This em-
phasis on numbers occupied most of the
great minds of the day through succes-
sive ages, even down to modern times.

Aryabhata I, aleading exponent of his
time, dealt with square roots, cube
roots, areas of triangles, volumes of pyr-
amids, and the area of circles. The most
important breakthrough was related to
the geometry of the circle and the value

Fine engraving on an astrolabe made in
Punjab in 1862.
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One of the great observatories at Jaipur which was built by Raja Sewai
Jai Singh Il between 1718-34.

of 7. Before Aryabhata’s time, approxi-
mate values had been established for 7,
but it was he who gave it the value of
3.1416, which was the sum used centu-
ries later by the Arabic, Chinese, and
European mathematicians. Indeed, the
Indian mathematicians were responsi-
ble for establishing most of the ground
rules in use at the time and that were
then further developed by others who
followed. Bhaskara II is perhaps best
known for his algebraic work and the
compendium ““Siddhartasiromani.”
Allied with mathematics was the de-
velopment and use of astronomy, whose
earliest days were reported by Arya-
bhata and Varahamira. Many later sci-
entific works owe their origins to what
are called the “Five Siddhantas,” of
which the “Surya” had a major influ-
ence on astronomical traditions in In-
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dia. Aryabhata was the first to adopt a
scientific approach to astronomy, estab-
lishing it as a separate discipline from
mathematics. He also conceived the
theory that the earth was a sphere rotat-
ing on its own axis. This and other con-
temporary radical ideas were the basis
for the Aryabhatiya, an astronomical
textbook which was to have wide influ-
ence for several centuries. Astronomy
and its development was essential for
both religious and practical purposes.
Calendars and feast dates had to be
worked out and the seasons identified
for growing crops.

Great observatories were built in the
late medieval period—Benares (now
Varanasi), Ujjain, Mathura, Delhi, and
Jaipur—by Raja Sewai Jai Singh II be-
tween 1718 and 1734. As lunar and so-
lar calendars were tabulated, new in-

© 1982 SCIENTIFIC AMERICAN, INC

struments for measuring the stars and
the planets were developed to add to
the discussion on whether the earth was
flat, spherical, or revolving, but the geo-
centric concept continued to be the
dominant one.

With the introduction of the astro-
labe to India following Islamic influ-
ence, the instrument became the most
important astronomer’s aid. This led to
Lahore (now in Pakistan) becoming an
early scientific instrument-making cen-
ter in the 17th century. About 40 astro-
labes from that period still exist today.
Other instruments of the period includ-
ed quadrants and armillary spheres.

The leading exponent of the age was
undoubtedly Jai Singh, who produced
an elaborate set of astronomical tables,
the “Zij Mohammad Shahi,” which
were based on extensive research and
astronomical knowledge not just in In-
dia but in other parts of the world from
China to Europe.

The amount of interest in mathemat-
ics, astronomy, and medicine can per-
haps be gauged by the fact that be-
tween the 12th and 18th centuries
more than 10,000 manuscripts were
written in Sanskrit, Arabic, or Persian
on these or allied subjects. Even more
works were produced in the other lan-
guages of India.

There were many varied early sci-
ence writers who not only produced
original works but also wrote respected
commentaries and translations of for-
eign observations. Two of the best
known were Ustad Ahmad Al-Mi’'mar
Lahori, builder of the Taj Mahal, and
Lutufu’llah, one of his sons, who was
known as “the geometer.”

In parallel with the development of
mathematics and astronomy were the
advances being made in the medical
field, principally the “Ayurveda” or
“science of life”, which included the de-
velopment of dietetics and food tech-
nology. The emphasis in the beginning
was on diagnostics—cause and symp-
toms. In the Ayurveda theory, the body
was governed by three factors called
the “tridosa”—wind, bile, and phlegm—
which corresponded to the humors of
the Greek and medieval physicians of
Europe. Good health depended on
maintaining the balance between these
three humors, aided by the physician if
the balance was upset.

The ancient physicians not only at-
tended to the sick but also observed na-
ture as a whole in the search for cura-
tive powers from flowers, fruits, seeds,
leaves, and minerals. Although the phy-
sician-philosopher had to have an im-
mense breadth of knowledge and per-
ception of Ayurveda, he would also spe-
cialize in one particular aspect. Good
hygiene, nursing, drugs, and accept-
ance of the physician—principles



which still stand today—were essential
elements of health care. The early sur-
geons were masters of their craft, too,
and developed more than 120 instru-
ments including scalpels, catheters, sy-
ringes, and forceps.

Surgical expertise was something
which the early Hindus excelled at and
their knowledge spread far and wide
and was known to the Arabs, Greeks,
and Egyptians. Operations included
those for cataracts, laparotomy, lithoto-
my, trepanning, and rhioplasty. Some of
the earliest known Ayurvedic practi-
tioners were Charaka and Sushruta in
the early centuries before Christ, and
the eminent clinician Vagbhata in 600
AD. Much of their work has been re-
corded. One of the best known later
works in existence is the treatise on the
human eye by Zarrin Dut (1087-1088)
which identified visible ailments and
those which could not be seen, suggest-
ing prophylactic cures for the latter.
A little later the invading Persians
brought an important Islamic influence
to bear on medical knowledge of the
time. Continued research and explora-
tion went into finding and using new
drugs for both prevention and cure.
This often acted as a catalyst for devel-
opment and progress in alchemy and
chemistry, which was often meticulous-
ly recorded. There is a wealth of ancient
manuscripts, many of them written on
dried palm leaves.

Because of the climatic conditions of
the subcontinent, efforts were continu-
ously being put into developing new
methods of food preservation such as
chutneys, murabbas, and the use of
sherbet. From the earliest known days
great importance was always attached
to hygiene and sanitation and the dis-
eases which might result if proper stan-
dards were not observed. Studies were
also made of plant genetics and diseases
such as those recorded in works like
“Vrksayurveda” published in the late
15th or 16th century.

The development of chemistry, apart
from its use in producing drugs for the
physicians such as compounds of mer-
cury, arsenic, and herbal extracts, also
led to applied technological processes
in dye, paper, perfume, pyrotechnics,
and sugar production. Allied with this
development were the experiments in
the use of new mineral ores and mix-
tures of copper, iron, tin, gold, silver,
and lead.

It was war and the need for better
weapons that led to a comparatively
rapid development of the armaments
industry and the use of bronze, iron,
and steel for cannon-making from the
16th century onwards. A couple of cen-
turies earlier the custom of coating cop-
per cooking vessels with tin had been
introduced. A special alloy ware, Bidari,

was formed, and the extraction and use
of zinc were developed; none of which
were known in Europe until many
years later.

Industrial technology reached its
highest peak during the 16th and 17th
centuries with the manufacture of can-
nons and hand guns of all kinds. These
achieved considerable mechanical so-
phistication as well as aesthetic appeal.
The 17th century hand guns had flint
locks; and cannon barrels were made by
rolling and twisting flat iron with heat
edge welding so that they could be
bored from inside. Artillery techniques
moved rapidly and expanded in many
directions with the introduction of
bamboo shafted iron rockets.

During the 16th century the armor-
ers were producing cannons of im-
mense size in bronze and iron. The
Great Gun of Agra, in brass, weighed
over 53 tonnes and the even bigger Ma-
lik-i-maidan at Bijapur had a bronze
barrel 14 ft. 3 in. long with a diameter
of 4 ft. 10 in. at the mouth—the largest
in the world at the time.

Religion, mathematics, and agricul-
ture from the earliest recorded days
were the dominant factors in everyday
life. This was to a large extent governed
by the seasons of nature. The need to
measure rainfall and predict possible
weather changes were as important
then as monsoon warnings are today.
Calendars for crop sowing and rain
gauges were evolved; proper farming
practices were established and various
implements for tilling the soil devel-
oped. As well as the physician-astrolo-
ger, the blacksmith and carpenter also
assumed greater roles in the life of the
village. Heavier ploughshares of up to 2
kg. in weight enabled deeper cultiva-
tion of the soil to take place and iron
continued to be the supreme material
right up to the introduction of British
rule in the 19th century.

As Professor M. G. K. Menon, emi-
nent scientist and a member of the
Planning Commission, points out, sci-
ence and technology were already part
of Indian culture and tradition when
British rule began. In many instances,
Indian developments were ahead of
those in Europe. Under the British, em-
phasis on science and technology was to
foster the needs and requirements of
the then government by increasing
trade, communications and defense.
This resulted in several important ad-
vances such as the first scientific survey
of the country, and a network of mete-
orological stations, the building of ca-
nals and the establishment of the rail-
way system. Various academic institu-
tions were created such as the Asiatic
Society in Calcutta in 1784, the Indian
Association for the Advancement of Sci-
ence founded in 1876 by Mahendra Lal
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The wrought iron pillar at Delhi which
has remained rust-free for 1,500 years.
Linking arms around the 23 ft high pillar
is supposed to bring luck. It has an
inscription (below) in Brahmi script.

Sircar, and many others. All these
helped create a greater awareness of
science in the country and eventually
led to the birth of modern science in
India between 1890 and 1940. As Dr. B.
V. Subbarayappa, of the Nehru Center,
explains, “There is an enormous
breadth of intellectual ability in India
and the Indians have always had the
ability to assimilate knowledge from the
very earliest days—we have, if you like,
been aware of the transfer of technolo-
gy for a very long time.”

When one visits research institutes,
laboratories, and scientific establish-
ments, it is impossible not to be im-
pressed by the enthusiasm for science
which exists at all levels. But, according
to Professor Menon, there is very scant
outside appreciation of the fact that the
country has based itself on science and
that the people have benefited from
the following wake of technology.
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The renaissance of science

THE END of the last century and the
first fifty years of the present one was a
period of renaissance in science for In-
dia. During this time some of its most
able scientists were produced. The ear-
liest of the great pioneers was Sir J. C.
Bose (1858-1937) who demonstrated
the production and detection of 5-
25mm electromagnetic waves. He went
on to develop sensitive measuring in-
struments for monitoring plant growth
and behavior.

Perhaps the greatest discoverer of all
was C. V. Raman, who was born in 1888,
the son of a mathematics teacher. In
1928, Sir C. V. Raman, as he later be-
came, discovered the “Raman effect”—
the quantum theory of diffusion of light.
He was awarded the Nobel Prize for his
outstanding work. He was a man of con-
siderable all-round ability and, as well as
being a scientist of distinction, he was a
musician and artist. He once remarked:
“The history of science has shown that
real fundamental progress is always due
to those who had ignored the bounda-
ries of science and who treated science
as a whole.” This could not have been

Homi Bhabha

more true than in his case. Most of his
experiments were done in Calcutta and
later in Bangalore where he established
the Raman Research Institute. He died
in 1970.

The development of mathematics
and physics played a vital role during
this renaissance period, a reflection on
the great heritage of science in the
country. Another example of this was
the work of S. N. Bose which led to the
Bose-Einstein statistics. An outstanding
astrophysicist was Meg Nad Saha
(1893-1956) known best for the Saha
equation relating to stella spectra, his
research into ionization, and the propa-
gation of radio waves in the upper at-
mosphere. He was founder-director of
the Institute of Nuclear Physics in Cal-
cutta in 1955 and a leader of modern
astrophysics.

Srivanasa Ramanujan, who lived only
from 1887-1920 was a mathematical
prodigy of great originality and was
largely self-taught. He was one of the
first Indians to become a Fellow of the
Royal Society in 1918. In more modern
times, one person who was to have the

V. Sarabhai

greatest impact was Dr. Homi Bhabha,
the father of India’s nuclear program.
He was a man of vision and campaigned
ceaselessly for more resources for re-
search. He was instrumental in estab-
lishing the Tata Institute of Fundamen-
tal Research which was later incorpo-
rated into the Bhabha Atomic Research
Center. He was born in 1909 but his life
ended tragically in an air crash in 1966,
just two years before the opening of In-
dia’s first nuclear power station.

India’s space program was first envis-
aged by Vikram Sarabhai (1919-1971),
who studied cosmic ray effects under C.
V. Raman. His later research led to
the discovery of new solar relationships
of cosmic ray variations.

Another Nobel Prize winner is Har
Gobind Khorana, a biochemist who was
born in 1922. He has won many awards
for his medical research, including
the production of artificial genes. He is
now living and working in the United
States where he has held the Sloan
Chair of Chemistry and Biology at the
Massachusetts Institute of Technology
since 1970.

H. G. Khorana
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The present: the role of
science today and its father,
Jawaharlal Nehru.

“Science has developed at an ever-in-
creasing pace since the beginning of the
century, so that the gap between the ad-
vanced and backward countries has
widened more and more. It is only by
adopting the most vigorous measures
and by putting forward our utmost ef-
fort into the development of science
that we can bridge that gap. It is an
inherent obligation of a great country
like India, with its traditions of scholar-
ship and original thinking and its great
cultural heritage, to participate fully in
the march of science, which is probably
man’s greatest enterprise today.”

THESE PROPHETIC words are
from the 1958 Scientific Policy Resolu-
tion adopted by Prime Minister Jawa-
harlal Nehru’s government a decade af-
ter independence had been achieved.
It was Nehru who had the drive and
vision of a great India based on science.
More than anyone else, he laid down
the foundations for a 20th century sci-
ence and technology policy that
would enable India to be self-reliant.

Professor S. Nurul Hasan, vice-presi-
dent of the Council of Scientific and In-
dustrial Research (CSIR) tells how Neh-
ru constantly emphasized the impor-
tance of science to everyone. During his
time many of the research laboratories
were established, he made himself pres-
ident of the CSIR, the Atomic Energy
Center was created, and the University
Grants Commission formed.

“He was convinced,” says Professor
Hasan, “that without modern science
he could not change the quality of life of
the people.” Nehru developed science
and technology in a conscious way as a
major force for social and economic
change. He himself remarked once: “It
is science alone that can solve the prob-
lems of hunger and poverty. The future
belongs to science and to those who
make friends with science.”

Nehru also gave a great boost to edu-
cation and established five institutes of
technology at Bombay, Delhi, Kanpur,
Kharagpur, and Madras. He also set up
agricultural universities, medical insti-
tutions, and colleges. He believed that
the only way India could catch up with

Bringing the grain to market by camel-drawn cart. As part of a nationwide scheme
millions of traditional carts are being fitted with rubber tires to prolong their
life and make them more efficient.

development was by having trained sci-
entific manpower. He pushed hard for
overseas education with Britain, the
Commonwealth countries and the Unit-
ed States. He insisted that in all bilateral
agreements there should be a clause to
allow Indian students to study in for-
eign universities. Vigorous measures
were taken for the development of sci-
ence through increasingly large finan-
cial allocations after the first five year
plan of 1951-56. More universities and
laboratories have been formed and, ac-
cording to Professor M. G. K. Menon,
scientific and technical manpower in
the country is now estimated at 2.5 mil-
lion. About 160,000 qualified scientists
and technicians are produced each
year.

Research expenditure under the cur-
rent 1980-85 plan amounts to approxi-
mately $1.8 billion, of which 70-80 per-
cent goes to agriculture, atomic energy,
space development, industrial re-
search, and general science and tech-
nology. The total expenditure repre-
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sents about 0.6 percent of the gross na-
tional product.

India’s R&D infrastructure is made
up of about 130 laboratories and institu-
tions within the framework of the
Council of Agricultural Research, the
CSIR, Council of Medical Research; the
Departments of Atomic Energy, Space,
Electronics, Science and Technology;
and the Defense Research and Devel-
opment Organization. There are also
some 700 special purpose R&D units set
up within various public and private
sector establishments. A new develop-
ment has been the growth of consultan-
cy organizations, which number about
150 and employ some 20,000 experts.

The stimulus for much of this grow-
ing scientific infrastructure came from
Nehru, who not only encouraged peo-
ple like Dr. Homi Bhabha to develop
nuclear energy, but played an impor-
tant decision-making role himself.

This lead has been followed by the
present Prime Minister, his daughter
Indira Gandhi, who chairs the Cabinet
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Experimental light industrial solar collector (left) and a tank for growing blue-green algae which can be used for
nitrogen fixation, instead of chemical fertilizer, in rice paddy fields.

Committee on Science and Technolo-
gy. She is also Minister of Science and
Technology, and is directly responsible
for the nuclear, space, and electronics
departments. She is herself a firm be-
liever in the value of science and the
importance of self-reliance for India be-
cause of its size and the diversity and
complexity of its problems. She re-
marked earlier this year during a visit to
Britain to explain some of her country’s
achievements that, “Smaller countries
could perhaps develop by acting as
feeders to the economies of the ad-
vanced countries, ‘by plugging into
their grid’ as the phrase goes. India sim-
ply cannot meet all her requirements
that way. It is too vast to be bailed out
by any one country or group of coun-
tries.”

This was why self-reliance, as op-
posed to self-sufficiency, had to be at the
very heart of science and technology
planning. Neither “true defense nor
true development can be bought or
borrowed. We have to grow them our-
selves...self-reliance does not mean
making everything ourselves but ac-
quiring the capacity do so.”

This is an important distinction em-
phasized by Professor Menon, who says
that self-reliance “demands national
commitment and political will and in-
volves many facets, including technolo-
gy policy...” A crucial element was a
self-reliant base of science and technol-
ogy itself—which could not be built
without significant basic research. He
goes on, “That is the only way to gener-
ate basic understanding which is not re-
stricted to specific knowledge in an
area, but provides the ability to attack
and solve problems over a wide spec-
trum; and it is this ability that basic re-
search, more than anything else, devel-
ops to the highest degree.”

Commenting on the need for basic
research shortly before her departure
for the United States, Mrs. Gandhi
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stressed that it was important that it
should be a continuing process. It was
not “something which could be left in
the air.” It helped in the application of
science and technology, which was
more intelligible to the common peo-
ple.

She, herself, is not a believer in ap-
propriate or intermediate technology if
it means sacrificing the goal of higher
research. During the conversation, she
added: “I don’t believe that small is
beautiful in all cases, but I do think that
while you are doing the bigger things
which are essential you have to do the
medium and small scale as well. The
bigger should not shut off the other, ei-
ther. You must balance it. While there
are lots of things we would like to
change on a bigger scale, there are
many small things which can have an
immediate effect on the life of the aver-
age rural worker.”

She feels that, unfortunately, some-
times scientists do not want to give too
much time to these small things like im-
proving bullock carts by fitting them
with rubber tires and putting ball bear-
ings in corn mills. She would like more
research done on housing, for example,
something which could make a tangible
difference to people’s lives. Generally,
Indians wanted progress and had a tre-
mendous ability to assimilate and adapt
to new ideas and to “Indianize” them,
but to some extent she felt there would
always be a conflict between immediate
gain and long-term interests. In an ear-
lier reference to advanced science, she
commented that space and nuclear pro-
grams were not just a matter of vanity,
but of necessity—as they were of im-
mense practical value in providing en-
ergy and offering the ability to map the
country better, and provide desperate-
ly needed communications. Speaking
about last year’s Cancun conference,
which she felt had kept the door open
for a continuing North-South dialogue,
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she thought that the entire developing
world had had a raw deal from the colo-
nial nations which had themselves only
become industrialized at the expense of
exploiting the developing countries in
the past.

“It was much easier for them as they
could build up quickly, but we are ha-
rassed at every step...the West does
not realize what extra burdens we have
to carry because of our late start, and
because of obligations—which they did
not have to fulfill—with regard to hu-
man rights and so on. In today’s world
we are at a disadvantage compared to
other countries,” says Mrs. Gandhi.

“You might say, isn’t that asking for
charity, but we don’t think so. Unless
there is a better economic balance in
the world it is bound to increase tension
and affect the economies of the industri-
alized West. And the same thing holds
good for the situation within our own
country unless we can create a better
balance and solve the problems of pov-
erty and economic backwardness.”

India regards science and technology
as one of the keys to tackling these is-
sues. There is a feeling that others in the
world do not really understand the rea-
son behind the country’s drive for sci-
ence, and that not only its past, but its
present achievements are being over-

An Indian-designed and -built off shore oil
platform at the Bombay Shipyard.




looked. Impressive progress is being
made in plant breeding and genetics; in
the fight against disease and sickness; in
providing more food grains (production
has risen from 50 million tonnes to 135
million tonnes in thirty years); in experi-
ments with birth control by immuniza-
tion; and by concerted efforts to break
new barriers in nuclear physics and
space technology. Indians are now
plumbing the ocean depths and this
year sent their first expedition to the
Antarctic—all in the cause of self-reli-
ance.

Thousands of Indian scientists are
now working abroad to gain experience
and continue research work, although
efforts are being made to attract them
back home where their skills are des-
perately needed in the thrust for more
knowledge and development.

As the celebrated Indian scientist
C.V. Raman put it: “Unless the real im-
portance of pure science and its funda-
mental influence in the advancement of
knowledge are realized and acted
upon, India cannot make headway in
any direction and attain her place
among the nations of the world....
There is only one solution for India’s
economic problems and that is science,
and more science, and still more sci-
ence.”
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Advances in agriculture and health

SINCE INDEPENDENCE, major
strides have been achieved in the devel-
opment of a strong industrial base for
the country, which has been supported
by a policy of planned investment. Rap-
id progress has been made in the pro-
duction of steel, non-ferrous metals, ce-
ment, paper, chemicals, fertilizers, as
well as heavy engineering and manu-
factured goods. These include ship-
building (India is among the world’s top
ten shipbuilders), the construction of
offshore oil drilling platforms and
equipment, locomotives, earth-moving
machinery, tractors, buses, and other
commercial vehicles. India has also de-
veloped its own technology for petro-
chemicals and plastics.

Significant changes have taken place
in textile production, which is one of
the oldest industries in the country.
Traditional silks and cottons, which ac-
count for the major proportion of pro-
duction, have now been augmented by
many man-made fibers. But, in order to
bring more economic activity to rural
areas there has been a major revival in
the handloom weaving industry, which
has about ten million workers produc-
ing 3 billion meters of cloth a year. The
mills, which have another one million

workers, produce 7 billion meters a
year.

Steel production from six major steel-
works has more than doubled in the last
20 years to 7 million tonnes a year, and
provides the basis for a whole range of
manufacturing industries. This has en-
abled a large degree of self-sufficiency
to be reached in certain production ar-
eas, such as manufacturing machinery
for cement making, sugar refining, ma-
terial handling equipment, and the en-
gineering industry in general. There
has also been some progress in produc-
ing more consumer goods, many of
which form valuable exports.

The expansion of the industrial base
of the country has meant a strengthen-
ing of the energy sector, particularly
the supply and transmission of electrici-
ty to both rural and urban areas. Thirty
years ago it is estimated that only some
3,000 villages received electricity. To-
day the number has risen to 300,000.
The main sources of electrical genera-
tion are from hydro and coal-burning
power stations. There is also a contribu-
tion from nuclear stations. The total in-
stalled generating capacity has in-
creased from 2,300 MW in 1950 to ap-
proximately 33,000 MW.
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Science and engineering have been
instrumental in developing the energy
program, where considerable efforts
have been made to improve both gen-
eration and transmission by building
new dams for both hydroelectric pow-
ers and for irrigation purposes. Hydro-
electric generating capacity now totals
nearly 12,791 MW compared to only
560 MW in 1950.

Major new investments continue to
be made in the energy sector, especially
in terms of coal production which is cur-
rently just over 100 millions tonnes.
This is expected to rise to 400 million
tonnes by the end of the century.

Oil is now becoming increasingly im-
portant. The Bombay High offshore
field is the most significant field with a
current production of around 5 million
tonnes. This is expected to rise to about
13 million tonnes by the end of the cur-
rent Five Year Plan in 1984-85.

IN THE FOLLOWING PAGES de-
velopments in other sectors will be ex-
amined. These include achievements in
the use of nuclear power for peaceful
purposes, a look at manpower resources
and technical skills in engineering and
electronics, agricultural and medical re-
search, and the space program.
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The future: Bangalore, a brain
bank for tomorrow’s technology

BANGALORE is a brain bank for In-
dia. It is the nearest equivalent to Cali-
fornia’s “Silicon Valley” in the United
States. In the laboratories and research
institutes “chips” are as common as
chappattis, and Bangalore probably has
one of the highest concentrations of sci-
entific and technological ability across
the board in the sub-continent. The

town is the home of many engineering
and electronic establishments, as well as
basic scientific research institutes.
These include the Indian Space and Re-
search Organisation, the Indian Insti-
tute of Science, Hindustan Aeronautics,
Hindustan Machine Tools, Bharat Elec-
tronics, and the Raman Research Insti-
tute, to name but a few.

Progress check: automatic thermosonic bonding of silicon chips at Bharat Electronics Ltd.
The machine can process 1,200 chips a day—three times the manual level.

Part of the $100 million petrochemical complex at Baroda which has been designed and

built by Indian engineers.
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Formerly a garrison town under the
British, Bangalore’s technological tradi-
tion stems from the establishment of
Hindustan Aeronautics Ltd, commonly
known as HAL, which serviced aircraft
during the Second World War. Since
then it has gone on to design and build
its own prop, jet training, and other air-
craft like the Kiran, Ajeet, and Marut. It
has more than 2,000 trained design en-
gineers and specialists among its total
workforce of 40,000.

Today it is going into production of
the British designed Jaguar fighters,
and HAL has already been building an
improved version of the Soviet MiG-21
fighter. In addition, its engine division
manufactures under license a number
of power plants, from the Rolls-Royce
turbo-prop Dart 531 and Orpheus jet
engines, to Soviet R-11 and F2S-300’s.
HAL also manufactures engines for ro-
tary wing aircraft, and produces air-
frames for the Cheetah helicopters that
it exports to France.

HAL has a substantial reservoir of
technological engineering expertise
and innovative skill which is probably
the foremost in South Asia. As well as
producing its own indigenous designs,
its engineers are constantly striving to
improve and modify engines, aircraft,
and components which are being built
under license. Its activities cover the
whole range of aeronautics from avion-
ics and engineering systems to produc-
ing inter-stage assemblies for space
rockets and satellites—achievements
matched by few other developing coun-
tries.

Although total self-reliance in avia-
tion is still some way off, this is not quite
so in another vital area: machine tools.
In 1953, Hindustan Machine Tools
(HMT) was established with Swiss col-
laboration. Today the company em-
ploys 27,000 and is one of the world’s
largest manufacturers of machine tools,
exporting to more than 50 countries. It
has also established joint production
and other facilities in Kenya, Algeria,
Sri Lanka, the Philippines, and the
United States. Mr. T. V. Mansukhani,
managing director, speaks about the
company’s latest move into manufac-
turing computer numerically con-
trolled (CNC) machines: “This is really
only just starting in India and there is a
big potential for us as we can also pro-
vide a complete back-up.”



Precision engineering; India is now a leading manufacturer of machine tools and exports to more than 50 countries. Operators at
Hindustan Machine Tools Ltd. (bottom, left, and right) carrying out calibration checks and (top left) zircon fuel
elements made at the Bhabha Atomic Research Center.

Following a lead from Jawaharlal
Nehru, who once said, “Make watches
and you can do any precision work,”
HMT has diversified into watchmaking
and has one of the largest and most so-
phisticated automatic watchmaking
production lines in the world. The com-
pany also produces tractors, printing
machines, and injection molding equip-
ment.

On a more philosophical note, Mr.
Mansukhani adds, “We are still finding
out how to put things together in this
country and we need everything from
the bullock to the Boeing.”

Another technological leader which
is fast building itself a future for tomor-
row and is closely allied with almost ev-
ery area of development, is Bharat
Electronics Limited (BEL). This is the
country’s fastest growing electronics
group and employs some 17,000 per-
sons, of which 3,000 work in its Delhi
plant. More than 1,000 are in R&D de-
partments. The main emphasis has
been to develop self-sufficiency in com-
munications equipment and systems.

Commenting on R&D, Mr. N.L.
Krishnan, BEL’s managing director,
says, “Knowledge is something which
we cannot restrict, but the problem is
that it outpaces our infrastructure here
in India.”

It is difficult to adjust to the different
levels of technology in a country as vast
and diversified as India. Ion implanta-
tion and advanced production of inte-
grated circuits at BEL are in sharp con-
trast to the humble bullock cart which
has undergone its first major technolog-
ical improvement in 2,000 years or
more with the fitting of rubber tires to
its wooden wheels. This prolongs the
life of the cart, makes it easier to draw,
and causes less damage to roads—the
value of which, according to Mrs. Indira
Gandhi, is very difficult to explain to
someone from an advanced industrial-
ized nation like the United States. Ap-

Improved experimental biogas plant with
solar collector for family iuse.
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plied rural technology, of which the
bullock cart modification is typical, is
one of the most important areas of re-
search in the country.

One of the centers for this work, Ap-
plication of Science and Technology for
Rural Areas (ASTRA), is at the Institute
of Science in Bangalore. Here the work
involves studying a whole range of
problems from water-lifting windmills,
different kinds of solar collectors for do-
mestic and light industrial use, soil ce-
ment building blocks, development of
lime kilns, and biogas plants.

Much of the research in these fields
may at first appear crude in relation to
other, more glamorous, high-tech areas,
but they are just as important, and
sometimes more immediately so, when
it comes to bringing improvements to
the village communities. Developing
practical biogas plants, which produce
methane gas for cooking purposes by
fermenting cow dung in an under-
ground tank, can be of significant prac-
tical value in areas where there is little
or no wood for fuel. Making improve-
ments to clay cooking stoves or chullahs
so that they are more economical in fuel
consumption is just as meaningful to
the farmer’s wife as developing more
energy-efficient car engines in Europe
or the United States.
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The atomic age: taming the tiger
in search of cheap power

WHEN MOST COUNTRIES saw
atomic power primarily as a force for
destruction during the Second World
War, India realized that it could be a
valuable source of energy. It was one of
the first countries to think in these
terms, under the lead taken by its most
eminent scientist, Dr. Homi Bhabha,
the father of India’s nuclear program.
Today, this is one of the most advanced
and sophisticated areas of science and
technology. It covers the whole nuclear
cycle from the mining and processing of
uranium and manufacture of heavy wa-
ter, the construction of all reactor parts
themselves, to the production of fuel
elements and the reprocessing of spent
fuel. Now fast-breeder reactors are be-
ing built and thorium fusion studied.

From the beginning in 1944, India
has developed a completely indigenous
nuclear industry for peaceful purposes
with a wide range of associated research
activities, from medicine to agriculture,
and a well-established program of ra-
dio-isotope production. Studies are also
being carried out on irradiation treat-
ment of vegetables to prolong their ac-
tive storage life, cryogenics, magneto
hydropower techniques, and cosmic ray
research. As in other branches of sci-
ence, the emphasis on self-reliance re-
mains the key issue.

There are now four research reactors
in operation, and a 100 MW high-flux
natural uranium fueled reactor, com-
pletely built by Indian technology, is
due to come on stream next year at the
Bhabha Atomic Research Center

(BARC). Also being studied are pro-
grams for the development of a medi-
um energy heavy ion accelerator, laser
induced fusion and related high density
plasmas, and a 500 MW thermal reactor
using heavy water. Currently the coun-
try has four nuclear power reactors in
operation. Two of them are 220 MW
boiling water type reactors using slight-
ly enriched uranium at Tarapur near
Bombay, which were purchased from
the United States in 1964, and two more
220 MW stations at Rajasthan, one of
which was imported from Canada. The
second one has been built almost com-
pletely indigenously. Two more nuclear
power stations of twin 235 MW capacity
are under various states of construction
at Kalpakkam near Madras and Narora
in Uttar Pradesh. Both of these are nat-
ural uranium, heavy water types. Four
heavy water plants with a combined
output of 300 tonnes a year are also be-
ing built.

Looking back at the early days, Dr.
Raja Rammana of the Atomic Energy
Commission speaks of the key decision
that Dr. Bhabha took to bring India into
the nuclear age. “It was his vision and
the need for self-reliance that has
helped give us many of our scientists
and technicians today. He insisted, and
this was very important, that we had to
do as much for ourselves as possible.”
The primary objective for the nuclear
program had been the search for a
means of producing cheaper electrical
power. Dr. Ramanna explains: “A lot of
work was done during the 1950’s calcu-

lating the feasibility of nuclear energy
as a power source.

“It was decided that nuclear power
was best because the capital costs and
gestation period were more advanta-
geous than hydropower and we could
build the stations more or less any-
where. We did not have to worry about
coal transportation to conventional
thermal stations from coalfields distant
from the areas needing the power.”

The nuclear power stations have not
been without their problems but, as Dr.
Ramanna explains: “It was all part of the
learning process.” The most exciting ar-
eas of the nuclear program are in re-
search, which is centered on BARC, the
Tata Institute of Fundamental Re-
search, and the Tata Cancer Hospital in
Bombay. There are a number of other
nuclear R&D institutions elsewhere in
the country, including the Saha Insti-
tute of Nuclear Physics at Calcutta and
the Reactor Research Center at Kala-
pakkam.

The leading institution is the huge
garden complex, BARC, at Trombay
just outside Bombay. The BARC is.part
of the Atomic Energy Commission,
whose current chairman is Dr. H. N.
Sethna. Nuclear studies began at the
Tata Institute for Fundamental Re-
search in 1945, but they soon outgrew
the available facilities there. Major
work was transferred to the newly
formed Atomic Energy Establishment
at Trombay in 1954, which was later
renamed Bhabha Atomic Research
Center—in memory of its founder—in

Copper coating zircalloy (left) by the “sputtering” technique at the Bhabha Atomic Research Center. One of the many fields of ac-
tivity is into prolonging storage life of vegetables by exposing them to radiation from cobalt 60.
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1967. More than 2,500 nuclear scien-
tists and technicians have been trained
at BARC since 1957.

With its four working reactors and a
fifth nearing completion, BARC has the
major responsibility for developing the
infrastructure for nuclear technology.
The latest R-5 100 MW high flux natural
uranium reactor now nearing comple-
tion will be used for isotope production
and for the development of improved
power reactor technology.

Basic research work at BARC covers
all major disciplines. These include re-
actor engineering, radiological protec-
tion, instrumentation, radiation medi-
cine, isotope production for wvarious
uses, agriculture, metallurgy, manufac-

ture of zircon fuel elements, and re-
processing.

Spent fuel reprocessing began in
1964, making India only the fifth coun-
try in the world to undertake this opera-
tion. The plant, which initially handled
30 tonnes of fuel a year, was designed
and built by BARC technicians. Based
on experience from this pilot project, a
100 tonne per year plant has been es-
tablished at Tarapur to handle spent
fuel from the power station there, and
another similarly sized processing
works is going ahead at Kalpakkam.
This will have a separate stream for re-
processing fuel from the fast breeder
reactor being built.

When the fast breeder becomes ac-

tive it will be producing more plutoni-
um as well as Uranium 233 using thori-
um; the third phase would be Uranium
233-thorium as fuel. India has substan-
tial uranium resources estimated at well
over 53,000 tonnes and its thorium de-
posits total more than 363,000 tonnes—
the largest known deposit in the world.
Because of these enormous fuel re-
sources India does not have to rely on
outside supplies.

The fast breeder reactor, according
to Dr. Ramanna, will be the most signifi-
cant step forward in India’s nuclear pro-
gram. “Nothing can be more exciting
for us than these breeder reactors, it
will be like taming the tiger,” says Dr.
Ramanna.

Industry forges ahead

INDIA’S ADVANCES in agriculture
are the result, not only of improve-
ments in seed varieties, but also of
extensive investment in irrigation, flood
control, better use of fertilizers and in-
secticides, as well as more adequate ex-
tension services to the rural areas.

All these factors have helped contrib-
ute to the country’s self-sufficiency in
grains, which now total about 135 mil-
lion tonnes a year. Progress has also
been achieved in improving the pro-
duction of coarse grains like ragi, bajra,
jawar, pulses, and oil seeds, as well as
fruits and vegetables.

In the last 30 years rice production
has increased from nearly 23 million
tonnes to 54 million tonnes a year,
wheat from 6.6 million tonnes to 36 mil-
lion tonnes, and sugar cane from 56 mil-
lion tonnes to 176 million tonnes, which
makes India one of the largest cane pro-
ducers in the world.

The breakthrough on crop produc-
tion and better yields is the result of
systematic efforts by scientists working
at the many research institutes and uni-
versities. They have developed new
methods of plant protection, breeding
resistant varieties of crops, and produc-
ing more efficient insecticides.

Microbiology and genetic engineer-
ing in plants are key factors in the strug-
gle to improve agricultural output.
Much of this research is going on at the
Indian Agricultural Research Institute
(IARI) just outside New Delhi. There,
the scientists have made wheat grow
shorter and fuller; they try to deter-
mine the sex of the papaya seedlings to
prevent wastage, as only the female has
fruit, and breed new mutations of valu-
able cash crops. Triple dwarf varieties
of wheat can now give a harvest of 6
tonnes per hectare compared to only 2
to 3 tonnes before.

Problems with importing or manu-

facturing chemical fertilizers (although
facilities have been greatly extended)
are still a major constraint on improving
agricultural yields. For these reasons an
intensive program into developing ni-
trogen-fixation plants sponsored by the
Department of Science and Technolo-
gy is underway at one of the IARI labo-
ratories. Blue-green algae are being ex-
amined as possible alternative sources
of nitrogen for rice-growing areas.

Apart from improved food produc-
tion, the other great problem facing the
country is health and family planning.
More research has been going on in
these twoareas than in any other. Profes-
sor V. Ramalingaswami, director-gener-
al of the Indian Council of Medical Re-
search (ICMR) in New Delhi, says these
problems present a challenge for high
science and technology to develop their
own solutions.

The substantial expansion of medical
services and improvements in infant
nutrition and major reductions in com-
municable diseases have already in-
creased the average life span by about
20 years over the last quarter century.
Similarly the fight against malaria (once
there were 75 million cases a year, now
there are less than 100,000), the eradi-
cation of smallpox, and the virtual elimi-
nation of cholera, have all contributed
to greater life expectancy. Half a mil-
lion people still die annually from TB,
an age-old scourge, but new methods of
domicillary treatment and chemothera-
py have been particularly effective.

There is also a new sense of hope for
treating the three million cases of lepro-
sy in the country, about one fifth of
which are infectious, and much field-
work is being done on anti-leprosy vac-
cines.

One of the major problems involving
long treatments for various diseases, of-
ten for years, is getting patients to con-
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New advances in sub-dermal implants of
drugs at the Indian Council of Medical
Research. A patient is about to have a
drug capsule inserted into her arm.

tinue taking drugs. The ICMR has de-
veloped sub-dermal drug implants (in
the soft upper arm) which can be effec-
tive for several years. It is also possible
to implant biodegradable capsules.

FAMILY PLANNING: this is one of
the crucial issues and great efforts are
being put into researching new contra-
ceptive measures, including implants to
overcome the problem of forgetting to
take the “pill.” Another innovation is to
take contraceptive drugs by inhalation
through the nose. If more family plan-
ning is not introduced the present pop-
ulation of 660 million will have doubled
in the next 37 years.
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The space age: eye in the sky
keeps watch on monsoons

FOR THOUSANDS of years the Indi-
an people have marked the seasons for
planting and harvesting by the stars.
That tradition continues today—but
with the use of satellites and rockets,
many of which are built and launched
in India. Today’s space program, which
began only eighteen years ago, is the
most advanced of any developing coun-
try and may at first seem somewhat in-
congruous against a background of In-
dia’s teeming millions, of whom 48 per-
cent are subsisting below the official
poverty line. But the point of the pro-
gram, as Professor U.R. Rao, director of
the Indian Space Research Organiza-
tion (ISRO) at Bangalore explains, is to
bring the maximum benefit to the maxi-
mum number of people in the shortest
time. One of the alternative methods is
to use’satellites.

Photographs of the sub-continent
showing the path of the monsoon as
well as normal weather factors are al-

ready available on an increasing scale.
Other satellite pictures will enable
agro-economists to make more accurate
predictions. But one of the major as-
pects will be an almost immediate im-
provement in communications, partic-
ularly by telephone.

A major problem with the conven-
tional land line system or micro-wave
links for radio and telephones is that
they are subject to constant damage
from natural hazards and disasters in
the sub-continent. So one of the current
philosophies on communications is to
bounce signals into space and back,
rather than trying to go over the land
surface by more conventional meth-
ods. This will mean first class commu-
nications quality with 100 percent
reliability during the life of the satel-
lites.

“With the present experimental AP-
PLE geostationary satellite we are al-
most ready to start our first telephone

network using 30 ground stations which
have already been built,” says Professor
Rao, who is a staunch advocate of the
space program. “We have to have satel-
lites, there is no other way for us,” he
adds.

Already some experimental services
for television have been run but, ac-
cording to Professor Rao, bringing tele-
vision via satellite to the whole nation
will take a long time. “After all, we have
560,000 villages to reach and they must
have electricity first, so we will have to
gradually phase in village television,”
he explains. According to Professor Me-
non the thrust of the space program has
been to develop the necessary skills and
capabilities to build both the satellites
and the launch vehicles. In the last six
years considerable progress has been
made, and the space program has maxi-
mum priority over the next eight years.
More than a thousand solid-fuel rockets
have been launched from the two

India’s first own designed and built satellite launcher, SLV-3, taking off; and satellite picture of the sub-continent.
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ranges at Thumba near Trivandrum
and Sriharikota, an island off the south-
ern coast of Andhra Pradesh. These
have been used for scientific, meteoro-
logical, and technical studies.

Sriharikota or SHAR, which means an
“arrow”, is the most extensive space re-
search station in India, covering some
33,000 acres on the island where 1,500
people live and work on the space pro-
gram. SHAR has facilities for launching
multi-stage rockets and for statics tests
of launch vehicle motors.

So far six satellites have been de-
signed, built indigenously, and success-
fully launched into space. Two have
been launched with India’s own rock-
ets, the SLV-3.

The first into space in 1975 was Arya-
bhata, which was launched by the Sovi-
et Union to test satellite technology and
instrumentation. Two others, Bhaskara
1 (1979) and Bhaskara II (1981) were
also launched by the Soviet Union.
Bhaskara I carried a micro-wave radio
meter and television camera system for
earth observation. Bhaskara II was a
slightly improved version of the first
and is also used for earth observations.
It weighs 436 kg. and its Samir radio
meters are able to analyze data on wa-
ter vapor content over the earth’s sur-
face. Its two television cameras are able
to take pictures covering an area 341
km. x 341 km. at a time with resolution
down to 1 km. These pictures can show
the extent of water on the land area,
geological formations, as well as forest
coverage.

Another important function of the
satellite, which orbits the earth at a
height of 525 kms. every 92.5 minutes,
is to test thermal paint and solar cells
under prolonged exposure in a space
environment. Both these items have
been developed indigenously. All the
satellite’s mainframe systems have
been designed and produced at the
ISRO center in Bangalore, which was
also primarily responsible for the mis-
sion planning and in-orbit operation.
Many public and private sector compa-
nies and organizations have been assist-
ing.

Other space application experiments
have been made using the United States
NASA ATS-6 satellite in 1975-76 and
the French German Symphonie in
1977-79. The ATS-6 was used for a Sat-
ellite Instructional Television Experi-
ment (SITE) which formed a vital test
run for what will eventually become a
major application of satellite television
in the future. During the experiment,
special television programs were
beamed direct to 2,400 villages spread
throughout six states. Low cost dish aer-
ials picked up the signals as the satellite
passed overhead.

Another similar satellite, but de-

A solid-state satellite camera undergoing thermal vacuum and caliberation tests
in a space simulation chamber at the ISRO center, Bangalore.

signed by Indians and built by Ford
Aerospace and Communication Corpo-
ration, INSAT-1, has recently been
launched by NASA but has been having
some teeth problems. It is intended to
be part of a multipurpose operational
satellite system for India. Apart from
television and radio transmissions it is
hoped to be able to broadcast early
warnings of monsoons and floods to ru-
ral areas. By the end of the decade India
hopes to replace all foreign built INSAT
spacecraft with satellites of its own de-
sign and construction.

Efficient communications are essen-
tial not only for disaster warnings but
also for educational purposes generally
in rural areas. A working rural commu-
nity television network would be a con-
siderable breakthrough which would
have immediate benefits from an edu-
cational point of view for both children
and farmers, as well as spreading infor-
mation about family planning. The sat-
ellite. center at Bangalore is the main
research and fabrication plant for the
space industry. It is there that most of
the indigenously designed satellites
have been built. These include the RS-
1, the first in the Rohini series—a small
38 kg. satellite used for technical and
monitoring purposes.

The most dramatic development in
the space program was when the Rohini
satellite was launched into space on July
18, 1980 on the SLV-3 launch vehicle
which had also been designed and con-
structed by ISRO—the first wholly
Indian-made rocket and satellite launch.
The SLV-3 was launched from SHAR
and its successful firing was a tribute to
the skill of Indian scientists and techni-
cians who depended solely on them-
selves for every stage of the construc-
tion and launching. The rocket weighed
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17 tonnes of which 13 tonnes were solid
propellant. The four-stage SL.V-3 is sim-
ilar to the American Scout rocket and
has a total thrust of 176,000 lb. The first
two stages of the rocket had metal cas-
ings and the last two were made of fi-
berglass. The main role of the satellite
itself was to monitor the firing and oper-
ation of the small liquid fuel control
rockets used in the fourth stage.

There were 10,000 major compo-
nents and 44 sub-systems in the SLV-3
and if any single item had failed the
mission would not have succeeded. This
shows the high standard of skill and in-
novation that exists in the space indus-
try.

More powerful launch vehicles are
currently being developed. This will in-
clude the Polar Satellite Launch Vehi-
cle (PSLV), which will be able to carry
1,000 kg. satellites into sun-synchro-
nous orbits. Another is the smaller Aug-
mented Satellite Launch Vehicle
(ASLV) which will carry 150 kg. satel-
lites, basically for research purposes.

One of the latest satellites launched
last year was the Ariane Passenger Pay-
load Experiment (APPLE), which was
India’s first three axis body stabilized
satellite to be placed in geostationary
orbit for communication experiments.
The 670 kg. satellite was lifted aboard
the European Space Agency’s (ESA)
ARIANE Launch vehicle last July to-
gether with an ESA meteorological sat-
ellite and test capsule.

The significance of its launching was
that after APPLE had been placed into
an intermediate elliptical orbit it was
boosted into its correct position by its
apogee rocket motor, which had been
developed as the fourth stage of India’s
own SLV-3 launch vehicle. It has been
placed into stationary orbit 22,000
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Stripped-down APPLE satellite in the ISRO center “clean” room at Bangalore.

miles above the island of Sumatra with
its antennae directed towards India.

Placing APPLE into position has giv-
en India’s space technicians valuable
experience for handling, station keep-
ing, and post-launch operations. The
design and development of APPLE it-
self involved building five full scale
models in order to test all main func-
tion, engineering, and flight systems.
The spacecraft’s main frame systems
such as structure, thermal, power, elec-
tronics, telemetry, telecommand and
tracking systems were all developed at
Bangalore. The apogee boost motor, de-
ployment mechanism and antennae
were made at the Vikram Sarabhai
Space Center in Trivandrum. Other
parts and components were developed
and made at the Space Applications
Center at Ahmedabad and other re-
search institutes.

APPLE embodies some of the latest
satellite technologies and is an impor-
tant milestone in the space program.
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Together with the Rohini I and Bhas-
kara I, it has shown that India can be in
the forefront of space technology in
spite of its lack of resources compared
with the Western industrialized nations.

The priorities for the rest of the dec-
ade are to accelerate the indigenization
of the INSAT space craft for communi-
cations and other purposes, and to de-
velop a remote sensing satellite system
tailored to the country’s own needs in
land usage.

The space program is only one part of
the transitional development which has
taken place in the country since inde-
pendence. India, with her vast resource
of technical manpower, and her ancient
scientific tradition, is poised for greater
growth in science and technology. She
has a leadership, both political and sci-
entific, that recognizes with vision,
the challenges of tomorrow. The world
will hear more of India’s continuous
achievements and progress in the fu-
ture.
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EXTINCTION.
T'S FOREVER.

One quarter of all species of animals and plants on Earth may disappear in the next 30 years
because of man’s destruction of their habitat. The rate of extinctions is increasing enormously as
forests are destroyed and other wild areas are lost. Organisms that evolved over hundreds of
millions of years will be gone forever. The complex interdependence of all creatures, from the
largest mammals to the smallest plants, is being shattered. It is a crisis with profound implications
for the survival of all life. Unfortunately, little is being done to save our planet’s natural heritage.

Here are some wamings by leading scientists:

“The worst thing that can happen—will happen—in
the 1980’s is not energy depletion, economic collapse,
limited nuclear war, or conquest by a totalitarian
govemnment. As temible as these catastrophes would
be for us, they can be repaired within a few
generations. The one process ongoing in the 1980’s
that will take millions of years to correct is the loss of
genetic and species diversity by the destruction of
natural habitats. This is the folly our descendants are
least likely to forgive us.”

DR. EDWARD O. WILSON
Baird Professor of Science ® Harvard University

“Few problems are less recognized but more
important than the accelerating disappearance of
Earth’s biological resources. In pushing other species
to extinction, humanity is busily sawing off the limb on

Which it is perched.” o bAGL EHRLICH
Bing Professor of Population Studies ® Stanford University

“We are encroaching on nature, in the U.S. and
around the world, at an unprecedented rate. A large
proportion of the chemicals in use in our present-day
civilization were ‘invented’ by nature, not by the
chemist in the laboratory. An estimated 40% of all
drug prescriptions in the U.S. contain as their chief
ingredients compounds derived from plants. There is
no end to the potential for discovery in nature, because
we have only begun the chemical exploration of nature.
Tragically, we are buming our library of priceless
genetic treasures with our reckless destruction of

species. DR. THOMAS EISNER
Schurman Professor of Biology ® Comell University

“The extermination of a quarter of the plant species
on Earth during the coming few decades could lose
forever the medicines and food sources we need to
cure the diseases and hunger that plague mankind.”

DR. PETER RAVEN
Director ® Missouri Botanical Garden

The Ark is sinking. We need the help of every concemed citizen to conserve the diversity of life
on Earth. For information about how you can help, please write to us at:

Save Endangered Species

Sponsored by: P.O. Box 50771 @ Washington, D.C. 20004

@ American Association of o Desert Fishes Council o National Parks and Conservation
Zoological Parks and Aquariums @ Environmental Defense Fund Association

e American Cetacean Society o Florida Audubon Society o National Shell Fisheries

® American Humane Association o Friends of the Earth Association

©® American Institute of Biological o Friends of the Sea Otter o Natural Resources Defense
Sciences o Fund for Animals Council

© Animal Protection Institute of o Garden Club of America o Ocean Research and Education
America ® Greenpeace U.S.A. Society

e Califomia Native Plant Society ® Humane Society of the United ® Siema Club

o Center for Action on Endangered States ® Society for Animal Protective
Species e Intemational Council for Bird Legislation

o Center for Environmental Preservation o Wildemess Society
Education ® Massachusetts Audubon Society e World Wildlife Fund - U.S.

o Defenders of Wildlife

o National Audubon Society
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“Bell put reduced
operating cosfs

atour fingertips”

If you've got a business, the Bell System has a way for you to
reduce operating costs. By installing a Dimension® PBX from Bell, you gain
control over many features of your communications system.

You will be able to assign your own extension numbers, which
means that an employee can change offices and keep the same number. Any
member of your staff can transfer a call without involving your operator. Any
call can be turned into a three-way conference call, with callers speaking from
three different telephone numbers. Any employee can instruct the system to
direct his or her calls to another telephone. Special rings distinguish outside
calls from inside calls.

You can assign special features to specific phones. You can limit
which phones have access to long distance calling. You can print out your own
record of calls for individual phones.

But you won't be entirely alone. Bell will continue to check your
system to identify problems before they develop. In many cases, repairs will
be made remotely.

Turn your telephone system into a productivity resource. Call
your Bell System Account Executive.

The knowledge business

®
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Allergy

It can now be understood as immunity gone wrong. Why hay-fever

victims make antibody to a normally innocuous pollen is not clear,

but the cellular and biochemical agents of the response are known

lergy by defining the word and es-

tablishing the scope of its meaning.
“Allergy” is from the Greek allos (other)
and ergon (work). The derivation implies
an unusual or inappropriate reaction to
a stimulus. Not every adverse response
to a normally harmless external stimu-
lus is an allergy, however, and the dis-
tinction is not always clear. One person
may develop anitchyrash after an injec-
tion of penicillin, another whenever he
wears a certain wristwatch. Hay-fever
victims sneeze in certain seasons. Some
women are nauseated by oral contra-
ceptives. A person may have abdominal
cramps and diarrhea after eating a cer-
tain food. Are all these people ‘“aller-
gic”’? Some are indeed, but some may
not be. For example, many people have
an unusual or exaggerated response to a
drug, but they are not necessarily aller-
gic to the drug.

Allergy is a disorder of the immune
system; it is immunity gone wrong. In
the immunological world of a verte-
brate organism the great divide is be-
tween the self and the nonself. The
organism distinguishes nonself tissues,
cells, proteins and some other large mol-
ecules from those of the self; it identifies
them as being either harmless or po-
tentially harmful and thereupon either
ignores them or defends the organism
against them. The cells with the capac-
ity for recognizing, evaluating and neu-
tralizing or eliminating nonself material
constitute the immune system. The first
step is recognition of a specific antigen,
which is accomplished by the white
blood cells called lymphocytes. They
are abundant not only in the blood but
also in the lymphatic system, the lungs,
the liver and the spleen. There are two
kinds of lymphocytes: T cells and B
cells. Each clone, or genetically iden-
tical line, of T and B cells is prepro-
grammed to recognize a highly specif-
ic combination and conformation of at-
oms, called an epitope, on a nonself
molecule. The cells do so by display-
ing on their surface specific receptors
shaped to bind one particular epitope. A
substance carrying enough recognizable

It is best to begin a discussion of al-
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by Paul D. Buisseret

epitopes to evoke an immune response is
called an antigen.

The type of immune response de-
pends on the nature of the antigen. Some
antigens characteristically stimulate a
response that is mainly cellular. Such
antigens are ‘“presented” to T cells by
the large specialized cells called macro-
phages. The antigens bind to receptors
on the T cells, causing the cells to secrete
the complex substances called lympho-
kines. At the site of an antigenic chal-
lenge certain lymphokines cause small
blood vessels in the vicinity to become
dilated and carry more blood, so that the
tissue gets redder and warmer. Other
lymphokines make the vessels leaky, so
that fluid and blood cells move into the
surrounding tissue and cause swelling.
The classic triad of the inflammatory re-
action is redness, warmth and swelling.
Still other lymphokines activate macro-
phages and cause them to congregate at
the site of inflammation. One function
of macrophages is phagocytosis: they
engulf the antigen, neutralizing it or de-
stroying it enzymatically.

Under normal circumstances the T
cells are able to evaluate the threat
posed by an antigen: to distinguish be-
tween harmful foreign substances (such
as pathogenic bacteria) and harmless
ones. If the recognition system fails, a
harmless substance may be mistaken for
a harmful one. It acts as an antigen, pro-
voking the cellular response described
above. That is what happens, for ex-
ample, when a person develops a con-
tact dermatitis—a rash or other inflam-
mation of the skin—after contact with
a normally innocuous material such as
a cosmetic, a necklace or the leaf of a
plant. Because this type of allergic re-
action takes about 48 hours to develop
it is commonly referred to as delayed
hypersensitivity.

Immediate Hypersensitivity

There is another kind of allergic re-
action that develops more explosively,
within seconds or minutes after an en-
counter with an antigen. It is called an
immediate-hypersensitivity or anaphy-
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lactic response, and it is mediated not by
T cells and macrophages but by antibod-
ies, which are made by B lymphocytes.
Thereceptor displayed on the surface of
an immature, quiescent B cell is a sam-
ple of the specific antibody it is prepared
to synthesize in quantity. When an anti-
gen binds to such a receptor, it triggers a
transformation of the B cell. The cell
proliferates and differentiates to form a
clone of plasma cells, in which the pro-
tein-synthesizing structure called the en-
doplasmicreticulum is greatly enlarged.
The plasma cells synthesize and secrete
into the bloodstream millions of identi-
cal antibody molecules, thus generat-
ing a humoral immune response (as op-
posed to the cellular immune response).

Againproper recognition of the threat
posed by an antigen is crucial. With ev-
ery breath of air or mouthful of food a
person takes in millions of potentially
antigenic nonself molecules; the uncon-
trolled transformation of B cells into
plasma cells in response to this on-
slaught could keep the body in a per-
manent state of immunological uproar,
with antibodies being made against
many harmless or even beneficial mole-
cules. Normally that does not happen
because the transformation of B cells is
controlled by subclasses of 7 lympho-
cytes. “Helper” T cells prompt antigen-
triggered B cells to transform when the
synthesis of antibody is appropriate, and
“suppressor” T cells inhibit inappropri-
ate antibody production. It seems likely
that the failure of this regulatory system
is what leads to an allergic response.
Either the suppressor cells fail to act
or their chemical message does not
get through; B lymphocytes that have
bound an innocuous antigen are stimu-
lated to become plasma cells and secrete
antibody.

There are five classes of antibody
molecules: the immunoglobulins IgM,
IgD, IgG (of which there are several
subclasses), IgE and IgA. Each immu-
noglobulin has a particular role in the
body’s defense against infection or in
some other immunological task. In most
people IgE seems to have a limited im-
munological role: it helps to repel inva-



RAGWEED POLLEN is a notorious allergen, that is, an ordinarily persensitivity” response mediated by antibody of the class designat-

innocuous substance to which many susceptible individuals nonethe- ed IgE and by connective-tissue cells called mast cells. Pollen grains
less develop an inappropriate immune response. In the case of rag- are enlarged 1,850 diameters in this scanning electron micrograph
weed pollen and most other airborne allergens it is an “immediate hy- made by David J. Lim of Ohio State University College of Medicine.

i

HOUSE-DUST MITE is responsible for much year-round allergic which it subsists are shed in quantity. This is the mite Dermatopha-

rhinitis and asthma. It lives in the dust in dwellings, and particularly goides farinae, enlarged 500 diameters in a scanning electron micro-
in the dust of mattresses and pillows, where the human skin scales on graph made in the Acarology Laboratory of Ohio State University.
87
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sion by parasitic worms. Elevated IgE
levels are therefore often found in the
blood of people living in tropical re-
gions where infestation with worms is
common. Elsewhere there appears to
be no adaptive, or “good,” function for
IgE, and most people synthesize very lit-
tle of it; IgE antibodies account for only
some .001 percent of all the antibody in
a normal person’s blood.

The situation is different in an allergic
person. It is IgE that mediates immedi-
ate hypersensitivity. In the absence of
proper modulation by 7 cells a clone of
B lymphocytes is transformed by the
binding of an antigen (an “allergen”)
that would not ordinarily excite an im-
mune response but to which the allergic
person is about to become sensitive. The
plasma cells make antibodies against
the allergen—preferentially antibodies
of the IgE class, for reasons that are
still not known. Allergies are specific
because the IgE is specific. A person is
allergic to cats because he makes IgE in
response to the binding of a particular
protein of cat hair or skin; he may toler-
ate other animals perfectly well. A per-
son allergic to oysters makes IgE that
recognizes and interacts with a protein
in oysters; he may be able to eat any
other food with impunity. Some unfor-
tunate individuals, however, have such a
tendency to develop allergies that they
make IgE against more than one aller-
gen. I shall have more to say about what
makes people “atopic,” or generally al-
MAST CELL is the source of histamine and certain other chemical mediators of the immedi- lergic, and why some people have more
ate-hypersensitivity response. A thin section of a rat mast cell is enlarged about 7,000 diame- allergies than others.
ters in this electron micrograph made by Ernesto O. Hoffmann of the Louisiana State Universi-
ty School of Medicine in New Orleans. The cell is crammed with perhaps 1,000 dense gran-

ules containing the mediators. An allergic person makes antibodies against an allergen; they The Allerglc Reaction
bind to receptors on the surface of mast cells. When the allergen is next encountered, it binds . .
to the antibodies, triggering the release of the mediators and the ensuing allergic reaction. IgE does not mediate the allergic reac-

tion alone; what it does is prime an effec-
tor cell. In 1877 the German bacteriolo-
gist Paul Ehrlich described a curious
connective-tissue cell seen most abun-
dantly in the skin, in lymphoid organs, in
membranes of the eye, nose and mouth
and in the respiratory tree and intestines.
He noted that the cells appeared to
be stuffed with large granules, which
stained brilliantly when the cells were
treated with certain dyes. It was as-
sumed that the granules had been en-
gulfed by the cells, which were therefore
designated mast cells, from the German
mast (a fattening feed). The name stuck,
even though the granules in fact are
probably not engulfed but rather pro-
duced within the cells. There are about

/1,000 of them in each mast cell; they are
vesicles filled with the chemical media-
tors of the allergic reaction.

The surface of a mast cell is studded
with between 100,000 and 500,000 re-
ceptors for IgE molecules. When specif-
ic IgE antibodies are synthesized by the
millions in response to the binding of an
allergen, they move through the blood-

DEGRANULATING MAST CELL is seen in this micrograph made by Hoffmann. Some Stream to mast cells in connective tissue
granules have fused with cell membrane and discharged their contents. Others seem to have and become firmly fixed to the recep-
fused with adjacent granules and to have passed their contents along toward cell membrane.  tors. As yet, however, there is no allergic
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reaction. That comes only when the
allergic individual next encounters the
same antigen. This time the antigen need
not go through the process of triggering
B cells to transform. It goes straight to
the IgE fixed to mast cells and binds to
the antibody. As a result the mast cell
degranulates: the granules move to the
surface of the cell and release their con-
tents into the surrounding tissue.

The sequence of events that leads
to degranulation has been worked out
largely by Michael A. Kaliner of the Na-
tional Institute of Allergy and Infectious
Diseases, his. colleague Robert P. Or-
ange, K. Frank Austen of the Harvard
Medical School and Teruko Ishizaka of
the Johns Hopkins University School of
Medicine. Two adjacent IgE molecules
on the surface of a mast cell are bridged
by two epitopes on an antigen molecule.
The bridging somehow activates a mol-
ecule that is a precursor of a protein-
digesting enzyme, serine esterase; when
the precursor, serine proesterase, is acti-
vated, it is converted into the enzyme.
Serine esterase initiates a chain of re-
actions that result in the generation of
phosphatidyl choline.

The sequence of events somehow
modifies the structure of the mast cell’s
outer membrane. The membrane be-
comes permeable to calcium ions. Cal-
cium enters the cell and activates the
enzyme phospholipase 43, which pro-
motes the further metabolism of phos-
phatidyl choline to form lysophosphati-
dyl choline and arachidonic acid. The
entry of calcium ions also activates en-
zymes that release energy and promotes
the assembly in the cell of cablelike
microtubules and the contraction of
threadlike microfilaments. These con-
tractile structures cause the granules to
move to the cell membrane, fuse with it
and disgorge their contents: histamine,
heparin, serotonin and chemical factors
that activate blood platelets and attract
the white blood cells called eosinophils
and also phagocytic cells. Each of these
mediators contributes in its own way to
the allergic reaction.

Prostaglandins and Leukotrienes

In addition to the preformed media-
tors stored in mast-cell granules there
are two important groups of potent bi-
ological mediators that are synthesized
not only in mast cells but also in several
kinds of leukocytes (white blood cells).
They are the prostaglandins and the
leukotrienes. The prostaglandins are a
family of fatty acids whose importance
as cellular messengers and as agents
that affect various physiological activi-
ties has been known for some time.

The leukotrienes have only recently
been characterized chemically, but their
role in allergic reactions was noted sev-
eral decades ago. In the late 1930’s a
substance was found in the extracellular
fluid of the lung that was clearly not one
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IMMUNE RESPONSE is mediated by two kinds of lymphocytes, both of which are descend-
ed from primitive stem cells in the bone marrow. 7T lymphocytes effect cellular responses, in-
cluding delayed-hypersensitivity allergic reactions; B lymphocytes make antibodies, which ef-
fect humoral responses, including immediate-hypersensitivity allergic reactions. Both classes
of lymphocytes have receptors on their surface that can recognize a specific epitope, or anti-
genic determinant, on a nonself molecule. Some T cells, sensitized by contact with an antigen,
liberate lymphokines, which give rise to various inflammatory reactions. A B cell’s receptors
are samples of the antibody it can synthesize. Contact with a specific antigen can trigger the
transformation of a B lymphocyte into an antibody-secreting plasma cell. The transformation
is regulated by subclasses of T lymphocytes that function as either “helpers” or “suppressors.”

of the mediators liberated from mast-
cell granules but that caused a slow,
long-lasting and profound constriction
of the airways in experimental animals.
It became known as the slow-reacting
substance of anaphylaxis, or SRS-A.
Within the past three years SRS-A has
been shown to consist of a mixture
of three substances with an unusual
chemistry. They are thioethers: fatty
acids linked by a sulfur atom to one or
more amino acids. Their structure was
worked out by Bengt Samuelsson of the
Karolinska Institute in Stockholm, who
called them leukotrienes because they
are made by leukocytes and have three
conjugated double bonds (double bonds
separated by single bonds) in their par-
ent molecule.

The prostaglandins and the leuko-
trienes share a common origin. They
are derived, by two different enzymatic
pathways, from arachidonic acid, which
is formed in cells whose cell membrane
has been disrupted. The enzyme phos-
pholipase breaks down the phospholipid
molecules (such as phosphatidyl cho-
line) of the disrupted cell membrane
to form arachidonic acid. There ensues
a two-branched “arachidonic acid cas-
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cade.” The prostaglandin branch is ini-
tiated when the enzyme cyclooxygenase
converts arachidonic acid into two cy-
clic endoperoxides, the prostaglandins
G, and H,. These are modified by en-
zymes called synthetases to make the
biologically active prostaglandins D,
E,, Fy,, I, and thromboxane A,. Prosta-
glandins Fy, and thromboxane A, are
potent but short-lived constrictors of
smooth muscle in the bronchi of the
lungs. Prostaglandin E; has the opposite
effect: it dilates the bronchi. Members of
the prostaglandin family also affect the
activity of mucous glands and the vis-
cidity of their secretions, the stickiness
of blood platelets and the nonstick prop-
erty of the lining of blood vessels.
Another enzyme, lipoxygenase, ini-
tiates the leukotriene branch by con-
verting arachidonic acid into 5-hydro-
peroxy-eicosatetraenoic acid, which is
modified to become leukotriene Aj.
(The subscript indicates that there are
four double bonds in all in each leuko-
triene molecule.) Leukotriene 4,4 is con-
verted by the addition of water into leu-
kotriene By or, by the addition of gluta-
thione, into leukotriene C4. Glutathione
is a tripeptide: a chain of the amino acids
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cysteine, glycine and glutamic acid. The
loss of glutamic acid converts leukotri-
ene C, into leukotriene Dy; the loss of
glycine from D4 forms leukotriene Ej.
The mixture of C4, D4 and E4 constitutes
SRS-A. The leukotrienes are from 100
to 1,000 times as potent as histamine or
the prostaglandins in constricting the
smallest airways of the bronchial tree.

The link between the triggering of an
allergicreaction and the initiation of the
arachidonic acid cascade in leukocytes
is still not known. Stimuli other than the
IgE-mediated allergic response can also
initiate the cascade: hormonal signals,
trauma and infection. Certainly the pros-
taglandins and the leukotrienes are im-
portant factors in many nonallergic
conditions. In allergy they join with the
mediators liberated from the mast-cell
granules to give rise to the contraction
of smooth muscle in the airways or the
intestine; the dilatation of small blood
vessels and an increase in their perme-
ability to water and plasma proteins; the
secretion of thick, sticky mucus, and (in
the skin) the stimulation of nerve end-
ings that results in itching or pain.

Allergens

Different people are allergic to a wide
range of seemingly unrelated substan-
ces, but the list of common allergens is
curiously consistent. The reason is not
at all clear. Why should the pollen of
one plant, ragweed, cause millions of
susceptible individuals to develop hay
fever when they inhale it, whereas the
pollen of another plant, the nettle, rarely
bothers anyone? Both pollens are abun-
dant in the air at certain times of the
year and both are easily inhaled. In a
two-year period nearly 3,000 patients
seen at the allergy clinic of St. Mary’s
Hospital in London were allergic to the
pollen of common grasses; not a single
patient was allergic to the pollen of the
nettle or the plantain. Evidently aller-
genicity depends in part on some un-
known physicochemical properties of
the pollen itself. The same thing is ap-
parently true of the spores of molds and
fungi. Some of them are major sources
of hay fever and what appear to be very
similar ones are not.

The allergenicity of drugs also varies
widely. Most drugs are chemically rath-
er inert and do not readily combine with
proteins in the body, and such drugs are

MAST CELL’S ROLE in immediate hyper-
sensitivity is summarized. IgE is secreted by
a plasma cell in response to the first appear-
ance of an antigen. The IgE becomes fixed to
receptors on the surface of a mast cell. When
the antigen is again encountered, epitopes on
an antigen molecule are bound by two adja-
cent IgE molecules. The bridging of the IgE
molecules initiates a process whereby mast
cell is degranulated and its chemical medi-
ators of the allergic reaction are liberated.
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ordinarily not allergenic. More reactive
drugs (and the breakdown products of
their metabolism in the body) may or
may not cause an allergic response. The
explanation is that drugs tend to be
small molecules—too small to serve as
antigens even if they are epitopes. When
such “haptens” combine with a protein
in the body, the resulting complex may
then be antigenic or, in the case of an
allergic person, allergenic. Even then
there may be enough uncomplexed hap-
ten molecules to occupy most of the an-
tigen-combining sites on IgE, blocking
the binding of drug-protein complexes
and preventing the development of an
allergic response. This phenomenon of
hapten inhibition may be one reason for
the relative rarity of allergic drug re-
actions. Nonallergic adverse effects of
drugs are commoner.

Although seasonal hay .fever due to
pollens or spores is the commonest
manifestation of IgE-mediated allergy,
a substantial proportion of allergic in-
dividuals develop similar symptoms
the year round. Some people with year-
round allergic rhinitis (which may pro-
gress to asthma) are allergic to a domes-
tic pet. If there is no pet, one looks else-
where in the home environment. Often
the offender is the minute house-dust
mite Dermatophagoides, which lives in
house dust and subsists (as its name im-
plies) on human skin scales. Everyone
sheds large quantities of dead skin cells
daily, particularly in the bedroom while
dressing and undressing, so that the
house-dust mite is commonest in the
dust of mattresses, upholstery and pil-
lows. People who develop symptoms
when they sleep on a feather pillow of-
ten think they are allergic to feathers
(rather than to the microfauna inhabit-
ing the feathers).

A simple skin test can often resolve
doubt about which airborne allergen
causes an individual’s hay fever or asth-
ma. A single drop of an extract of the
suspected allergen is pricked through
the skin of the arm. If the patient has
synthesized IgE against the allergen,
mast cells in the skin are triggered to
degranulate and within about 10 min-
utes an acute local allergic reaction is
manifested by an itchy wheal surround-
ed by a flare of reddened skin.

Food Allergy

Allergy to airborne material is fairly
common, affecting more than 10 per-
cent of the population. Allergy to foods
is less common, but its true incidence is
uncertain because food-induced symp-
toms are often less well defined than the
hay fever or asthma induced by an air-
borne allergen. The rapid development
of urticaria (hives) after the ingestion of
a particular food is an indication of a
probable allergic response, but many
symptoms are less obvious and may
mimic those of disorders other than al-
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Other calcium ions enter the cell, where they promote degranulation.
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DEGRANULATION AND ITS EFFECTS are summarized. Calci-
um ions entering the cytoplasm regulate enzymes controlling micro-
filaments whose activity makes the granules move to the cell mem-
brane, fuse with the membrane and discharge their contents: chemi-
cal mediators of the allergic reaction. The mediators act on target
tissues and cells. For example, they contract smooth-muscle cells, di-
late small blood vessels and make them leaky, stimulate secretion by
mucous glands, activate blood platelets, irritate nerve endings in the
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skin and attract the white blood cells called eosinophils. The process
is susceptible to drugs at various stages. The entry of calcium ions
can be blocked by sodium cromoglycate. The movement of granules
can be inhibited by corticosteroid hormones or by agents that in-
crease the cytoplasmic concentration of cyclic adenosine monophos-
phate (cyclic AMP). Once released, the mediators can sometimes be
neutralized by various drugs, including antihistamines and aspirin,
or their activity can be counteracted by drugs such as epinephrine.
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lergy. Abdominal pain and diarrhea, for
example, are most often the result of
bacterial or viral infection of the intes-
tines. When these symptoms become re-
current or chronic and no infecting or-
ganism can be identified, other causes
must be sought.

At Guy’s Hospital Medical School
in London my colleagues Lawrence J.
Youlten and Maurice H. Lessof and I
were able to show that in some cases a
specific food allergy is responsible. Ac-
tually the connection between intestinal
distress and one food, milk, was recog-
nized more than two centuries ago by a
well-known victim of milk allergy, but
apparently not by physicians. A diarist
named Sullivan recorded the fact that
Charles Stuart (“Bonnie Prince Char-
lie”), pretender to the British throne,
suffered from ‘“a bloody flux” (hemor-
rhagic diarrhea) and came to associate
his symptoms with drinking milk. “The
Prince drank no more milk, lived upon
watter & was parfectly well.”

Our finding at Guy’s Hospital began
with an observation involving patients
with ulcerative colitis. This serious con-
dition has been treated for some 30
years with the drug sulfasalazine, a com-
bination of sulfapyridine and 5-amino-
salicylic acid, an aspirin analogue. In
1977 A. K. Khan, J. Pirisand S. C. True-
love of the University of Oxford Facul-
ty of Clinical Medicine found that pa-
tients who responded to this rather tox-
ic drug would respond equally well to
the salicylate (aspirinlike) component
alone. The finding interested my col-
leagues and me because a disorder that
responds favorably to aspirin and its an-
alogues is likely to be mediated by pros-
taglandins, whose synthesis they inhibit.
We decided to see if inhibition of pros-
taglandins would help allergic patients
who develop intestinal symptoms after
eating certain foods.

A group of food-allergic volunteers
found that taking ordinary aspirin be-
fore ingesting whatever provoked their
diarrhea and colic allowed them to eat
or drink the food with impunity. We
then looked at a group of patients whose
ulcerative colitis had been responding to
sulfasalazine but whose symptoms had
not been ascribed to allergy. We tested
them on a simple diet that eliminated
some of the foods most often implicated
in intestinal allergies. In a number of
these patients the colitis responded well
to withdrawal of the suspect foods and
recurred when the foods were again in-

cluded in the diet; the recurrence was
prevented when aspirin was taken be-
fore eating or drinking. The trial diet
and aspirin treatment also worked well
in some patients with the less acute in-
testinal syndrome referred to as spastic
colitis or irritable colon.

The evidence that prostaglandins
have a role in intestinal allergies was
strengthened by Youlten and David
Heinzelmann. They showed that inges-
tion of the allergenic foods was fol-
lowed by an outpouring of prostaglan-
dins into the intestines and a rise in the
level of prostaglandin components in
the blood, accompanied by colic and di-
arrhea. Both the prostaglandin secretion
and the symptoms were abolished by
treatment with aspirin or one of its an-
alogues. Subsequent studies suggested
that several other diarrheal illnesses—
both acute and chronic conditions and
both allergic and nonallergic ones—in-
volve the release of prostaglandins and
can be helped by aspirin. Here, however,
a word of caution is required. There is
no evidence that allergic reactions in
parts of the body other than the intes-
tines are mitigated by aspirin or aspi-
rin analogues. Indeed, these drugs may
actually provoke asthma in susceptible
individuals.

Treatment

The efficacy of aspirin in treating in-
testinal allergic symptoms nonetheless
suggests it should be effective in other
allergic reactions mediated by prosta-
glandins. So far that has not been found
to be the case. In some allergic reactions
prostaglandins may have only a periph-
eral role, augmenting the effects of the
mediators. For example, when an exper-
imental wheal-and-flare skin reaction is
induced by the instillation of histamine,
the concurrent application of prosta-
glandin E, increases the degree of itch-
ing tenfold. Yet under clinical condi-
tions aspirin does not alleviate allergic
itching. Antihistamine drugs are occa-
sionally helpful in treating hives but not
in treating the eczema that is a major
symptom of contact dermatitis. Contact
dermatitis is a cellular, delayed-hyper-
sensitivity reaction and its itching and
pain are induced primarily by lympho-
kines or some other product of the T
lymphocytes rather than by IgE and the
mast-cell mediators. The only effective
drugs for treating such a reaction are the
corticosteroid hormones, which (in high

PROSTAGLANDINS AND LEUKOTRIENES are mediators of the allergic reaction that
are not stored in mast cells. They are synthesized, primarily in various leukocytes (white blood
cells), when arachidonic acid is formed after the cell membrane is disrupted as a result of trau-
ma, infection, hormonal stimulus or some event associated with the allergic response. Phos-
pholipid molecules of the cell membrane are converted by the enzyme phospholipase into ar-
achidonic acid. The enzyme cyclooxygenase (whose activity is inhibited by aspirin and its
analogues) initiates the prostaglandin pathway (lefr). The enzyme lipoxygenase initiates the
leukotriene pathway (right). The leukotrienes Cy, D, and E, together constitute the constric-
tor of small bronchioles that is known as the slow-reacting substance of anaphylaxis (SRS-A4).
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doses over a long time) may have side
effects as hazardous as the condition
they are meant to treat.

In hay fever the repertory of respon-
ses is limited to itching of the eyes and
nasal passages, sneezing and the secre-
tion of water (tears and runny nose).
Theseresponsesarelargely mediated by
histamine, and indeed antihistamine
drugs are usually effective in relieving
most hay-fever symptoms. Antihista-
mines are ineffective against asthma,
which is a disorder of the lower airways.
Some prostaglandins have a constrictive
effect on the larger bronchi but in most
asthma patients aspirin either has no ef-
fect or makes the asthma worse. It is the
leukotrienes, with their powerful con-
stricting effect on the smooth-muscle
cells of the small bronchioles, that are
now thought likely to be the most im-
portant mediators in asthma. So far no
antileukotriene drug is available. Now
that the structure of these mediators is
known intensive efforts are under way to
find agents that can block their synthe-
sis or their activity. The discovery of
such a drug would clearly be a major
advance in the treatment of asthma.

The drug sodium cromoglycate is of-
ten prescribed for the treatment of hay
fever and allergic asthma. It is thought
possibly to work by somehow prevent-
ing the inflow of calcium ions into the
mast cell after the interaction of IgE and
an allergen, thus forestalling the chain
of events leading to degranulation. The
drug must be given before the antigen
binds to the mast cell, however; once
degranulation begins nothing can stop
it. Cromoglycate must therefore be tak-
en in advance as a preventive measure
when an encounter with an allergen is
expected. The same thing is true of some
other drugs that can keep mast cells
from degranulating, for example corti-
costeroid hormones (which stabilize the
membrane of granules and of the cell) or
agents that enhance the supply of the
regulatory molecule cyclic adenosine
monophosphate (cyclic AMP). Once the
granules have released their contents
treatment must be directed at block-
ing the effects of the various mediators
on their target tissues or counteracting
the mediators’ actions. It is at this stage
that the antihistamines have their ef-
fect. Corticosteroids, epinephrine and
its analogues and (in some special situ-
ations) aspirin may also be helpful.

The ideal treatment for allergy, of
course, is avoidance of contact with the
allergen, but that is not always possible.
The next-best hope is to treat a patient
so that the contact with a potential aller-
gen does not generate an allergic re-
sponse. The usual technique is desen-
sitization, an approach developed at
St. Mary’s Hospital Medica! School in
London soon after the turn of the cen-
tury. Small amounts of the offending
antigen are administered, usually by a
course of injections, in an attempt to
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stimulate the patient’s immune sys-
tem to make IgG (not IgE) antibodies
against the antigen; the rationale is that
when the patient later encounters the an-
tigen spontaneously, the IgG will com-
bine with the antigen, whose binding to
mast-cell IgE will thereby be blocked.

Desensitization seems to work pri-
marily for some of the pollens associat-
ed with hay fever and for bee and wasp
venom. It has limited success in asthma
patients and is not effective against food
allergies or delayed-hypersensitivity
(cellular) allergic reactions. Even when
“allergy shots” are successful, the mode
of action is really not known. The lev-
el of IgG—the supposed blocking anti-
body—in a patient does not seem to be
correlated with the degree of desensiti-
zation. Some patients who show a favor-
able response have little allergen-specif-
ic IgG in their blood and some in whom
the injections are ineffective have large
amounts of it. Hence the synthesis of
“blocking antibody” cannot satisfacto-
rily explain successful instances of de-
sensitization. There is undoubtedly a
substantial placebo effect.

There are other drawbacks to allergy
shots. It is not easy to prepare desensi-
tization vaccines in a sufficiently pure
state and with standardized potency on
a commercial scale. Most important,
the injections can generate severe local
or systemic allergic reactions, which in
rare instances can be fatal. For all these
reasons many physicians have come
to regard desensitization treatment with
considerable reserve.

The Allergic State

Given that the drugs and other treat-
ments available for dealing with partic-
ular allergic reactions are all more or
less imperfect, a more fundamental ap-
proach to therapy would be to prevent
the development in an individual of the
state of atopy itself. This calls for better
understanding of the factors predispos-
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ing to the allergic state, so that they can
be avoided or suppressed. Allergies tend
to run in families; an allergic person is
likely to have more relatives with alier-
gies than would be expected on the basis
of chance. Either genetic factors or fam-
ily-environment factors must therefore
be at work. The mode of inheritance of
susceptibility to allergy is still in dispute.
Some investigators find evidence that a
single gene is responsible, but they dis-
agree on whether the gene is dominant
or recessive. Others think the allergic
state is polygenic: transmitted by a num-
ber of genes whose combined expression
is necessary to make a person allergic.
The genetics is complicated by the
fact that allergy, like many clearly es-
tablished heritable conditions, exhib-
its “incomplete penetrance,” or varia-
ble genetic expression. Two people may
both have the gene or genes specifying
the allergic state and their environments
may be similar, and yet only one of them
may show clinical evidence of allergy.
Data from a Swedish study of twins sug-
gest that some 18 percent of the popula-
tion carry the gene or genes for allergy
and that the penetrance is about 40 per-
cent: fewer than half of those who are
genotypically allergic manifest the con-
dition clinically. Another study, in the
U.S,, showed that two allergic parents
(a combination seen in less than 1 per-
cent of the study group) had a 58 per-
cent chance of having an allergic child;
where one parent was clinically allergic
the risk of having an allergic child was
38 percent; where neither parent was al-
lergic (although one or both could have
been genotypically allergic if the trait is
recessive) the risk was 12.5 percent.
The gap between the inheritance of
allergy genes and theirexpressionis gen-
erated not only by some inherent degree
of penetrance but also by environmental
factors, particularly those affecting the
newborn infant. A most important fac-
tor seems to be the mode of feeding:
breast or bottle. For some decades it has
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been known that infants fed exclusively
on their mother’s milk are less likely to
develop gastrointestinal infections than
infants given cow’s milk or a formula
based on cow’s milk. Breast-fed infants
are also less likely to develop allergies.
There may be a connection between the
two observations.

As early as 1934 Clifford G. Grulee
of Rush Medical College in Chicago
showed that among some 20,000 infants
36 percent of those fed only mother’s
milk developed neonatal respiratory or
gastrointestinal infections, whereas 63
percent of those fed on formula did so.
This was before antibiotics were avail-
able, and whereas only .13 percent of
the babies who were exclusively breast-
fed died of infectious diseases in the
neonatal period, 7.56 percent of the bot-
tle-fed infants died. Mother’s milk pre-
sumably confers protection against in-
fection by supplying antibodies to path-
ogenic bacteria and viruses during a
time when the baby’s intestinal immune
defenses are not fully developed.

Mother’s Milk and Allergy

In 1970 John A. Walker-Smith of the
Queen Elizabeth Hospital for Children
in London showed that gastrointestinal
infections in infants are somehow di-
rectly related to the subsequent devel-
opment of allergic illness. In 1976 (by
which time the incidence of neonatal in-
fection was much reduced) I studied the
neonatal feeding history and the genetic
predisposition to allergy of 72 children
aged five and older who were allergic to
cow’s milk. The largest group (60 per-
cent of the children) had at least one
allergic parent and also had been bottle-
fed in infancy; 26 percent had a family
history of allergy but had been breast-
fed; 14 percent had nonallergic parents
but had been bottle-fed; there were none
who had been breast-fed and who had
no allergic parent. In other words, it is
the combination of a family history of
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allergy and early exposure to cow’s milk
that leads to a high risk of subsequent
allergy to cow’s milk.

How is one to explain these various
observations? Under normal circum-
stances in mature individuals very little
ingested foreign protein gets through
the intestinal wall into the bloodstream,
where it can encounter B cells and elicit
an immune response. Most food protein
is broken down into peptides and indi-
vidual amino acids in the stomach and
the small intestine; it is these breakdown
products that enter the bloodstream,
and they are not antigenic. What little
protein ordinarily gets through is appar-
ently tolerated by the immune system. If
too much protein passes through the ep-
ithelial lining of the intestine, however,
the immune system can be sensitized
and an allergic response can ensue.

Perhaps gastrointestinal infection can
damage the lining of the intestine and
thereby promote the passage of proteins
through the wall. That would provide
one possible link between bottle feeding
(which increases susceptibility to infec-
tion) and subsequent intestinal allergies.
Even in the absence of infection it may
be that the intestine of a newborn baby
is hyperpermeable to food proteins, as it
is known to be in many newborn ani-
mals. If that is the case, neonatal expo-
sure to foreign (cow’s milk) proteins
may be allergenic, whereas exposure to
the mother’s milk proteins may not be.
It is likely too that there are factors in
mother’s milk that help to seal the in-
fant’s intestinal epithelium, making it
impermeable to foreign proteins; this
is a well-documented phenomenon in
many other mammals. For lack of those
sealing factors a bottle-fed infant may
be exposed even later in life to proteins
it would not otherwise encounter. Such
effects may be all the more important in
an individual genetically predisposed to
allergy. Whatever the connections be-
tween bottle-feeding and allergy may
be, many pediatricians have come to be-
lieve a newborn infant, and in particular
one with parents or siblings who are
clinically allergic, should receive abso-
lutely no milk other than mother’s milk
for the first three to six menths of life;
it is likely that the most vulnerable peri-
od is the first three to seven days.

Perhaps other factors predisposing to
allergy will be discovered and will be.
as avoidable as bottle-feeding. Perhaps
eventually ways will be found to switch
off the production of IgE once it has
started, to prevent the attachment of IgE
to the mast cell or even to remedy the
defect in B-cell regulation that leads to
the manufacture of IgE. More immedi-
ate objectives should be the develop-
ment of a real capability for desensitiza-
tion and the discovery of drugs that can
neutralize the leukotrienes and cope
more effectively with the chemical me-
diators liberated by mast-cell granules.
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A subsidiary of Superscope, Inc., a NYSE company.
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INTRIGUED BY CALCULATORS? Then you can

step up your math skills fast/ Use my new method in

I guidebook form. It's called CALCULATOR
CALCULUS. This space-travel spinoff is sure-fire,

I so it has a simple guarantee — just return it for an
immediate refund if you are not astounded at the
problems you're solving with it!

I But the point is - you won't want to send it back.
For this is the easiest, fastest shortcut ever! The day
you receive f'our copy in the mail you’'ll want to put
it to work. It's that exciting and helpful.

My name is Dr. George McCarty. | teach math at
the University of California. I wrote this guidebook

I to cut through the confusion. I guide you with
examples you follow step-by-step on your calculator
— you do simple exercises — then you solve practi-

I cal problems with real precision!

POWER METHODS. Need to evaluate functions, areas,
volumes — solve equations — use curves, trig, polar coor-
dinates — find limits for sequences and series? It's all here!

I If you're in the biological, social or physical sciences,
you'll be doing Bessel functions, carbon dating, Gompertz’

I growth curves, half-life, future value, marginal costs,
motion, cooling, probability, pressure — and plenty more
(even differential equations).

I Important numerical techniques? Those algorithms are
here, too: rational and Pad€ approximation, bracketing, con-
tinued fractions, Euler's method, Heun's method, iteration
functions, Newton’s method, predictor-corrector, successive
substitutions, Simpson’s method and synthetic division.

LOOK AT WHAT USERS SAY: Samuel C.
McCluney, Jr., of Philadelphia writes:
“CALCULATOR CALCULUS IS GREAT! For ten
years | have been trying to get the theory of calculus

I through my head, using home-study courses. It was
not until I had your book that it became clear what

| the calculus was all about. Now I can go through the
other books and see what they are trying to do. With
your book and a calculator the whole idea becomes
clear in a moment, and is a MOST REFRESHING

l EXPERIENCE. 1 program some of the iterative prob-
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Il Show You How To Do

MATH

't b o0 df On Your Calculator!”
i f Z d, — lim *Quick. *Guaranteed.
a n=1 dx n-x *Easy. *Fun, Too!

lemsyousuggestanditalways GIVESMEA THRILL
to see it start out with a wild guess and then approach
the limit and stop.”

Professor John A. Ball of Harvard College (author
of thebook ‘Algorithms for RPN Calculators’) writes:

“l wish I had had as good a calculus course.”

Professor H. 1. Freedman of the U. of Alberta,

writing in Soc. Ind. Appl. Math Review, states:
“There can be no question as to the usefulness of this
book...lots of exercises...very clearly written and
makes for easy reading.”

Tektronix Engineer Bill Templeton says “CALCU-
LATOR CALCULUS is the best, most clearly written
book I have seen for improving your math skills.”

IWANT YOU TO DO THIS. Get my complete
kit, with a TI-35 calculator, plus its 200 p. Student
Math Book, AND the guidebook, ALL for $44.95
(for shipping to USA add $2, or $5 by AIR; Foreign
$5, or $10 AIR; in Calif. add $2.70 tax).

If you already have a scientific calculator, you
can invest in the guidebook, ‘CALCULATOR
CALCULUS, for only U.S. $19.95 (to USA or
foreign: add $1 for shipping, or$4by AIR; in Calif.
add $1.20 tax).

As pennywise Ben Franklin said, “An invest-
ment in knowledge pays the best dividends.” GET
STARTED NOW —Tax deductible for professionals.

MONEY-BACK GUARANTEE! Send for it to-
day. Be sure to give me your complete mailing ad-
dress with your check or money order. If you want
to charge it (Visa or MC), tell me your card no. and

exp. date. Prompt W:
shipment j—/“‘?" i g"{'
guaranteed.

Thank you! EduCALC Publications - Dept. A7

27963 Cabot Road, South Laguna, CA 92677
For fast service, phone MC or VISA orders
to (714) 831-2637
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HOW MUCH IS ENOUGH?

If you've ever wondered who got us into the nuclear arms mess,
you will be startled and sickened by this penetrating documentary on
decision making in the nuclear age. From JFK through Reagan,
how we got into this mess is almost as frightening as the mess itself.

“How Much is Enough?
Decision Making in the Nuclear Age
Friday, August 6th « PBS ¢ Check local listings for time.

CRISI
RESIS

M14 l"

Produced and reported by Andrew A. Stern.

Major funding by the Program Fund of the Corporation for Public Broadcasting; addi-
tional funding by the C.S. Fund, the Benton Foundation and the Levinson Foundation.
Transcripts ($3) and distribution information from Espresso Productions, Inc.,

4560 Horton Street, Suite 401, Emeryville, CA 94608.

Ad prepared by Gardner Communications, Inc., San Francisco. WITH BARBARA JORDAN &
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IN THE LAST TWO DECADES the human species has undertaken an unparalleled series of voyages of
exploration and discovery. For the first time in history we have studied our neighboring worlds close-up and in detail.
We have examined the enigmatic pyramids and ancient river valleys of Mars; the broiling, asphyxiating hellhole called
Venus; the active volcanos on lo; the clouds of organic matter on Titan; the exquisite system of 10,000 Saturnian rings.
Our generation is privileged to be the first to make these discoveries and to calibrate our own tiny and lovely little
world.

WE HAVE DISCOVERED forty new worlds that are plausible objectives for future missions. The United
States, the Soviet Union, the European Space Agency and Japan are planning missions that are likely to include landers,
a balloon observatory and a radar orbiter at Venus; encounters with Halley’s Comet; and an orbiter around Jupiter to
examine its moons and radiation belts and to drop, for the first time, a probe into its atmosphere. Such ventures will be
remembered by our descendants thousands of years from now when most other aspects of our epoch will be obscure
and forgotten.

THE PLANETARY SOCIETY is the largest space interest group in the world and the fastest-growing
membership organization in America in the last decade. In just one year its membership has grown to more than 100,000
people from all walks of life, from every state and every continent. Members receive a bi-monthly color publication,
The Planetary Report, filled with timely pictures and articles. The Society holds lectures for members and major exhibits
such as Planetfest ‘81, the largest privately-sponsored event in the history of solar system exploration. Members can
purchase pictures, slides, and the latest books at special rates. The success of the Society has also permitted us to
support a few relatively low-cost but critical scientific projects, including the construction of a quarter-million channel
receiver and computer system to be attached to existing radio telescopes in the search for signals from advanced
civilizations in space. Membership in The Planetary Society provides an opportunity to participate in the greatest
adventure of our times—the exploration of the planets and the search for extraterrestrial life. Join The Planetary Society
and see the worlds. .
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Surface Diffusion

Atoms or molecules are strongly bound on a clean metal surface,

but they can be surprisingly mobile in two dimensions. At low

temperature they apparently “tunnel” from one site to the next

n the atomic scale even the
O smoothest surface of a metal is
a rough and undulating terrain.
Because the atoms at the surface cannot
be subdivided the surface looks some-
what like a layer of billiard balls, made
by cutting a regular, three-dimensional
array of balls along a plane. When metal
atoms are exposed at a surface, some of
the bonds that would ordinarily connect
them with other atoms in the bulk of the
solid are broken, and so the surface at-
oms have a bonding capacity that is not
completely satisfied. A clean metallic
surface is therefore a highly reactive re-
gion, capable of forming strong bonds
with most atoms. Such a surface can
even break a molecule into its constitu-
ent atoms or into molecular fragments.
In spite of the roughness of the sur-
face, atoms or molecules that are ad-
sorbed on it can in many instances move
about. The motion of the adsorbed
particles is called surface diffusion; the
study of the motion reveals features of
the binding of adsorbates that cannot be
obtained in any other way. As the ad-
sorbed particles diffuse across a surface
the strength of the bond that holds them
to the surface varies from place to place.
The reason is that the bond strength
depends on the geometric arrangement
of the atoms making up various facets,
or surface planes, of a particular sub-
stance. Moreover, the adsorbed atoms
or molecules can. interact with one an-
other, and the consequences of the inter-
actions for diffusion lead to still more
fascinating observations. Atoms diffus-
ing on a surface are the best approxima-
tion to a strictly two-dimensional sys-
tem currently available. Two- and three-
dimensional systems are predicted to
differ in certain fundamental properties,
such as the way they can become or-
dered and the way they transport heat
and matter. Through surface diffusion
the differences can be explored.
Surface diffusion is also an important
step in many chemical reactions that
are catalyzed by surfaces. On a surface
the dissociation of a molecule requires
much less energy than it does in a lig-
uid or a gas because the molecular frag-
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by Robert Gomer

ments can bind to the surface with a net
release of energy. In many such reac-
tions at least some of the molecular
fragments must diffuse across the sur-
face in order to encounter other ad-
sorbed particles with which they com-
bine to form new molecules. If the new
molecules are not strongly bound to the
surface, they can leave it and make
room for more reactants. For example,
in the catalytic converter of an auto-
mobile exhaust system a thin film of
platinum or another metal dissociates
oxygen molecules and adsorbs both the
oxygen atoms and the molecules of car-
bon monoxide. The mobility of the ox-
ygen atoms and the carbon monoxide
molecules is sufficiently great for the
two kinds of particles to come into con-
tact and react to form carbon dioxide.
The carbon dioxide molecules then es-
cape from the metallic surface.

n ordinary metallic solid is crystal-
line, that is, its atoms are arranged

in regular, repeating units. Many kinds
of repeating structural unit are possible;
one of the simplest is the body-centered-
cubic structure, found in tungsten and a
number of other metals. The basic struc-
tural unit consists of atoms that lie at the
eight corners and in the center of a cube.
Stacks of unit cubes form the regular
crystalline lattice. A planar cut through
the lattice can be parallel to one of the
faces of the cube or it can make any
angle to the face. Different arrays of
atoms are thereby exposed on the sur-
face. The cuts are designated by a sys-
tem of indexes. For the purpose of dis-

cussing surface diffusion, however,-it is
sufficient to recognize that the density
and the arrangement of the metal atoms
on an exposed surface plane depend on
the orientation of the cut with respect
to the lattice.

The various surface planes differ in
the way they interact with the molecules
of an adsorbed substance. Consider the
diatomic molecule of hydrogen, H. In
the H, molecule two hydrogen nuclei
share two electrons, reducing the to-
tal energy of the atoms and forming a
chemical bond. A bond between atoms
can form only if a nucleus can share
electrons in an exchange with its bond-
ing partner. Some molecules bond to at-
oms, solids or other molecules by the
same mechanism. In molecular hydro-
gen, however, the bonding capacity of
the two atomic nuclei is completely sat-
isfied by the two shared electrons, and so
the molecule cannot form strong bonds
with anything.

A hydrogen atom, on the other hand,
can establish a strong bond with most
metallic surfaces because it can share its
single electron with the atoms of the
metal. If more energy is released when
the surface bonds are formed than is
spent in breaking the bond between the
two hydrogen atoms, diatomic hydro-
gen molecules tend to dissociate on the
surface.

Energy is required to initiate the proc-
ess of dissociation, but it can be drawn
from the thermal energy of the metal
atoms. Most surfaces on which dissocia-
tion is favorable can pull apart a dia-
tomic molecule such as H; even at low

DIFFUSION OF HYDROGEN ATOMS on the hemispherical tip of a tungsten needle is
shown in successive stages in the three photomicrographs at the left, made with the instrument
called the field-emission microscope. At the right the diffusion is shown schematically; each
tungsten atom is represented by a ball and the diffusing hydrogen atoms are represented by the
areas shown in color. The photomicrograph at the top shows the clean surface of the single
crystal of tungsten that forms the tip of the needle. The dark square in the center and the other
dark spots correspond to smooth facets of the crystal, where the atoms exposed at the surface
are packed close together. In the middle photomicrograph the lower half of the needle tip is
covered with hydrogen atoms at 20 degrees Kelvin and appears dark. In the bottom photomi-
crograph the emitter is heated to 190 degrees K. and the hydrogen atoms diffuse over the sur-
face. The regions invaded by hydrogen appear dark. The diffusion boundary moves almost ra-
dially outward from the central, closely packed facet. The magnification is 300,000 diameters.
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temperature. Some crystal surfaces that
are relatively smooth on the atomic
scale, however, bind H; so weakly that
the temperature required to make it de-
sorb, or leave the surface, is lower than
the temperature needed for dissociation.
Thus hydrogen molecules do not disso-
ciate on such a surface even though hy-
drogen atoms can bind quite strongly to

(110) PLANE

(111) PLANE

it. One way the atoms can reach the sur-
face is by diffusion from neighboring
surfaces that can pull apart the diatomic
molecules.

The adsorption of atoms or molecules
onto a surface through the formation of
chemical bonds is called chemisorption.
In many respects the bonds between a
surface and a chemisorbed substance re-
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PLANES INTERSECTING a regular atomic lattice can cut the lattice so as to expose a vari-
ety of atomic arrangements at the surface. The atoms at the surface can be packed close togeth-
er, as they are on the so-called (110) plane (fop), or they can be more widely separated, as they are
on the (100) plane (middle) and the (111) plane (bottom). Such planes of atoms make up the
facets of a crystal; each plane has a characteristic symmetry. The lattice structure shown is the
one assumed by tungsten and certain other metals. It is called body-centered-cubic. One met-
al atom is found at each corner and in the center of a cube; the cubes repeat to form the crystal.
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semble the bonds in a small molecule;
for example, the energies required to
break bonds of both kinds are compara-
ble. In a small molecule, however, the
number of atoms is constant and the at-
oms remain fixed in space with respect
to one another, except for small vibra-
tions about their equilibrium positions.
On a metallic surface the number of ad-
sorbed atoms can vary from zero to the
number required to cover the entire sur-
face with a single layer of atoms. The
surface density of a full single layer is
approximately 1015 adsorbate atoms
per square centimeter.

he regularity of the atoms exposed

on the surface of a metallic substrate
creates many energetically equivalent
sites for adsorption. The exact positions
of the optimum sites vary with the com-
position of the substrate and the adsor-
bate. Some adsorbates are bound most
strongly on top of a substrate atom,
whereas others favor the gaps between
the atoms. In spite of these variations
adsorbed atoms are still bound quite
tightly everywhere on a metal surface.
For this reason surface diffusion is pos-
sible without desorption.

It is convenient to picture the ad-
sorbed atoms on an abstract potential-
energy surface whose height at any giv-
en place is a measure of the binding
energy an adsorbed atom would have
there. On the potential-energy surface
the regions where the bonding is strong-
est correspond to energy wells, and the
regions of weakest bonding correspond
to energy peaks. The alternating pattern
of wells and peaks has the same regular-
ity or symmetry as the atomic surface
itself. In moving from one energy well to
the next an atom need not climb all the
way to an energy peak; instead it can
take the path requiring the least climb-
ing by moving over the passes, or saddle
points, between the wells.

How do the adsorbate atoms acquire
the energy needed for climbing over a
pass? At any temperature above abso-
lute zero the atoms of the substrate and
the adsorbate vibrate randomly about
their equilibrium positions. Most of the
vibrations of the adsorbate atoms have a
small amplitude, but occasionally a big
push or several concerted pushes from
the substrate can impart enough energy
to an adsorbed atom for it to move up
and over the pass. As the atom slides
down the other side of the barrier into
the next well it generally loses its ener-
gy rapidly and becomes trapped; the
buildup of energy must then start all
over again. On each successive jump
the atom is equally likely to jump into
any accessible well, including the one it
came from. Because the energy impart-
ed to an adsorbed atom depends on the
temperature the number of successful
jumps increases rapidly with increasing
temperature.

The motion of an adsorbed atom over



the surface is said to be diffusive, and the
resulting path is called a random walk.
The path can be compared to the aim-
less wanderings of a drunk, who begins
his walk at a lamppost and with each
step is equally likely to proceed in any
direction. If the lamppost is in a large
open place, the drunk can be expected
to take as many steps to the East as to
the West and as many to the North as to
the South, and so he is “not going any-
where.” Nevertheless, he covers more
and more territory as his meanderings
continue; on the average, the area he
covers is a circle with the lamppost at its
center. The square of the radius of the
circle, which is called the mean square
displacement, is equal to the total num-
ber of steps he has taken multiplied by
the square of the length of each step.
Hence after an infinite amount of time
the drunk can be found with equal prob-
ability anywhere on the surface avail-
able to him.

For the adsorbed atom the number of
jumps made in a given time is the aver-
age frequency of its jumps multiplied
by the time. Thus the mean square dis-
placement is calculated by multiplying
the square of the jump length by the
jump frequency and the time. Both the
jump length and the jump frequency
are properties of the particular adsor-
bate-substrate system, whereas time is
not. It is therefore convenient to de-
fine a quantity called the diffusion co-
efficient that describes diffusion but
does not depend on time. The diffusion
coefficient is equal to one-fourth of
the jump frequency multiplied by the
square of the jump length.

he diffusion coefficient is a measure

of the intrinsic rate at which an ad-
sorbed particle is most likely to be dis-
placed from its initial position. If the
adsorbed particle is not isolated but also
interacts with other particles adsorbed
on the surface, diffusion becomes more
complex. As the coverage is increased
many of the stable bonding sites become
occupied; in general an adsorbate parti-
cle cannot enter a filled site. Moreover,
the interaction of one adsorbate parti-
cle with the substrate can affect the
motion of other adsorbate particles. In
spite of these effects the diffusion co-
efficient for a set of adsorbate particles
is similar to the coefficient for an isolat-
ed particle. In both cases the coefficient
is determined by the adsorbate and sub-
strate materials, by the substrate topog-
raphy and by the temperature at which
the process takes place.

How can surface diffusion be studied?
The most straightforward approach is
to cut a large, single crystal of a met-
al to expose the surface plane one wants
to study, polish and clean the surface,
mask half of it and cover the other half
with adsorbate atoms at a temperature
too low for the atoms to jump about.
When the surface is heated, the ad-

RANDOM WAILK of an adsorbed atom proceeds from site to site across an array of surface
atoms much as a drunk might stumble aimlessly away from a lamppost. The adsorbed atom
can minimize its energy at many equivalent sites in the array where it is most tightly bound to
the surface. To move from site to site the atom must gain enough energy from the thermal vi-
brations of the underlying lattice to jump over an energy barrier. Once the jump is made, how-
ever, the adsorbed atom losés its energy to the lattice. Thus each jump is independent of the pre-
vious one, and so the direction in which the atom jumps is random at each new site (just as the
drunk may set out in a new direction with each step). The square of the most probable distance
the atom travels in any direction from its start is proportional to the number of jumps made. A
quantity called the diffusion coefficient, which is a measure of the mean-square distance cov-
ered by an adsorbed atom per unit time, is defined with respect to the random-walk model.

ENERGY ——>

DISPLACEMENT ——>

POTENTIAL-ENERGY DIAGRAM shows the amount of energy associated with each posi-
tion of an adsorbed hydrogen atom at rest on a surface of closely packed tungsten atoms in the
(110) configuration. According to classical, or non-quantum-mechanical, principles, the only
way an adsorbed particle can move from one energy well to another is to acquire enough ki-
netic energy to overcome the pass, or potential-energy saddle, separating the wells (arrows
from point 1 to point 2). According to quantum mechanics, however, the adsorbed particle can-
not be precisely localized: there is some probability that it will be found anywhere. In partic-
ular there is some probability that a particle in one energy well will be found in an adjacent
well, without having gained sufficient energy to jump over the energy barrier (arrows from
point 2 to point 3). The particle is said to have tunneled through the barrier. Tunneling can
be an important mechanism of diffusion at low temperature for atoms having a low mass.
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NEUTRAL PLATE

ENERGY —>

ENERGY —>

ENERGY —>

ENERGY —>

N

DISPLACEMENT —>

ELECTRON EMISSION from a metallic surface in a strong electric
field varies with the density of the metal atoms at the surface and
with the coverage of the surface by an adsorbate. Electrons in a met-
al occupy many discrete but closely spaced energy levels (horizontal
lines in graphs at right). In the absence of an electric field (a) no elec-
trons leave the surface because they cannot surmount the potential-
energy barrier at the surface and because the barrier is infinitely
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thick. When a strong electric field is applied, however, the potential
energy outside the surface of the metal decreases, so that the energy
barrier confronting the electrons in the metal has a finite height and
thickness (b). As a result electrons tunnel out of the metal. When the
surface atoms are closely packed (c), the energy barrier is higher and
the electron flux smaller. When the surface is covered with an adsor-
bate (d), the barrier is higher still and the flux becomes even smaller.
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sorbed atoms diffuse onto the bare sur-
face. From an experiment of this kind,
at least in principle, one could deter-
mine the rate of spreading, that is, the
change in the adsorbate concentration
over the surface with time.

Such experiments have been done, but
they are difficult and have many draw-
backs. Even the best macroscopic sur-
faces have steps and other imperfections
that can affect diffusion. Moreover, the
coverage, or percentage of the adsorp-
tion sites occupied by the adsorbate,
varies from its initial value on the cov-
ered half of the substrate to zero on the
other half. Because the diffusion coeffi-
cient can be strongly dependent on the
coverage the interpretation of such ex-
periments is complex.

There is another difficulty. Since clean
surfaces are so reactive, a surface-diffu-
sion experiment must be carried out in
an extremely high vacuum, in order to
avoid contaminating them with unwant-
ed atoms from residual gas in the appa-
ratus. Even in the best vacuum systems
surfaces become contaminated in from
10 to 100 minutes, and so the duration
of the experiment is limited. Because
diffusion is slow it is difficult to measure
enough movement in such a short time.

hat is needed, then, is a method

for studying surface diffusion over
short distances on single crystal surfaces
free from imperfections. Ideally it is de-
sirable to study diffusion on a surface
with a constant or nearly constant cov-
erage of adsorbate. The experimental
technique should also enable the con-
stant coverage to be varied over as wide
a range as possible.

Many of these requirements, al-
though not all of them, are met by an
instrument called the field-ion micro-
scope, invented by Erwin W. Miiller in
1950. The device can resolve single met-
al atoms adsorbed on the planes of a
microscopic metallic crystal; the planes
are free of defects even on the atomic
scale. Gert Ehrlich of the University of
Illinois at Urbana-Champaign, Michael
Bassett of the Imperial College of Sci-
ence and Technology of the Universi-
ty of London and Tien Tzou Tsong of
Pennsylvania State University have em-
ployed the field-ion microscope to make
extremely detailed studies of the diffu-
sive motion of metal atoms adsorbed on
metallic substrates. Unfortunately only
metallic adsorbates can be observed be-
cause adsorbates such as hydrogen, oxy-
gen and nitrogen do not form images
in the field-ion microscope. Another de-
vice, however, enables the diffusion of
almost any adsorbate to be studied. It
is called the field-emission microscope,
and it was invented by Miiller in 1937.
In many cases field-emission studies
meet all the desired specifications for
the investigation of surface diffusion.

The field-emission microscope is not a
microscope in the conventional sense of
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the term. Its essential component is a
very sharp needle with an approximate-
ly hemispherical tip. Electrons are emit-
ted by the tip and their trajectories di-
verge almost radially outward from it.
If they impinge on a fluorescent screen,
they create a highly magnified map of
the surface of the tip. The magnifica-
tion of the instrument is approximately
equal to the tip-to-screen distance divid-
ed by the radius of the tip [see illustration
below].

It is possible to prepare an emitter
needle by etching a fine wire; a needle
made of tungsten or some other metal
with a high melting point can then be
cleaned and smoothed by heating it to
a high temperature. By this means the
needle can be given a tip with a radius
smaller than 1,000 angstrom units (one
angstrom unit is equal to a ten-billionth
of a meter). A magnification of a million
or more can easily be achieved.

Still further magnification of the nee-
dle tip could be attained simply by con-
structing a bigger screen having a larg-
er distance from the needle, but such
modifications would not improve the
resolution of the microscope. Electrons
leaving the surface of the needle do not
reach the screen along perfectly straight
lines; they emerge with some random
velocity perpendicular to the direction
of emission, and so the source of any
electron detected on the screen cannot
be determined to within less than 20 or
30 angstroms.

An image generated by the field-emis-
sion microscope (that is, any pattern of

VIEWING SCREEN

RADIUS OF NEEDLE

ELECTRON /

/ PATHS \\{

light and dark regions on the fluores-
cent screen) is an electron-emission map
of the tip surface. Field emission comes
about through the quantum-mechani-
cal phenomenon called tunneling. Elec-
trons can move freely in a metal, but
they are ordinarily confined within its
boundaries: the potential energy of an
electron rises steeply at the surface of
the metal to a plateau significantly high-
er than the energy of any electron in the
metal. When the surface of the metal is
placed in a strong external electric field,
however, the potential energy outside
the metal decreases with distance from
the surface. The electrons are still con-
fronted by a potential-energy barrier at
the surface, but the barrier now has a
finite height and thickness. According to
the laws of quantum mechanics, the po-
sition of an electron cannot be fixed with
absolute precision, and so there is some
chance that an electron originally inside
the metal will be found outside it.

he electric field required for appre-
ciable electron emission is high,
from about 30 to 70 million volts per
centimeter. When a metallic object is
electrically charged, the electric field is
highest where the curvature of the met-
al surface is greatest. It turns out that
fields high enough for electron emis-
sion can be generated at the tip of a nee-
dle by applying a potential difference of
only a few thousand volts between the
needle and the fluorescent screen.
The emitting tip of the needle is much
smaller than a single crystal. Hence the

DISK OF CONFUSION

f

RADIUS OF
VIEWING SCREEN

__TIP OF NEEDLE

FIELD-EMISSION MICROSCOPE projects a magnified image of the electron-emission pat-
tern at the surface of the tip of a metal needle. Field emission is caused by a strong electric field
at the surface of a metal. When a voltage is applied between the needle and a fluorescent view-
ing screen, the sharp curvature of the needle tip concentrates the electric lines of force and so
establishes the necessary electric field at the tip. Electrons tunneling out of the tip follow the
lines of force, which diverge radially outward. A highly magnified emission pattern is there-
fore seen on the screen. The magnification is approximately equal to the ratio of the radius of
the viewing screen to the radius of the tip. (The magnification is not exactly equal to the ratio
because of the influence of the shank of the needle.) The resolution of the instrument is limited
to roughly 30 angstroms because an electron leaving the tip has a small random velocity per-
pendicular to a radial line. Hence the electron can arrive anywhere within a disk of confusion
on the screep. Its origin can be determined only to within a corresponding region on the tip.
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TIP OF EMITTING NEEDLE

LOOSELY PACKED PLANE
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ATOMIC STRUCTURE of the surface of the tip of the needle in
the field-emission microscope is a multifaceted series of planes and

terraces approximating a hemisphere, shown schematically in cross
section. The flat plane at the top of the hemisphere merges in single
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atomic steps with terraces of atoms whose surface configuration is
the same as that of the top plane. As the hemisphere curves away
from the top the terraces become narrower, and new planes, steps
and terraces having different surface configurations are exposed.

. .*-.
. .—.
<L ()

1.
S "::

tip is almost always part of one crystal,
even if the needle itself is fabricated
from an ordinary wire made up of many
crystals. Although the tip is approxi-
mately hemispherical, it has flat facets
that correspond to the stablest crystal
planes. The regions between the fac-
ets are made up of terraces and steps
that correspond to the variety of cuts
through the crystal needed to create the
overall hemispherical shape.

The field emission of electrons is low-
est from planes on which the metal at-
oms are most closely packed; these are
the same stable planes that form facets.
Emission is greatest from regions where
the surface atoms are loosely packed,
or in other words where the surface
is atomically rough. Thus spatial varia-
tions in the intensity of the emission on
the fluorescent screen have the same
symmetry as the crystal that forms the
emitter tip. It is therefore possible to
identify the crystallographic directions
that correspond to various portions of
the emission pattern. What makes the
field-emission microscope suitable for
studying surface diffusion, however, is
the fact that field emission is also sensi-
tive to the presence of adsorbed atoms.

he simplest method of studying sur-

face diffusion, developed primarily
in my laboratory at the University of
Chicago in the 1950’s, is to cover only
one side of an emitter needle with an
adsorbed gas. Ordinarily, however, gas
from a source placed to one side of the
needle will quickly cover its entire sur-
face: molecules going past the needle re-
bound from the walls of the glass tube
that encloses the field-emission appara-
tus and stick to the “shadow” side of the
needle. The rebounding can be prevent-
ed by cooling the field-emission tube in a
bath of liquid helium to within a few
degrees of absolute zero. Molecules that
hit the wall of the tube are then frozen to

the glass on impact, and only the side of
the needle facing the gas source receives
a deposit. Because most gases have a
low vapor pressure at the temperature
of liquid helium, immersion in helium
also ensures an extremely good vacuum
in the tube and so keeps the surface of
the needle from becoming contaminat-
ed. The method is called shadowing.

When the needle is heated, adsorbed
atoms diffuse over the tip and the emis-
sion pattern changes. Because of the
high magnification a migration rate of
a few angstroms per second on the tip
corresponds to a rate of almost a mil-
limeter per second on the fluorescent
screen. The diffusion patterns can read-
ily be photographed or recorded in a
motion picture.

The diffusion patterns observed on a
shadowed needle can be the source of
much interesting information and are
also quite beautiful. For example, when
more than a single layer of oxygen mol-
ecules (Oy) is deposited on one side of a
tungsten emitter needle a sharp bounda-
ry is seen moving over the needle even at
a temperature as low as 25 degrees K.

The explanation is simple. The first
layer of oxygen molecules dissociates
on the surface and the resulting oxy-
gen atoms are adsorbed; they become
mobile only at 400 to 500 degrees K.
Although a tungsten surface can form
strong bonds only with a single layer of
atoms, molecular oxygen can be weakly
adsorbed on top of the chemisorbed at-
oms at low temperature. Such weak
adsorption is called physisorption; the
physisorbed oxygen molecules are able
to diffuse even at 25 degrees. When they
reach the edge of the chemisorbed layer,
they “fall off” and are dissociated by the
clean surface. The oxygen atoms are
then chemisorbed, thereby extending
the chemisorbed layer and allowing
more second-layer diffusion. The
sharp boundary observed visually cor-
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responds to the edge of the chemisorbed
layer [see illustration on page 106].

Ordinarily diffusion does not show a
sharp boundary because in a random
walk some diffusing atoms move appre-
ciably ahead of others. Diffusion with a
boundary, however, can sometimes be
seen in chemisorbed layers as well as in
physisorbed layers. If one side of a tung-
sten needle is covered with hydrogen at-
oms and the emitter is heated to between
180 and 220 degrees K., a sharp bounda-
ry moves almost radially outward from
the central, closely packed plane. After
the boundary has penetrated some dis-
tance into the atomically rougher re-
gions it stops; its advance depends on the
size of the initial deposit, and its motion
will resume if more hydrogen is deposit-
ed from the side.

he phenomena reflect variations in
the potential energy of the adsorbed
atoms on different regions of the tung-
sten surface. At 180 to 220 degrees K.
hydrogen atoms can readily diffuse only
over the smooth facets of the surface;
the atoms become trapped on the rough
regions. Once the deep energy wells on
the rough regions of the surface are sat-
urated with hydrogen, however, the
regions become artificially smoothed.
The diffusion of additional hydrogen at-
oms can then proceed as easily as it does
on the intrinsically smooth regions.
Since the smoothing of the rough re-
gions is caused by the precipitation of
hydrogen into the deep wells, there is a
discontinuity between the bare tungsten
surface and the part of the surface on
which all the deep wells are filled. The
discontinuity moves forward as more
hydrogen moves across the newly
smoothed surface and is trapped in turn
[see illustration on page 99]. If all the
available hydrogen is trapped in energy
wells, the diffusion stops. It can be re-
started, however, by increasing the tem-

105



DIFFUSION OF OXYGEN MOLECULES over a tightly bound
layer of oxygen atoms adsorbed on a tungsten crystal is shown in
three photomicrographs made with the field-emission microscope.
The photograph at the left shows a field-emission pattern from a
clean tungsten crystal; the central dark square and the dark spots sur-
rounding it correspond to closely packed facets of the crystal. In the
middle photograph the bottom half of the crystal is covered with oxy-
gen. The oxygen deposit consists of a layer of atoms, which are chemi-
sorbed, or tightly bound, to the tungsten, and excess molecular oxy-

perature of the needle so that the atoms
can jump randomly from trap to trap.

Although the shadowing method pro-
vides a good overview of diffusion on a
surface, it cannot give an accurate esti-
mate of the diffusion coefficient on a
single crystal plane uniformly covered
with an adsorbate. It is possible to modi-
fy the field-emission microscope, how-
ever, in order for such measurements to
be made. A small hole, called a probe
hole, is made in the fluorescent screen,
and steering electrodes are installed so
that the emission from a single, extreme-
ly small region of the surface of the nee-
dle can be directed through the hole. In
this way the electron emission from a
region with a radius of only 50 to 100
angstroms can be measured after suit-
able amplification of the electron signal.
Such a region is small enough to lie en-
tirely within one of the larger facets on
the tip of the emitter needle. The facets
in turn are small enough to be virtually
free of imperfections.

If the needle is uniformly covered
with an adsorbate and heated until the
adsorbed atoms become mobile, the
number of atoms in the probed region
fluctuates randomly by small amounts.
Because the probed region is so small
the fluctuations are significant, and they
cause measurable changes in the emis-
sion current from the probed area. The
average time required for a fluctuation
to build up or decay is the time required
for an atom to move from the center to
the edge of the probed area; it is called
the mean relaxation time for a fluctua-
tion. By sampling the small fluctuations
in emission current from the probed re-
gion many thousands of times it is possi-
ble to determine their mean relaxation
time; from this one can calculate the dif-
fusion coefficient on the probed plane at
a specified temperature and coverage.

Since the fluctuations are random,
they can provide useful information
only through their average properties.
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In order to sample these properties the
so-called time-autocorrelation function
of the fluctuations is determined. The
function gives a measure of how rapidly
a fluctuation “forgets” earlier fluctua-
tions; accurate values of the mean re-
laxation time and the mean square size
of the fluctuations can thereby be ob-
tained. The procedure is called the fluc-
tuation method.

The fluctuation method has made it
possible for the first time to determine
diffusion coefficients under precisely
controlled experimental conditions. Its
main disadvantage is that the fluctua-
tion measurements must be made while
the surface of the needle tip is subjected
to the electric field required for emis-
sion. Certain adsorbed atoms, such as
those of cesium and sodium, are easily
polarized by a strong electric field, that
is, their charge distribution is signifi-
cantly altered. Polarization can affect
both the adsorption energy of the atoms
and the height of the diffusion barriers,
and so the results cannot easily be relat-
ed to diffusion in the absence of the
strong field.

Other adsorbates are only slightly po-
larized by the electric field; they include
atomic hydrogen and oxygen and mole-
cules of carbon monoxide and other gas-
es. For such substances the electric field
does not significantly alter the diffusion
coefficients, and the fluctuation method
has enabled my colleagues and me to
investigate in considerable detail how
the diffusion coefficient varies with tem-
perature and with the surface coverage
of the adsorbate. The results indicate
that the phenomena are much more
complicated than had been suspected.

he most intriguing systems we have
investigated so far by the fluctua-
tion method are the diffusion of hydro-
gen and deuterium on the most closely
packed atomic plane of tungsten, the
plane designated (110). This system has
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gen, which is weakly adsorbed on top of the atomic layer. When the
crystal is heated to only 25 to 30 degrees K., the molecular oxygen be-
comes mobile on the chemisorbed layer. When the molecules reach
the edge of the layer, they “fall off” and dissociate into their constitu-
ent atoms on the bare surface, thereby extending the chemisorbed lay-
er. More oxygen molecules can then migrate over the newly formed
chemisorbed layer and become trapped in turn at its edge. The photo-
micrograph at the right shows the dark advancing limits of the chemi-
sorbed layer of atoms, magnified approximately 145,000 diameters.

been studied by my associate Rocco Di-
Foggio and me for the past three years.

It is often convenient to graph the re-
lation between the diffusion coefficient
and the temperature so that the graph is
a straight line whenever diffusion corre-
sponds to barrier climbing by thermal-
ly activated adsorbate atoms. This can
be done by plotting the logarithm of the
diffusion coefficient against the recipro-
cal of the absolute temperature. In other
words, the value of the diffusion coeffi-
cient should increase exponentially with
a decrease in the reciprocal of the tem-
perature if thermal agitation is the sole
cause of diffusion. (Remember that the
diffusion coefficient is in effect a mea-
sure of the rate at which adsorbate parti-
cles climb from one energy well to an-
other.) The slope of the line in such a
graph is proportional to the height of the
barrier. For atomic hydrogen at temper-
atures above 110 to 170 degrees K. the
diffusion coefficient varies in just this
way with the temperature [see top illus-
tration on page 109].

Below temperatures of 110 to 170 de-
grees we found that the graphs changed
from steeply sloping lines to horizon-
tal ones. The diffusion coefficient for
atomic hydrogen remains almost con-
stant and so becomes independent of
temperature to the lowest tempera-
tures we investigated, namely 30 de-
grees. We immediately suspected that
tunneling through the energy barriers
between energy wells had come to be
more important to surface diffusion
than climbing over the barriers.

The tunneling of a hydrogen atom
through an energy barrier on a surface is
analogous to the tunneling of an elec-
tron through the energy barrier at the
surface of a metal when a strong electric
field is applied. Tunneling is a common
phenomenon for electrons, but it is not
for atoms and molecules because the
tunneling probability decreases rapidly
with an increase in the mass of the tun-
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MODIFIED FIELD-EMISSION MICROSCOPE, shown here schematically, can determine
the diffusion coefficient of an adsorbate on individual planes of a crystal at constant coverage.
Steering electrodes move the pattern on the viewing screen until electrons from a region in the
center of the plane being studied pass through a probe hole and onto a fast-reacting fluores-
cent screen. There the current of electrons from the probed region is converted into light,
which is measured with a phototube. The amplified output of the phototube is again an electric
current, and the fluctuations in this current are an amplified version of the fluctuations in the
electron emissions from the probed region. The fluctuations in emission are in turn caused by
the movement of adsorbed atoms into and out of the probed region. The diffusion coefficient
of the atoms adsorbed on a single plane of the crystal can be calculated from the rate at which
the fluctuations in the emission current build up and decay. The needle is cooled by heat-con-
ducting wires that connect it thermally to a bath of liquid hydrogen. The temperature at the
tip can be increased by passing an electric current through a loop of tungsten wire; the tem-
perature of the needle can be monitored by measuring the electrical resistance of the loop. To
prevent contamination of the surface the entire system is kept in an extremely high vacuum.
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neling particle. Nevertheless, for rela-
tively light atoms such as hydrogen tem-
perature-independent tunneling remains
a distinct possibility, particularly in sur-
face diffusion, where the energy barriers
are small.

At higher temperatures barrier climb-
ing is much faster than tunneling, and
tunneling makes no significant contribu-
tion to diffusion. As the temperature de-
creases, however, and barrier climbing
becomes less likely, tunneling becomes
more important and the contribution of
barrier climbing to diffusion becomes
negligible. In this way diffusion can be-
come independent of temperature. To
test the hypothesis we decided to study
the diffusion of deuterium.

Deuterium is an isotope of hydrogen:
its atomic nucleus includes a proton and
a neutron rather than just a proton,. so
that it is about twice as massive as hy-
drogen. Chemically, however, the two
isotopes are almost identical. Because of
the greater mass of deuterium we ex-
pected that if the temperature-indepen-
dent diffusion were caused by tunneling,
the diffusion of deuterium would also
be independent of temperature below a
certain threshold but the diffusion co-
efficient would be significantly smaller
than it is for hydrogen. Our data for deu-
terium at low temperature confirm these
predictions; hence it is fairly certain that
the tunneling hypothesis is correct.

The demonstration that the tunneling
of the adsorbate particles can account
for surface diffusion at low temperature
may have significance for astrophysics.
The formation of diatomic hydrogen
molecules in space is thought to take
place on cold interstellar dust grains,
and the tunneling of hydrogen atoms
on the surface of the dust grains is one
mechanism that has been proposed to
account for it. Although such grains are
not made of tungsten, the possibility of
tunneling by hydrogen on cold interstel-
lar grains is bolstered by our demonstra-
tion that tunneling diffusion can be de-
tected in the laboratory.

Our data for the diffusion coefficients
of hydrogen and deuterium sug-
gest that quantum-mechanical effects
play a role not only in tunneling but
also in barrier-climbing diffusion. One
would expect, for example, that at tem-
peratures where barrier-climbing dif-
fusion is dominant the diffusion coef-
ficients of hydrogen and deuterium
would be quite similar. Our data indi-
cate otherwise, and the reasons may be
closely related to fundamental quan-
tum-mechanical differences between
hydrogen and deuterium. The slopes of
the graphs of the diffusion coefficients
for hydrogen and deuterium are nearly
equal, and so the barrier heights are
nearly identical for both isotopes. In
most cases, however, the curves are dis-
placed from each other, so that the dif-
fusion coefficients are quite different.



Suppose a hydrogen or a deuterium
atom that had cleared an energy barrier
finds the energy well on the other side of
the barrier already occupied by another
atom. It is possible in such a situation
for the occupant of the well to be pushed
out and over another energy barrier,
where it might scatter a third atom. Such
a chain of scatterings could continue un-
til one of the scattered atoms lands in an
empty site.

For the purpose of determining the
length of a jump, a chain of scattering
events is indistinguishable from a single
long jump by the first adsorbate particle
into the final empty slot in the chain.
Since the magnitude of the diffusion co-
efficient varies with the square of the
jump length, it is evident that the for-
ward scattering of particles can lead to
chains of scattering events that can sig-
nificantly increase the diffusion coeffi-
cient. The probability that long chains
of scattering events will take place, how-
ever, depends on the quantum proper-
ties of the particles forming the chains.
It turns out that quantum principles pre-
vent hydrogen atoms from approaching
each other closely enough for forward
scattering in most encounters, and so
long scattering chains do not develop.
Deuterium atoms, on the other hand,
may be heavy enough to interact ac-
cording to classical, or non-quantum-
mechanical, principles. Hence deuteri-
um atoms may approach closely enough
to each other to cause long scattering
chains. This may account for the obser-
vation that the diffusion coefficients of
deuterium are larger than those of hy-
drogen when the surface is densely cov-
ered with adsorbate. (It is under condi-
tions of dense coverage that the scatter-
ing chains should be most important.)

Athough hydrogen is the simplest and
best-understood atom, studies of its
diffusion on a single smooth plane with
a rather simple atomic structure have
revealed some remarkably complex and
unexpected phenomena. The unantici-
pated complexity serves to emphasize
that surface diffusion in general is not
yet well understood. Secure informa-
tion has begun to develop about chemi-
sorbed atoms on single crystal surfaces
of metals, but almost nothing is known
so far about diffusion on semiconduc-
tors, on insulators, on amorphous met-
als or on organic materials. There are
virtually no quantitative data on dif-
fusion in a mixture of adsorbates, al-
though such information is important
for the understanding of catalysis. Fi-
nally, theoretical and computer calcula-
tions of diffusion coefficients with mod-
els that treat adsorbate-adsorbate and
adsorbate-substrate interactions realis-
tically are just beginning to be done,
and a great deal remains to be learned
about these topics as well. The experi-
mental and theoretical challenges await
new ideas and new talent.

60 PERCENT

[
f
30 PERCENT 1’
101 g
-
i
L
k=
I J

80 PERCENT

10712

= / J /
. / 10 PERCENT / /

I
N

DIFFUSION COEFFICIENT (SQUARE CENTIMETERS PER SECOND)

10713 l l l | ‘
75 100 125 150 175 200
TEMPERATURE (DEGREES KELVIN)

DIFFUSION COEFFICIENTS for hydrogen (black) and deuterium (color) for various cov-
erages on the closely packed (110) surface of tungsten are plotted as a function of temperature.
Equal intervals on the horizontal axis correspond to equal units of the reciprocal of the temper-
ature rather than to equal units of the temperature itself. When diffusion is activated by ther-
mal energy, enabling the adsorbed atoms to jump over energy barriers, the logarithm of the dif-
fusion coefficient should increase linearly with the reciprocal of the temperature. The graph
shows that at temperatures above 110 to 170 degrees K., depending on the percentage of the ad-
sorption sites occupied, thermal activation is primarily responsible for diffusion. At tempera-
tures below this range the diffusion coefficient varies little with temperature. Diffusion on
cold surfaces is caused mainly by tunneling, a process almost independent of temperature.
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VARIATIONS IN COVERAGE have different effects on the value of the diffusion coeffi-
cient when the adsorbate is ordinary hydrogen and when it is deuterium. When only a small
fraction of the available sites are covered by the adsorbate, the diffusion coefficient is lower
for deuterium than it is for hydrogen, but as the coverage increases, the diffusion coefficient
for deuterium surpasses that of hydrogen. The higher diffusion coefficiént for deuterium at
higher coverages is probably caused by chains of scattering events as the deuterium atoms dif-
fuse over the surface. A deuterium atom that jumps into a site already occupied by another
atom may be able to knock the second atom out of its place. The second atom in turn can dis-
place a third atom and so forth, until the last atom in the chain reaches an unoccupied site. The
series of displacements is equivalent to one long jump by the first atom to the last site in the
chain; hence the average length of a jump is multiplied many times and the diffusion coeffi-
cient is increased. Because of quantum-mechanical constraints hydrogen atoms cannot ap-
proach one another closely enough for such displacements in most encounters, but the con-
straints do not apply to the heavier deuterium atoms. The diffusion coefficients are plotted for
the values they would have at infinite temperature so as to eliminate the effects of barrier height.
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The Coevolution of a Butterfly

and a Vine

Heliconius butterflies lay their eggs only on Passiflora vines.

In defense the vines seem to have evolved fake eggs that make it

look to the butterflies as if eggs have already been laid on them

major focus of modern evolution-
ary ecology is investigating the
details of interactions between
organisms in nature and analyzing the
consequences of those interactions. Per-
haps the most significant category of
ecological interactions in terms of the
net transfer of energy in the global food
web is the interactions between plants
and animals. Such interactions encom-
pass a wide variety of ecological phe-
nomena and the majority of known spe-
cies on the earth.

There is much current interest in the
question of how interacting pairs of
plants and animals have influenced each
other in the course of evolution. Among
the best-known examples of such coev-
olution are the obligatory relations be-
tween figs and fig wasps and between
yuccas and yucca moths. In both in-
stances the plants have come to need the
services of the insects as pollen carriers
and the insects in turn have come to
call on the plant to sacrifice some of its
ovules as larval feeding sites to pro-
mote the insect’s reproduction. In such
instances plants and animals have tak-
en turns acting as agents of natural se-
lection with respect to each other.

Not all coevolution, however, is mu-
tualistic. In many instances one of the
interacting organisms is parasitic on the
other. One of the most remarkable in-
teractions for the study of animal-plant
coevolution of the host-parasite type is
the interaction between certain brightly
colored butterflies of the New World
Tropics and certain vines. The butter-
flies are members of the genus Helico-
nius; the vines are passion-flower vines,
members of the genus Passiflora. The
passion-flower vines have evolved ef-
fective chemical defenses against in-
sects, but a few insects, the Heliconius
butterflies among them, have evolved
the ability to circumvent these defenses.
That ability apparently precludes the
Heliconius butterflies’ being parasitic on
other plants. Heliconius butterflies thus
deposit their eggs only on Passiflora
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vines, where the eggs hatch into larvae
that feed voraciously on the leaves of
the vine. The remarkable thing is that
some species of the vine have features
that appear to mimic the distinctive
bright yellow eggs of the butterflies.

What accounts for this mimicry, if
that is what it is? One possibility is the
coevolution of Passiflora with Heliconi-
us. At first this explanation may seem
farfetched, particularly to anyone fa-
miliar with the long list of insects, mites
and fungi that attack a single species
of oak or maple in Temperate Zone re-
gions. How could any one trait of a plant
be causally attributed to natural selec-
tion imposed by one species or genus of
insects among so many? The answer is
that such a selective effect is almost im-
possible. That is why plants such as the
passion-flower vines, with their simpli-
fied, specialized populations of animal
parasites, are of such interest. With only
a few major herbivores such as Heliconi-
us to account for, interpreting the defen-
sive traits of passion-flower vines is rela-
tively free of ambiguity. It also helps
that the Heliconius butterflies them-
selves are highly visible, are easily stud-
ied in the field and in artificial culture,
and are prime experimental animals for
investigations ranging from behavior
to population biology.

ther features of the Passiflora-Hel-
iconius system also make it ideal
for the demonstration and study of co-
evolution. For one thing, the interac-
tion between the vines and their butter-
fly parasites is highly detrimental to
the plant: the leaves on which it depends
for its own nourishment are eaten by the
larvae, and occasionally the defoliation
is fatal. In other words, the coevolution-
ary interaction is a strong one. Equally
useful for the investigator is the fact
that the same basic interaction is found
over a wide geographic area, so that
considerable evolutionary divergence
can be observed in both the plants and
the insects.
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Some 500 species of passion-flower
vine are found in the New World Trop-
ics. Most can be identified only by bot-
anists who work in the Tropics and by
the butterflies whose emerging larvae
may feed on a single species of Passiflo-
ra. For example, in Costa Rica only the
Passiflora vine species P. pittieri is para-
sitized by the Heliconius species H. hewit-
soni. The female butterfly deposits its
eggs selectively on the vine’s freshest
shoots. On the other hand, the females
of the butterfly species H. cydno lay their
eggs on many different species of pas-
sion-flower vine. In another respect,
however, the H. cydno females are more
fastidious than the H. hewitsoni ones;
whichever passion-flower vine H. cydno
parasitizes, it lays its eggs only on the
freshest shoots close to the forest floor.
Nevertheless, H. cydno is still relatively
specialized, being unable to feed on any
other family of plants.

As far as egg laying is concerned,
preferences of this kind mean the butter-
flies’ opportunities are limited. The ex-
tent of this limitation is indicated by a
10-year survey of the flora of Barro Col-
orado Island in Panama recently com-
pleted by Thomas B. Croat of the Mis-
souri Botanical Garden. He determined
that the island has 133 families of
plants, represented by a total of 1,369
species. Of this total the number of spe-
cies belonging to the family of passion-
flower vines was only 11. If one can ac-
cept this proportion as an average for
the New World Tropics, Heliconius par-
asites have available to them less than
1 percent of the plant life there. This
sparse pasture is made sparser still by
the butterflies’ preference for depositing
their eggs on fresh shoots. It is clear that
in the mere discovery of an appropriate
egg-laying site the egg-laying female
butterfly faces a difficult and time-con-
suming task. This, however, is only part
of the story.

Observation in the field reveals that
even after the female has found an ap-
propriate host plant and the appropriate



EGGLIKE YELLOW STRUCTURES appear on the three species
of Passiflora (passion flower) vines shown in this painting. They mim-
ic the yellow eggs of Heliconius butterflies that lay their eggs on the
vines. The larvae of the butterfly then feed on the vine. At the left is a
stem of the Passiflora species P. cyanea; the main modified egglike
structures are the swollen ends of stipules: paired leaflike append-
ages. In the middle is a stem of the species P. auriculata; the main

FAKE EGGS ARE RANDOMLY DISTRIBUTED on two leaves
of the species P. candollei. Here the egglike structures are slightly

modified structures are nectar glands of the leaf stem. At the right is
a stem of an undetermined species of passion-flower vine of north-
eastern Peru; the main modified structures are nectar glands of the
leaf near the point where the leaf is attached to the leaf stem. In this
species delayed expansion of stem-developing leaves keeps growth
points hidden behind leaf displaying fake eggs. Growth points are
vulnerable to being fed on by caterpillars that hatch out of real eggs.

raised nectar glands. Shoots of P. candollei seem to have eggs haphaz-
ardly laid around the growth point, simulating shoots laden with eggs.
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HELICONIUS BUTTERFLY is one of a large genus in the New World Tropics. At the left a
female of the species H. ismenius is shown depositing an egg on a vine of the species P. serra-
tifolia. At the right a caterpillar of the species H. pachinus is shown on a shoot of another vine.

fresh growth on the host it may not de-
posit an egg. Apparently the site not
only must suit the female but also must
be both suitable and safe for the proge-
ny that will emerge from the eggs. What
are the criteria of suitability and safe-
ty? Competition with insects other than
Heliconius butterflies for egg-laying sites
is apparently not among them. Few oth-
er insects deposit their eggs on pas-
sion-flower vines. Flea beetles and flag-
legged coreid bugs are among those
that do, but neither of these insects is as
skilled as the butterflies at finding new
shoots on mature vines or at finding iso-
lated juvenile vines.

What are the consequences for a
passion-flower vine of being para-
sitized by a Heliconius butterfly? Much
depends on the vine’s age and its posi-
tion within its habitat. The seed of a pas-
sion-flower vine can germinate only on
open ground where the soil is exposed to
sunlight. Such gaps are found where the
fall of a tree or the erosion of the land
has created a break in the leafy canopy
that normally shades the forest floor.
The vegetation grows rapidly to fill such
a gap, and so the vine seedlings are in a
race to rise and remain in the light of the
sun. A single Heliconius caterpillar can
easily consume all the leaves of a juve-
nile vine in the interval between the cat-
erpillar’s hatching and its going into the
pupal stage. Such defoliation may not
kill the vine, but it will certainly slow its
rate of growth at a critical time in its life
cycle. If the seedling is thereby locked
into a permanent juvenile condition, it
may never reach sexual maturity and
produce seed.

A mature vine that has managed to
reach the canopy or the subcanopy of
the forest is rarely subject to complete
defoliation. The reason is that glands on
parts of the vine other than the flowers
secrete an “extrafloral” nectar that at-
tracts predaceous ants, wasps and flies,
all of them capable of destroying young
Heliconius caterpillars. Representatives
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of one ant genus, Ectatomma, can colo-
nize the base of a large passion-flower
vine and then forage over the entire
plant for months if not years.

The presence of such “guards” does
not, however, prevent the Heliconius cat-
erpillars from injuring or destroying the
new vine shoots before they themselves
are destroyed. One of my students, John
T. Longino, and I have observed that the
fate of the eggs and caterpillars on a
parasitized passion-flower vine may be
determined by whichever of several ant
species patrols the vine. Some ants, in-
cluding Ectatomma species, are primar-
ily interested in the nectar secreted by
the vine. They ignore both the eggs and
the caterpillars until damage to the tip
of a shoot blocks the development of a
new branch. N

On balance, whereas Heliconius cater-
pillars may keep juvenile passion-flower
vines from attaining sexual maturity,
their actions in preventing the growth
of new branches and flowers on ma-
ture passion-flower vines can be equal-
ly damaging. Plants that do not flower,
like plants that do not mature, will pro-
duce no seed. Neither juvenile nor ma-
ture passion-flower vines need be totally
defoliated in order for their reproduc-
tive fitness to be adversely affected.

These observations, made both in the
field and in the greenhouse, show how
Heliconius parasitism can exert a selec-
tive pressure sufficient to affect the ev-
olution of the host plants. Within any
particular population of passion-flower
vines a chance genetic variant thatisata
lower risk of infestation but is otherwise
normal has a reproductive advantage
over susceptible individuals. The mu-
tant individual will make a larger contri-
bution to the population of seedlings on
the forest floor than individuals that are
at a higher risk of reduced seed produc-
tion. Such fitness gradients due to the
activities of the butterflies can in time
change the genetic makeup of host-plant
populations and species.

That being the case, what traits would
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make a mutant vine less subject to par-
asitism? To answer this question one
must understand three aspects of the in-
teraction between the butterfly and the
vine. The first aspect is how the female
butterfly finds a host plant. The second
is how the butterfly makes a choice be-
tween depositing its eggs or not deposit-
ing them. The third consists of the fac-
tors that affect the survival of the eggs
and the caterpillars after they are in
place on the vine. Natural selection
resulting from Heliconius parasitism
would obviously favor any mutant vine
that was harder for the butterfly to find,
that was less likely to be selected for egg
laying once it was found and that was
inhospitable to the butterfly’s offspring
once they were hatched. (Of course, as
the passion-flower vines evolved under
these pressures, natural selection would
also favor any mutant butterfly that was
better able to find a passion-flower vine.
I shall not, however, go into this compo-
nent of coevolution here.)

o take up the first aspect of the

interaction, just how does the fe-
male butterfly find a suitable host vine?
Laboratory experiments by Newton H.
Copp and Demorest Davenport of the
University of California at Santa Bar-
bara have shown that when a stream of
air is passed over the leaves of passion-
flower vines, it carries away with it cer-
tain volatile substances that elicit a re-
sponse in butterflies closely related to
those of the genus Heliconius. In nature,
however, this kind of odor orientation
would serve only to bring a searching
butterfly to the general vicinity of a vine
that was one among hundreds of forest
plants. More precise localization would
call for direct contact with the surface
of a leaf. Heliconius butterflies, like
other members of their family (the
Nymphalidae), have a specially modi-
fied pair of front legs that can “drum”
on the surface of a leaf. This direct
means of sampling leaf substances is ev-
idently what enables the butterfly to
recognize the appropriate host plant.

Even before this chemical assay is ac-
complished the searching female evi-
dently responds to cues of a different
character: visual perceptions. These as-
pects of host selection are complex.
For example, in my laboratory at the
University of Texas at Austin, Thomas
Abrams showed that young Heliconius
females without prior experience were
strongly attracted to wire models of ten-
drils of the passion-flower vine. This be-
havior suggests that at least some Heli-
conius species instinctively sort plants
into two visual categories: vines and
nonvines.

Field and greenhouse observations of
older females suggest that they respond
to even subtler visual cues. For example,
I have often seen Heliconius females
approach and investigate plants that
resemble their particular host plant in



overall appearance and leaf shape. This
suggests that with experience the butter-
fly progresses from a stage where any
likely leaf is drummed to a stage where
only leaves with shapes like those of the
desired host are drummed. Occasionally
in greenhouse cultures eggs are actually

deposited on totally inedible plants that
only resemble host vines.

Adequate experimental investigation
of this possibility of searching on the
basis of learned images has not yet been
done with Heliconius subjects. Mark D.
Rausher of Duke University has, how-

ever, investigated similar behavior in
the butterfly Battus philenor, the pipe-
vine swallowtail. Butterflies of this spe-
cies deposit their eggs only on plants of
the birthwort family, specifically the
genus Aristolochia (“Dutchman’s pipe
vine”). Working in the field in eastern

VARIETY IN LEAF SHAPE is another characteristic of Passiflora
vines that is thought to have evolved under the selective pressure of
parasitism by Heliconius butterflies. In some species of pass%i-ﬂow-
er vine the shape of the mature leaf (leaf at top) differs greatly from
the shape of the juvenile leaf (leaf below leaf at top left); the leaves
shown here are from vines of the Venezuela species P. cuneata. Some
vines are further protected from Heliconius parasitism by having
leaves shaped like those of nonhost plants in the setting typical of
that stage of the vines’ growth. For example, the leaves of a juvenile
plant of the species P. cuneata (top right) generally resemble those of
several nonhost plants common in small forest clearings where juve-

nile passion-flower vines grow; the leaves of one nonhost plant are
shown intermingled with the P. cuneata leaves. An egg-laying female
butterfly whose search for a host plant was guided by leaf shape could
easily overlook the leaves of the passion-flower vine. The rows of
leaves in the middle and at the bottom illustrate the variety of Passi-
flora leaves in two areas: Trinidad (middle row) and Costa Rica (bot-
tom row). The two leaves in each vertical pair show the variation
between close relatives in the two areas. From left to right are P. tube-
rosa (top), P. biflora (bottom), P. capsularis (top), P. costaricensis (bot-
tom), P. cyanea (top), P. oerstedii (bottom), P. quadrangularis (top), P.
vitifolia (bottom), P. serrato-digitata (top) and P. ambigua (bottom).
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Texas, Rausher found that Batrus fe-
males searching for egg-deposition sites
spontaneously approached not only Aris-
tolochia leaves but also all other leaves
similar in general shape to those of the
particular Aristolochia species the but-
terflies had most often encountered in a
particular part of their flight season.

his possibility that recognition of
leaf shape plays a part in the search
for host plants, combined with the likeli-
hood that such recognition will reduce
the reproductive potential of the plant,
led me to propose that three elements in
the morphology of the leaves of passion-
flower vines may have evolved under
the pressure of parasitism by Heliconi-
us butterflies. The first element, which
is supported by field observations, is
that in many habitats the leaves of the
passion-flower vine closely resemble
in shape and texture the leaves of cer-
tain nonhost plants growing abundantly
there. My colleagues and I have noted
remarkable resemblances between the
leaves of particular Passiflora species
and those of coexisting plants such as
Philodendron or Rubus. In other habitats
a Passiflora species has the leaf charac-
teristics of other plants. An example is
the lanceolate, leathery leaves shared by
P. ambigua and many trees and shrubs
of the mature rain forest.
The second element is also supported

by field observations. In many areas
where different species of passion-flow-
er vine coexist they differ from one an-
other in leaf shape over a surprisingly
wide range. The third element, also sup-
ported by field observations, is that as
many species of passion-flower vine
grow from seedling to maturity the
shape of their leaves changes dramati-
cally. Moreover, the leaves of the juve-
nile vine tend to resemble the leaves of
other plants in its forest-floor habitat,
and the leaves of the mature vine tend to
resemble the leaves of other plants in its
forest-canopy habitat. This suggests that
the pressure of Heliconius parasitism has
favored the evolution of leaves that de-
ceive the egg-laying female butterfly.
The evidence supporting the hypothe-
sis, however, remains circumstantial
and comparative.

Among the insect-plant interactions I
have examined in the hope of elucidat-
ing the role of leaf shape is the one be-
tween the Heliconius species H. hewitsoni
and its host Passiflora species P. pittieri.
This butterfly deposits its eggs in clus-
ters rather than depositing single eggs
at separate sites. Observing marked fe-
males, I found that after they had depos-
ited their eggs on a plant they returned
to it several times a day. Some of the
marked butterflies divided their time be-
tween a half-acre patch with four host
plants and a patch of cucurbit flowers
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COLOR DISCRIMINATION in Heliconius females was demonstrated in a series of experi-
ments with passion-flower vines. When H. cydno females were presented with a choice (a) be-
tween a vine bearing no eggs (gray bar) and a vine bearing an egg (colored bar), in a total of
217 inspections the butterflies selected the egg-free site 70 percent of the time. To determine
whether color or chemical cues govern this behavior the butterflies’ next choice (b) was be-
tween a vine bearing no eggs (gray bar) and a vine bearing an egg that had been dyed green (col-
ored bar). In a total of 80 inspections the butterflies showed no greater preference for the egg-
free site. Finally the butterflies were offered a choice (c) between a vine bearing a green egg
(gray bar) and a vine bearing a normal yellow egg (colored bar). In 66 inspections the butter-
flies selected the site with the green egg more than 30 percent of the time and the site with the
yellow egg less than 5 percent. Where the percentages in bars do not add up to 100 percent, the
remaining fraction is accounted for by inspections in which the butterfly did not lay an egg.
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150 meters away, where they could feed
on pollen and nectar.

I collected lengths of P. pittieri vine
with newly developed shoots and placed
them in the patch of vines that was being
regularly revisited. The females did not
discover or investigate the potential egg-
laying sites I had supplied. Moreover, I
had also placed abstract shapes behind
the egg-deposition sites and elsewhere in
the half-acre patch; the females did not
approach them either. Apparently the
butterflies had entered a secondary stage
of foraging behavior, one in which they
were devoting all their searching time
to the reinvestigation of a host plant
they had already discovered. If my ab-
stract shapes had any influence at all, it
was to provide landmarks for keeping
track of where not to place additional
eggs! How has such a two-stage search-
ing pattern evolved? Evidently it arises
from the vine’s pattern of growth and
from the resulting egg-deposition tac-
tics of H. hewitsoni.

he P. pittieri vines, it so happens, pro-

duce new shoots rather infrequently.
Accordingly the H. hewitsoni females’
foraging behavior can be seen to con-
sist of two equally critical phases. The
first one may be termed the discovery
phase: the young, inexperienced butter-
fly searches for plants with the appro-
priate leaf chemistry. The plant may or
may not have appropriate egg-deposi-
tion sites at the time of discovery.

The second phase may be termed the
decision phase: Exactly when should the
female deposit its cluster of eggs on pre-
viously discovered and regularly visited
host plants? If the eggs are deposited too
early, the hatching caterpillars may de-
vour the shoot before its leaves appear,
and because they are too small to eat
tough old leaves they will starve. If the
eggs are deposited too late, the caterpil-
lars may find that the rapidly growing
leaves have already become too tough
to eat; the consequences are equally fa-
tal. It appears that because the H. hewit-
soni female has evolved to deposit its
eggs only on a single species of host
plant (and perhaps also because the host
plant is relatively large and therefore
easy to find) these butterflies have spe-
cialized to devote almost all their effort
not to a search for new host plants but
to the selection of a proper “time win-
dow” for depositing their eggs on host
plants they have already discovered.
This species therefore tends to exploit
cues more general than leaf shape for
finding host plants.

The behavior of the H. hewitsoni fe-
males contrasts sharply with that of H.
cydno females. The H. cydno females,
which lay eggs singly but may deposit
from six to 10 eggs in a day on any one
of a variety of available Passiflora spe-
cies, frequently select host vines that are
too small to offer sites for laying egg
clusters and are certainly too small to
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INHIBITORY EFFECTS of normal yellow eggs and mimic eggs were compared in a further
experiment. As is shown in the top chart, the H. cydno females were first offered a choice be-
tween a vine bearing no eggs (gray bar) and one bearing a normal yellow egg (colored bar). Af-
ter only 25 seconds 113 eggs had been deposited. Most of the eggs deposited in the first 15 sec-
onds were placed on the egg-free vine; the mean time for deposition was 9.7 seconds. Most of
the eggs deposited on the occupied vine were emplaced after 15 seconds had passed; the mean
time was 21.8 seconds. As is shown in the bottom chart, in the next test the females were offered
a choice between two lengths of the egg-mimicking vine P. cyanea; one length of vine had its
mimic eggs removed (gray bar) and the other had the mimics in place (colored bar). After 25
seconds 180 eggs had been deposited. Most of the eggs deposited in the first 20 seconds were
placed on the mimic-free vine; the mean time was 15.4 seconds. Most of the eggs deposited on
the vine with mimic eggs were emplaced after 15 seconds had passed; the mean time was 21.9
seconds. Thus the inhibitory effect of the mimic eggs was equal to the effect of the real eggs.
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feed a large number of emerging cater-
pillars. With as many as 10 eggs to de-
posit each day, the H. cydno females
must continually search for new host
plants in a forest habitat where the den-
sity of passion-flower vines is low. They
have evolved a pattern of behavior that
probably depends on the visual recogni-
tion of leaf shapes similar to those of
host plants they have encountered previ-
ously. The large number of species ex-
ploited and the greater efficiency of vi-
sual recognition, as opposed to random
drumming, mean that in the course of a
day the females will find many egg-dep-
osition sites to choose from.

The corollary is that if a species of
passion-flower vine were parasitized by
abutterfly that depended on the recogni-
tion of leaf shape as its main search
stratagem, the target species would be
under strong selective pressure to evolve
both in the direction of (1) convergence
toward plants other than Passiflora and
(2) divergence away from other Passi-
fora species that can feed caterpillars.
(If a plant shares a leaf shape with an-
other plant, it may attract unwanted
visitors. This conclusion is in accord
with the hypothesis mentioned above,
and it is supported by the observed va-
riety of leaf shapes among species in lo-
cal communities including numerous
Passiflora species exposed to the same
searching insects.)

We come now to the second aspect
of the interaction between Heli-
conius butterflies and Passiflora vines.
After the butterfly has selected a suit-
able host-vine site it must decide wheth-
er to lay its egg (or eggs) or to search
further. The criteria for making this de-
cision are obviously important to the
success of the parasite, and yet there are
only a few hints to their nature. For ex-
ample, it seems reasonable to suppose
one criterion would be the presence or
absence of predators or competitors at
the chosen site.

To .consider predation, the emerging
caterpillars of most Heliconius species
that deposit single eggs are cannibalistic.
One may suppose, then, that a major
criterion affecting the decision of a fe-
male of these species to deposit eggs or
not to deposit them would be the pres-
ence or absence of another female’s egg
at the selected site. A mechanism favor-
ing the avoidance of such sites could
easily evolve because mutant butterflies
with such a mechanism will have more
progeny than butterflies that deposit
eggs at occupied and unoccupied sites
randomly.

Has such avoidance behavior actually
evolved? The answer is yes; it is an ob-
served fact that among Heliconius spe-
cies that deposit single eggs the act of
egg deposition is not random. Field
studies show that vine shoots bearing
only one egg outnumber those bearing
two or more eggs in a proportion far
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greater than statistics would predict for
random events. Indeed, this pattern of
behavior, technically termed “egg-load
assessment,” is a well-documented phe-
nomenon not only among Heliconius
species but also among other insects, in-
cluding other families of butterflies.

Assuming that the avoidance behav-
ior exists, what is the cue that gives rise
to it? At least among the Heliconius spe-
cies one potential cue stands out above
all others: the females’ eggs are deposit-
ed in conspicuous places such as the tip
of a shoot and they are bright yellow.
Until recently, however, the possibility
that a color cue played a part in inhibit-
ing egg deposition was supported only
by circumstantial evidence.

Cues apart, how does this mechanism
of egg-load assessment enter into the
pattern of coevolutionary interactions
between butterflies and passion-flower
vines? To answer the question we must
turn to a bit of history. In the late 1960’s
W. W. Benson (who is now at the Uni-
versity of Sdo Paulo) and I were work-
ing in different parts of the New World
Tropics and came to an identical con-
clusion. Both of us noticed that certain
passion-flower vines (different species in
our respective areas) bore yellow mark-
ings. Our hypothesis, arrived at indepen-
dently, was that markings identical in
color (and in many instances identical
in shape) with Heliconius eggs would re-
duce the probability of any eggs’ being
deposited on the vine. The reason, of
course, would be that it would appear
eggs had already been deposited there.

This hypothesis was particularly ex-
citing to me because few evolution-
ary developments in the plant kingdom
can be clearly attributed to selective
pressures exerted by clearly identifiable
agents. In the years that followed, com-
parative studies of what became known
as “egg mimicry” in various Passiflora
species offered strong support for the
new hypothesis. Although the apparent
egg-mimicking features have so far been
found in only some 2 percent of the 500
New World species of Passiflora, they
arise in too many different ways for
them to be correlated with some single
botanical function. They also seem to
have evolved sporadically among Passi-
flora lineages; they are found among
some populations of Passiflora species
or subgenera but not among others of
the same species or subgenus. This pat-
tern indicates that egg mimicry evolved
recently: since the major radiation of
passion-flower vines in the New World.

In 1976 Kathy S. Williams, an under-
graduate student working in my labo-
ratory, and I undertook to establish
experimentally whether Heliconius but-
terflies were indeed the selective agents
responsible for the evolution of mimic
eggs on Passiflora vines. We isolated H.
cydno females in a small greenhouse

CAPTURED HELICONIUS CATERPILLAR, one of its prolegs hooked by a sharply point-
ed hair on the leaf stem of a Passiflora vine, is seen in this series of scanning electron micro-
graphs showing another defensive measure of some species of the plant. At the top the entrap-
ment is not apparent; the hooked leg is the third from the right. In the middle the tip of the
plant hair has penetrated the surface of the proleg at the center of the micrograph. At the bot-
tom the tear that has been made in the proleg by the plant hair is visible just above the hook’s
point of entry. The vine in the micrographs is P. adenopoda; the caterpillar is H. melpomene.
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INVEST
YOURSELF

A windmill to pump water for “salt farm-
ing” in India. More efficient woodburning
stoves for the Sahel. Photovoltaic irrigation
pumps for the Somali refugee camps.

All these are solutions to technical prob-
lems in developing countries. Devising
such solutions is no simple task. To apply
the most advanced results of modern sci-
ence to the problems of developing areas
in a form that can be adopted by the people
requires the skills of the best scientists,
engineers, farmers, businessmen—people
whose jobs may involve creating solid state
systems or farming 1000 acres, but who
can also design a solar still appropriate to
Mauritania or an acacia-fueled methane
digester for Nicaragua.

Such are the professionals who volun-
teer their spare time to Volunteers in Tech-
nical Assistance (VITA), a 20 year old pri-
vate, non-profit organization dedicated to
helping solve development problems for
people world-wide.

Four thousand VITA Volunteers from 82
countries donate their expertise and time
to respond to the over 2500 inquiries re-
ceived annually. Volunteers also review
technical documents, assist in writing VITA's
publications and bulletins, serve on tech-
nical panels, and undertake short-term
consultancies.

Past volunteer responses have resulted
in new designs for solar hot water heaters
and grain dryers, low-cost housing, the
windmill shown above and many others.
Join us in the challenge of developing even
more innovative technologies for the future.

Putting Resources
to Work for People

3706 Rhode Island Ave, Mt. Rainier, Maryland 20712 USA
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where they could feed but where no pas-
sion-flower vines were available for egg
deposition. As our first experiment we
introduced four shoots of the vine P.
oerstedii, two of them bearing a con-
spicuous yellow Heliconius egg and two
bearing no egg. We then recorded the
number of times the females inspected
the shoots. Inspection was followed by
egg deposition in 70 percent of the visits
to egg-free shoots, whereas it was fol-
lowed by egg deposition in only 30 per-
cent of the visits to egg-bearing shoots.
These results strongly supported the re-
ality of egg-load assessment but did not
exclude the possibility that the cue to
whether or not the shoot was occupied
by an egg was not a visual cue but an
olfactory one.

To test the reality of color discrim-
ination by the butterflies we repeated
the experiment, this time giving them
a choice among unoccupied shoots,
shoots occupied by yellow eggs and
shoots occupied by eggs that had been
dyed green. (The eggs of both colors
were rinsed in distilled water to elimi-
nate the possibility that dyeing the
eggs had washed off a repellent chem-
ical.) The butterflies deposited eggs
in equal percentages per inspection on
the unoccupied shoots and the shoots
with the green eggs. The percentage of
egg deposition on the shoots with the
rinsed yellow eggs was significantly the
lowest: less than 5 percent compared
with 25 percent for both the unoccupied
shoots and the shoots with the green
eggs. The results demonstrated that for
the butterflies the major cue to the pres-
ence of an egg is its natural color.

Our third experiment was designed to
test the related hypothesis that where-
as in certain circumstances the butter-
flies will deposit their eggs on occupied
shoots, there is still some residual inhibi-
tion against their doing so. The design of
the experiment was simple. The H. cydno
females were againisolated and present-
ed first with egg-free Passiflora shoots
and then with egg-bearing ones. The
deposition of eggs took on the average
more than twice as long to accomplish
(22 seconds) on egg-bearing shoots as it
did on egg-free ones (10 seconds). The
extra 12 seconds were spent seeking a
site on the egg-bearing shoot some dis-
tance from the site already occupied.
This kind of discrimination may be rare
in nature and may be at least partly at-
tributable to crowded greenhouse con-
ditions. Nevertheless, the existence of
time-consuming search behavior lead-
ing to eggs’ being placed in secondary
sites on occupied shoots suggests that
crowded shoots have been a factor in
the evolution of H. cydno egg-deposition
behavior.

Williams and I devised further experi-
ments to test the effectiveness of mimic
eggs in warding off egg deposition. The
vine we worked with, the species P. cya-
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nea, develops conspicuous yellow swell-
ings on its stipules: paired leaflike ap-
pendages on the stems of the plant.
When H. cydno females were given a
choice between shoots bearing mimic
eggs and shoots with the mimic eggs re-
moved, their preference for the egg-
free shoots was significant: 40 percent
compared with 25 percent. Moreover,
the average time that passed before a
butterfly deposited an egg on a shoot
bearing a mimic egg was almost exactly
the same as the time we had measured
earlier for shoots bearing actual Heli-
conius eggs. This suggests that whereas
mimic eggs do not totally deter egg dep-
osition, their effect in forcing the butter-
flies to select secondary deposition sites
some distance from the tip of the shoot
may at least reduce the number of eggs
deposited at that vulnerable point.

Certain patterns of growth and devel-
opment are unique to the Passiflora
species that bear mimic eggs. For exam-
ple, in passion-flower vines typical of
the group called Decaloba, such as P.
biflora, the growth of shoots is parallel
with the development of leaves. One
species of this group found in northeast-
ern Peru is an exception. It has mimic
eggs; the modified structures are nectar
glands on its leaves. In this species the
growth and development of the leaves
are normal but the growth of the stem
between nodes (the points at which
leaves and other organs diverge from
the stem) proceeds in pulses. The result
is that the vulnerable shoot tip is always
“protected” by a leaf bearing a promi-
nent display of mimic eggs.

Some populations of the species P. au-
riculata bear mimic eggs; others do not.
Among those that display mimic eggs
the modified structures are the nectar
glands of the leaf stem. These develop
precociously, reaching mature dimen-
sions while the developing leaf is still
tiny. As a result the vulnerable tip of the
shoot gives the appearance of being cov-
ered with large golden eggs.

Perhaps the most remarkable of these
egg-mimicking modifications is found in
the species P. candollei. The modified
structures are the leaf nectar glands;
they have the appearance of egglike yel-
low spots. Near relatives of this vine
typically have their leaf nectar glands
arrayed along two diverging lines, and
the positions occupied by the nectar
glands on one leaf are usually occupied
on other leaves of the same plant. On the
leaves of the egg-mimicking P. candollei,
however, the developmental control of
the position of the nectar glands on the
leaf is apparently lost, so that the egg-
like glands appear haphazardly. Some
leaves have only one yellow spot; others
may have as many as eight spots. The
numbers and positions vary from leaf to
leaf on the same plant. This randomized
system simulates the irregular pattern



characteristic of egg laying in many spe-
cies of Heliconius butterflies.

All these observations strongly sug-
gest that the hypothesis of protective
egg mimicry by passion vines is a valid
one. The greenhouse experiments done
by Williams and me also provide evi-
dence in support of the hypothesis. Nev-
ertheless, field studies will be necessary
to determine whether the butterflies’ ca-
pacity for egg-load assessment makes
for significant differences in the survival
rate and reproductive success of mimet-
ic passion vines compared with nonmi-
metic ones in the same population.

This brings us to the third aspect of
the interaction between Heliconius but-
terflies and Passiflora vines. What hap-
pens when the eggs are laid and what
happens when they hatch? Have the pas-
sion-flower vines evolved traits to “deal
with” the eggs and caterpillars of the
parasite? I have identified in certain Pas-
siflora species a few traits that are inimi-
cal to the parasites in these stages of
their life cycle. One antiegg example can
be seen in the species P. ambigua. The
stipules of this vine are long and tendril-
like; they are shed soon after they ap-
pear. When the stipules are shed, any
eggs laid on them will perish.

A second trait that may have evolved
as an anticaterpillar measure is found in
P. adenopoda and its relatives. The leaf
surfaces of these passion vines bear an
array of fine hooked hairlike trichomes,
and most Heliconius caterpillars are un-
able to move across the leaf without be-
ing pierced and fatally immobilized.

The observations and experiments I
have described here represent only a
few of the coevolutionary relations be-
tween Heliconius butterflies and Passiflo-
ra vines. They indicate, however, that
the dual interaction between the animal
parasites and their plant hosts is a dy-
namic, continuing process. It is certain
that many of the differences among
various Passiflora populations and spe-
cies have arisen because of selective
pressures exerted by the butterflies.

A decade ago I looked on these phe-
nomena as a special and extreme case
of the tropical environment in action.
Now, however, the same phenomena
are being discovered in the interactions
between butterflies and plants in the
Temperate Zone. One case in point is
Rausher’s observations of the pipe-vine
swallowtail butterflies and Aristolochia.
Another is the mimicking of butterfly
eggs by certain plants of the mustard
family recorded by Arthur M. Shapiro
of the University of California at Da-
vis. In any event the presence in the
New World Tropics of Passiflora spe-
cies numbering in the hundreds and
local populations numbering in the
millions provides a natural laboratory
for the study of coevolution in all its
genetic and ecological ramifications.

QUESTARY?® ...thetelescope that can take it

A Questar’s durability is the thing
that amazes so many owners. That
an instrument so small and so beau-
tiful can exhibit such toughness in
the clinches is the quality that
astonishes almost as much as its
unique optical performance. Hubert
Entrop, who sends us those great
deep-sky photographs, keeps writing
to tell us how he sometimes gets his
best shots of galaxies and nebulas in
areas that are exposed to sudden
mountajn squalls and gusting winds,
but his Questar keeps guiding
steadily along. Now comes a letter
from Wings, a group that specializes
in safaris to far away places. Will
Russell, their leader, writes:

“WINGS now owns five Questars
and during the last two years we’ve
used them at Pt. Barrow, Alaska, in
Kathmandu and Jerusalem, along the
Amazon, in Kenya, Siberia, Thailand
and many places in between. We’ve
used them in the steaming tropics
and sub-zero cold; in blizzards, dust
storms, Atlantic hurricanes, Pacific
typhoons and just about every other
sort of weather. We’ve dropped

Our booklet describing Questar, the world’s
finest, most versatile telescope, contains an
astonishing collection of photographs by Questar
owners. Send $2 for mailing costs on this con-
tinent; by air to S. America, $3.50; Europe and N.
Africa, $4.00; elsewhere, $4.50.
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them, kicked them over, watched
them blow over, had them partially
dismantled by foreign security
guards, run over by airlines luggage
conveyors and temporarily con-
fiscated. In short, in the past 24
months we’ve learned quite a lot
about using Questars.”’

And so, whether you propose to
use your Questar on your patio or in
one of those distant spots where
Russell’s Questars have been put
through their paces, you will be
reassured to know that Questars can
take it. We like to think that every-
one babies his or her Questar, but
obviously Wings isn’t able to do this
and the instruments not only survive
but turn in fine performances.

It is nice to know, too, that this
old, established company still guar-
antees its product for ten years
against defective parts and workman-
ship. Even Questars that have fallen
down a flight of stairs or were
dropped out second story windows,
have turned up here to be put back
together for a whole new useful life.
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Ophiolites

The crust of the earth under the oceans is different from the crust

of the continents. Ophiolites seem to be fragments of oceanic crust

on land. They are thus clues to how oceanic crust forms and spreads

late-tectonic theory proposes that
oceanic crust, which forms some

70 percent of the earth’s solid sur-
face, has been and is being constantly
created at the axes of oceanic ridges and
rises. Thereafter, by the processes of
sea-floor spreading, it moves away from
these axes and ultimately plunges into
the earth’s interior along subduction
zones. Since the oceanic crust has this
built-in self-destruct system, no part of
the present oceanic crust is much more
than 200 million years old. In contrast,
the continents, being lighter than ocean-
ic crust, are not easily subducted and
move passively over the face of the
earth in response to sea-floor spread-
ing and plate-tectonic processes. Indeed,
continental rocks preserve evidence of
earthhistory going back almost four bil-
lion years.

Occasionally a fragment of oceanic
crust, instead of being subducted, is
preserved at the leading edge of a plate
that rides over a subduction zone. To
describe this process Robert G. Cole-
man of the U.S. Geological Survey has
coined the term obduction: the reverse
of subduction. Coleman has also calcu-
lated that less than .001 percent of all
oceanic crust has been obducted and re-
mains on dry land. Small though these
remnants are, they provide unique in-
formation on the processes currently
operating under the axes of oceanic
ridges and rises. They also yield clues
to the evolution of ancient oceans, the
mechanisms of collisions between plates
and the position of ancient destructive
plate margins, and they strongly sug-
gest that plate-tectonic processes have
been active for at least the past billion
years. These on-land fragments of oce-
anic crust are known as ophiolites.

Like many other geological terms
“ophiolite” has since the advent of plate
tectonics taken on a new meaning and
significance. Even before this latest
revolution in earth science, however,
the meaning of the term evolved with
changes in the understanding of geologi-
cal processes. The term first appeared in
the geological literature in the 1820’s,
when Alexandre Brongniart of France
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coined it to describe rocks also known as
serpentinite or serpentinized peridotite:
a type of igneous rock usually found in
areas deformed by tectonic processes.
“Ophiolite” is derived from the Greek
ophis, meaning snake or serpent; there-
fore it has the same meaning as serpen-
tinite. Both terms are appropriate only
in that both the rocks and some reptiles
have a mottled green appearance. Oth-
er than demonstrating the addiction
of European geologists to the classical
languages, “ophiolite” had little signifi-
cance and was used in an ad hoc way
throughout the 19th and early 20th cen-
turies to describe serpentinized perido-
tites and the rocks commonly associated
with them.

In the 20th century there were two
major changes in the usage of the
term. In 1906 Gustav Steinmann of Ger-
many noted the close association of ser-
pentinized peridotite with other igneous
rocks and deep-water sediments (such
as radiolarite) in the Alpine fold mount-
tains around the Mediterranean. Later,
in honor of this outstanding geologist,
the association of serpentinite, radiolar-
ite and pillow lavas (lavas erupted un-
der water) became known as the Stein-
mann Trinity. Then, through common
usage, “Steinmann Trinity” and “ophi-
olite” became synonymous. In other
words, “ophiolite” no longer referred to
one kind of rock but to an assemblage
of related rocks.

Steinmann particularly emphasized
the association between deep-water sed-
iments and the serpentinite and the

pillow lavas. Others developed this lead
and proposed that ophiolites were mas-
ses of igneous rock emplaced in geosyn-
clines: huge linear depressions in the
earth’s crust that become filled with sed-
iments. Some workers believed the igne-
ous rocks were intruded into the layers
of sedimentary rock as sills (horizontal
intrusions); others saw them as immense
balloons of magma (molten rock) erupt-
ed onto the surface of the sediments
along the flanks of the geosyncline.

It was visualized that once the balloon
had erupted its skin chilled and frac-
tured and was invaded by dikes (verti-
cal intrusions) from the balloon’s still-
molten interior. Thereafter pillow lavas
erupted onto its surface. As the molten
interior crystallized, the heavier miner-
als settled to produce layered peridotites
and overlying layered gabbros.

Here I must pause briefly to define
what is meant by terms such as “perido-
tite” and “gabbro.” In this context they
apply to the rocks of the oceanic crust
and the underlying uppermost part of
the earth’s mantle. The uppermost part
of the mantle is thought to be formed
of peridotite, a rock that consists al-
most entirely of the magnesian minerals
olivine [(Mg,Fe),SiO4] and pyroxene
[Ca(Mg,Fe)Si;0¢]. Also present, how-
ever, is dunite, a rock that consists al-
most entirely of olivine.

The oceanic crust is formed of rocks,
such as basalt and gabbro, that are
somewhat richer in silica (silicon ox-
ides). Basalts are fine-grained; gabbros,
having crystallized more slowly, are
coarse-grained. Both, however, consist

OPHIOLITE ON THE ARABIAN PENINSULA is represented by the dark-colored moun-
tains running from the upper left to the lower right in this Landsat picture of northern Oman.
The body of water at the upper right is the Gulf of Oman, which connects the Persian Gulf and
the Indian Ocean. The mountainous area is known as the Samail nappe. Light-colored area to
the left of the dark-colored ophiolite is continental rocks, mainly limestones; they are under-
lain by granitic rocks of the Arabian continental plate. The dark color of the ophiolite results
from the abundance of basalts, gabbros and peridotites, rocks characteristic of the oceanic
crust and the underlying mantle of the earth. The small patches of red along the coast and in
other areas are vegetation, which appears red because of the arbitrary color coding of the wave-
lengths detected by the sensors carried on the Landsat satellite. The Landsat image data have
also been further processed by computer in order to enhance the image. The processing was
done by the Earth Satellite Corporation. The field of view in the picture is 130 kilometers across.
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of the same minerals: olivine, pyroxene
and plagioclase (NaAlSizOg-CaAlsSis
Og). Basalts form the upper one to 2.5
kilometers of the oceanic crust (exclu-
sive of the overlying sediments), gab-
bros the lower 3.5 to 6 kilometers.

To return to the geosyncline model
of ophiolites, it developed in the 1930’s,
1940’s and early 1950’s and remained
the consensus among geologists until the
mid-1960’s. The essence of the model is
that ophiolites were interpreted as being
the result of magmatism during the ini-
tial stage in geosyncline development.
They were therefore in situ (autochtho-
nous) igneous rocks and, whether they
were intruded as sills or erupted, they
were interleaved with the sedimentary
rocks of the geosyncline. It is this basic
concept that has changed. Today almost
all ophiolite masses are regarded as
being allochthonous, that is, they were
formed elsewhere and were transported
tectonically to their present position.

The model now widely accepted is
that an ophiolite is a fragment of ocean-
ic crust formed at the axis of an oceanic
ridge or rise, moved across the ocean
floor by sea-floor spreading and final-
ly lifted above sea level. Concurrent-
ly with this switch from an in situ to
a transported origin for ophiolites the
concept of the geosyncline, which once

dominated the geological literature, has
been virtually abandoned.

The complete change in ideas on the
origin and significance of ophiolite com-
plexes was brought about by a variety
of investigations. First it was demon-
strated that virtually all ophiolites are
allochthonous, having been brought
in contact with the adjacent rock for-
mations by tectonic processes. Second,
detailed studies of ophiolites in the
eastern Mediterranean, particularly the
Troodos massif on the island of Cyprus,
showed that their internal structure was
not compatible with their having been
formed in situ in a geosyncline; it could
be realistically explained only on the ba-
sis of magmatic processes operating at
oceanicridges and rises, where new oce-
anic crust is generated. Third, it was
noted that in each of the eastern Medi-
terranean ophiolites the same rock se-
quence could be recognized and could
be compared with layers in the sea
floor deduced from geophysical evi-
dence. Fourth, it was shown that ophio-
lite rock types were similar to those of
rocks that had been dredged from the
deep-sea floor.

The similarity of ophiolite sequences
to one another and to oceanic sequences
and the comparability of oceanic and
ophiolitic rocks (demonstrated by Niko-

las I. Christensen of the University of
Washington and Matthew H. Salisbury,
now at the Scripps Institution of Ocean-
ography) led to the general acceptance
of ophiolites as fragments of oceanic
crust formed at oceanic ridges and rises.
Since then it has been common prac-
tice to use ophiolite data to clothe the
necessarily meager skeleton of oceano-
graphic data on oceanic-ridge-and-rise
structures. This view became widely ac-
cepted in the 1970’s, but even so when
those attending the Geological Society
of America’s Penrose Conference on
ophiolites undertook to redefine the
term in 1972, they stressed that it should
be applied only to a particular rock as-
sociation and should not have any con-
notations of origin.

Acomplete ophiolite, such as the rela-
tively undeformed ophiolite of the
Troodos massif of Cyprus, is an order-
ly sequence of rock types. In most in-
stances the processes of obduction have
disrupted the originally coherent mass
and have spread parts of the ophiolite
over a large area. The component parts
of such a dismembered ophiolite can of-
ten be fitted back together by unraveling
the tectonic jigsaw puzzle. It is easi-
er, however, to study relatively unde-
formed ophiolites such as the Troodos
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SCHEMATIC CROSS SECTION OF OCEANIC CRUST is based
on ophiolite studies. In the middle is the axis of an oceanic ridge or
rise. At the top of the crust (except for a thin layer of sediment that
is not shown) are pillow lavas: lavas that have flowed out onto the
ocean floor from a high-level magma chamber. Below the pillow la-
vas are sheeted dikes: vertical slabs that were originally intruded at
the axis of the ridge or rise and were then moved outward along with
the spreading sea floor. Below the sheeted dikes are coarse-grained,
unstructured gabbros representing melts that crystallized against the
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roof of the magma chamber. Crystallizing within the chamber are
layered gabbros and peridotites; the “Moho” (for Mohorovi¢i¢ dis-
continuity) is the boundary between them. Below the layered per-
idotites are tectonized (deformed) harzburgites. As the pressure de-
creases upward the peridotite of the mantle begins to melt and the
basaltic liquid so formed collects into balloonlike masses called dia-
pirs. As the diapirs rise with the convecting mantle the mineral oli-
vine precipitates out of them, but the liquid remaining in the melt
escapes upward to replenish the magma in the high-level chamber.
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massif and the Samail nappe in the Sul-
tanate of Oman on the Arabian peninsu-
la. Therefore it is on these studies that
much of the following generalized de-
scription is based.

Starting from the top and going down,
most ophiolites are overlain by marine
sediments. In some instances, as with the
Cyprus and Oman ophiolites, the sedi-
ments are deep-water ferromanganoan
mudstones or radiolarites. In others the
sediments are similar to those on conti-
nental shelves or adjacent to arcs of vol-
canic islands. Therefore they indicate
that the oceanic crust, from which the
ophiolite was derived, must have been
near the margin of a continent or of an
island arc at some stage of its history.
More than anything else these sediments
provide evidence on the environment of
the ophiolite within an ocean basin be-
fore it was lifted above sea level; in this
regard studies such as those of Alistair
Robertson of the University of Edin-
burgh and Alan Gilbert Smith of the
University of Cambridge have proved
particularly valuable.

The top of the ophiolite proper con-
sists of extruded basalts. Many of these
rocks have the pillow forms characteris-
tic of lavas that have erupted under wa-
ter. Indeed, such lavas have been filmed
in the act of formation by divers during
a submarine eruption off Hawaii. Pillow
lavas have also been repeatedly identi-
fied by manned and unmanned submers-
ibles investigating the floor of the axial
rift of the Mid-Atlantic Ridge and the
axial zone of the East Pacific Rise.

Some lava pillows are nearly spher-
ical; others are more elongated and
might better be termed bolsters. The
form of the pillows probably depends
on the configuration of the sea floor
onto which the lava is erupted. On steep
slopes the melt forms globules that roll
down the slope and accumulate at the
base. The elongated pillows probably
form on gentler slopes, where the lava
flows downslope for some distance be-
fore solidifying. When the lava is erupt-
ed in hollows or on flat surfaces, it is
unlikely to be pillowed, and unstruc-
tured layers of varying thickness seem
to form.

Pillow lavas are known to form in very
deep water, in shallow water and
even where lavas erupted on land flow
into water. How much water was above
them at the time of their formation is
indicated by their content of gas ves-
icles, or bubbles. Such vesicles are
formed when the gas dissolved in a mol-
ten rock separates from the melt as the
pressure is lowered. If the pressure of
the overlying water is sufficiently high,
however, the gas does not separate and
no vesicles form. By measuring the ve-
sicularity of basalts from known depths
James G. Moore of the U.S. Geological
Survey has shown that there is a crude
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PILLOW LAYVAS are seen in the Wadi Jizzi of the Samail nappe in Oman. These elongated

pillows, which are more like bolsters, were probably erupted over a gentle slope on the ocean
bottom and flowed fer a short distance from the top right to the bottom left before solidifying.

SHEETED-DIKE COMPLEX is seen in the Samail nappe. Each dike, originally an intrusion
of molten rock, is a vertical sheet of rock. Each was intruded upward along the axis of an oce-
anic ridge or rise. The outward convective movement of the underlying mantle (see illustra-
tion on opposite page) produces tension, and when a tension crack opens, magma from the
chamber escapes upward and another dike is formed. The dikes are on the average one meter
thick. Therefore the sea floor spreads in one-meter jumps every 50 to 100 years rather than in
the smooth one to two centimeters per year visualized in the models of theoretical geophysics.
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correlation between the depth below the
surface of the water at which a lava was
erupted and the vesicularity of the lava;
with increasing depth (pressure) the ve-
sicularity decreases. This can give only
an approximate estimate of the depth
because the abundance of the gas in
the magma varies. Moreover, sea-floor
spreading can move a lava to a depth
other than the one at which it was erupt-
ed. Still, vesicularity is a further clue
to the origin of ophiolites at oceanic
ridges and rises.

Most of the lavas in ophiolites are
basalts, similar to those dredged from
present-day oceanic ridges. In Oman,
however, it is only the lower part of the
pile of lavas and the dikes under it that
resemble the oceanic-ridge basalts in
chemical composition. The upper part
of the lava sequence differs geochem-
ically from the lower, and Julian A.
Pearce and Tony Alabaster of the Open
University in England have convincing-
ly demonstrated that these upper lavas
were erupted in an island-arc environ-
ment later than the main event of sea-
floor spreading. In Cyprus all the lavas
have a composition comparable to that

of volcanic rock erupted above a sub-
duction zone.

The top of the lava pile consists en-
tirely of extruded rocks. Farther down
dikes become increasingly numerous.
Many of the dikes are sinuous and seem-
ingly had to wriggle their way upward
through the lava pile. The thickness of
the lava pile varies, but in the Troodos
massif it is about one kilometer and in
Oman it ranges between .5 kilometer
and 1.5 kilometers. Near the base of the
sequence the ratio of dikes to lavas is
about 1:1; then, within a downward
distance of 50 to 100 meters, the abun-
dance of dikes increases from 50 to 100
percent and there is little or no lava be-
tween them. Moreover, the disposition
of the dikes is not sinuous but a regu-
lar and often almost vertical array. In-
deed, this part of the ophiolite has been
likened to a pack of cards standing on
edge. It has been termed the sheeted-
dike complex.

In the 1950’s, before the advént of
plate tectonics, it was the sheeted-dike
complex that presented the main con-
ceptual problem in ophiolite studies.
Nowhere else had a rock complex con-

sisting entirely of dikes been found. In
classic fossil volcanic areas such as the
Hebridean province of northwestern
Scotland the abundance of dikes with
respect to the total outcrop is less than
10 percent. Therefore the search was al-
ways on for the host rock in which the
dikes had been emplaced. Any rock that
looked slightly different was studied
in detail; the commonest contenders as
host to the dikes were structureless flows
of basalt. No one, as far as I am aware,
then thought of the possibility that there
was no host rock at all. Only after the
100 percent dike structure of the sheet-
ed-dike complex had been demonstrat-
ed in the undeformed and well-exposed
Troodos massif was it sought and identi-
fied in more deformed masses.

When the plate-tectonic model was
proposed, it was quickly realized that
the axis of an oceanic ridge or rise was
just the place where a 100 percent dike
complex would form. The current con-
cept is that most of the dikes are injected
along a narrow zone, no more than 50
meters wide, at the axis of the ridge or
rise and that the dike material is moved
away from the axis by sea-fioor spread-

WORLDWIDE DISTRIBUTION OF OPHIOLITES is given on this
map. The lines in black are ophiolites less than 200 million years old.
The lines in color are ophiolites between 200 and 540 million years
old. The lines in gray are ophiolites between 540 million and 1.2 bil-
lion years old. The younger ophiolites are those related to the present
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cycle of plate tectonics. They include the ophiolites emplaced around
the Pacific, and all are close to the sites where oceanic crust is being
subducted. The next-oldest ophiolites (running along the Appalachi-
ans, north into Nova Scotia and Newfoundland and continuing into
Ireland, Scotland and Norway) mark the closing of the Iapetus Ocean



ing. Recent studies of sheeted-dike com-
plexes, unencumbered by preconceived
geological ideas, show that this part of
an ophiolite complex does consist of 100
percent dike.

ohnson R. Cann and Rupert G. W.

Kidd, working at the University of

East Anglia, identified within the
dikes the phenomenon of one-way chill-
ing, which can be explained as follows.
Magma being injected into a fissure in
cold rock will form a dikelike body. The
melt will cool most rapidly, and will
therefore form the finest-grained rock,
where it is in contact with the cold host.
Cann and Kidd recognized that in the
Troodos massif many dikes, instead of
having two chilled margins, have only
one. In addition, more of the chilled
margins were on one side of the dikes
than the other; this is the phenomenon
of one-way chilling.

Cann and Kidd proposed that at an
oceanic ridge magma would tend to be
injected along the still liquid or softer
axis of an earlier dike and so would split
the two halves of the earlier dike, with
one half moving in one direction and the

in the Paleozoic era. The ophiolites in the
U.S.S.R. also mark a Paleozoic plate-colli-
sion suture. Not all the ophiolites marked have
been positively identified. For example, most
ophiolites in China are not well described.

other half in the opposite direction. On
each side of the ridge the dikes would
show a preferential one-way chilling
on the side farther from the ridge axis.
On this basis it has been inferred that
the oceanic ridge where the north-south
dikes of the Troodos massif formed lay
to the west of the present-day outcrop. It
should be emphasized that the statistical
excess of one-way chills in one direction
over those in the other is small and also
that continuous outcrops with a statisti-
cally valid number of dikes are found
only rarely. One-way chilling is an at-
tractive concept and one that seems
intuitively acceptable, but it is by no
means proved.

Although the sheeted-dike complex-
es are the best evidence that ophiolites
formed along zones of tension in ocean-
ic ridges and rises, such complexes are
not always present. For example, in the
Voirinos ophiolite in Greece, as it has
been described by Eldridge M. Moores
of the University of California at Davis,
sheeted dikes are poorly developed. It
has been suggested that sheeted-dike
complexes form only when sea-floor
spreading is slow enough to allow a dike
to solidify before the next one is inject-
ed. Since oceanic crust cools rapidly and
seawater is percolating through all this
material, the explanation is question-
able. Moreover, the Oman ophiolite,
the fossil of an oceanic ridge where the
sea floor spread in both directions at
the high rate of two centimeters per
year, has a superb sheeted-dike com-
plex. Although the absence of sheeted-
dike complexes from some ophiolites
remains a geological problem, it is
worth noting that many ophiolites orig-
inally described as being without a
sheeted-dike complex have been found
on closer examination to have one.

The dikes of a sheeted complex must
have come from an underlying source of
magma. It is therefore not surprising to
find that with depth the basaltic dikes
give way, over a distance of between
10 and 100 meters, to gabbroic rocks
that have a similar composition but a
markedly coarser-grained texture. De-
tailed mapping of these plutonic com-
plexes (igneous rocks formed well be-
low the surface) suggests that the up-
permost gabbros, which form a layer
between 10 and 300 meters thick, were
formed by the melt cooling and crystal-
lizing against the roof of a chamber
from which the magma flowed toward
the surface. Below this layer the gabbros
and the underlying peridotites, if there
are any, are markedly layered. Until re-
cently it had been widely accepted that
the layering was the result of the min-
erals’ crystallizing out of the melt and
then settling to the bottom of the mag-
ma chamber.

Alexander R. McBirney and Richard
M. Noyes of the University of Oregon
have proposed an alternative mecha-
nism as a result of studying the classic
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layered gabbros of Skaergaard in east-
ern Greenland. They suggest that gradi-
ents of chemical composition and heat
cause minerals to crystallize out of the
melt along horizontal planes within it;
no movement of the crystals is needed to
account for the layering. Whether the
crystals settle or form layers in place,
however, the inference of the layered
plutonic rocks is that there is a large
body of magma below the surface along
the axis of an oceanic ridge or rise. Work
on the Troodos massif by Cameron R.
Allen of the University of Cambridge
has suggested that along this slow-
spreading (one centimeter per year) axis
there were numerous magma chambers
four or five kilometers in diameter. For
the faster-spreading (two centimeters
per year) Oman ophiolite the magma
chambers seem to have been some 20
kilometers in diameter.

he evidence of these layered pluton-

ic rocks is that below the axis of the
oceanic ridges there were magma cham-
bers whose dimensions depended essen-
tially on the input of heat into the ridge
from the underlying mantle of the earth
and on the rate of cooling brought about
by sea-floor spreading. But do these lay-
ered rocks represent a single body of
magma crystallizing completely or, as
seems intuitively more likely, was the
magma body fed periodically from be-
low? Studies by E. Dale Jackson of the
U.S. Geological Survey on the Volrinos
mass in Greece, by Cameron Allen on
the Troodos massif and by John D.
Smewing and Paul Browning of the
Open University on the Samail nappe in
Oman show that in all these ophiolites
the melt was periodically replenished by
new batches of magma.

These workers, analyzing separate
ophiolites, have shown that the layered
sequences consist of repetitive cycles
starting with dunite and giving way up-
ward to peridotites and then to gabbros.
The cycle starts again and is repeated
many times throughout the layered se-
quence. The inescapable conclusion is
that the composition of the melt in the
main chamber was reset periodically by
a fresh influx of magma.

At the base of all complete ophiolite
sequences is a tectonized (deformed)
peridotite consisting almost entirely of
the minerals olivine and orthopyroxene
[(Mg,Fe)SiO;]. Peridotites of this com-
position are called harzburgites, and so
they are described as tectonized harz-
burgites. The chemical and mineralogi-
cal homogeneity of the tectonized harz-
burgites suggests that they represent
material of the uppermost part of the
mantle from which basaltic liquid has
been extracted. This proposal is sup-
ported both by the presence within the
harzburgites of gabbro pods that are
best explained as batches of basaltic
melt that crystallized before they could
escape from the mantle and by localized
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patches of peridotite of a different com-
position (lherzolites) that probably rep-
resent remnants of mantle from which
little or no basaltic magma had been
extracted.

Most workers accept that the tecton-
ized harzburgite represents depleted
mantle, the residue from which basaltic
melts have been extracted to form the
overlying rocks: from the bottom up
the layered plutonic rocks, the sheeted-
dike complex and the sequences of
lavas. The model proposed to explain
these features is that at depths of 25 or
30 kilometers basaltic magma first sep-
arates from the mantle. The two com-
ponents, the magma and the harzburg-
ite, move upward under the influence
of convection in the mantle.

The rising magma collects into bal-
loonlike bodies called diapirs, one kil-
ometer to five kilometers in diameter.
The diapirs move upward with the as-
cending mantle material, and as they do
so olivine crystallizes out of the melt to
form a crystal layer at the bottom of the
diapir. The melt escapes into the main
magma chamber but the olivine remains
in the mantle as lenses of dunite with-
in the tectonized harzburgite. Although
the harzburgite is hot, it remains solid.
Therefore it is deformed as it moves up-
ward and then outward under the axis
of the oceanic ridge or rise.

The available evidence suggests that
the newly formed oceanic crust is trans-
ported by this convective movement in
the underlying mantle. Detailed investi-
gations, particularly those of Adolphe
Nicolas and his colleagues at the Uni-
versity of Nantes, support that view.
They also demonstrate that the defor-
mation took place at about 1,000 de-
grees Celsius and imposed a linear fab-

ric, perpendicular to the orientation of
the overlying ridge axis, on the tecton-
ized harzburgite.

phiolite studies have thus revealed

much about the structural and
magmatic features at fossil oceanic
ridges and rises. What else do they re-
veal about the oceanic crust? Oceanic
ridges and rises are repeatedly (on the
average of every 30 kilometers) offset
by fractures. These fractures, known as
transform faults, make it geometrically
possible for rigid plates to move over
the face of a nearly spherical earth.
Even if ophiolites represent only .001
percent of the subducted oceanic crust,
one of them, if it preserves more than 30
kilometers of oceanic ridge, is also likely
to preserve a transform fault. Indeed,
transform-fault structures have been in-
vestigated on Cyprus by my former col-
league Kapo Simonian, on Masirah Is-
land in Oman by Ian Abbott and Frank
Moseley of the University of Birming-
ham and in western Newfoundland by
John F. Dewey and his colleagues at
the State University of New York at Al-
bany. The features displayed by these
structures at various levels revealed by
erosion enhance the understanding of
present-day transform faults.

Another feature of ophiolites also re-
lates them to oceanic crust: their meta-
morphism, that is, the fact their rocks
have been greatly altered since they
originally formed. Virtually all igneous
rocks dredged or drilled from oceanic
crust away from the axes of oceanic
ridges and rises have been metamor-
phosed. These oceanic metamorphic
rocks, unlike most continental meta-
morphic rocks, show no directional fab-
ric. Therefore they were altered without

the deformation that commonly accom-
panies continental metamorphism.

Since the metamorphic processes op-
erated while the ophiolites were part of
the oceanic crust, and since there are no
directional fabrics, the main agent of
metamorphism must have been heat.
The main source of heat is the underly-
ing magma. The metamorphic proces-
ses involved the circulation of seawater
through newly formed, still-hot oceanic
crust with a thermal gradient in excess
of 150 degrees C. per vertical kilome-
ter. The water is believed to circulate by
convection in a single-pass cycle, with
the permeable rocks of the oceanic crust
being recharged with water continuous-
ly over a wide area and discharging wa-
ter above thermal highs.

The convecting seawater leaches met-
als out of the oceanic crust and also re-
distributes silicon and other elements. In
returning to the surface the metal-en-
riched fluids are channeled along faults,
and so the emission of the fluids into
seawater is localized. In favorable shel-
tered locations, such as depressions in
the sea floor, chemical reactions be-
tween the hot, metal-enriched brines
and the seawater lead to the precipita-
tion of sulfides of iron and copper and
the formation of massive bodies of sul-
fide ores, and also to the precipitation
of iron with manganese to form ferro-
manganoan sediments. Hydrothermal
vents emitting metal-rich brines have
now been observed along the East Pa-
cific Rise from manned submersibles.

Interesting developments in the un-
derstanding of plate-tectonic and relat-
ed processes have resulted from these
metamorphic studies. For example, it
has long been held, particularly by Ni-
kolas Christensen and Matthew Salis-
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go readily into solution. The hot and now enriched brines return to
the surface of the ocean bottom along fracture zones. The dissolved
elements are precipitated out where the hot water reenters the ocean.
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OPHIOLITES MAY BE EMPLACED on dry land by various proc-
esses, none of which is fully understood. Six possible models are de-
picted here. In model a oceanic crust (arched band in middle) attached
to a continent or to an island arc (lens-shaped body at right) has been
uplifted when other oceanic crust is subducted under it. Water from
the subducted oceanic crust alters the mantle material (peridotite)
above it into one that is less dense and therefore lifts up the over-
lying oceanic crust. In model » continental crust is subducted under
oceanic crust; since the continental crust is lighter than the overlying
material, it tends to rise and in so doing lifts anything above it. In mod-
el ¢ oceanic crust moves upward (arrow) along a zone inclined away
from the continental mass. In model d oceanic crust fractures and
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breaks up so that blocks of it fall into a nearby oceanic trench; such
blocks of oceanic crust are found in mélanges with a matrix of serpen-
tinite or muddy sediment. In model e the oceanic rise moves toward
a subduction zone (e;). Since the crust is thin over the magma cham-
ber (see illustration on page 124), the part of the crust away from
the subduction zone (to the left of the spreading axis), instead of be-
ing subducted, is sufficiently buoyant to ride up over the continen-
tal margin (ez). In model f a more regional picture is depicted. It is
believed most ophiolites represent oceanic crust produced by sea-
floor spreading in a marginal sea above a subduction zone. Emplace-
ment of the ophiolite at the margin of a continent or an island arc
could result from any of these processes or a combination of them.
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bury, that the horizontal layering in the
oceanic crust, identified through the ve-
locity of earthquake waves, is a met-
amorphic phenomenon and that the
change from the velocity characteristic
of the second layer from the top (5.07
kilometers per second) to the velocity
characteristic of the layer below it (6.69
kilometers per second) represents the
change from one type of metamorphism
to another. Certainly in ophiolites the
change from the dike complex to gab-
bros occurs at about the same level
as a change in the type of metamor-
phism. Both changes could influence
the earthquake-wave velocities of the
oceanic crust.

So far we have been concerned with
the structure, composition and met-
amorphic features of ophiolites and
what they tell us about oceanic geolo-
gy. There is a separate question raised
by ophiolites. If they represent oceanic
crust formed at oceanic ridges and rises,
how are they emplaced near the destruc-
tive plate margins adjacent to continents
and island arcs? It is to this process that
the term obduction is applied. The actu-
al processes of obduction are poorly un-
derstood, and further consideration of
the term and its implications is needed.

Almost as soon as the processes of
plate tectonics were proposed the term
subduction came into the geological lit-
erature. The word is from the Latin sub,
under, and ducere, to lead. Hence “sub-
duct” literally means “to lead under.”
“Ob- rather than “sub-” implies that
the movement is in a direction or man-
ner contrary to the usual one. Therefore
obduction implies a movement contra-
ry to subduction, a movement over
rather than under. It also implies an up-
ward movement of the oceanic crust,
and just how this movement comes
about is a puzzle.

The simplest explanation of the on-
land presence of ophiolites is to regard
them as fragments of oceanic crust at-
tached to a continent or to an island arc.
As a result of the subduction of oceanic
crust seaward of the eventual ophiolite,
both the continent or island arc and the
oceanic crust attached to it are under-
lain by a subduction zone. For the oce-
anic crust to be exposed as an ophiolite
it must be lifted above sea level. This
can happen in any one of several ways.

If the subducting plate is oceanic, it
will take water down into the mantle
in water-bearing metamorphic minerals
such as zeolites and amphiboles. On be-
ing subducted these minerals will be
heated and will release water, which will
convert some of the peridotite in the
overlying mantle into serpentinite. The
serpentinization of the peridotite in-
creases its volume and makes it lighter,
so that it tends to rise. The process con-
tributes to the uplift of the overlying
crust and mantle.

Alternatively, if the potential ophio-

lite is underthrust by continental crust,
the presence of lower-density continen-
tal rocks at depth will upset the normal
equilibrium and cause uplift. In 1963
David Masson-Smith of the Institute of
Geological Sciences and I, investigat-
ing variations in gravity over the Troo-
dos massif, proposed that this ophiolite
was lifted above sea level by the under-
thrusting of continental crust. The proc-
ess was intensified by the rise of a mass
of serpentinite under what is now the
center of the massif. Similar mecha-
nisms involving the underthrusting of an
eventual ophiolite by an oceanic plate
are favored by my Open University col-
leagues working in Oman to explain that
ophiolite and by Daniel E. Karig of Cor-
nell University to explain the Zimbales
ophiolite in the Philippines.

Support for the underthrusting mech-
anism comes from the study of the met-
amorphic rocks under ophiolites. Many
ophiolites, notably those of Newfound-
land and Oman, are underlain by a thin
layer of metamorphosed rocks separat-
ing the ophiolite from the underthrust-
ing material. These metamorphic rocks
were formed in a zone where the tem-
perature was highest (about 600 degrees
C.) immediately adjacent to the overly-
ing ophiolite. The temperature dimin-
ished rapidly with depth, so that only a
few hundred meters below the top of the
zone the rocks are unmetamorphosed.
The metamorphic agent here is proba-
bly a combination of heat emanating
from the overlying slab of oceanic crust
and frictional heat generated by the
downward movement of the subducting
plate. In these instances the assemblages
of metamorphic minerals and their dis-
position are best explained by the con-
tinuous subduction of an oceanic plate.

n many of the less deformed ophio-

lites the rock layers that are correlat-
ed with the oceanic layers identified by
earthquake-wave velocities are marked-
ly thinner than the oceanic layers. This
has led to the proposal that ophiolites
represent oceanic crust that is thinner
than normal, formed at minor ridges in
small, marginal seas. Such thin crust,
it has been argued, could be more eas-
ily obducted. Indeed, Julian Pearce and
others have demonstrated that ophiolit-
ic basalts show geochemical features
most compatible with their being de-
rived from a water-bearing melt whose
water content had come from an under-
lying subduction zone. Moreover, the
age of an ophiolite and the time of its
emplacement are commonly very close
together, and so it has been suggested
that the oceanic crust formed first gets
emplaced as an ophiolite before the con-
veyor belt of the subduction process gets
well under way. This too could explain
the thinness of an ophiolite layer.

Other factors, however, are not eas-
ily compatible with this simple model.
There is no doubt that most ophiolites
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are in contact with underlying rocks of
continental origin. In some instances it
can be proved that it is the fragments of
oceanic crust that have moved over the
continental rocks. A classic case is the
emplacement of the Papua-New Guin-
ea ophiolite, which, as it has been de-
scribed by Hugh L. Davies of the Aus-
tralian Bureau of Mineral Resources,
Geology and Geophysics has been em-
placed southward along a thrust zone
inclined to the north. This zone, unlike
all others around the Pacific, is inclined
seaward; it is one of the few cases where
the term obduction may be appropriate.

In other instances blocks of oceanic
crust, often many kilometers across, are
found in a mélange, embedded in a ma-
trix of serpentinite or muddy sediment.
In these instances it seems most likely
the blocks of oceanic crust were de-
tached as the oceanic plate buckled and
fractured before it was subducted. The
blocks detached by the process fell into
an adjacent deep oceanic trench. Such
trenches are the main surface indication
of a subduction zone.

The term “obduction” is therefore a
troublesome one. It is nonetheless useful
as long as the complexities involved are
kept in mind. What may be more to the
point is that in the present cycle of plate
tectonics (there have been other cycles
in the past) ophiolites are found mostly
at or near subduction zones. Hence their
presence can be taken to indicate the
proximity of fossil destructive margins.
This association has been applied suc-
cessfully in geological reconstructions
of Mesozoic and Lower Palaeozoic ter-
rains by Robert Coleman, John Dewey
and Alan Gilbert Smith, among others.

¢« phiolite” too is a somewhat trou-
blesome term for on-land frag-
ments of oceanic crust. Certainly the
term has changed its meaning. In geolo-
gy before the emergence of plate tecton-
ics an ophiolite was associated with the
initial stages in the development of a
geosyncline; it consisted largely of ser-
pentinite and had been metamorphosed
in the course of a cycle of mountain
building. The Troodos massif shows
none of these features, and in the 1950’s,
when it was first being studied in detail,
it was not even considered an ophiolite.
Then by the early 1970’s it became ap-
parent that there were enough sftructures
like the Troodos massif for them to need
a collective label. Many of the complex-
es that were already called ophiolites
turned out on reexamination to have the
same structure; hence it was perhaps in-
evitable that the label ophiolite was re-
tained. The term was, however, given
a new and far more precise meaning.
Today most earth scientists accept that
ophiolites are on-land fragments of oce-
anic crust formed at oceanic ridges or
rises, and with this consensus the time
seems ripe to accept the term ophiolite,
however inappropriate it may seem.
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The Galileo Affair

In arguing that the earth circles the sun Galileo adopted a mode

of reasoning that led not only to his prosecution by the church

but also to the new scientific methodology of hypothesis testing

alileo’s difficulties with the Ro-
G— man Catholic church, which ul-
timately led to his trial and hu-
miliation, have often been described as
a confrontation between empirical sci-
ence and blind dogmatism. Notwith-
standing his abjuration, Galileo clearly
believed in the truth of the heliocen-
tric Copernican system. Today, with the
sun-centered arrangement of the planets
firmly established, it is easy to see Gali-
leo as right and the church as wrong. In
Galileo’s time, however, the issues were
by no means obvious or clear-cut.

Galileo defended the Copernican sys-
tem by a series of ingenious arguments,
many of them based on his new tel-
escopic observations. From a modern
point of view Galileo’s defense seems
immediately compelling, but when he
presented his ideas, there was as yet no
observational proof of the new cosmol-
ogy, and even he remarked that he could
not admire enough those who had
adopted the heliocentric system in spite
of the evidence of their senses. By the
standards of his time his reasoning was
not only contrary to traditional church
doctrine but also flawed in its logic. In-
deed, I would contend that Galileo was
breaking the accepted rules of science,
but by doing so he created new rules that
have been accepted ever since.

The outcome of the Galileo affair, in
which the church won the battle but lost
the war, had important historical conse-
quences, most notably a shift of scientif-
ic enterprise northward into Protestant
countries. Three hundred and fifty years
later, at a time when some individu-
als are again asserting a religious claim
on cosmology, Galileo’s experience still
has much to say about the practice and

by Owen Gingerich

the philosophy of science. What was at
issue was both the truth of nature and
the nature of truth.

To understand the Galileo affair it is
necessary to know something about
the introduction of the Copernican cos-
mology some decades earlier. In 1543,
when Copernicus’ magnum opus, De
revolutionibus orbium coelestium (On the
Revolutions of the Heavenly Spheres) was
finally published, there was not a single
item of unambiguous observational evi-
dence in its favor. Copernicus’ achieve-
ment had been in the mind’s eye. What
he had noted was that by rearranging
the planetary orbs so that the sun was
near their center a wonderful regularity
emerged. The fastest planet, Mercury,
had the orbit closest to the sun; the slow-
est planet, Saturn, was at the outside,
and the planets in between also were
placed in the order of their periods. Fur-
thermore, the scheme gave a natural ex-
planation to several previously unrelat-
ed observational facts, such as the ge-
ometry of each planet’s retrograde arc
(the segment of the orbit in which the
planet seems to reverse direction across
the sky). This explanatory power came
at a high cost, however: it threw the
earth into a dizzying flight around the
sun, and the earth somehow had to bring
the moon along with it. In the frame-
work of the accepted Aristotelian phys-
ics the entire scheme was ridiculous.
“’Tis all in pieces, all coherence gone,”
John Donne was to lament a few genera-
tions later. And coherency is cherished
above all else in science; it is the touch-
stone by which crank theories can be
rejected.

In order to convey the viewpoint of

COSMOLOGICAL DISPUTE is represented in the frontispiece of Galileo’s Dialogue concern-
ing the Two Chief World Systems, printed in Florence in 1632. The three figures are Aristotle
(left), Ptolemy (middle), who carries a model of nested geocentric spheres, and Nicolaus Coper-
nicus (right), who bears an emblem of his own heliocentric theory. In discussions with Pope
Urban VIII, Galileo had agreed to write a neutral account of the Ptolemaic and the Coperni-
can systems, but the Dialogue was far from impartial. Galileo’s advocacy of the heliocentric
cosmology led to his prosecution by the Congregation of the Inquisition. The banner carries the
dedication of the Dialogue to Ferdinand II de*> Medici, the Grand Duke of Tuscany. “Linceo”
identifies Galileo as a member of the Academy of Lynxes, a scientific society formed in 1603.
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the astronomical community about 50
years after the publication of De revo-
lutionibus, 1 should like to describe an
imaginary congress of the Internation-
al Astronomical Union in 1592. The
vice-president, Christoph Clavius of
Rome, has risen to praise the remarks of
the president, Tycho Brahe of Denmark.
Tycho has lately introduced still anoth-
er cosmological system, in which the
planets orbit the sun but the sun itself
and the accompanying planets are in or-
bit around a motionless earth. Clavius
remarks that Tycho’s system beautifully
preserves the relations found by Coper-
nicus in the harmonious spacing of the
planets and gives a fully natural ex-
planation of retrograde motions, just as
Copernicus’ hypothesis does. As Ty-
cho himself has said, the Copernican ar-
rangement nowhere offends the princi-
ples of mathematics, but it gives to the
earth—this lazy, sluggish body, unfit for
motion—a movement as swift as that of
the ethereal planets. The Tychonic sys-
tem brilliantly saves physics by keeping
the earth at rest, and it is consistent with
the scriptures, such as Psalm 104: “O
Lord my God...who laid the founda-
tions of the earth, that it should not be
removed for ever.”

An informal poll I have taken among
the delegates indicates a somewhat
mixed reaction: about half accept Ty-
cho’s view, but the rest say the choice of
systems does not matter since all such
geometric schemes are only hypotheti-
cal anyway. Some of those who adopt
the latter attitude cite the anonymous
preface to Copernicus’ book: “Beware if
you expect truth from astronomy lest
you leave this field a greater fool than
when you entered.” Fewer than 10 per-
cent agree with the Sicilian astronomer
Franciscus Maurolycus that Copernicus
deserved whips and lashes. The great
majority find the Copernican tables
preferable for calculating planetary po-
sitions, but that does not require a com-
mitment to the heliocentric cosmology
because the tables are set up independ-
ent of any particular arrangement of
the planets.

Although gracious amity prevails be-
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CENSORED PASSAGES of Copernicus’ De revolutionibus orbium coelestium were altered
to make the heliocentric cosmology acceptable to the church by making it strictly hypothetical.
The emendations shown are in Galileo’s copy and were entered in his own hand. Following
the instructions of the Holy Congregation of the Index, Galileo struck out the last sentence of
chapter 10, which had read: “So vast, without any question, is the divine handiwork of the
most excellent Almighty.” He also changed the title of the next chapter from “On the Explica-
tion of the Threefold Motion of the Earth” to “On the Hypothesis of the Threefold Motion of
the Earth and its Explication.” The decision to censor De revolutionibus rather than ban it
was made in 1616, partly at the urging of Maffeo Cardinal Barberini, who later became Pope
Urban VIII. At the same time Galileo was warned against speaking too forcefully in favor of
the Copernican cosmological system, although he was not officially enjoined against teaching it.
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tween the Jesuit Clavius and the Luther-
an Tycho, international tensions are evi-
dent. Michael Maestlin of Tiibingen is
vociferous in his criticism of Clavius’
new calendar. Maestlin is also nettled
that his graduate student Johannes Kep-
ler, who has come along on a young
astronomer’s grant, does not agree that
the Gregorian calendar is the work of
the devil. As for the 27-year-old Galileo
Galilei, an untenured mathematics pro-
fessor at Pisa, no one atthe congress has
heard of him.

Nearly four centuries later millions
of people who could not identi-
fy Tycho, Clavius, Maestlin or Kepler
know the name of Galileo. One reason
for Galileo’s prominence is the impor-
tance of his contributions to both phys-
ics and astronomy, but his trial at the
hands of the Inquisition has surely add-
ed to his fame. In the quaint words of the
19th-century physicist David Brewster,
Galileo became a “martyr of science.”
Now, almost 350 years after his trial and
abjuration, the Vatican itself has moved
to reopen his case.

Galileo’s ordeal is often referred to as
a trial for heresy. Strictly speaking the
Copernican system was never officially
declared heretical, nor was Galileo con-
demned for heresy. The judge, who was
out to get Galileo, raised a charge of “a
vehement suspicion of heresy.” He also
found that an unofficial panel of theolo-
gians had agreed the Copernican system
ought to be considered heresy, but this
opinion never became the official posi-
tion of the church. To understand these
points it is necessary to examine both
the historical circumstances of the trial
and what was at stake philosophically.

At the end of the 16th century there
was still no compelling reason to ac-
cept the Copernican doctrine as a physi-
cal picture of the universe. Astronomers
were all well aware of its general idea,
yet few believed it described the real
world. There was widespread agreement
that truth resided not in astronomy but
in the Bible. Since the Book of Scripture
had been literally dictated by God, it
had a unique status. Even Galileo ac-
cepted this doctrine without hesitation.
He did not necessarily agree, however,
that the intellectual road to truth lay
solely within the territory of the theolo-
gians. The Book of Scripture could be
ambiguous, he argued, whereas God’s
Book of Nature could be probed and
tested. He conceded that the Bible had
its place, but he also believed the Bible
told how to go to heaven, not how the
heavens go.

How do the heavens go, and how is
their motion revealed by the Book of
Nature? A flippant answer might be: by
observing with the telescope. For Gali-
leo the telescope had an enormous psy-
chological impact. For years he had
been at best a timid or even an indiffer-
ent Copernican, and he had taught his



students in Pisa and later in Padua the
standard arguments for a fixed, central
earth. Then, in the fall of 1609, with an
optical tube of his own making, a perspi-
cillum as he called it, he turned his at-
tention to the heavens and was staggered
by what he saw. Within a few months his
book reporting on his observations was
off the presses: Sidereus nuncius, or The
Starry Messenger. It told of mountains
on the moon and of stars and satellites

unknown to the ancients. The moon was
earthlike and not the ethereal globe of
pure crystal imagined by his predeces-
sors. The Milky Way was revealed to
be the confluence of innumerable stars.
Most unexpected of all, Jupiter was cir-
cled by four companions. Galileo crafti-
ly called them the Medicean stars, with
hopes of a government-supported posi-
tion in Tuscany at the court of Grand
Duke Cosimo II de’ Medici.

Galileo’s observations with the tele-
scope must have shaken his complacen-
cy, but his account in The Starry Messen-
ger gives no unambiguous evidence that
he espoused the Copernican system. The
book had only just been printed, howev-
er, when he made another remarkable
finding: the phases of Venus, which in a
stroke falsified the Ptolemaic system.

Venus had been too close to the sun to
observe when Galileo was making his
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PROBABLE DISTRIBUTION of censored copies of De revolutioni-
bus in 1620 suggests that the 1616 decree of the Holy Congregation
of the Index was effective mainly in Italy; even in other Catholic
countries, such as Spain, the decree was evidently not enforced. Cen-
sored copies are represented by colored circles and uncensored cop-

ies by black circles. Where there were multiple copies in one place
the number is given. The map was compiled by examining the histo-
tory of some 500 surviving copies of the first two editions. There
were probably another 500 copies with a distribution similar to that
of the approximately 380 books whose locations are given here.
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We, Roberto Cardinal Bellarmino, having heard that it is calumniously reported that
Signor Galileo Galilei has in our hand abjured and has also been punished with salutary
penance, and being requested to state the truth as to this, declare that the said Signor
Galileo has not abjured, either in our hand, or the hand of any other person here in
Rome, or anywhere else, so far as we know, any opinion or doctrine held by him;
neither has any salutary penance been imposed on him; but that only the declaration
made by the Holy Father and pubiished by the Sacred Congregation of the Index has
been notified to him, wherein it is set forth that the doctrine attributed to Copernicus,
that the Earth moves around the Sun and that the Sun is stationary in the center of
the world and does not move from east to west, is contrary to the Holy Scriptures
and therefore cannot be defended or held. In witness whereof we have written and
subscribed these presents with our hand this twenty-sixth day of May, 1616.
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astonishing discoveries at the end of
1609 and the beginning of 1610. Some-
time late in the summer a former stu-
dent, Benedetto Castelli, remarked to
Galileo that in the Copernican system
Venus should show the entire range of
phases, from a dark disk through cres-
cent and gibbous forms to a fully illumi-
nated disk. In the Ptolemaic system, on
the other hand, the epicycle of Venus is
locked between the earth and the sun,
and Venus therefore has only crescent
phases; it never passes behind the sun
for full illumination.

Not until October did Galileo train
his perspicillum on Venus, which was
then in its distant gibbous phase. By
early December, when the planet had
waned to a miniature half moon, he
put forth his discovery in an anagram:
“Haec immatura a me iam frustra le-
guntur o.y.” (“These are at present too
young to be read by me.” The letters
“0.y.” are part of the original sentence
but did not fit into the anagram.) He un-
doubtedly chose this veiled form of an-
nouncement to give himself time to be
sure of his finding; after all, Venus
might lie always beyond the sun, in
which case it would go back into a gib-
bous phase. By this stratagem Galileo
also guarded his priority; since Castelli
had mentioned the possibility in the
first place, others might have been on
the verge of making the same discovery.

Galileo was a scrambling social climb-
er. His discoveries had gained him
a new post as mathematician to the Me-
dici and had brought him the fame he
greatly relished. Fame in turn brought
power of a kind, perhaps the power to
persuade the entire Catholic hierarchy
to adopt the Copernican system. At
least Galileo was egotistical enough to
expect that it would.

In Galileo’s rush to assert a claim of
priority he was sometimes more aggres-
sive than might seem prudent. He got
into a squabble with the Jesuit Chris-
toph Scheiner when each asserted he
had been the first to observe sunspots.
Moreover, Scheiner preferred to believe
the sun was unblemished and the spots
were intervening clouds. Galileo proved
otherwise, with rather little charity to
Scheiner. Giorgio de Santillana, in his
book The Crime of Galileo, hints darkly
that Scheiner never forgot and years lat-
er led the Jesuits in a vendetta. It is true
Scheiner was in Rome at the time of

LETTER TO GALILEO from Roberto Car-
dinal Bellarmino sets forth the nature of the
warning issued to Galileo in 1616. The origi-
nal is at the top and Galileo’s copy is in the
middle. In 1633, when the Inquisition hinted
that Galileo had been forbidden to write on
the Copernican cosmology, he responded by
producing first his copy and later the origi-
nal letter. Both are now among the Galileo
papers in the Secret Archives of the Vatican.



Galileo’s trial, but there is no evidence
he had anything to do with those machi-
nations. Nevertheless, the story might
make a play along the lines of Amadeus,
the current Broadway production about
the supposed poisoning of Mozart.

By New Year’s Day of 1611, just after
Venus had rounded its western elonga-
tion, the crescent phase began to emerge
and Galileo unscrambled his anagram
for Kepler. It read, “Cynthiae figuras ae-
mulatur mater amorum.” (“The mother
of love imitates the shapes of Cynthia”),
or in other words, Venus goes through
the same series of phases as the moon.
When Galileo realized that the observed
phases of Venus are incompatible with
the Ptolemaic arrangement, he could
hardly fail to notice that the Book of
Nature was indeed saying something
about how the heavens go. With the
Ptolemaic scheme eliminated Galileo
threw his support behind the Coperni-
can system, ignoring the Tychonic plan.

t a breakfast with Cosimo de’ Me-
dici and his mother, the Dowager
Grand Duchess Cristina, the question
of the reality of the Jovian satellites
came under discussion. Galileo himself
was not present but Castelli was there.
Through Galileo’s influence Castelli
had just become professor of mathe-
matics at Pisa, and he entered into a
spirited discussion with Cristina on the
issue of whether there is any conflict be-
tween the Bible and the heliocentric
theory. As a direct result of that debate
Galileo was challenged to defend his
view that the Book of Scripture raises
no insuperable objections to the Coper-
nican system. Galileo wrote a cogent
analysis, including the splendid epigram
about the Bible’s teaching how to go to
heaven, not how the heavens go. (Actu-
ally Galileo had borrowed the saying
from Caesar Cardinal Baronius, the li-
brarian of the Vatican.)

It was one thing to argue that the
heliocentric arrangement is compatible
with the Book of Scripture and quite an-
other to prove that the Book of Nature
speaks unmistakably in favor of Co-
pernicus. To understand this part of
the controversy it is necessary to keep in
mind the two forms of Aristotelian log-
ic: induction and deduction.

Induction is the process of drawing
general conclusions from particular in-
stances; it is, I think, the basic process
whereby learning takes place. Consider
the reproduction of birds: chickens lay
eggs, robins lay eggs, ostriches lay eggs
and so on, and thus we generalize that
all birds reproduce by laying eggs. We
have not proved this conclusion, how-
ever, since there is always the possibil-
ity that a counterexample will be found.
For this reason inductive reasoning, as
all the scholastic philosophers of Gali-
leo’s time knew, cannot lead to indu-
bitable truth.

Deduction is another matter. Given

true premises, a conclusion reached by
valid deduction must be rigorously true.
Consider this syllogism:

A. If it is raining, the streets are wet.
B. 1t is raining.
C. Therefore the streets are wet.

Now consider the converse:

A. If it is raining, the streets are wet.
B. The streets are wet.
C. Therefore it is raining.

To students of logic this procedure of
confirming the consequent was a well-
known fallacy. After all, the streets
could be wet for other reasons: the win-
ter snow could be melting, the street-
cleaning department might be out in
force or the Lippizaner horses might
have been on parade.

How does this logical analysis apply
to Galileo’s defense of Copernicanism?
Consider this syllogism:

A. If the planetary system is heliocen-
tric, Venus will show phases.

B. The system is heliocentric.

C. Therefore Venus will show phases.

True enough, but this was not the
form of Galileo’s argument. He had
exchanged the second premise and the
conclusion:

A. If the planetary system is heliocen-
tric, Venus will show phases.

B. Venus shows phases.

C. Therefore the planetary system is
heliocentric.

Clearly Galileo had committed an
elementary blunder of logic, and even
Kepler criticized him for it. There might
well be other explanations for the ob-
served phases of Venus; indeed, the Ty-
chonic system also predicted them.

hen Galileo’s “Letter to Cristina”

was circulated in Rome in 1616, it
elicited the following response from
Roberto Cardinal Bellarmino, the lead-
ing Catholic theologian of the day, who
wrote to another Copernican, Father
Paolo Antonio Foscarini:

“I have gladly read the letter in Italian
and the essay in Latin that Your Rever-
ence has sent me, and I thank you for
both, confessing that they are filled with
ingenuity and learning. But since you
ask for my opinion, I shall give it to you
briefly, as you have little time for read-
ing and I for writing.

“First. I say that it appears to me that
Your Reverence and Signor Galileo did
prudently to content yourselves with
speaking hypothetically and not posi-
tively, as I have always believed Coper-
nicus did. For to say that assuming the
earth moves and the sun stands still
saves all the appearances better than ec-
centrics and epicycles is to speak well.
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This has no danger in it, and it suffices
for mathematicians.

“But to wish to affirm that the sun is
really fixed in the center of the heavens
and that the earth is situated in the third
sphere and revolves very swiftly around
the sun is a very dangerous thing, not
only by irritating all the theologians
and scholastic philosophers, but also by
injuring our holy faith and making the
sacred Scripture false. For Your Rev-
erence has indeed demonstrated many
ways of expounding the Bible, but you
have not applied them specifically, and
doubtless you would have had a great
deal of difficulty if you had tried to ex-
plain all the passages that you yourself
have cited. ...

“Further, I say that if there were a true
demonstration that the sun is in the cen-
ter of the universe and that the sun does
not go around the earth but the earth
goes around the sun, then it would be
necessary to be careful in explaining the
Scriptures that seemed contrary, and we
should rather have to say that we do not
understand them than to say that some-
thing is false. But I do not think there is
any such demonstration, since none has
been shown to me. To demonstrate that
the appearances are saved by assuming
the sun at the center and the earth in the
heavens is not the same thing as to dem-
onstrate that in fact the sun is in the
center and the earth in the heavens. I
believe that the first demonstration may
exist, but  have very grave doubts about
the second.” (The translation is abridged
from one done by Stillman Drake.)

Galileo knew he could not logically
establish the Copernican system by de-
duction, but the situation was not quite
that simple. The Copernican system not
only predicted the phases of Venus but
also, as a model, explained many other
things. If the earth was a planet, the oth-
er planets might well be earthlike, and
so indeed the moon turned out to be
when he examined it with his telescope.
The Copernican system arranged the
planets naturally by period; similarly,
when the telescope revealed the satel-
lites of Jupiter, they were found to be
arranged sequentially by period, as in a
miniature solar system.

Galileo’s process of reasoning was
similar to induction but more sophis-
ticated. It was, in an embryonic state,
what is now called the hypothetico-de-
ductive method: the testing of a hypo-
thetical model, which attains ever more
convincing likelihood as it passes each
test successfully. Today it is not the
word “truth” but the word “model” that
continually decorates the pages of scien-
tific journals.

IAXS far as the theologians were con-
cerned, the Copernican system was
not really the issue. I can hardly empha-
size this point enough. The battleground
was the method itself, the route to sure
knowledge of the world, the question
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of whether the Book of Nature could
in any way rival the inerrant Book of
Scripture as an avenue to truth. In the
opinion of Cardinal Bellarmino and
the other Catholic theologians Gali-
leo’s procedures were essentially induc-
tive and therefore potentially fallacious.
Such contingent arguments were insuffi-

€

cient to force a reinterpretation of scrip-
ture that might erode the concept of the
inerrancy of Holy Writ.

To be quite sure of avoiding confu-
sion in the popular mind (particularly
because issues of interpretation were
central in the ongoing battle with the
Protestants) the church officials found
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EARTHLIKE FEATURES on the surface of the moon were among the observations cited by
Galileo in support of the heliocentric theory. The presence of mountains, craters and other
“blemishes” indicated that the heavenly bodies are not fundamentally different from the earth.
It therefore became reasonable to suppose the earth is a planet and not a fixed sphere with a
quite different status. The drawing was made by Galileo after he constructed an astronomical
telescope in 1609. On the same page is the start of a horoscope he cast for Cosimo II de’ Medici.
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it prudent to condemn the Copernican
teaching. The first step was to seek a
theological opinion on two separate
propositions: the immobility of the sun
and the mobility of the earth. The re-
port, which was essentially an internal
memorandum, said the immobility of
the sun was foolish and formally hereti-
cal because it violated the literal mean-
ing of the Scriptures, but the mobility
of the earth was merely erroneous. The
question then was what to do about the
report. Two actions were planned: to
rein in Galileo and to put De revolutioni-
bus on the Index of prohibited books.

The latter measure, however, entailed
certain practical difficulties. Coperni-
cus’ book was considered an important
contribution to the reform of astrono-
my, on which the calendar and the accu-
rate determination of the date of Easter
depended. Accordingly the Holy Con-
gregation of the Index decided not to
proscribe the book but instead to expur-
gate and emend it.

From these deliberations a bit of gos-
sip has survived in the diary of Giovan-
francesco Buonamici, a diplomatic sec-
retary from Galileo’s province of Tus-
cany. Buonamici wrote that “Pope Paul
V was of the opinion to declare Coper-
nicus contrary to the faith; but Cardi-
nals Bonifacio Caetani and Maffeo Bar-
berini withstood the Pope openly and
checked him with the good reasons they
gave.” The two cardinals were central
figures in the cosmological controversy.
Barberini was later to have an even larg-
er role in the story of Galileo’s life, and
Cactanidrafted the opinionrecommend-
ing censorship of De revolutionibus.

Caetani’s opinion declared that the
Copernican teaching was false and op-
posed to Scripture, but not that it was
heretical. This may seem to be a distinc-
tion without a difference, but it was cer-
tainly not so in the 17th century. The in-
structions for the censorship read:

“If certain of Copernicus’ passages on
the motion of the earth are not hypo-
thetical, make them hypothetical; then
they will not be against either the truth
or the Holy Writ. On the contrary, in a
certain sense they will be in agreement
with them, on account of the false na-
ture of suppositions, which the study of
astronomy is accustomed to use as its
special right.”

Even as the Holy Congregation of the
Index was moving against Copernicus’
book, Galileo was in Rome aggressively
lobbying on behalf of the heliocentric
system. It seems he was convinced he
could single-handedly sway the Catho-
lic leaders to his view. Indeed, he had
powerful friends in Rome who were
sympathetic to his ideas, even among
the churchmen, but the conservative
forces were also strong, and they includ-
ed Pope Paul V.

While Galileo was in Rome the other
part of the pope’s response to the theo-
logical opinion was put into action. Ga-
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lileo was to be called before Cardi-
nal Bellarmino and cautioned against
speaking out too forcefully on behalf of
the Copernican system. The pope told
Bellarmino that if Galileo proved in-
tractable, he was to be ordered to keep
quiet. To be sure the pope’s wishes were
enforced the interview was conducted in
the presence of two Dominican friars,
members of the order charged with ad-
ministering the Inquisition.

As it turned out Galileo was coopera-
tive in accepting Bellarmino’s warning.
After the conference, however, rumors

began to circulate in Rome that Gali-
leo had been officially enjoined against
teaching the Copernican doctrine. Gali-
leo was naturally disturbed by the ru-
mors, and he sought and received a let-
ter from Bellarmino saying that no such
thing had happened. It read in part:
“We, Roberto Cardinal Bellarmino,
having heard that it is calumniously re-
ported that Signor Galileo Galilei has
in our hand abjured and has also been
punished... declare that the said Signor
Galileo has not abjured...any opinion
or doctrine held by him; neither has any

PHASES OF VENUS had an important role in Galileo’s own conversion to the Copernican
view. A student, Benedetto Castelli, pointed out that in the Ptolemaic system Venus would
show only crescent phases because it would always remain between the earth and the sun; in
the Copernican system, on the other hand, Venus would show a full range of phases. In 1610
Galileo trained his telescope on the planet and was able to observe its progress from a gibbous
to a crescent form. He considered the evidence for a heliocentric planetary system compel-
ling, but others contended that such empirical findings could not supply a rigorous proof be-
cause other arrangements of the planetary system leading to the observations could be imag-
ined. The illustration, which shows the phases of Mercury and the moon as well as those of
Venus, is from a treatise by the Swiss mathematician Matthias Hirzgarter published in 1643.
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salutary penance been imposed on him;
but that only the declaration made by
the Holy Father and published by the
Sacred Congregation of the Index has
been notified to him, wherein it is set
forth that the doctrine attributed to Co-
pernicus. .. iscontrary to the Holy Scrip-
tures and therefore cannot be defend-
ed or held.” (The translation is by de
Santillana.)

hus for the time being Galileo was

silenced. For seven years he re-
mained in Florence and complied with
Cardinal Bellarmino’s advice. He was as
feisty as ever, but he reserved his scrap-
piness for other subjects, such as the
comets of 1618. In his book on the com-
ets (Il Saggiatore, or The Assayer) he
avoided discussing the Copernican sys-
tem, but he included so many interesting
remarks on the nature of science that the
book is sometimes called his scientific
manifesto. He stated, in Italian:

“Philosophy is written in this grand
book, the universe, which stands contin-
ually open to our gaze. But the book
cannot be understood unless one first
learns to comprehend the language and
read the letters in which it is composed.
It is written in the language of mathe-
matics, and its characters are triangles,
circles and other geometric figures....
Without these one wanders about in a
dark labyrinth.”

The printing of 1l Saggiatore was not
finished when news arrived that cheered
all liberal Catholics. The newly elected
pope, who had taken the name Urban
VIII, was Maffeo Barberini, one of the
cardinals who had intervened to prevent
the proscription of De revolutionibus.
Barberini was also a friend of the arts
and a fellow member with Galileo of the
small Academy of Lynxes, one of the
earliest scientific societies. The delight-
ed Lynxes had just enough time to
change the title page on Galileo’s book
so that it could be dedicated to the new
pontiff. Before a year had passed Gali-
leo was in Rome for a series of papal
audiences. Urban assured him that 1/
Saggiatore had been read to him, to his
great pleasure. Galileo hinted he would
like to write more, in particular a book
on the relative merits of the Copernican
and the Ptolemaic systems, but his ene-
mies prevented him.

From what is known of the two men it
is possible to speculate on how the con-
versation went. “Nonsense,” the pope
may have responded. “I helped to keep
this from becoming heresy before, and
I can protect you now. But remember,
your account should be neutral, since
you have no physical proof of the Co-
pernican system.”

“Ah,” replied Galileo, “but I do. I be-
lieve the tides are the proof of a moving
earth, and I propose to call my book On
the Flux and Reflux of the Sea.”

“No,” said Urban, “that won’t do at
all. That title would give too much
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prominence to what you take to be a
physical proof, but God could have cre-
ated the tides in any way he liked, and
not necessarily by moving the earth.”
Note that Urban’s argument was the
same as Bellarmino’s: even if a moving
earth would produce tides, the observa-
tion of tides does not necessarily imply
the movement of the earth. The case
is particularly ironic, because Galileo’s
physical argument based on the tides
was quite wrong. (He attributed them to
the daily change in velocity that results
from the earth’s compound motion of
rotation and revolution.)

alileo was elated to have the gag or-

der removed by the highest possi-

ble authority, and he returned to Flor-
ence to work on his book. He adopted
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the popular form of a dialogue, just as
his father, a distinguished musician, had
done in writing a Dialogue on Ancient and
Modern Music. Galileo’s three speakers
are Simplicio, a traditionalist, named af-
ter a sixth-century commentator on Ar-
istotle; Salviati, who most often speaks
for Galileo himself, and Sagredo, an
open-minded man of the world who
asks intelligent questions and is general-
ly persuaded by Salviati’s reasoning.

The arguments marshaled on behalf
of the Copernican system include the
phases of Venus, the harmony of the
arrangement of the planets and the exis-
tence of the tides. The work could hard-
ly be considered neutral, but it ends with
the pope’s argument in the following
words spoken by Simplicio:

“I confess that your hypothesis on the
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16 June 1633

Galileo Galilei, for the above reasons, as decreed by his Holiness, is to be interrogated
concerning the accusation, eventhreatened with torture, and if he sustains it, proceeding
to an abjuration of the vehement [suspicion of heresy] before the full Congregation
of the Holy Office, sentenced to imprisonment at the pleasure of the Holy Congregation,

ordered, in either writing or speaking, not to

of the Earth or the stability of the Sun; or otherwise he will suffer the punishment of
relapse. The book actually written by him,
Linceo, is to be prohibited. Furthermore, that these things may be known by all, he
ordered that copies of the foregoing sentence shall be sent to all Apostolic Nuncios,

to all Inquisitors against heretical depravity,

who shall publicly read the sentence to his whole congregation and even in the
presence of as many of those who teach mathematics as he can summon together.

treat further in any way either the mobility

whose fitle is Dialogo di Galileo Galilei

and especially the Inquisitor of Florence,

BOOK OF DECREES of the Congregation of

the Inquisition records the sentencing of Gali-

leo in 1633. The proceedings against him had come to a halt after he had produced Cardinal
Bellarmino’s letter of 1616. Thereafter an agreement had been reached: Galileo would repent
and would promise to write no more on cosmology. The agreement was overruled, however,
and he was forced to submit to the humiliating ritual of abjuration, followed by house arrest,

the banning of the Dialogue and a prohibition
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of further writing on the Copernican system.
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flux and reflux of the sea is far more
ingenious than any of those I have ever
heard; still, I esteem it neither true nor
conclusive, but, keeping always in mind
a most solid doctrine I once received
from a most eminent person, [ know that
if you were asked whether God in his
infinite power and wisdom might confer
upon the element of water the reciprocal
motion in any other way, both of you
would answer that he could, and in
many ways, some beyond the reach of
our intellect.” (The translation is based
on one by Drake.)

The passage seems quite innocuous,
and yet it is singularly inappropriate as
the closing argument of the preceding
four days of dialogue. Throughout the
work Galileo had attempted to show
that reasoning from the Book of Na-
ture can, at the very least, establish that
one world view is far likelier than an-
other. This has surely been the method
of science ever since. Indeed, one might
argue (as Alfred North Whitehead did)
that since an omnipotent Creator could
have made the world in any way he
liked, it is all the more incumbent on
scientists to discover which way God
chose to make it.

When the Dialogue appeared, Gali-
leo’s enemies were outraged, and
they quickly persuaded the pope that the
book was heavily weighted in favor of
the Copernican system. Furthermore,
they convinced the pope that he had
been made to look a fool by having
his argument given to Simplicio, whose
very name suggested ‘“simpleton.” The
pope, agreeing that Galileo had gone
too far, unleashed the Inquisition.
There were two stumbling blocks to
prosecution: Copernicus’ doctrine had
never been publicly declared heretical,
and the Dialogue had received a license
from the censors. From the Vatican
Archives, however, the Inquisitors pro-
duced a fascinating document: a report
of the 1616 meeting between Galileo
and Bellarmino. The report stated that
an official injunction had indeed been
served on Galileo, and that the astrono-
mer had promised not to teach or defend
the Copernican doctrine in any way.
The pope was furious; it appeared Gali-
leo not only had made him into a fool
but also had deceived him about the
outcome of the proceedings of 1616.
In February, 1633, Galileo was or-
dered to Rome, and he was told to come
immediately in spite of the rigors of win-
ter travel for a man of almost 70. Before
a tribunal of 10 cardinals: he was ac-
cused of disobedience. The archival evi-
dence, however, was quite irregular: the
document was neither signed nor nota-
rized, as such an injunction should have
been. Bellarmino had died, and so it was
difficult to clarify the status of the docu-
ment. Hence the Inquisitors, without re-
vealing the source of their accusations,
tried to get Galileo to admit that he had



been served an injunction, which would
have established the legitimacy of the
earlier document. Ultimately Galileo
played his trump card. Having been
alerted by his friends and their spies, he
knew that the Inquisition was looking
into his 1616 visit to Rome, and so he
had brought a copy of Bellarmino’s let-
ter. Galileo’s unexpected move threw
the Inquisition into disarray, and the
cardinals decided to adjourn.

It was a duel of wits, and Galileo had
outwitted the pope. Nevertheless, all the
secular power remained in the hands of
the church, and the pope could not af-
ford the embarrassment of bringing Ga-
lileo to Rome for naught. Even Galileo
could appreciate this, and so some plea
bargaining ensued. It could all be settled
out of court: Galileo would confess that
he had gone too far, would repent and
then would be sent home and enjoined
to avoid writing about cosmology.

One can imagine Galileo’s shock on
June 16, 1633, when he found that the
agreement had been overruled and the
following sentence was entered in the
Book of Decrees: “Galileo Galilei...1is
to be interrogated concerning the ac-
cusation, even threatened with torture,
and if he sustains it, proceeding to an
abjuration of the vehement [suspicion
of heresy] before the full Congregation
of the Holy Office, sentenced to impris-
onment....” He was also forbidden to
write further on the mobility of the
earth, and the Dialogue was banned.

On the next page the results of the
interrogation are recorded. In Italian are
Galileo’s words: “I do not hold and have
not held this opinion of Copernicus
since the command was intimated to me
that I must abandon it.” Then he was
again told to speak the truth under the
threat of torture. He responded: “I am
here to submit, and I have not held this
opinion since the decision was pro-
nounced, as I have stated.” Finally, there
is a notation that nothing further could
be done, and this time the document is
properly signed in Galileo’s hand.

Galileo was sent back to his house
at Arcetri, outside Florence, where he
remained under house arrest until his
death in 1642. Partly as a consequence
of his persecution, the center of creative
science moved northward to the Protes-
tant countries, notably the Netherlands
and England.

I am fascinated by the choices the Vat-
ican confronts today in reopening
Galileo’s case. In the first place, it would
do no good to announce that the Coper-
nican doctrine should never have been
declared heretical, since strictly speak-
ing it never was. Second, Galileo was
tried not so much for heresy as for dis-
obeying orders, and it seems clear be-
yond question that he ignored the ear-
lier decree of the Index when he pub-
lished his Dialogue.

Where there is room for maneuver,

o Sy
ama’

..,’;\ . ..\“J'

do with me what you please.”

pronounced, as | have stated.”

“l, Galileo Galilei, testify as above.”

(=

“I do not hold and have not held this opinion of Copernicus since the command
was intimated to me that | must abandon it; for the rest, | am here in your hands—

Being once more biddentospeak the truth, otherwise recourse wouldb e had totorture:

“l am here to submit, and | have not held this opinion since the decision was

And since nothing further could be done in execution of the decree, his signature
was obtained, and he was sent back to his place.

GALILEO’S ABJURATION appears in the Book of Decrees following his sentencing. He re-
tired to his house at Arcetri outside Florence, where he was confined until his death in 1642,

it seems to me, is in accepting Gali-
leo’s arguments about the reconciliation
of science and Scripture. The truth of
the Bible, for those who wish to affirm it
without rejecting the findings of science,
must not be found in a literal six days of
Creation, in the sun standing still for the
battle of Gibeon or in a physically real
star of Bethlehem. I quote Galileo, as he
quoted Cardinal Baronius: “The Bible
teaches how to go to heaven, not how
the heavens go.” Such a judgment, it
seems to me, would confirm what has
long since been accepted by both Catho-
lic and Protestant theologians. It would
also speak to the current controversy
over Darwinian evolution and the so-
called Creation science.

I had a sense of déja vu when the crea-
tionists in California tried to have evolu-
tion presented in biology textbooks as a
mere hypothesis. This was precisely the
tactic the Inquisition adopted with Co-
pernicus’ book: they made it acceptable
by making it appear hypothetical. I ex-
pect the creationists will have about as
much success as the Holy Congregation
of the Index did. Of course, Galileo be-
lieved the Copernican system could be
defended as physically real, and not sim-
ply as a hypothetical geometric arrange-
ment. It is an irony of history that Ga-
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lileo’s own methods of scientific argu-
ment were instrumental in showing that
what passes for truth in science is only
the likely or the probable; truth can nev-
er be final and never absolute. What
makes science so fascinating is the task
of pushing ever closer to the unattain-
able goal of complete knowledge.

It is this process that the poet Robin-
son Jeffers had in mind when he wrote:
“The mathematicians and the physics
men have their mythology; they work
alongside the truth, never touching it;
their equations are false but the things
work.” The mathematicians and the
physicists cannot really claim truth, but
they have certainly sorted out a lot of
things that do not work, and they are
building a wondrously coherent picture
of the universe. The Copernican system
is surely a part of that coherency. A uni-
verse billions of years old and evolving
is also part of that coherency. Galileo
made a noble effort to convey such a
picture of beauty and rational coheren-
cy to his public. Scientists today would
honor him by helping their own public
to understand better not only the majes-
ty and the beauty of the modern scientif-
ic picture of the universe but also the
process of hypothesizing and testing by
which that view is achieved.
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THE AMATEUR
SCIENTIST

Walking on the shore, watching the waves

and thinking on how they shape the beach

by Jearl Walker

keen-eyed observer walking along

a sea beach can find many inter-

esting things having to do with

the movement of water onto and away
from the shore. They include tiny criss-
crosses etched into the sand by the
surf as it spends itself on the shore and

large-scale cusps dug out by the incom-
ing waves. In addition one sees the
ceaseless and highly varied movements
of the surf itself.

One thing to notice is that whereas the
waves in deep water move in many di-
rections, the waves coming onto a beach

have a uniform direction of movement
that is more or less perpendicular to the
shoreline. The explanation starts with
the fact that the waves are slowed as
they move into the shallow water near
the shore and begin to “feel” the bottom.
A wave coming into shallow water at an
angle that is not perpendicular to the
shoreline is slowed first at the inshore
end while the remainder of the wave
front is still traveling relatively fast. The
result is that the wave is slewed so that
its direction of travel becomes perpen-
dicular to the shoreline. In other words,
the wave is refracted.

Another thing to notice is that the
waves in deep water have a fairly uni-
form undulating shape, whereas waves
in shallow water display a variety of
shapes. Four groups of breaking waves
can be identified. First, in what is called
spilling, the wave retains its usual shape
but a layer of foam spills down the for-
ward slope. Second, a plunging breaker
develops when the crest of the wave
overruns the lower section and drops
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A complex pattern left in the sand by a receding tide
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in front of the base in a sheet. (Surf-
boarders value this kind of breaker. In
“shooting the pipeline” the surfer ma-
neuvers his board to run under the sheet
of falling water.) Third, a collapsing
wave breaks into foam and turbulence
forward of the crest. Fourth, in surging,
the wave quietly ascends the sloping
shore with little turbulence.

I have examined beaches and break-
ing waves in two places: along the ocean
near Charleston and Kiawah Island in
South Carolina and along Lake Erie
near Cleveland. In South Carolina I
had the aid of Mary Golrick. Along
the shore we found that many waves
showed several of the breaking charac-
teristics simultaneously. For example,
part of the wave could be spilling while
another stretch was plunging, or a spill-
ing wave could begin to collapse or
surge. Even at a particular spot the ap-
pearance changed from wave to wave,
presumably because of variations in the
height of the waves and the speed of
the wind. At some places the shape of
the waves was more consistent, prob-
ably because the configuration of the
bottom determined what type of break-
er would predominate.

Often a wave rolling up the beach col-
lapsed or plunged, creating a nearly ver-
tical wall of highly turbulent water. For
a time such a wave would move up the
beach fast and noisily, but then it would
abruptly lose its energy and become
slower. These waves are examples of
the solitary waves called bores or hy-
draulic jumps, which I described in this
department for April, 1981.

What happens is that as a surge of
water approaches the beach it begins to
move faster than a wave is physically
able to travel over the surface of water.
This motion is called supercritical flow.
It is relieved by a shock transition te
subcritical flow brought about by an ele-
vation of the water level, which enables
the wave to move faster. The transition
develops because the supercritical flow
is unstable to the many perturbations
introduced by irregularities in the sand
bottom. It is the shock transition that
comes loudly up the beach as a vertical
wall. The energy of the wall is dissipated
against the rise of the beach.

Even the relatively docile surging
waves Golrick and I observed turned
into bores as they advanced on the
beach. The vertical wall, however, was
often no more than a centimeter in
height. Just ahead of it one sees a shal-
lower layer of water the vertical wall
seems to be pushing along. In the shal-
lower layer we could see small waves
separated by half a centimeter or less,
that is, they had a wavelength of the
same dimensions. The small waves ap-
peared to be stationary with respect to
the vertical wall. Although they could
have been formed by the wind or irregu-
larities in the beach, they are part of the
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instability associated with supercritical
flow and so are part of the bore.

A wave that had reached its upper
limit on the beach seemed to recede fast-
er than it had risen. We were not able to
time the movement accurately enough
to verify this impression, but the action
of the running water around our feet
suggested that the impression is correct.
A receding wave removed more sand
around my feet than an incoming one.

Sometimes the receding water dis-
plays the sudden change in depth that
characterizes a bore. A layer of water
running down a sloping beach is of
course accelerated by gravity. The flow
can become supercritical and thus un-
stable to perturbations introduced by
the sand bottom. Waves generated by
the perturbations create the sudden in-
crease in water depth that marks the
shock transition to subcritical flow.

It was interesting to see an outgoing
flow meet an incoming wave. Even with
a strong incoming bore the result was
often a standoff as the backwash dissi-
pated the bore’s energy. The bore was
reduced to a quiet surge unless it was
overtaken from the rear by a new bore.

Ripples

Surface out of phase
with sand dunes

irface in phase C
Surface in phase with dunes

Various waves in sand
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An intriguing feature of the water in a
backwash is the appearance of capillary
waves. Such waves are governed by sur-
face tension rather than by gravity. Gol-
rick and I had trouble tracking them be-
cause they move fast and also because
they are hard to see unless the light is
reflected from them at a certain angle.
My impression is that capillary waves
seldom have more than three or four
crests. The waves move faster than the
line of water retreating from the shore
does, and they often move in a different
direction. I do not know what causes
capillary waves, but I would guess they
result from a gust of wind or from an
irregularity in the sand.

Except in shallow areas along a beach
a given parcel of water associated with a
wave has no net motion. In deep water
such a parcel moves in a vertical circle
as a wave passes over it. Closer to the
beach the movement is elliptical with
the short axis vertical. Along the beach,
however, a parcel in an advancing or
retreating sheet of water hops. The hop-
ping movement picks up grains of sand
that are then carried along with the
moving sheet. Watching a mild back-
wash, I could follow the grains as they
were picked up, carried and dropped.

A backwash running over a small
object buried in the sand gouges a
short trough seaward of the object. The
trough behind a shell I buried in sand
was about two centimeters long. Appar-
ently the outgoing water grew turbulent
enough seaward of the shell to lift grains
of sand and carry them for that distance.

Waves can leave a variety of patterns
in sand. At low tide Golrick and I found
irregularly spaced marks that were con-
cave toward the ocean. The marks delin-
eated the upper reaches of waves that
had come in at high tide. Each runup
leaves a high-reach line on the beach
because it has carried sand to that point
before receding. While the tide is com-
ing in most of these lines are erased by
backwash, but while the tide is going out
a series of unerased swash marks re-
mains on the beach.

Seaward of a swash mark on some
beaches one is likely to find smaller dia-
mond-shaped markings left by the back-
wash. Willard Bascom discusses them
in his book Waves and Beaches: The Dy-
namics of the Ocean Surface, a valuable
source of information for any student of
beach physics. He says the marks are
made by the backwash on a beach with
a fairly steep slope. On a beach with
a gentle slope the backwash does not
move fast enough to dig these tiny val-
leys, but even there you can find small,
irregular lines that point more or less
toward the ocean.

Many small domes can be found on a
sand beach. They are made by the water
sinking into the sand. Before the wa-
ter arrives the spaces between grains of
sand are mostly filled with air. The sink-
ing water pushes air upward through a
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small opening. You can usually spot
such an opening by the bubbles the es-
caping air makes in the adjacent water.

A dome forms when successive-
ly deeper layers of sand are affected by
the sinking water. One incoming wave
wets a layer of sand near the surface. If
more water enters from later waves, the
air in the deeper reaches of sand is
trapped by the wet top layer of sand.
Water moving into the spaces between
grains of deeper sand increases the pres-
sure of the trapped air, which pushes the
surface of the sand up into a dome.

On both the damp area of beach left
by a receding tide and the area still being
washed by waves one finds systems of
sand waves with wavelengths of sever-
al centimeters. They are complex struc-
tures because they are created by mov-
ing water and then they alter the move-
ment of the water. Bascom describes
two types. In one type the moving water
causes the crests of the sand waves to
oscillate, with individual grains of sand
being transported back and forth in the
trough of the wave. In the second type
the crests are almost stationary. As wa-
ter sweeps over them, swirls are set up
in the troughs. You can see the deposi-
tion of sand grains in a swirl as the re-
ceding water becomes thinner.

Water left in a trough usually drains
along it, since the sand waves are seldom
exactly perpendicular to the slope of the
shore. A breeze will send scores of capil-
lary waves along a trough of water. The
troughs make even shallow sand waves
easy to see because their crests stand
above the flowing water.

The shape of sand waves depends on
how fast the surf is moving. Shapes
range from fine ripples to large dunes.
The dunes modify the flow of water.
When the waves of water are out of
phase with the dunes, the water flowing
over a dune breaks into a vortex that
digs into the valley between the dune
and the next dune. Because of the flow
the dunes are irregularly shaped. When
waves of moving water are in phase with
dunes, the shape of the dunes is smooth-
er and rounder.

On a larger scale a typical beach usu-
ally has several variations in height su-
perposed on the general slope toward
the water line. The structure is best seen
at low tide. At the top of the beach are
dune ridges that define the upper bound-
ary of the beach. Below them is a small-
er elevation of sand called a berm. It is
the line the water reaches at high tide.
Another ridge may lie between the berm
and the ocean at low tide. Between the
ridge and the berm may be a small pool
of water, which is called a runnel. A ter-
race of sand may run from the ridge to
the low-tide line.

The creation and destruction of these
features are major concerns for engi-
neers studying the erosion of beaches.
A severe storm is likely to change the
features drastically. Even in the ab-
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sence of storms the features are slowly
modified by the tides.

The beaches along Lake Erie do not
show the effects of tide and appear to
be affected more by storms than by a
gradual movement of sand up onto the
shore. On one shore near Cleveland the
lake floor drops off sharply only about a
meter from the line representing the up-
per reach of incoming waves. The ridge
of sand left by those waves is narrower
but more prominent than the wave-built
ridge on Kiawah Island. I found no run-
nels along the lake, although the high-
water debris inshore of the ridge shows
that at times the waves reach higher
than the ridge.

Many shorelines exhibit cusps, which
constitute one of the strangest and pret-
tiest sights to be seen on a beach. A cusp
is a thin sheet of water forming a hori-
zontal curve as it washes up the slope of
the beach. Between each cusp and the
next one is a section of beach forming a
curve in the opposite direction. The di-
ameter of a cusp can range from less
than a meter along the shore of a lake
to 100,000 meters or more for major

shoreline features along an ocean. The
large-scale features are often called gi-
ant cusps or shoreline rhythms. Some-
times they are so irregularly spaced that
they go unnoticed. Elsewhere the peri-
odicity of the cusps is so precise that the
shoreline looks artificial.

According to Bascom, the cusp pat-
tern is maintained by the interaction of
two waves that impinge consecutively
on the shore. The first one enters an ex-
isting cusp carrying a load of suspended
sand. Then the wave divides so that the
sand is carried to the inner border of
the cusp. During the backwash the wa-
ter flows to the center of the cusp,
where there is a troughlike configura-
tion that carries it back to the sea.

At the mouth of the trough the incom-
ing second wave is arrested by the back-
wash, whereas at the horns of the cusp
the new wave is essentially undeterred.
It is therefore able to bring in more sand
and to deposit it along the inner border
of the cusp. The process continues with
succeeding waves.

The source of the periodicity of cusp
formations along a shore was unknown
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until recently. Now a number of work-
ers, including Anthony J. Bowen of Dal-
housie University and Robert T. Guza
and Douglas L. Inman of the Scripps
Institution of Oceanography, have as-
cribed the periodicity to edge waves,
which are created along a shoreline by
other waves coming in from deep water.

An edge wave varies sinusoidally in
height on an axis parallel to the shore, as
is shown in the upper illustration on
the next page. Points of maximum and
minimum height are antinodes; between
them are nodes, where the water level
does not vary. (The illustration shows
only the variations in height due to the
edge waves. On a sea beach the varia-
tions caused by the incident deep-water
waves are superposed on the edge waves
to yield the observed differences in wa-
ter height.)

Seen in cross section along an axis
perpendicular to the shore an edge wave
has several modes representing varia-
tions in its amplitude. They are shown in
the lower illustration on the next page.
In the simplest mode the amplitude of
the edge wave drops off continuously
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toward the deep water; this is the zero
mode. I shall focus on it because it
scems to have the most to do with the
features that are due to edge waves.

Edge waves are sometimes difficult
to see on a natural beach because the
waves coming in from deep water vary
so much in shape, strength and direc-
tion and also because of irregularities
along the bottom. To simplify matters
Guza and Inman experimented with
edge waves formed in a wave basin at
Scripps. Their beach was a sloping sec-
tion of concrete. The deep-water waves
were generated by a plunger.

At the nodes of the edge waves the
runup of water onto the shore was the
same for each wave coming in from
deeper water. At a given antinode the
runup varied periodically, being at a
maximum when the incoming wave
was in phase with the high-water level
of the edge wave and at a minimum
when the two were out of phase.

Since the period of the edge wave’s
variations in height was twice the period
of the waves from deep water, the ob-
servers saw an alternation between con-
structive and destructive interference. If
one deep-water wave arriving at a par-
ticular antinode of the edge wave in-
terfered constructively with the edge
wave, yielding a large runup, the next
interfered destructively and the runup
was small. Since this periodic interfer-
ence took place at every antinode along
the shore, the borderline between wet
and dry concrete on the shoreline was
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formed into a pattern of cusps centered
on the antinodes. The horns of the cusps
marked the nodes.

To simulate an erodable beach Guza
and Inman covered the concrete with a
thin layer of fine sand, adding more as
the edge waves developed. At the anti-
nodes of the edge waves the sand was
eroded by the swash of water. Each
maximum runup lifted and suspended
the sand and then redeposited it in the
area of the nodes. Soon the character-
istic cusp formation appeared in the
sand. With time the horns of the cusps
extended toward the deeper water and
grew higher.

As more sand was added a cusp was
likely to show a buildup of sand down
the center, where the flow of water was
less vigorous. Each such cusp soon split
into two cusps, thereby doubling the pe-
riodicity of cusps along the shore. This
arrangement of a small periodicity laid
down on a larger dominant pattern can
be seen along some natural beaches.

As even more sand was added the pat-
tern of cusps began to disintegrate.
Apparently the sand formations them-
selves began to interfere with the waves
coming in from deep water and with the
ability of those waves to generate edge
waves. Probably what happens on a
real beach is that the incoming waves
pump energy into edge waves until the
edge waves have redistributed a certain
amount of sand. Then the transfer of
energy ceases and the patterns in the
sand disappear.
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SCIENCE.SCOPE

Intelsat VI communications satellites can be flown on either the Ariane 4 or the
Space Shuttle. For an Ariane launch, the spacecraft is mated to the booster
with a conical adaptor and clamp. The compact launch arrangement provides maxi-
mum payload capacity. A Shuttle launch is also economical because of the satel-
lite's length-to-weight ratio. Its overall length in the Shuttle is only 44.6%
of the orbiter bay; its weight uses 45.4% of available capacity. Hughes heads
an international team building Intelsat VI for the International Telecommunica-
tions Satellite Organization.

Ambitious manned missions in space will become possible with development by NASA
of advanced solar-power platforms capable of electric-power output as high as
100 kilowatts or more. Hughes, under contract to the NASA Lewis Research
Center, is building a breadboard 25-kilowatt dc-to-dc power converter that uses
a transistorized series-resonant inverter. This module provides the basic
building block required to match solar-array characteristics to payload require-
ments. The converter will use technology demonstrated by a lightweight 10-
kilowatt converter that operated at over 91% electrical efficiency.

Electronic circuits as complex as 100 Los Angeles street maps printed on a thumb
tack are being developed for military systems of tomorrow. The so-called Very
High Speed Integrated Circuits (VHSIC) will give military electronics systems a
tenfold increase in data processing capability. These "super chips" will be
more reliable and need less power than the integrated circuits now in use.
Hughes is one of six firms involved in a tri-service program to develop VHSIC.
In addition to developing chips for various high-speed signal processing uses,
Hughes will develop the VHSIC high-speed electron-beam lithography system to
process the chips, a requirement of all VHSIC contractors. Hughes also will
build a demonstration processor for a two-way system for Army troops to communi-
cate among themselves and find and report their positions automatically.

A new anti-jam, secure communications system is now under development by the
U.S. Navy. A family of JTIDS (Joint Tactical Information Distribution System)
terminals will be deployed aboard surface ships, command aircraft, and fighters.
Using the Navy's advanced DTDMA (Distributed Time Division Multiple Access)
system, the fleet will be fully interoperable with the U.S. Air Force and NATO.
Full communication, navigation, and identification functions will be provided
even in a hostile electronic environment. TADCOM, a joint venture of Hughes and
ITT Avionics Division, is developing this newest generation of JTIDS equipment.

Hughes is seeking engineers to develop advanced systems and components for many
different weather and communications satellites, plus the Galileo Jupiter Probe.
Immediate openings exist in applications software development, data processing,
digital subsystems test, microwave/RF circuit design, power supply design,
digital communications, signal processing, spacecraft antenna design, system
integration test and evaluation, and TELCO interconnection. Send your resume to
Tom W. Royston, Hughes Space & Communications Group, Dept. SE, Bldg. S/41, M.S.
A300, P.0. Box 92919, Los Angeles, CA 90009. Equal opportunity employer.

Creating a new world with electronics
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to do is shoot, stamp, and drop in the nearest mail-
box, here or abroad. Often, your prints or slides
will be waiting for you when you return from
your trip.

So choose your processing as carefully as
you choose your camera and film. And choose the
shoot-and-send convenience of Kodak mailers.

e

Kodak color processing. Quality worth asking for.

© Eastman Kodak Company, 1982
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WE'RE SHAPING OUR CARS FOR
AND LESS FRICTION

_Overcoming the wind. It's absolutely Great gas mileage.
critical to achieve good mileage. The aerodynamic efficiency of a five-
' passenger concept vehicle developed in our

wind tunnel improved potential mileage / é
p po g

by five miles per gallon. —
Our aerodynamic know-how, which is T

being applied to GM cars today, "has contrib-

uted to the 100% mileage improvement

our cars have achieved in the last eight years.

At 55 mph, over half of a car’s fuel is used
just to overcome aerodynamic drag.

Aerodynamics.

At GM, we've put millions of dollars
into aerodynamic research. That includes
everything from modifying the overall shape
of our cars to scrutinizing details like the
angle of the outside mirrors.

GM is the only manufacturer in the U.S.
with its own full-scale automotive wind
tunnel —and it is the most advanced. It gives
us an opportunity to build the most aero-
dynamic cars in the world.
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ESS DRAG ON YOUR WALLET,
AT THE GAS PUMP.

Great looks.
Aerodynamically designed cars look
terrific. Sleek, sophisticated and elegant.
Corners are rounded, surfaces are
smooth, trim is minimized. Great mileage
married to great appearance.

Anewkind
of excellence.
We believe that GM stands for something
special in the eyes of the American public.
It stands for excellence.
And continuing excellence. So that
now, next year, and the years after that, we

need always to be:
the best GM ever. m

MARK OF EXCELLENCE

Chevrolet
Pontiac
Oldsmobile
Buick
Cadillac
GMC Truck

© 1982 SCIENTIFIC AMERICAN, INC
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Now that you’re read_y for a change of pace
it’s time to try John Jameson.

Take a sip of John Jameson. Note the light, delicate taste.
Luxurious and smooth as you would expect a premium whiskey to be.
But with a distinctive character all its own. Set a new pace
for yourself. Step ahead of the crowd with John Jameson, the
world’s largest selling Irish Whiskey.

© 1982 SCIENTIFIC AMERICAN, INC
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