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Hamilton Test Systems’
Autosense® is the world’s
most sophisticated com-
puterized diagnostic unit
for automotive engine
analysis.

High-powered lasers,
under experimental devel-
opment by Hamilton

Standard, provide unusual

precision and control-
lability in the construction
of car bodies.

Our Essex subsidiary is
the nation’s leading inde-

pendent producer of electri-

cal assemblies for the
automotive market.

We'll always be a major
force in flight — both
military and commercial.
Our Pratt & Whitney
Aircraftengines power
aircraft for 188 airlines
around the world

It took a lot
of technology
to change a
name like
United Aircraft.

As a multi-market company, one of our
markets is automotive. Which is one of the
reasons our old name no longer fits.

The name our company has borne
since 1934 is hardly descriptive of
the activities in which we are now
engaged.

While our traditional aircraft and
aerospace businesses continue to
grow, we've tapped the vast tech-
nology bank that’s evolved from
these operations to enlarge the
company’s business base in indus-
trial and commercial fields.

Through the selective exercise of
our abilities and skills over a wide
spectrum of high technologies, we're
now a multi-market corporation.
But one with the same solid,
dependable virtues. A corporation

N2

with 1974 sales in excess of $3.3
billion, substantial financial
strengths, a 39-year record of
consecutive dividend payments, a
truly international business with
representation in some 120 coun-
tries of the world.

We're also a corporation with a
promising future. Because when all
those technologies are United,
there’s no limit to our powers of
invention. United Technologies
Corporation, Hartford, Conn. 06101.

1974 1 1964 |
Total Sales $3,321,106,000 | $1,235,918,000
Net Income $104,705,000 $29,084,000
Business
Backlog $3,577,000,000 | $1,200,600,000

UNITED
TECHNOLOGIES.
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The No. 1 Compact-Portable Telescope

Celestron

Among serious amateur astronomers where
the requirement is observatory-size optics plus
carrying-case portability . ..

Among professional astronomers where the
requirement is the sharpest possible images over
the widest flat field . ..

Among casual observers and educators where
the requirement is usability and versatility at a
reasonable price . . .

Celestron Schmidt-Cassegrain telescopes are
Number One the world over.

For three reasons:

The Celestron 5. A tabletop observatory for
observing or photographing the surface features of
Mars or the ever-changing belt structure of Jupiter
at up to 300X. It weighs 12 Ibs. and swings down
to 7”7 x 8” x 16”. (Base price: $750)

The Celestron 8. A suitcase observatory for
inspecting the intricate filamentary detail of
deep-sky nebulae or the central regions of globular
clusters at up to 500X. It weighs 23 Ibs. and
swings down to 9”7 x 127 x 22”. (Base price: $895)

The Celestron 14. World’s largest one-man
portable, for studying the delicate contrast levels
of the planetary nebulae or the spirals of remote
galaxies. It swings down to 18” x 22” x 44" and
its 40-1b. components travel in two carrying cases.
(Base price: $3,750)

Ask for our free color catalog. It shows why
we’'re Number One. And still growing.

Top to bottom: Saturn, Celestron
14 photo; Lunar craters and Orion
Nebula, both Celestron 8 photos.

Celestron Pacific
2835 Columbia * Box 3578-SAC
Torrance, CA 90503

The Celestron 5,
with automatic star locator
and electric tracker, set up
for tabletop astronomy.

Telephone (213) 328-9560

World's Leading Manufacturer
of Compact-Portable Telescopes
and Deep-Space Cameras
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The ideal lens
for the scientist-photographer.

If you could have only one lens for your
35mm SLR camera, the Vivitar Series |
zoom lens would be your logical choice.
Its 70-210mm zoom range allows the
anthropologist to produce perfectly
framed portraits of his human subjects
while the zoologist can capture large and

uncooperative specimens from afar. Then,

with a twist of the focusing ring, this lens
can focus down to a mere 3 inches
from the front element to record, for
instance, Linear A inscriptions or Folsom
points in situ. Optically,the Vivitar Series |
zoom is equal or superior to the finest
lenses throughout its focusing range
Take your camera to a Vivitar dealer for
a demonstration or write Dept. 31 for our
folder on Series | lenses.

Marketed in the U.S.A. by Ponder &Best, Inc.

Corporate Offices: 1630 Stewart Street,
Santa Monica, CA 90406. In Canada: Precision
Cameras of Canada, Ltd., Montreal.
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\fivitar
Series 1
70-210mm 3.5

macro focusing
zoom lens.

THE COVER

The photograph on the cover symbolizes the theme of this issue of SciEN-
TIFIC AMERICAN: the solar system. It shows the Great Red Spot, the most
conspicuous feature on the surface of Jupiter, by far the largest and most
massive of the planets. The spot has been observed for at least 300 years,
but it is seen here in a perspective impossible to achieve before the era of
unmanned interplanetary spacecraft: looking north from a point 338,000
miles above Jupiter’s southern hemisphere. The spot is thought to be a cy-
clonic storm, not unlike a terrestrial hurricane but on a vastly larger scale:
it is about 20,000 miles long, two and a half times the diameter of the earth.
Material in the spot appears to circulate in a counterclockwise spiral while
the clouds of the light-colored zone flow past, toward the left above the spot
and toward the right below it. The photograph was made by the U.S. space-
craft Pioneer 11. It is a composite of two monochromatic television images.
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“The most complete and most

scholarly dictionary.-of
English language’

—The Christian Science Monitor

As an introduction to
membership in the

BOOK: OF THE-MONTH CLUB®
yours for only

ST720 [

THE SUGGESTED TRIAL: You simply agree
to buy four Club choices within a year at substantial
savings on most books you choose

HE OXFORD ENGLISH DICTIONARY is generally

regarded as the final arbiter of the English lan-
guage. Until recently, it had been available only
as a thirteen-volume set, currently priced at $350.
Now, through the combination of an ingenious
method of micrographic reproduction and a fine
Bausch & Lomb optical lens, every single one of its
16,569 pages, fifty million words and close to two
million illustrative quotations appears, in easily
readable form, in The Compact Edition.

The New York Times book critic Christopher
Lehmann-Haupt has said of this edition: “It is
something of a miracle. . . . The Compact
Edition is easier to work with than the original
with its 13 separate volumes.”

Even more extraordinary, as a trial member of the
Book-of-the-Month Club you may obtain the two-
volume set for only $17.50. And as long as you re-
main a member, you will receive the Book-of-the-
Month Club News, a literary magazine announc-
ing the coming Selection and describing other im-
portant books, most of which are available at sub-
stantial discounts — up to 40% on more expensive
volumes. All of these books are identical to the
publishers’ editions in content, format, size and
quality.

If you continue after your trial membership, you
will earn at least one Book-Dividend® Credit for
every Selection or Alternate you buy. These
Credits entitle you to obtain a wide variety of
books, called Book-Dividends, at astonishing sav-
ings — at least 70% of publishers’ list prices.

FACTS ABOUT MEMBERSHIP

« You will receive the Book-of-the-Month Club
News, a literary magazine published by the
Club fifteen times a year. The News describes
the coming Selection and scores of Alternates,
and will be sent to you approximately every

FEATURES

* Boxed set of two volumes,
9% " x 1312” each

* All 16,569 pages of 13-vol-
ume original included in the
4134 pages of The Compact
Edition through a photo-re-
duction process which per-
mits printing of four pages
of original on one page of
new edition

e Paper is 30-pound Special
Dictionary White

« Binding is library buckram
— reinforced and stamped
in gold

e Bausch & Lomb magnify-
ing glass included in special
drawer of slipcase. 2” x 378"
lens scientifically designed
to make reduced print easily
readable

three and a half weeks.

o If you wish to purchase the Selection, do
nothing and it will be shipped to you automati-
cally.

BOOK-OF-THE-MONTH CLUB, INC.
Camp Hill, Pennsylvania, 17012

§-A170-9

MR,
Please enroll me as a member of the Book-  MRs. %
of-the-Month Club and send me The Compact  Miss
Edition of the Oxford English Dictionary, bill-

ing me $17.50 (in Canada $19 — publisher’s  Address. 53
price $99). I agree to buy at least four Se-
lections or Alternates during the first year I

am a member, paying in most cases special  Ciry
members’ prices. My membership is cancel-

able any time after 1 buy these four books. A
shipping charge is added to all shipments. State

« If you do not want the Selection — or you
would like one of the Alternates, or no book at
all — simply indicate your decision on the reply
form always enclosed with the News and mail it
so we receive it by the date specified.

« If, because of late mail delivery of the News,
you should receive a Selection without having
had 10 days to decide whether you want it, that
Selection may be returned at Club expense.

(Please print plainly)
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How to tell

a Mercedes-Benz 450SEL
from all the rest.
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CONTEMPORARY VERSION o?cmsszc TOURING CAR.
TRIM EXTERIOR SI1ZE, UNUSUALLY GENEROUS
INTERIOR ROOM

{_

s 3-SPEED
AUTOMATIC

——— B0
736" -

—_ = e -

e

UNIQUE ENGINE : 8 CYLINDERS,
V-TYPE.OVERHEAD CAMSHAFT.

CONTROL PANEL:

e ADJUSTABLE

TRANSMISSION
WITH TORQUE

TRANSISTORIZED IGNITION. AIR VENTS. #2ll CONVERTER,
ELECTRONIC FUEL INJECTION. « CLIMATE EmBl| eFULL
ELECTRIC FUEL PUMP CONTROLS. b ] INSTRUMENTATION
FORGED STEEL CRANKSHAFT. « AM/FM STEREQ el PLUS
SODIUM FILLED EXHAUST VALVES. RADIO WITH AUTOMATIC TACHOMETER. {\
LIGHT ALLOY CYLINDER HEAD. ANTENNA. SERULIE

« ELECTRICALLY OPERATED CONTROL.

WINDOWS.

POWER STEERING: RECIRCULATING
BALL-TYPE. TURNING CIRCLE : 39"
TELESCOPIC STEERING COLUMN.
ADD|TIONAL SHOCK
ABSORBER
DAMPENS ROAD
VIBRATIONS.
STEERING GEAR
CASE ! LOCATED
BEHIND FRONT AXLE
FOR SAFETY.

SAFETY PATENT:
(AWARDED IN 195).)
COLLAPSIBLE EXTREMITIES/
RIGID PASSENGER SAFETY CELL.

2, 1.
(T

k’}‘v_- el

GAS TANK: MOUNTED OVER
REAR AXLE,45 INCHES IN
FROM REAR BUMPER AND

F
e

SAFETY BUMPERS:

RUBBER PROTECTED WITH

HYDRAULIC REGENERATIVE

SHOCK ABSORBERS.

SURROUNDED BY
o TEEL
BULKHEADS
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POWER BRAKES: 4-WHEEL DISCS (A).

FRONT DISCS VENTILATED.
FURTHER COOLING BY

~ <=~  TURBOBLADES(B).
N i AUXILIARY
X %%~ DRUM BRAKES
\ H,;L;: 4F_._ ON REAR WHEELS.
“‘;‘5-“3:;‘%1{% h;;f—’;f’— _DUAL HYDRAULIC
G A ey || SYSTEM FOR

SAFETY.

.

FRONT SUSPENSION: ¥

FULLY INDEPENDENT.
PROGRESSIVE ANTI-DIVE ‘3%\ =
CONTROL , ZERO-OFFSET S A7
STEERING.ALL JOINTS \

LUBRICATED FOR LIFE.GAS
PRESSURIZED SHOCK ABSORBERS.

CENTRAL LOCKING SYSTEM:
LOCKS ALL DOORS, TRUNK,GAS
FILLER PORT IN ONE MOTION.
PATENTED SAFETY CONE DOOR
LOCKS WITHSTAND OVER 6000LB.
LOAD. INDEPENDENT “CHILDPROCE"
LOCKS IN REAR DOORS.

INTERIOR :
4 DIFFERENT S0UND-
ABSORBING MATERIALS. (
PADDED AND FINISHED
FOR SAFETY AS WELL
AS SUMPTUQUSNESS.
ANATOMICALLY
DESIGNED SEATS
UPHOLSTERED IN S
LEATHER. | =

= 593
TRUNK SPACE:
7.7 CUBIC. FEET: HOOD ORNAMENT:SINCE 1886,

sSYmMmpoL OF

e
7 |

REAR SUSPENSION: FULLY INDEPENDENT.

__AUTOMOBILES
 ENGINEERED
| LIKE NO OTHER
CARS IN THE
WORLD.

DIAGONAL PIVOT SWING AXLE, ANTI-LIFT
commom. GAS PRESSURIZED
f/?ﬂ_ Y\ SsHOCK ABSORBERS.

INDEPENDENT VERTICAL
WHEEL ACTION:

EACH WHEEL e
STAYS MATED
TO ROAD
SURFACE. % 450 SELTOURING SEDAN
SEATING: 5
N? 1160011299

(© MERCEDES-BENZ
OF NORTH AMERICA
INC. 1975
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Experience the Secret

® ESSACI

A New System of Self-Transformation
Created out of the Dead Sea Scrolls

he ESSAEI TRANSCRIPTS go beyond

the literary content of the Dead Sea
Scrolls to the secret oral traditions encoded
in the cryptic writing.

The transcripts not only explain why
the Essenes and Theraputae were able to
heal and live to ages exceeding 100 years,
but show how teachers such as Jesus at-
tained superior intelligence, worked mir-
acles, and communed with God.

Teachers, scholars, doctors report in-
calculable benefits: “Intelligence im-
proved,” “Altered states of consciousness
a living reality,” “This is the secret of se-
crets,” ‘“Explains the power of Christ.”

Our purpose is to provide the condi
tions and opportunities for leaming the sys
tem. The transcripts represent a 40-day
program you can apply in private. Con-
fidential documents, illustrations and easy-
to-follow techniques. In keeping with tra-
dition the teachings are transmitted orally
on cassette tapes for private use only.

Write today
And share in this exciting research.

DECODED NEW TESTAMENT

The original Gos-
pel of Christ was
not a book but a
System of per-
sonal regenera-
tion and illumi-
nation transmit-
ted orally. Lost
during the perse-
cutions, it was never passed down to the organized
Church. Now with publication of THE DECODED
NEW TESTAMENT, the Lost System of Christ is
clarified for the first time in centuries. By Gene
Savoy. the Bible scholar most closely associated with
the emerging New Christianity.

TRANSCRIPTS

INTERNATIONAL COMMUNITY OF CHRIST
100 NORTH ARLINGTON

POST OFFICE BOX 3279
RENO, NEVADA 89505

Please send me, postage paid, copies of:
O Essaei Transcripts $135.00
O The Decoded New Testament $ 39.50
O Prospectus on The Emerging New

Christianity (Free with Above Orders) $ 5.00

Enclosed is my check for (U.S. Tax Deductible*) $______

My Name.
Address City
State Zip

Please charge my [J BankAmericard O Master Charge

My credit card number is:
*All Monies are U.S. Tax Deductible Contributions

LETTERS

Sterling Wortman’s article “Agricul-
ture in China” [SCIENTIFIC AMERICAN,
June] describes the technological ad-
vances by which China has been able
since the revolution to break with the
tradition of being “a country where...
famines used to be almost annual
events.” He details their practices of
multiple cropping, extensive irrigation
and “green revolution” advances, such
as the use of high-yield strains of rice
and wheat and of fertilizers. However,
he fails to touch the crucial question
of why these practices have worked in
China, whereas similar efforts to apply
“green revolution” technologies in other
Third World countries such as India and
Mexico not only have failed to amelio-
rate the problems of hunger and poverty
but also have often exacerbated them.

The issue is one not only of improved
technology and farming practices but
also of who owns and operates the equip-
ment and profits from its use. In non-
socialist countries the “green revolution”
has served to enrich the large land- and
factory owners and further impoverish
small landholders and peasants.

Scientific American, September, 1975; Vol. 233,
No. 3. Published monthly by Scientific American,
Inc., 415 Madison Avenue, New York, N.Y. 10017;
Gerard Piel, president; Dennis Flanagan, vice-
president; Donald H. Miller, Jr., vice-president
and secretary; George S. Conn, treasurer; Arlene
Wright, assistant treasurer.

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 accompanied by postage.

Advertising correspondence should be addressed

to Harry T. Morris, Advertising Director, ScIEN-

TIFIC AMERICAN, 415 Madison Avenue, New York,
| N.Y. 10017.

| Offprint correspondence and orders should be
addressed to W. H. Freeman and Company, 660
Market Street, San Francisco, Calif. 94104. For
each offprint ordered please enclose 30 cents.

Subscription correspondence should be ad-
dressed to Subscription Manager, SCIENTIFIC AMER-
ICAN, 415 Madison Avenue, New York, N.Y. 10017.
For change of address, notify us at least four
weeks in advance. Send both old and new ad-
dresses and enclose an address imprint from a
recent issue. (Date of last issue on subscription is
shown at upper right-hand corner of label.)

NAME
|

NEW ADDRESS

OLD ADDRESS
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Advanced technologies cannot abol-
ish poverty and hunger without a re-
distribution of ownership of the land
and of the factories that produce the
tractors, fertilizers and so on needed for
large-scale agriculture.

The Chinese do not know more about
agriculture than other people, but they
have introduced the social and political
changes that are necessary to make that
knowledge benefit large numbers of
people. In their article “The Delivery
of Medical Care in China” [ScIENTIFIC
AMERICAN, April, 1974] Victor and Ruth
Sidel state: “[The] Chinese have man-
aged to overcome severe problems...
only by making medical change an in-
tegral part of a change in Chinese so-
ciety as a whole.” The same must be
said for the improvements in agriculture
and food production.

RutH HUBBARD

Professor of Biology
Harvard University
Cambridge, Mass.

Sirs:

Professor Hubbard is correct in stat-
ing that more than technology is re-
quired for a nation such as China to
achieve high and stable yields on the
great numbers of small farms held by the
masses of rural people. We generally
consider that four conditions must be
met. First, complete high-yielding, more
profitable farming systems must be de-
veloped and made available to the farm-
ers. Second, the farmers must be shown
on their own or nearby farms how to use
the new systems successfully. Third, the
supplies of seed, fertilizer, pesticides and
credit must be available when and
where they are needed, and at a reason-
able price, and fourth, the farmer must
know before he makes an investment in
a crop or other agricultural activity that
there will be a ready market for the har-
vested product and at prices that pro-
vide an incentive for the farmers to do
the necessary work and make the re-
quired investments. China seemingly
has met these requirements, as have
Taiwan and Japan.

China has apparently developed a sys-
tem by which farmers own or at least
control their own collective farms, or
“production-team holdings.” Individual
income reportedly depends on produc-
tivity both of the individual and of the
farm operation. The production team
was referred to repeatedly as the “basic
accounting unit.” The production-team
income is determined by gross annual in-



There are three sides
to every question:

the pro side,the con side

If you're in business
and you're reading about
something important to |
your business, you don’t |
want to know what some-
body thinks has happened. |
You want to know what |
has in fact happened. .

We wantyou toknow |
that, too.

That's why The Wall
Street Journal goes to such
lengths to insure that its
news columns are unbiased. We’re not for or
against anything —not in our news columns,
at least. As far as we are able, we give you the
straight story...the unvamished who, what,
why, where, how, when and so what of any-
thing that happens anywhere in the world that
may affect your decisions about your business.
If you want to know what we think, read our
editorials.

This let-the-chips-fall-where-they-may
attitude has helped The Journal to grow from
785,000 circulation to over a million and a
quarter in 10 years. It has won us five Pulitzer
Prizes for distinguished reporting. (We also

and the inside.

' have two Pulitzer Prizes
' for Journal editorial writ-
- ing—which proves that
we're not afraid to take a
' stand where a stand

should be taken.)

Try The Journal on
' our special introductory
| offer. Just 80¢™ a week
| will get it delivered to
| your home or office. Fill
=\ out and mail in the
- attached card. If some-
one else has already used the card, call this
toll-free number: 800-257-0300. (In New
Jersey, call 800-322-8150.) For new subscrip-
tions only. Take us up on our 80¢-a-week
offer, for any period from 13 weeks to a year.
You won't get just the pro side of business
news, or the con
side. You'll get the

inside. me
Wall Street
Journal

2A472 *Price good in United States and possessions and Canada.
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© 1975 SCIENTIFIC AMERICAN, INC



IF YOUR AIRLINE
MAKES YOU
CHANGE PLANES
ON THE WAY TO

AUSTRALIA,

CHANGE YOUR

AIRLINE.

“Hmmm. The old switcheroo ploy, eh, Qantas?”

Qantas, and only
Qantas, offers daily
same-plane service
from the West
Coast to Australia.

Tonight, and every night
at 9 o'clock, a Qantas jet takes
off from San Francisco and
heads for Sydney.

And then, if youre going
on to Melbourne, weve got
the convenient connecting
flight.

As youd expect, Qantas
flies more 747's to Australia
than any other airline.
Because theyre 747B’s, you
get the run of the biggest
lounge in the sky as well as a
quieter ride.

Believe us, those things

are important when
youre on a trip to the
other side of the world.
For over 50 years,
weve been the long-haul
specialists. And face it, in 50
years you learn a few tricks of
the trade.

For instance, you learn to
never ever ask passengers to
change planes in strange
places at strange hours.

Next time, tell your
Traffic Manager or Travel
Agent you want to fly Qantas
to Australia.

Get same-plane service,
for a change. Call us for
information and reservations:
800-227-4500. In California:
800-622-0850.

OANTAS
The Australian Airline.
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| come minus taxes and operational ex-

penses; profits are distributed among the
production-team members depending on
work points earned.

Consequently there seems to be a
strong set of incentives for China’s farm
people to attempt to increase produc-
tivity of their farm and related opera-
tions.

China’s society is highly regimented.
They contend that this has been neces-
sary in order to allow the reforms they
sought to be implemented given the
great numbers of people, their limited
land and other resources and the urgent
need to meet their basic requirements of
food, health care, education and hous-
ing,

Most important, China has given agri-
cultural and rural development very
high priority, a move that other poor
countries must make. Whether regi-
mentation is required under such cir-
cumstances is still being debated.

STERLING WORTMAN

Vice-President
The Rockefeller Foundation
New York

Sirs:

Stillman Drake’s article “The Role of
Music in Galileo’s Experiments” [ScIEN-
TIFIC AMERICAN, June] provides a fas-
cinating insight into a simple but in-
genious means by which a scientist with
a musical bent can accurately time ex-
periments where no other reliable meth-
od of time measurement is possible.

There is another notable example,
closer in time to us. Unlike Galileo, how-
ever, the researchers in question used
music as a method of measuring actual
elapsed time, not simply ratios.

In an article by John Hammond in a
1963 issue of Kodak International Re-
view it is recounted that the two gift-
ed musician-scientists Leopold Mannes
and Leopold Godowsky were faced with
a difficult problem of timing while work-
ing on the development of what was to
become Kodachrome film, during the
years 1931-1935.

Precise timing was necessary, but the
work had to be performed in total dark-
ness. Mannes and Godowsky solved the
problem by whistling, in counterpoint,
symphonies and Bach fugues, “which, at
two beats to the second, turned out to
be an extremely effective device.”

DoNaALD MoFFITT

Monroe, Me.



The finest stereo receiver
the world has ever known.

We recognize the awesome respon-
sibility of making such a statement.
Nevertheless, as the leader in

high fidelity, we have fulfilled this
responsibility in every way.

Pioneer's new SX-1010 AM-FM
stereo receiver eclipses any unit that
has come before it. It has an unprece-
dented power output of 100 watts per
channel minimum RMS, with 8 ohm
loads, at any frequency from 20 Hz to
20.000 Hz, with no more than 0.1%
total harmonic distortion. Power is
maintained smoothly and continu-
ously with direct-coupled circuitry
driven by dual power supplies.

To bring in stations effortiessly,
clearly and with maximum channel
separation, the SX-1010 incorporates
an FM tuner section with over-
whelming capabilities. The combina-
tion of MOS FETs, ceramic filters
and phase lock loop IC circuitry
produces remarkable specifications
like 90dB selectivity, 1.7uV sensitivity

and 1 dB capture ratio.

Versalilily is the hallmark of
every Pioneer component. The
SX-1010 accommodates 2 turntables,
2 tape decks, 2 headsets, 3 pairs of
speakers, a stereo mic and an
auxiliary. It also has Dolby and
4-channel connectors. There's even
tape-to-tape duplication while listen-
ing simultaneously to another
program source, This is another
innovative Pioneer exclusive.

The SX-1010 is actually a master
control system with its fantastic array
of controls and features. It includes
pushbuttons that simplify function
selection and make them easy to see
with illuminated readouts on the
super wide tuning dial. FM and audio
muting. hi/low filters, dual tuning
meters, loudness contour, a dial

W PIONEER

when you wan! something better
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dimmer control and a fail-safe
speaker protector circuit. Never
before used on a receiver are the twin
stepped bass and treble tone controls
that custom tailor listening to more
than 3,000 variations. A tone defeat
switch provides flat response instantly
throughout the audio spectrum.
. By now it's evident why the
SX-1010is the finest stereo receiver
the world has ever known. Visit your
Pioneer dealer and audition its
uniqueness. Under $690°, including
a cabinet.

U.S. Pioneer Electronics Corp.,
75 Oxford Drive, Moonachie,
New Jersey 07074
West: 13300 S. Estrella, Los Angeles
90248/Midwest: 1500 Greenleaf, Elk
Grove Village, lll. 60007 /Canada:
S.H. Parker Co.

*The walue shown is for informational purposes enly sng
meludes & cabinel weth walnut veneerod top and side
anels. The actuai resale price will be aet by the
individual Puoncer dealer 8t his ootion
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SEPTEMBER, 1925: “Among the
many unsolved problems presented to us
by the science of astronomy there is one
remarkable paradox. It is that the night
sky is dark and star-sprinkled instead of
being as bright as noonday. If the uni-
verse is infinite and if it contains an in-
finite number of stars, the amount of
light reaching the earth should be in-
finite also. A very similar paradox exists
in the case of gravitation. The force of
gravitation, at least as it is observed in-
side our solar system, decreases, as does
light, according to the square of the
distance separating the attractive bod-
ies. And so, if the universe consists of
an infinite number of stars scattered
through an infinite space, the attraction
of gravitation on the earth ought also to
be infinite and alike from all directions.
Escape from this paradox is possfble.
Perhaps light is absorbed in space. May-
be gravitation vanishes at great dis-
tances, obeying the customary law only
when the distances are finite and small.
But there is another possible explana-
tion. This is the idea that neither the
number of stars nor the very universe it-
self need be considered as infinite. If we
accept the ideas of ‘curved’ space and
‘curved’ time, the paradoxes of gravita-
tion and starlight bother us no longer. In
a curved world, which is unlimited but
finite, the number of stars will also be
finite.”

“C. Francis Jenkins, radio photo-
graphic experimenter of Washington,
has succeeded in demonstrating appara-
tus by which moving objects, including
a Dutch windmill and motion picture
film, were sent by radio for five miles and
reproduced on a miniature screen, ten
by eight inches. The transmitter was set
up at station NOF, near Anacostia, D.C.,
and the receiver in Jenkins’ laboratory
in Washington. He predicts that the
process will be perfected so that scenes
at baseball games and prize fights can be
broadcast over long distances.”

“By making a special effort to keep
newborn illegitimate babies with their
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mothers and breast-fed instead of bottle-
fed, the Division of Child Hygiene of the
Newark, N.]J., Department of Health has
reduced the infant mortality from the
general large-city infant asylum death
rate of 36 to 75 percent of admissions
to 6 or 8 percent. The infant mortality
from the 11 largest foundling institutions
in New York between 1909 and 1913
was 42 percent. In one institution 68
percent of the infants never reached
their first anniversary. Apparently a
smug prudishness that has only recently
begun to wane has prevented a proper
attack on this problem. It has been found
that if the baby can be breast-fed for
three months, its chances of survival are
vastly enhanced. In Newark an institu-
tion known as the Convalescent Home
for Nursing Mothers has been estab-
lished. Here mothers whose own families
will not receive them can go, the only
condition being that they are nursing
their babies.”

“Some believe a radical change is im-
minent in the art of broadcasting and
listening-in. The ether is so congested
that there are no channels left for new
stations. The number of broadcasters is
hovering around 570, and more and
more new stations are making their ap-
pearance each week. It is understood
that 150 applications for licenses are
awaiting wavelength assignment in
Washington. So scarce are wavelengths
that one New York station manager
made the following statement: ‘Our
ether channel is worth more than a seat
on the stock exchange.””

“You have seen the electric refrigera-
tor advertised for a number of years, yet
you do not find them in universal use,
nor are they yet even commonplace. Al-
though the initial cost of these home
units is no higher than that of the flivver,
and the upkeep less, they have not yet
reached the stage in their evolution
where operation is near enough to per-
fection to bring the wide market that
their many good points warrant.”

R Y

SEPTEMBER, 1875: “In the early
days of modern chemistry it used to be
taught that the compounds produced
under the influence of life were different
in kind from those of the chemist’s lab-
oratory, and subject to different laws. A
characteristic of ‘vitality’ was thought to
reverse or transcend the laws of ‘dead’
matter. But chemists were not to be de-
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terred by such objections. They built up
from inorganic materials first one, then
another, then thousands of the so-called
organic compounds, and the old theory
of vitality was for ever shelved. A cor-
responding theory of life is still held by
most physiologists. The mechanism of
organic growth is declared to be some-
thing quite unlike anything that occurs
in the domain of lifeless matter. The
success which Traube has had in imitat-
ing with dead matter the characteristics
of living cells shows that it is altogether
too-early to dogmatize on man’s present
or future inability to rival the physics
as he has the chemistry of life. Traube
has shown that a drop of one colloid, if
placed in the solution of another suitable
colloid, will be converted into a closed
cell. This colloidal pellicle is impervious
to the colloid solution, while it allows
water to pass through freely. If a differ-
ence in density exists between the con-
tents of the cell and the surrounding
liquid, water penetrates the walls and
the pellicle enlarges. It will be remem-
bered that the natural growth of living
cell walls is by the same process.”

“The center of our population has
traveled westward, keeping curiously
near the 39th parallel of latitude, never
getting more than 20 miles north or
two miles south of it. In 80 years it has
traveled only 400 miles, and it is now
found nearly 50 miles eastward of Cin-
cinnati, Ohio.”

“The mantle of Agassiz has fallen
upon Principal Dawson of Montreal;
with Agassiz dead, Dawson remains the
great American opponent of Darwinism.
In a recent address he reviews at great
length the geological record of life’s ori-
gin, and insists that the facts are over-
whelmingly against the theory of spe-
cific evolution through natural causes.
Unfortunately Principal Dawson utterly
misapprehends the views of modern
evolutionists. Nothing in the writings
of Wallace, or Darwin, or Lubbock, or
Gray can be found to sustain the ultra-
Lamarckian method of development he
describes. Even Agassiz’ mantle will fail
to cover errors so gross and obtrusive.”

“Captain Webb, after failing in his
first endeavor to swim from Dover, En-
gland, to Calais, France, has succeeded
in his second attempt, and has traversed
the distance, some 21 miles, in 22 hours
and 43 minutes. This is certainly the
most wonderful feat of swimming ever
accomplished. Captain Webb wore no
life-preserving apparatus whatever, but
swam without clothes.”
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1. What physical processes enable quasars to .
generate power up to that of 50 trillion sunsp

o * .
2. Do planetary systems exist around - " :
other stars? el - g

3 How does Hubble’s Law for recession of . |
galaxies depart from linearit; at large .
red shifts? » :

4. What extreme ultraviolet spectral

features are characteristic’of quasars

e with very large red-shifts? ° At
5. What is the small scale structure of

the giant red spot vortex on Juplter and

how does 1t Vary with time? ",

6. Ad infinitum. _ .
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Thé answers may well affect
the future of mankind.

NASA's Large Space
Telescope is a challenging %
program that will provide
astronomers of many
specialties with the means
to seek the answers.

Finding clues to the early
history of the universe o
seeing to its outer limit,

discovering other solar
systems or exploring our
own—and especially under-
standing energy mechanisms

that may be adapted to earthly

needs—are some of the
exciting possibilities.

That ts wwhy the Space
Seience Board of the National
Academy of Sciences has said
that in a balanced space

.
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astronoifty program the Lairge
Space Telescope merits the
highest priority of all space
ASLIONONY IISSions.

Scientists and engineers of
the Boeing \L‘I‘{N])iit't‘
Lump.m\ are assisting NASA
in bringing about this

important and timely program.
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THE AUTHORS

CARL SAGAN (“The Solar System”)
is professor of astronomy and space sci-
ences at Cornell University, where he
also directs the Laboratory for Planetary
Studies. He is a graduate of the Univer-
sity of Chicago and received his Ph.D.
there in 1960. Before joining the Cor-
nell faculty in 1968 he taught at Har-
vard University and worked at the
Smithsonian Astrophysical Observatory
in Camhridge, Mass. An expert on the
physics of planetary atmospheres, plan-
etary surface conditions and the possi-
bility of extraterrestrial life, Sagan has
served as a consultant and experimenter
on a number of U.S. planetary mis-
sions, including the forthcoming Viking
landing on Mars. He is editor-in-chief
of Icarus: The International Journal
of Solar System Studies, and currently
serves as chairman of the division for
planetary sciences of the American As-
tronomical Society.

A. G. W. CAMERON (“The Origin
and Evolution of the Solar System”) is
professor of astronomy at Harvard Uni-
versity and associate director for plan-
etary sciences of the Center for Astro-
physics in Cambridge, Mass. A native of
Winnipeg, he obtained his Ph.D. in
experimental nuclear physics from the
University of Saskatchewan in 1952. His
early experience in nuclear physics, he
writes, “led me into astrophysics, since I
became involved in unraveling the puz-
zle of the origin of the elements by stel-
lar nucleosynthesis shortly after obtain-
ing my Ph.D. Before one can understand
quantitatively the origin of the elements,
however, one must know the elemental
abundances and hence understand the
best sources of those abundances in the
solar system: the meteorites. One can-
not understand the meteorites, how-
ever, without understanding the origin
of the solar system in general. So there
you see the tortuous path by which I
arrived at my interest in the subject of
this article.” Cameron was a senior scien-
tist at the National Aeronautics and
Space Administration’s Goddard Insti-
tute for Space Studies in New York City
and professor of space physics at Yeshiva
University before taking up his present
posts in 1973,

E. N. PARKER (“The Sun”) is Distin-

guished Service Professor in the depart-
ments of physics, astronomy and astro-
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physics at the University of Chicago. A
graduate of Michigan State University,
he acquired his Ph.D. from the Califor-
nia Institute of Technology in 1951. He
taught mathematics and physics at the
University of Utah until 1955, when he
moved to Chicago to become a research
associate of the Institute for Nuclear
Studies. Parker is perhaps best known
for his development of the idea of the
solar wind. His current research inter-
ests, he reports, are focused “on the gen-
eral role of magnetic fields in creating
activity in the sun, in other stars and in
the galaxy.”

BRUCE C. MURRAY (“Mercury”) is
professor of planetary science at the
California Institute of Technology; on
his return from a sabbatical leave early
in 1976 he will become the next director
of the Jet Propulsion Laboratory, which
is operated by Cal Tech for the National
Aeronautics and Space Administration.
A geologist by training, he received his
Ph.D. from the Massachusetts Institute
of Technology in 1955. Since going to
Cal Tech in 1960 he has participated in
five of the Mariner missions, most re-
cently as head of the group responsible
for the Mariner 10 television experi-
ment, which produced the first closeup
pictures of Mercury and Venus. In June
he served as chairman of the First Inter-
national Colloquium on Mercury, which
was held at Cal Tech.

ANDREW and LOUISE YOUNG
(“Venus”) do research at Texas A&M
University. Andrew Young studied phys-
ics as an undergraduate at Oberlin Col-
lege and astronomy as a graduate stu-
dent at Harvard University, obtaining a
Ph.D. from the latter institution in 1962.
He taught astronomy at Harvard and at
the University of Texas for several years
and later worked at the Aerospace Cor-
poration and the Jet Propulsion Labora-
tory before joining the faculty of Texas
A&M in 1973. Louise Young was grad-
uated with highest honors in engineering
from the University of California at Los
Angeles in 1958. She acquired her Ph.D.
from the California Institute of Technol-
ogy in 1963. Before going to Texas A&M
she taught thermodynamics and statisti-

‘cal mechanics at U.C.L.A., worked as a

consultant in the aircraft industry and
did research at Cal Tech, the Jet Propul-
sion Laboratory and the University of
Texas. The Youngs write: “We each
trickled into the field of planetary atmo-
spheres from a very different direction:
A. T.Y. from an interest in photoelectric
photometry, which led to the photomet-
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ric study of atmospheres and their opti-
cal properties, and L. G. Y. from a back-
ground in radiative transfer and rocket
exhaust, which like the atmospheres of
terrestrial planets contains water and
carbon dioxide.”

RAYMOND SIEVER (“The Earth”)
is professor of geology at Harvard Uni-
versity, where he heads the Committee
on Experimental Geology and Geophys-
ics. His academic degrees are all {from
the University of Chicago: a B.S. in
1943, an M.S. in 1947 and a Ph.D. in
1950. Beginning as a research assistant
in 1943, Siever was associated for many
years with the Illinois Geological Sur-
vey. He came to Harvard in 1956 on a
National Science Foundation postdoc-
toral fellowship and stayed on to join
the faculty a year later. Among his cur-
rent projects, he reports, are studies of
“the coal resources of underdeveloped
countries, the origin of sulfur in high-
sulfur coals and the prospects for re-
covery of large deposits of oil and gas at
the edges of the continents under the
sea.... I am also in process of trying to
reevaluate the history of the Atlantic
Ocean and the early continents at the
time of coal-bed formation in the late
Paleozoic.” Siever is the coauthor (with
Frank Press) of the introductory college-
geology textbook Earth, published re-
cently by W. H. Freeman and Company.

JOHN A. WOOD (“The Moon”) is a
member of the staff of the Smithsonian
Astrophysical Observatory of the Center
for Astrophysics in Cambridge, Mass.,
where he has devoted much of the past
few years to the study of rocks from the
moon. “I began teaching courses in ge-
ology at Harvard two years ago,” he
writes, “but apart from that I have
worked full time on lunar research since
the beginning of the Apollo program.
From 1971 to 1973 I was vice-chairman
of the Lunar Sample Analysis Planning
Team, the advisory group that recom-
mends to NASA on allocations of lunar
samples to investigators in the program.
My principal other interest (or ambi-
tion) continues to be the study of mete-
orites. I am eager to resume work on
these enigmatic objects, which appear to
be witnesses to the origin of the solar
system and perhaps even earlier events.”
Wood is a graduate of the Virginia Poly-
technic Institute and holds a Ph.D. in
geology from the Massachusetts Insti-
tute of Technology.

JAMES B. POLLACK (“Mars”) is a
theoretical astrophysicist on the staff of



Man’s Dream of Worlds Unseen

Carl Sagan and John Clark are a
team.

A very unusual team indeed —
scientist Sagan from the pages of Scien-
tific American and artist Clark working
together to open the complex vistas of
the universe. Kip Thorne’s black holes
are mathematical concepts at best. But
teamed with Victor Costanzo, artistic
translation gives full color substance
and form to formulae. The result? Cosmic
portraits: man’s dream of worlds unseen.

26 months ago ASTRONOMY
magazine established a hallmark of
beauty and readership intimacy seldom
found today. And each month since then
it has followed through with full color
paintings and photographs, clear and
pictorial writing, inviting layout and
design, uncompromised printing quality...
care and committment to you the
subscriber.

ASTRONOMY makes the universe
appealing. It transforms alienating
theory to inviting, entertaining discovery.

Join 45,000 ASTRONOMY subscrib-
ers to discover the excitement of space
and astronomy with Fred Whipple
(comets), Joseph Veverka (Mars), Gerrit
Verschuur (radio astronomy), Robert

Parker (Skylab), Michael Ovenden
(asteroids), George Abell (galaxies),
William Hartmann (Saturn), Thomas

Easton (life on Mars), Jay Pasachoff

ASTRONOMY

DECEMBER 1974 e

(sun), Frank Drake (neutron stars)...
scientists of worlds unseen.

ASTRONOMY'’s monthly depart-
ments guide you to astrophotography
with cameras you probably already own
— to the use of telescopic equipment —
to location and observation of planets,
constellations, asteroids, comets, galaxies,
double stars, star clusters... to all the
cosmic beauty awaiting your personal
discovery.

Book reviews guide your astronomy
reading and Astro-News keeps pace with
the latest discoveries, research and
findings... brought to you while they’re
still news.

Collect ASTRONOMY ... treasure
each issue of “The World’s Most Beauti-
ful Astronomy Magazine”... no other
magazine of space and astronomy has
ever been able to make so great a claim
— and keep its word.

—SPECIAL $2.50 BONUS —

To Scientific American Readers Only

As a Scientific American reader we
will enroll you immediately for one full
year of ASTRONOMY (12 issues) for
only $12.00. You save 1/3 off the news-
stand price of $18.00 per year.

Send no money now. Just fill out
the postage paid card and mail it today.
We'll bill you when your subscription
begins.

IN ADDITION after you forward
your subscription payment we’ll send
you — absolutely free — a full color
booklet worth $2.50! “Jupiter: New
Jovian Vistas” documents Pioneer 10’s
journey to the solar system’s largest
planet. As a Scientific American reader
you get a special value savings.

ASTRONOMY

The World's Most Beautiful Astronomy Magazine

— Established: August 1973 —

Published monthly by AstroMedia Corp., 757 N. Broadway, Suite 204, Milwaukee, WI
53202. Telephone: (414) 276-2689. If card is missing mention code #SAJ-1A so you receive

your bonus.
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At right, scope displays
the 1600A’s state space
mapping mode.

Inset at left shows

the scope in tabular
display mode.

- - -
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Simplify troubleshooting in the data domain.

Two new Hewlett-Packard logic state analyzers,
triggered and indexed on digital words, prove a
real boon to those who debug, test, and trou-
bleshoot digital systems.

When a digital system malfunctions, one of the
troubleshooter’s first tasks is to determine on
which data word the breakdown occurred. Unless
he can monitor the parallel data streams—bit by bit
and word for word, the same way the system com-
ponents see them—all the time and frequency do-
main test instruments in the world will do him
little good.

To help him operate efficiently in the data domain,
HP has introduced two new logic state
analyzers—Models 1600A and 1607A—that can
capture the flow of digital data in 16 or 32 parallel
channels, at clock speeds up to 20 MHz. Both in-
struments permit display of the data in easy-to-
read word format, as a succession of 1’sand 0’son a
CRT screen.

To the digital system troubleshooter, the most im-
portant contribution of these logic state analyzers
is that they allow him a full choice of data analysis
techniques to meet the requirements of the task at
hand. With pushbutton ease, he can quickly ac-
complish any of the following:

e Page through a system 16 words at a time at
machine speed, to trace data flow.

18B

e Automatically trigger on a fault, capturing
events before and after the ““crash,” to help him
find the cause.

e Capture a 16-word window any desired
number of clock pulses from a trigger word, to
follow branching operations.

e Automatically identify inactive data lines, to
find program errors.

e Storeasequence of 16-bit words and display an
active table side by side, for quick comparison.

e Automatically halt and store active data when
it does not match a stored table—a great help
when trying to find intermittent malfunctions.

e Using a special ‘“‘mapping” technique, display
all active combinations of the 16 parallel input
lines on a map pattern of216 dots, each of which
represents one of the possible combinations
—and thus quickly identify the activity of a
system in a repetitive loop without having to
read a tabular listing. If an anomaly occurs in
the mapping mode, it is presented in its most
conspicuous form.

The 1600A has a built-in display and costs $4000*.
The 1607A costs $2750* and provides an analog
output for use with a separate, conventional scope,
converting that scope to a logic state analyzer. It
also has digital outputs that are used to expand the
1600A to 32-bit or dual-clock capability.
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HP-65 in space with Apollo-Soyuz.

The American astronauts calculated critical
course-correction maneuvers on their HP-65
programmable hand-held during the rendez-
vous of the U.S. and Russian spacecratft.

Twenty-four minutes before the rendezvous in
space, when the Apollo and Soyuz were 12 miles
apart, the American astronauts corrected their
course to place their spacecraft into the same orbit
as the Russian craft. Twelve minutes later, they
made a second positioning maneuver just prior to
braking, and coasted in to linkup.

In both cases, the Apollo astronauts made the
course-correction calculations on their HP-65. Had
the on-board computer failed, the spacecraft not
being in communication with ground stations at
the time, the HP-65 would have been the only way
to make all the critical calculations. Using complex
programs of nearly 1000 steps written by NASA
scientists and pre-recorded on magnetic program
cards, the astronauts made the calculations au-
tomatically, quickly, and with ten-digit accuracy.

The HP-65 also served as a backup for Apollo’s
on-board computer for two earlier maneuvers. Its
answers provided a confidence-boosting double-
check on the coelliptic (85 mile) maneuver, and the
terminal phase initiation (22 mile) maneuver,
which placed Apollo on an intercept trajectory
with the Russian craft.

Periodically throughout their joint mission, the
Apollo astronauts also used the HP-65 to calculate

HEWLETT @ PACKARD

Sales and service from 172 offices in 65 countries

how to point a high-gain antenna precisely at an
orbiting satellite to assure the best possible ground
communications.

The first fully programmable hand-held calculator,
the HP-65 automatically steps through lengthy or
repetitive calculations. This advanced instrument
relieves the user of the need to remember and exe-
cute the correct sequence of keystrokes, using
programs recorded 100 steps at a time on tiny
magnetic cards. Each program consists of any
combination of the calculator’s 51 key-stroke func-
tions with branching, logical comparison, and
conditional skip instructions.

The HP-65 is priced at $795*. See it, and the rest of
the HP family of professional hand-helds at quality
department stores or campus bookstores. Call
800-538-7922 (in California, 800-662-9862) for the
name of the retailer nearest you.

For more information on these products, write to

us, Hewlett-Packard, 1504 Page Mill Road, Palo
Alto, California 94304.

Mail to: Hewlett-Packard, 1504 Page Mill Road, Palo Alto, CA 94304.
Please send me further information on

() HP 1600A/1607A Logic State Analyzers
( ) HP-65 Hand-Held Programmable Calculator

Name

Company

Address

City State Zip

*Domestic USA prices only. 00548
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A GREAT WINE?

B Schastian

WENATT =W VN

Ask a wine expert to make a list of
everything he would require to pro-
duce a truly great wine. If he could
have everything he wanted, his list
would have to start with premium
grapes from the oldest vineyards in
Northern California where climate and
soil match the fine grape growing
areas of Europe.

He would insist that these Euro-
pean vines and the whole wine-making
process be personally tended by a
dedicated winemaker — with the
inherited skills of an old-world wine-
making family.

Not being restricted by mass pro-
duction methods, his wine would be
mellowed in the unhurried, traditional
way — softened in redwood and aged
in many small oaken barrels to assure
that every drop was delicately caressed
by the essence of the wood.

Limestone cellars would be a must
to maintain a cool, even temperature
to slowly nurture the wine to full
maturity.

As you suspected, there actually is
a wine made this way. In fact, it's
the only wine in the state of Cali-
fornia that can honestly claim all of
these wine-making advantages. It's
called Sebastiani. You won’t find it
everywhere because wine made this
way can’t be mass produced. But it's
worth looking for. If your wine
retailer doesn’t have Sebastiani, write
us for the name of one in your
area who does. We will also be happy
to send you our newsletter.

Sebastiani

VINEYARDS
EST.1825

P.O. Box AA, Sonoma, California 95476

the Ames Research Center of the Na-
tional Aeronautics and Space Adminis-
tration. He was educated at Princeton
University (A.B. in physics, 1960), the
University of California at Berkeley
(M.A. in physics, 1962) and Harvard
University (Ph.D. in astronomy, 1965).
He joined the research staff at Ames in
1970 after working at the Smithsonian
Astrophysical Observatory in Cam-
bridge, Mass., and the Center for Radio-
physics and Space Research of Cornell
University. Pollack has participated in
several unmanned-spacecraft missions
to the planets, including the 1971 Mari-
ner 9 orbiter mission to Mars, for which
he headed the group responsible for ob-
taining television pictures of the Martian

| . . .
satellites. He is currently working on ex-

periments for the 1976 Viking missions
to Mars and the 1978 Pioneer mission to
Venus. In addition to his involvement in
such missions, he has spent a good part
of the past few years investigating the
causes of major climatic changes on the
earth. “In so doing,” he remarks, “I have
applied some of the computational tech-
niques I have developed for other plan-
ets to our own planet.”

JOHN H. WOLFE (“Jupiter”) is chief
of the space-physics branch of the space-
science division of the National Aero-
nautics and Space Administration’s Ames
Research Center, which he joined soon
after receiving his Ph.D. from the Uni-
versity of Illinois in 1960. Since then
his main concern has been the measure-
ment of the interplanetary solar wind
and its interactions with the planets. He
has been the principal investigator for
the solar-wind experiments on a total of
12 unmanned space probes. In addition
he is chief scientist for the Pioneer mis-
sions to Jupiter and as such is respon-
sible for their overall scientific planning
and coordination.

DONALD M. HUNTEN (“The Outer
Planets”) is a physicist with the plane-
tary sciences division of the Kitt Peak
National Observatory. A native of Mon-
treal, he was educated at the University
of Western Ontario and McGill Uni-
versity, receiving his Ph.D. in physics
from McGill in 1950. He spent the next
13 years at the University of Saskatche-
wan, “studying the aurora and the up-
per atmosphere and teaching physics
and astronomy.” In 1963 he joined a
group assembled at Kitt Peak to in-
vestigate planetary atmospheres. He
comments: “Currently my time is di-
vided among all the planets, including
the earth, where I have been involved
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in some of the efforts to assess threats to
atmospheric ozone. My chief recreation
is playing early music with the Collegi-
um Musicum of the University of Ari-
zona; my instruments are bassoon, flute,
recorders and krummbhorns. I also main-
tain my wife’s harpsichord and dabble in
harpsichord building.”

WILLIAM K. HARTMANN (“The
Smaller Bodies of the Solar System”)
works in Tucson for the Planetary Sci-
ence Institute, a division of Science Ap-
plications, Inc. He studied physics as an
undergraduate at Pennsylvania State
University, then went on to obtain an
M.S. in geology and a Ph.D. in astrono-
my from the University of Arizona. Since
the early 1960’s he has worked primarily
on the origin and evolution of planets
and planetary systems. His 1972 text-
book, Moons and Planets, has been wide-
ly used as an introduction to planetary
science. He was a coinvestigator on the
Mariner 9 mission, and in 1974 he co-
authored (with Odell Raper) a copiously
illustrated NASA publication, The New
Mars, describing the Mariner 9 results.

JAMES A. VAN ALLEN (“Inter-
planetary Particles and Fields”) is Car-
ver Professor of Physics and head of the
department of physics and astronomy at
the University of Iowa. He did his un-
dergraduate work at Iowa Wesleyan
College and his graduate work at the
University of Iowa, acquiring his Ph.D.
in physics in 1939. He returned to Iowa
in 1951 after devoting several years to
research elsewhere, including the Car-
negie Institution of Washington and
Johns Hopkins University. Van Allen is
noted as a pioneer in the use of balloons,
rockets and spacecraft for scientific
measurements; in the late 1950’s he dis-
covered the radiation belts of the earth
with apparatus on the first successful
U.S. satellite, Explorer 1, and confirmed
the discovery soon thereafter with Ex-
plorer 3. He has since participated in
some 20 satellite and planetary missions,
doing experiments on the behavior of
particles and fields in the earth’s mag-
netosphere, in interplanetary space and
in the vicinity of Venus, Mars and Ju-
piter. One of his main research interests
at the moment is in measuring the polar
magnetic field of the earth at high alti-
tudes, using Hawkeye 1, the seventh
satellite to be built under his supervision
at the Iowa campus. During the past two
years he has also helped develop plans
for a future Mariner mission to Jupiter
and Uranus and a future Pioneer orbiter
mission to Jupiter.



DEWAR'S, PROFILES

(Pronounced Do-ers “White Label’)

BLENDED SCOTCH WHISKY o 86.8 PROOF o ©SCHENLEY IMPORTS CO., N. Y., N.Y.

JOK AND JOHNNY
GONZALLES

HOME: Los Angeles, California

LAST ACCOMPLISHMENT: They created
an art studio and gallery which gives training
and exposure to hundreds of Chicano artists
from the East Lios Angeles barrio. The gallery’s
shows have been seen worldwide.

QUOTE: “Today’s Chicano is awakening to the
realization that he is a person with a strong
cultural heritage. Slowly he is communicating
this to others and strengthening his sense of
values ... Our challenge is to attain for Chicano
people a brighter tomorrow which is the
realization of our dreams.”

PROFILE: Their ambition is to transform A h .
their community, a job they’'ve started with the uthentic. There are more than a thousand ways
gallery and numerous murals around the barrio. to blend whiskies .ln Scotland, but few ére authentic enough

. . for Dewar's “White Label.” The quality standards estab-
Their enthusiasm has made them a real force

X .. lished in 1846 have never varied. Into each drop go only
in East Los Angdes m JuSt a few years. the finest whiskies from the Highlands, the Lowlands, the

SCOTCH: Dewars “White Label.”s G Dewar’s never varies.
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The Solar System

Presenting an issue on what is known about the sun and the bodies

in orbit around it, with special reference to the knowledge gained

in 15 vears of exploration by space probes launched from the earth

by Carl Sagan

chemistry yields complex molecules that

watched over the millenniums by a

careful and extremely patient extra-
terrestrial observer. Some 4.6 billion
years ago the planet completes its ag-
gregation out of interstellar gas and dust.
The last planetesimals that fall in to
make the earth produce enormous im-
pact craters; the planet heats up inter-
nally from the gravitational potential en-
ergy of its accretion and from the decay
of its radioactive elements; the heavy
liquid iron core separates from the light-
er silicate mantle and crust; hydrogen-
rich gases and condensable water are
released from the interior to the surface,
and a fairly straightforward organic

Imagine that the earth has been

combine into self-replicating molecular
systems: the first terrestrial organisms.
The rain of interplanetary boulders
dwindles, and in time running water,
wind, mountain building and other geo-
logical processes erase the scars of the
earth’s origin. A vast planetary convec-
tion engine is established that carries
mantle material up through rifts in the
ocean floor to form great crustal plates
and then drives the material back into
the mantle at the margins of the conti-
nents; collisions between plates push up
chains of folded mountains, and the
general configuration of land and sea, of
icy and tropical regions shifts continu-

CRUCIAL DECISION in the evolution of the modern heliocentric model of planetary
motion is represented symbolically in the illustration on the opposite page. The scene is a
detail of a large hand-colored wood engraving of the solar system, one of a set of 30 such
astronomical charts compiled by Johann Gabriel Doppelmayer of Nuremberg and pub-
lished in 1742 under the title Atlas novus coelestis. The two circular diagrams depict the
planetary system according to the two great 16th-century astronomers Tycho Brahe and
Nicolaus Copernicus. The Latin inscriptions on the yellow ribbons outlining the two dia-
grams read in translation: “System of Tycho, who lived around the end of the 16th cen-
tury” and “System of Copernicus, who lived around the beginning of the 16th century.” The
phrases in the italic letters just under each diagram can be translated as “Thus by eye” in
the case of Tycho (who was noted primarily as an observer) and “Thus by reason” in the
case of Copernicus (who was of course best known as the conceiver of the heliocentric
theory). The female figure, presumably Urania, the muse of astronomy, appears to favor
the Copernican system over the Tychonic system. (The Copernican system, as in the pre-
vailing modern view, has the planets revolving around the sun at the center; the Tychonic
system, following the medieval Ptolemaic tradition, continues to have the earth at the cen-
ter but attempts to account for the observational data of the time by having the other planets
revolve around the sun as the sun revolves around the earth.) The meaning of the symbols
that appear in the chart is given in the illustration on page 26. The copy of the Doppelmayer
atlas from which this reproduction was made is in the Burndy Library in Norwalk, Conn.
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ously. Meanwhile natural selection nom-
inates from a wide range of alternative
candidates those varieties of self-repli-
cating molecular systems best suited to
the latest change in the environment.
Plants evolve that use visible light to
break down water into hydrogen and
oxygen, and the hydrogen escapes into
space, changing the atmosphere from a
reducing medium to an oxidizing one.
Organisms of moderate complexity and
modest intelligence eventually arise.

Throughout this sequence our imagi-

nary observer is struck above all
by the earth’s isolation. Sunlight, star-
light and cosmic rays, and occasionally
some interplanetary debris, arrive at the
earth’s surface, but in all those aeons
nothing save a little hydrogen and heli-
um leaves the planet. And then, less
than 20 years ago, the planet suddenly
begins, like a dandelion gone to seed, to
fire tiny capsules throughout the inner
solar system. First they go into orbit
around the earth and then to the plan-
et’s lifeless natural satellite, the moon.
Six tiny capsules, larger than the rest,
set down on the moon and from each
two small organisms emerge, briefly ex-
plore their immediate surroundings and
then sprint back to the earth, having
tentatively extended a toe into the cos-
mic ocean. Five little spacecraft enter
the hellhole of Venus’ atmosphere and
three of them survive some tens of min-
utes on the surface before being de-
stroyed by the heat. More than a dozen
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spacecraft are dispatched to Mars; one
sends back information for a full year
from its orbit around the planet. Anoth-
er swings by Venus to encounter Mer-
cury, on a trajectory that will cause it to
pass close to the innermost planet many
times. Two more successfully traverse
the asteroid belt, fly close to Jupiter and
are ejected by its gravity into interstellar
space. It is clear, the observer might re-
port, that something interesting is hap-
pening on the planet earth.

We have entered, almost without no-

ticing it, an age of exploration and dis-
covery unparalleled since the Renais-
sance, when in just 30 years European
man moved across the Western ocean to
bring the entire globe within his ken.
Our new ocean is beyond that globe: it
is the shallow disk of space occupied by
the solar system. Our new worlds are
the sun, the moon and the planets. In
less than 20 years of space exploration
we have learned more about those
worlds than we have in all the preceding
centuries of earthbound observation. We
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are beginning to assemble that informa-
tion into a new picture of our solar sys-
tem.

It is useful-and somewhat humbling—

to start by placing our small solar
neighborhood in its proper cosmic per-
spective. The earth is a tiny hunk of
rock and metal that rides in a flood of
sunlight through the innermost recess
of the solar system. Other tiny spheres
of rock and metal-Mercury, Venus and
Mars—move in orbit around the sun




nearby. These inner planets and their
satellites do not bulk very large in the
solar system as a whole. Most of the
mass, angular momentum and (from any
extraterrestrial astronomer’s viewpoint)
ostensible interest of the solar system re-
sides in the Jovian planets: four immense
and rapidly rotating spheres. The inner
two, Jupiter and Saturn, consist largely
of hydrogen and helium; indeed, Jupi-
ter is something like a star that failed.
The outer two, Uranus and Neptune,
are composed less of the lightest gases

SOLAR SYSTEM FOR SEPTEMBER is rep-
resented in the large diagram at left with
the planetary orbits all drawn to the cor-
rect scale; an enlargement of the inner por-
tion of the diagram appears above. The
white dots indicate only the positions of
the planets; since the mean diameter of the
earth’s orbit is roughly 200 times the solar
diameter, even the sun would be a barely
perceptible speck at the scale of either dia-
gram. By convention the heliocentric longi-
tude of each planet is measured in degrees
of arc from the vernal equinox (straight line
at right). The broken curves denote the por-
tion of each planet’s orbit that lies below the
earth’s orbital plane (the ecliptic). Pluto’s
orbit is anomalous in several respects. It is
the only planetary orbit whose eccentricity
can be distinguished from a “zero ellipse”
(a circle) at the scale of such diagrams.
Moreover, it has by far the greatest inclina-
tion to the ecliptic of any planetary orbit:
more than 17 degrees. These and other con-
siderations have led some to regard Pluto as
being not a planet but rather an escaped
satellite of Neptune. Beginning in 1987
Pluto will lose even its questionable dis-
tinction of being the outermost planet in
the solar system when it slips inside the
orbit of Neptune on its way to perihelion
(the point on its orbit closest to the sun).

and more of such heavier gases as meth-
ane and ammonia. Jupiter takes almost
12 years to complete its trip around the
sun at a mean distance of some five as-
tronomical units. (An astronomical unit
is the mean distance of the earth from
the sun, about 93 million miles or 150
million kilometers). Beyond the Jovian
planets Pluto, smaller and less familiar,
orbits eccentrically at about 40 astro-
nomical units, Much farther, at about
100,000 astronomical units, are some bil-
lions of tailless comets, kilometer-size
snowballs slowly circling the distant sun.
From somewhat farther away, say a
few hundred thousand astronomical
units, the sun would appear to the un-
aided eye as a bright star with no hint
of its retinue of planets. That would be
a distance of a few light-years (a light-
year is about 60,000 astronomical units),
or the characteristic separation between
stars in our galaxy. From a few dozen
light-years away the sun would be
quite undetectable to the unaided hu-
man eye—and a distance of a few dozen
light-years is only about a thousandth of
the distance from the sun to the center
of our galaxy. The galaxy is a vast, pon-
derously rotating pinwheel of some 250
billion suns, and the dense central plane
of the galaxy, seen edge on, is the dif-
fuse band across the sky that we call the
Milky Way. Our galaxy is one of at least
billions, and perhaps hundreds of bil-
lions, of galaxies. Our particular sun and
its companion planets constitute no more
than one example of a phenomenon that
must surely be repeated innumerable
times in the vastness of space and time.

If the 4.6 billion years of earth history

were compressed into a single year,
the flurry of space exploration would
have begun less than a tenth of a second
ago. The fundamental changes in atti-
tude and knowledge responsible for the
remarkable transformation would have
filled only the past few seconds, since
the first widespread application of sim-
ple lenses and mirrors for astronomical
purposes in the 17th century. Before
that the planets had been recognized
for millenniums as being different from
the “fixed stars,” which appeared not to
move with respect to one another. The
planets (the word comes from the Greek
for “wanderer”) were brighter than most
stars, and they moved against the stellar
background. Since the sun and the moon
manifestly influenced the earth, astro-
logical doctrine held that the planets
must affect human life too, but in more
subtle ways. Almost none of the ancients
speculated that the planets were worlds

© 1975 SCIENTIFIC AMERICAN, INC

in some sense like the earth. With the
first astronomical telescope, however,
Galileo was astonished and delighted to
see Venus as a crescent lighted by the
sun and to make out the mountains and
craters of the moon. Johannes Kepler
thought the craters were the construc-
tions of intelligent beings inhabiting
the moon, but Christiaan Huygens dis-
agreed. He argued that the construction
of such great circular depressions would
require an unreasonably great effort—
and he thought he could see natural ex-
planations for them.

Huygens exemplified the marriage of
advancing technology and experimental
skills with a reasonable, skeptical mind
and an openness to new ideas. He was
the first to suggest that on Venus we are
looking at an atmosphere and clouds,
the first to understand something of the
true nature of the rings of Saturn (which
had seemed to Galileo like two “ears”
enveloping the planet), the first to draw
a picture of a recognizable marking on
the surface of Mars (Syrtis Major) and
the second (after Robert Hooke) to draw
the Great Red Spot of Jupiter. The last
two observations are of current signifi-
cance because they establish the con-
tinuity of prominent planetary surface
features over at least three centuries.
(Huygens was, to be sure, not a thor-
oughly modern astronomer; he could
not entirely escape the modes of belief
of his time. Consider the curious argu-

‘ment by which he deduced the existence

on Jupiter of hemp. Galileo had observed
four moons traveling around Jupiter.
Huygens asked a question of a kind few
astronomers would ask today: Why is it
that Jupiter has four moons? Well, why
does the earth have one moon? Our
moon’s function, Huygens reasoned,
apart from providing a little light at
night and raising the tides, is to aid
mariners in navigation. If Jupiter has
four moons, there must be many mari-
ners on that planet. Mariners imply
boats; boats imply sails; sails imply
ropes. And ropes imply hemp. I some-
times wonder how many of our own
prized scientific arguments will appear
equally foolish from the vantage of
three centuries.)

useful index of our knowledge

about a planet is the number of bits
of information necessary to characterize
what we know of its surface—in effect
the number of black and white dots
in halftone photographic reproductions
summarizing all existing imagery. Back
in Huygens’ day about 10 bits of infor-
mation, all obtained by brief glimpses
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MERCURY VENUS EARTH MARS JUPITER SATURN URANUS NEPTUNE PLUTO
MAXIMUM DISTANCE FROM SUN | 69.7 109 152.1 249.1 815.7 1,507 3,004 4,537 7,375
(MILLIONS OF KILOMETERS)
MINIMUM DISTANCE FROM SUN 147.1 206.7 7409 1,347 2,735 4,456 4,425
(MILLIONS OF KILOMETERS) < it : ce. ’ ' i
MEAN DISTANCE FROM SUN
L IONS OF KiLOMETERS) 57.9 108.2 149.6 227.9 778.3 1,427 2,869.6 4,496.6 5,900
MEAN DISTANCE FROM SUN .387 .723 1 1.524 5.203 9.539 19.18 30.06 39.44
(ASTRONOMICAL UNITS)
PERIOD OF REVOLUTION 88 DAYS | 224.7 DAYS 36526 DAYS | 687 DAYS 11.86 YEARS | 29.46 YEARS | 8401 YEARS | 164.8 YEARS | 247.7 YEARS
23 HOURS 24 HOURS 9 HOURS
ROTATION PERIOD 59 DAYS ﬁ%"‘r?agégfns 56 MINUTES | 37 MINUTES | 50 MINUTES | 10HOURS | ~11 HOURS | 1 HOURS | 6 DAYS
4 SECONDS | 23 SECONDS | 30 SECONDS | 14 MINUTES | RETROGRADE 9 HOURS
ORBITAL VELOCITY 7
Ve ERS FER SECOND) 47.9 35 29.8 24.1 13.1 9.6 6.8 5.4 4,
INCLINATION OF AXIS <28° 3° 23°27' 23°59" 3°05' 26°44' 82°5' 28°48’ ?
INCLINATION OF ORBIT . . . . . . 3 .
TO ECHIPTIC 7 3.4 o 19 1.3 25 8 1.8 17.2
ECCENTRICITY OF ORBIT 206 007 017 093 048 056 047 009 25
F,SB&J@?.‘;;‘—SE e 4,880 12,104 12,756 6,787 142,800 120,000 51,800 49,500 6,000 (?)
MASS (EARTH = 1) 055 815 1 108 3179 95.2 14.6 17.2 1(?)
VOLUME (EARTH = 1) .06 88 1 15 1,316 755 67 57 1(2)
DENSITY (WATER = 1) 5.4 52 55 39 1.3 7 12 1.7 ?
OBLATENESS 0 0 003 009 06 A 06 02 ?
ATMOSPHERE NONE | CARBON NITROGEN, | SRHBON HYDROGEN, | HYDROGEN, | HYDROGEN. | HYDROGEN. | none
(MAIN COMPONENTS) DIOXIDE OXYGEN ARGON () | HELIUM HELIUM IETEANE ETEANE DETECTED
MEAN TEMPERATURE AT VISIBLE {350(S) DAY| _33 (c) i
SURFACE (DEGREES CELSIUS)  |—170(S) 480 (3) 22 (S) -23 (S) ~150 (C) ~180 (C) ~210 (C) -220 (C) —230(2)
S = SOLID, C = CLOUDS NIGHT
ATMOSPHERIC PRESSURE _
AT SURFACE (MILLIBARS) 10 7° 90,000 1,000 6 ? ? 2 2 2
SURFACE GRAVITY
(EARTH = 1) .37 .88 1 .38 2.64 1.15 117 1.18 ?
MEAN APPARENT DIAMETER oo an” - . . o oo A 04 ’
OF SUN AS SEEN FROM PLANET | 1°22'40" | 4415 3159 21 6'09 322 141 104 49
KNOWN SATELLITES 0 0 1 2 13 10 5 2 0
g | 9 D 3 A | R 8 W g
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through telescopes, would have charac-
terized man’s knowledge of the surface
of Mars. By the time of the close ap-
proach of Mars to the earth in 1877 that
number had risen to perhaps a few thou-
sand (if we exclude a large amount of
erroneous information, such as the draw-
ings of “canals” that we now know were
entirely illusory). With further visual ob-
servations and the rise of astronomical
photography the amount of information
grew slowly until the advent of space-
vehicle exploration of the planet pro-
vided a surge of new data. Just 22
photographs obtained in 1965 by the
Mariner 4 flyby mission represented
five million bits of information, roughly
comparable to all previous photographic
knowledge of the planet, although they
covered only a tiny fraction of the plan-
et’s area. The dual flyby mission of Mar-
iner 6 and Mariner 7 in 1969 extended
the coverage, increasing the bit total by
a factor of 100, and in 1971 and 1972
the Mariner 9 orbiter increased it by an-
other factor of 100. The Mariner 9 pho-
tographic results from Mars correspond
roughly to 10,000 times the total pre-
vious photographic knowledge of Mars
gathered over the history of mankind.
The infrared and ultraviolet spectro-
scopic data and other information ob-
tained by Mariner 9 represent a similar
enhancement.

The vast amount of new photographic
information involves not only an ad-
vance in coverage, or quantity, but also
a spectacular advance in resolution, or
quality. Before the voyage of Mariner 4
the smallest feature reliably detected on
the surface of Mars was several hundred
kilometers across. With the completion
of the Mariner 9 mission several percent
of the planet’s area has been observed
at an effective resolution of 100 meters,
an improvement in resolution by a factor
of 1,000 in the past 10 years and by a
factor of 10,000 since Huygens’ time. It
is only because of this improvement in
resolution that we know of vast vol-
canoes, laminated polar formations, sinu-
ous channels, great rift valleys, dune
fields, crater-associated dust streaks and

many other instructive and mysterious
features of the Martian environment.

Both resolution and coverage are re-
quired in order to provide adequate in-
formation about a newly explored planet.
For example, by an unlucky coincidence
the Mariner 4, Mariner 6 and Mariner 7
spacecraft observed the old, cratered
and comparatively uninteresting part of
Mars and gave no hint of the young
and geologically active third of the
planet that was revealed by Mariner 9.
Intelligent life on the earth would be
entirely undetectable by photography
in reflected sunlight unless about 100-
meter resolution was achieved, at which
point the urban and agricultural ge-
ometry of our technological civilization
would become strikingly evident. This
means that if there had been a civiliza-
tion on Mars comparable in extent and
level of development to our own, it
would not have been detected photo-
graphically until the Mariner 9 mission.
There is no reason to expect such civ-
ilizations on other planets in our solar
system; my point is that we are only
now beginning an adequate reconnais-
sance of our neighboring worlds. There
is no question that astonishments and
delights await us as both resolution and
coverage are dramatically improved in
photography, and in spectroscopic and
other methods, by future space-probe
missions.

The vigor of the burgeoning plane-
tary sciences and the volume and detail
of recent findings will impress anyone
who attends a meeting of the Division
for Planetary Sciences of the American
Astronomical Society. At the 1975 meet-
ing in February there were reports on
the discovery of water vapor in the at-
mosphere of Jupiter, of ethane on Sat-
urn, of possible hydrocarbons on the
asteroid Vesta, of an atmospheric pres-
sure approaching that of the earth on
Saturn’s moon Titan and of radio bursts
in the decameter-wavelength range from
Saturn. Jupiter’s moon Ganymede had
been detected by radar, and the radio-
emission spectrum of another Jovian
moon, Callisto, had been elaborated.

MAIN PROPERTIES of the planets are summarized in table on the opposite page. Draw-
ings at top show the planets’ sizes with respect to the sun. Minus sign in front of the rota-
tion period of Venus and Uranus indicates that those planets rotate in a direction opposite
to the direction in which the other planets rotate. Eccentricity of a planet’s elliptical orbit
is customarily expressed as the distance between the two foci divided by the length of the
major axis. Oblateness, the amount by which a rotating body is flattened, is given as the
difference between the equatorial and the polar diameters divided by the equatorial diame-
ter of body. Data that are presented in this chart and the one on the next page were com-
piled from a number of sources with the assistance of Jay D. Goguen of Cornell University.
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And spectacular new views of Jupiter
and Mercury and their magnetospheres
were presented by the Pioneer 11 and
Mariner 10 experimenters.

Such discoveries are important and ex-

citing in themselves, but it is their
implications and interrelations that are
most significant. Every new finding adds
to the accumulation of evidence that is
required before we can write an authen-
tic history of the origin and evolution of
the solar system. No complete version of
that history has yet been accepted, but
this field of study is now rich in provoca-
tive hints and ingenious surmises. Apart
from an understanding of the solar sys-
tem as a whole, it is becoming clear that
information about any planet or satellite
illuminates our knowledge of the others.
In particular, if we are to understand the
earth, we must have a comprehensive
knowledge of the other planets. Let me
give a few examples of what might be
called comparative planetology.

There is now observational evidence
to support an idea I first proposed in
1960: that the high temperatures on the
surface of Venus are due to a runaway
“greenhouse effect” in which water and
carbon dioxide in the planetary atmo-
sphere impede the emission of thermal
radiation from the surface to space. The
surface temperature rises to the point
where there is an equilibrium between
the visible sunlight arriving at the sur-
face and the infrared radiation leaving
it; this higher surface temperature re-
sults in a higher vapor pressure of the
greenhouse gases, carbon dioxide and
water, and the process continues until
all the carbon dioxide and water is in
the vapor phase, producing a planet with
a high atmospheric pressure and a high
surface temperature. The reason Venus
has such an atmosphere and the earth
does not seems to be that Venus receives
a little more sunlight than the earth. If
the sun were to become brighter or the
earth’s surface and clouds were to be-
come darker, could the earth become a
replica of this classical vision of hell?
Venus may be a cautionary tale for our
technical civilization, which has the ca-
pability to profoundly alter the environ-
ment of our small planet.

In spite of the expectations of almost
all planetary scientists, Mars turns out
to be covered with thousands of sinuous,
tributaried channels that are probably
one or two billion years old. Whether
they were formed by running water or
by running carbon dioxide, such chan-
nels could not be carved under pres-
ent atmospheric conditions; they require
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NEAREST

NAME OF DATE OF DATE OF APPROACH

SPACECRAFT LAUNCH DESTINATION ENCOUNTER (KILOMETERS) STATUS OF MISSION

VENERA 1 2/12/61 VENUS S 100,000 Radio contact lost 7.5 million kilometers from earth.

MARINER 1 7/22/62 VENUS — — Booster rocket deviated from course and was destroyed
by range safety officer.

MARINER 2 8/26/62 VENUS 12/14/62 35,000 First flyby of another planet; found high temperature
(400 degrees Celsius) arises from surface, not
atmosphere; no evidence of magnetic field.

MARS 1 11/1/62 MARS — 190,000 - Radio contact lost 106 million kilometers from earth.

ZOND 1 4/2/64 VENUS (?) — — Radio contact lost within month after launch.

MARINER 3 11/5/64 MARS — - Shroud failed to jettison; radio contact lost soon
after launch.

MARINER 4 11/28/64 MARS 7/14/65 10,000 First flyby of Mars; returned 22 television pictures
of Martian surface, other data. |

ZOND 2 11/30/64 MARS — = Radio contact lost 5/2/65.

VENERA 2 11/12/65 VENUS 2/27/66 24,000 Passed Venus but failed to return data. |

VENERA 3 11/16/65 VENUS 3/1/66 LANDED First spacecraft to land on another planet; failed |
to return data.

VENERA 4 6/12/67 VENUS 10/18/67 LANDED First on-site measurements of temperature, pressure
and composition of Venusian atmosphere; probe
transmitted data during 94-minute parachute descent.

MARINER 5 6/14/67 VENUS 10/19/67 4,000 Measured structure of upper atmosphere of Venus
during flyby.

VENERA 5 1/5/69 VENUS 5/16/69 LANDED Probes transmitted data on pressure, temperature and |

VENERA 6 1/10/69 VENUS 5/17/69 LANDED composition of atmosphere during parachute descent; |
missions similar to that of Venera 4. First successful
landing on another planet. |

MARINER 6 2/25/69 MARS 7/31/69 3,390 Flyby obtained infrared and ultraviolet spectra of atmo-
sphere; returned 76 pictures of surface, other data.

MARINER 7 3/27/69 MARS 8/5/69 3,500 Mission identical with that of Mariner 6; returned 126
pictures of surface, 33 of south-polar region.

VENERA 7 8/17/70 VENUS 12/15/70 LANDED Mission similar to those of Venera 4, Venera 5
and Venera 6.

MARINER 8 5/8/71 MARS — — Malfunctioned during launch; crashed in Atlantic.

MARS 2 5/19/71 MARS 11/27/71 LANDED Orbiter achieved Mars orbit; lander crashed to surface.

MARS 3 5/28/71 MARS 12/2/71 LANDED Orbiter achieved Mars orbit and returned data; de-
scent module soft-landed and transmitted 20 seconds
of featureless television data before failing.

MARINER 9 5/30/71 MARS 11/13/71 1,395 First spacecraft to go into orbit around another planet;
returned 7,329 pictures of surface, atmosphere, clouds
and satellites, together with other data.

PIONEER 10 3/3/72 JUPITER 12/4/73 131,400 Successfully traversed asteroid belt; investigated
interplanetary medium, Jovian magnetosphere and at-
mosphere; returned more than 300 pictures of Jovian
clouds and satellites; first spacecraft to use gravity-
assisted trajectory; first man-made object to escape
solar system.

VENERA 8 3/26/72 VENUS 7/122/72 LANDED Survived Venusian surface conditions for 50 minutes; de-
termined radioactive content of surface; on entry
measured winds and sunlight penetrating clouds.

PIONEER 11 4/6/73 JUPITER 12/3/74 (J) 46,400 (J) Second Jupiter flyby; now en route to Saturn, then

SATURN 9/79 (S) to leave solar system.

MARS 4 7/121/73 MARS 1/74 ? Went into orbit around Mars; returned photographs of

MARS 5 7/25/73 MARS 1/74 ? surface and other data.

MARS 6 8/5/73 MARS 2/74 LANDED Descent module failed at touchdown; entry data sug-

| gest high argon content of atmosphere.
MARS 7 8/9/73 MARS — — Radio contact lost 3/12/74.
MARINER 10 11/3/73 VENUS 2/5/74 (V) 5,800 (V) . First probe of Mercury; returned more than 8,000
MERCURY 3/29/74 (M) 700 (M) pictures and other data from Venus and Mercury; re-
encountered Mercury 9/21/74 and 3/16/75.

VIKING 1 8/75 MARS 6/76 TO LAND Orbiter to study atmosphere and photograph surface;

- lander to study atmosphere at surface, investigate

VIKING 2 9/75 MARS 8/76 TO LAND surface geology and chemistry and test soil for
signs of extraterrestrial life.

MARINER 11 8/77 JUPITER 1979 (J) ? To conduct comparative studies of two outer planets

| SATURN 1981 15) and their 23 satellites; to investigate nature of

MARINER 12 9/77 JUPITER 1979 (J) ? Saturn’s rings; to measure interplanetary medium

SATURN 1981 (S) out to Saturn’s orbit; 20,000 photographs planned.

PIONEER 12 578 VENUS 12/78 TO LAND Orbiter to study interaction of atmosphere with so-
lar wind over one 243-day period; “bus” to drop three

PIONEER 13 8/78 VENUS 12/78 TO LAND small probes toward surface, then relay data to
earth as they enter atmosphere.




much higher pressures and probably
higher polar temperatures. And so the
channels bear witness to at least one
epoch and perhaps many previous
epochs of milder conditions on Mars,
implying that there have been major
climatic variations over the history of
the planet. We do not know whether
such variations are the result of internal
causes or of external ones. If the causes
are native to Mars, it becomes important
to learn whether the earth might, per-
haps even as a result of the activities of
man, be subject to climatic excursions of
Martian magnitude. If the Martian cli-
matic variations were the result of ex-
ternal causes (perhaps variations in the
luminosity of the sun), then a correlation
of Martian paleoclimatology and terres-
trial paleoclimatology would be extreme-
ly interesting.

Mariner 9 arrived at Mars in the
midst of a great global dust storm, and
its data make it possible to determine
whether such storms heat a planetary
surface or cool it. Any theory with pre-
tensions to predicting the climatic con-
sequences of an increase in the abun-
dance of finely divided particles in the
earth’s atmosphere had better be able
to provide the correct answer for that
dust storm on Mars. In fact, drawing on
our Mariner 9 experience, James B. Pol-
lack of the Ames Research Center of the
National Aeronautics and Space Admin-
istration and Owen B. Toon and I at
Cornell University have calculated the
effects of single and multiple volcanic
explosions on the earth’s climate and
have been able to reproduce, within the
limits of experimental error, the climatic
effects that were observed after actual
volcanic explosions. The perspective of
planetary astronomy, which alone en-
ables us to view a planet as a whole,
seems to be good training for studies of
the earth. As another example of the con-
tribution made by planetary studies to
terrestrial problems, one of the main
groups investigating the effect on the
earth’s ozone layer of the injection into
the atmosphere of fluorocarbon propel-
lants from aerosol cans is one headed by
Michael B. McElroy of Harvard Univer-
sity—a group that cut its teeth on the

INTERPLANETARY SPACECRAFT al-
ready launched by the U.S. and the U.SS.R.
are listed on the opposite page, along with
several projected U.S. missions that are in
the advanced planning stage. Excluded are
earth-orbiting vehicles, lunar missions and
the probes of the interplanetary medium.

physics and chemistry of the atmosphere
of Venus.

We now know from space-vehicle ob-

servations something of the density
of impact craters of different sizes on
Mercury, the moon, Mars and its satel-
lites, and radar studies are beginning to
provide such information for Venus. Al-
though the surface of the earth has been
heavily altered by wind and water and
by crustal folding and faulting, we also
have some information about craters on
the surface of the earth. If the popula-
tion of objects that produced such im-
pacts were the same for all these plan-
ets, it might be possible to work out
both the absolute and the relative chro-
nology of various cratered surfaces.
The trouble is that we do not yet know
whether the impacting objects are from
a common source (for example the as-
teroid belt) or are of local origin (for ex-
ample rings of debris swept up in the
final stages of planetary accretion).

The heavily cratered lunar highlands
speak to us of an early epoch in the his-
tory of the solar system, when the fre-
quency of cratering was much higher
than it is today; the present population
of interplanetary debris fails by a large
factor to account for the density of the
highland craters. On the other hand, the
lunar maria, or “seas,” show a much low-
er crater density, which can be explained
quite well by the present population of
interplanetary debris: mostly asteroids
and possibly dead comets. For planetary
surfaces that are not so heavily cratered
it is possible to determine something of
the absolute age, a great deal about the
relative age and in certain cases even
something about the distribution of sizes
in the population of objects that made
the craters. On Mars, for example, we
find that the flanks of the large volcanic
mountains are almost free of impact cra-
ters, implying their comparative youth:
they have not been around long enough
to have accumulated much in the way of
impact scars. That is the basis for the
hypothesis of comparatively recent Mar-
tian volcanism.

The ultimate objective of comparative
planetology, it might be said, is some-
thing like a vast computer program into
which we insert a few input parameters
(perhaps the initial mass, composition
and angular momentum of a protoplanet
and the population of neighboring ob-
jects that strike it) and then derive the
complete evolution of the planet. We are
far from having such a deep understand-
ing of planetary evolution at present,
but we are much closer than would have
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been thought possible only a few dec-
ades ago.

In addition every new set of discov-
eries raises a host of questions we were
not until now even able to ask. I shall
mention just a few of them.

The initial radar glimpse of the cra-

ters of Venus shows them as being
extremely shallow. There is no liquid
water to erode Venus’ surface, and the
lower atmosphere seems to move so
slowly that its winds may not be strong
enough to fill the craters with dust.
Could the craters of Venus be filled by
the slow collapse of very slightly molten
walls, flowing like pitch?

The most popular explanation for the
generation of planetary magnetic fields
invokes rotation-driven convection cur-
rents in an electrically conducting plan-
etary core. Mercury, which rotates only
once every 59 days, was expected to
have no detectable magnetic field, but
Mariner 10 discovered one. Apparently
a serious reappraisal of theories of plan-
etary magnetism is in order.

Only Saturn has rings. Why?

There is an exquisite array of longi-
tudinal sand dunes on Mars, nestling
against the interior ramparts of the large
eroded crater Procter. In Colorado, in
the Great Sand Dunes National Monu-
ment, similar sand dunes nestle in a
curve of the Sangre de Cristo Mountains.
The Martian dunes and the terrestrial
ones have the same total extent, the
same dune-to-dune spacing and the
same dune heights. Yet the Martian at-
mospheric pressure is only a two-hun-
dredth of the pressure on the earth, so
that the winds needed to push the sand
grains around must be 10 times stronger
than those on the earth; moreover, the
distribution of particle sizes may be
quite different on the two planets. How
then can the dune fields produced by
windblown sand be so similar?

Observations made from Mariner 9
imply that the winds on Mars at least
occasionally exceed half the local speed
of sound. Are the winds ever much
stronger? And if they are, what is the
nature of a transonic meteorology?

There are pyramids on Mars that are
about three kilometers across at the base
and one kilometer high. They are not
likely to have been constructed by Mar-
tian pharaohs. The rate of sandblasting
by wind-transported grains on Mars is
perhaps 10,000 times greater than the
rate on the earth because of the greater
speeds necessary to move particles in the
thinner Martian atmosphere. Could the
facets of the Martian pyramids have
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been eroded by millions of years of such
sandblasting from more than one pre-
vailing wind direction?

The moons of the outer solar system
are almost certainly not replicas of our
own rather dull satellite. Many of them
have such a low density that they must
consist largely of ices of methane, am-
monia or water. What will their surfaces
be like close up? How do impact craters
erode on an icy surface? Might there be
volcanoes of solid ammonia with lavas
of liquid ammonia trickling down their
sides? Why is ITo, the innermost large
satellite of Jupiter, enveloped in a cloud
of gaseous sodium? Why is one side of
Saturn’s moon Iapetus six times brighter
than the other? Is it because of a parti-
cle-size difference? A chemical differ-
ence? How did such differences become
established, and why did they become
established on Iapetus and nowhere else
in the solar system in such a symmetri-
cal way? The gravity of Saturn’s largest
moon, Titan, is low enough and the tem-
perature of the upper atmosphere is high
enough for the hydrogen in the atmo-
sphere to escape rapidly into space. Yet
the spectroscopic evidence suggests that
a substantial quantity of hydrogen re-
mains on Titan. Why?

Beyond Saturn the solar system is still

almost literally clouded in ignorance.
Our feeble telescopes have not even re-
liably determined the periods of rotation
of Uranus, Neptune and Pluto, much
less the character of their clouds and at-
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mospheres and the nature of their satel-
lite systems.

One of the most tantalizing issues, and
one that we are just beginning to ap-
proach seriously, is the question of or-
ganic chemistry and biology elsewhere
in the solar system. The issue of whether
there are organisms both large and
small, on Mars in particular, is entirely
open. The Martian environment is by
no means so hostile as to exclude life,
but we do not know enough about the
origin and evolution of life to guaran-
tee its presence there—or anywhere else.
The three microbiology experiments, the
organic chemistry experiment and the
camera systems aboard the two Viking
vehicles scheduled to land on Mars next
summer may provide the first experi-
mental evidence on the matter. The hy-
drogen-rich atmospheres of places such
as Jupiter, Saturn, Uranus and Titan are
in significant respects similar to the at-
mosphere of the earth at the time of the
origin of life. From laboratory simula-
tion experiments we know that organic
molecules are synthesized in high yield
under those conditions. (In the atmo-
spheres of Jupiter and Saturn such mole-
cules would be carried by convection to
depths where they would be decom-
posed by heat, but even there the steady-
state concentration of organic molecules
may be significant.) In all simulation ex-
periments the application of energy to
such atmospheres produces a brownish
polymeric material that in many respects
resembles the brownish coloring matter
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in the clouds of Jupiter and Saturn. Ti-
tan may be completely covered with a
brownish organic material. It is possible
that the next few years will see major
and unexpected discoveries in the infant
science of exobiology.

The principal means for the continued
exploration of the solar system over the
next decade or two will surely be un-
manned planetary missions. Scientific
space vehicles have now been launched
successfully to all the planets known to
the ancients. If even a small fraction of
the missions that are scheduled and have
been proposed are implemented, it is
clear that the present golden age of
planetary exploration will continue.

Yet even a preliminary reconnais-
sance of the entire solar system out to
Pluto and the more detailed exploration
of a few planets (by, for example, vehi-
cles that will traverse the surface of Mars
or penetrate the atmosphere of Jupiter)
will not solve the fundamental problem
of solar-system origins. What we need
is to discover other solar systems, per-
haps at various stages in their evolution.
Advances in ground-based and space-
borne instruments over the next two dec-
ades may make it possible to detect doz-
ens of planetary systems around nearby
single stars. Recent observational studies
of multiple-star systems by Helmut Abt
and Saul Levy of the Kitt Peak National
Observatory suggest that as many as a
third of all stars have planetary com-
panions. We do not know whether such
systems will be like ours or will be built
on very different principles. Richard
Isaacman of Cornell and I have calcu-
lated a range of possible planetary sys-
tems based on a theoretical model origi-
nally devised by Stephen H. Dole of the
Rand Corporation. The assumptions be-
hind these models are so simple as to
make us believe they are unrealistic,
and yet the range of systems to which
they give rise is intriguing. The time
may not be far off when we shall have
observational information on the distri-
bution in space of various types of plane-
tary systems. We may then be able to
echo Huygens: “What a wonderful and
amazing Scheme we have here of the
magnificent Vastness of the Universe!
So many Suns, so many Earths!”

Centuries hence, when current social

and political problems may seem
as remote as the problems of the Thirty
Years” War are to us, our age may be
remembered chiefly for one fact: It was
the time when the inhabitants of the
earth first made contact with the vast
cosmos in which their small planet is
embedded.
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The Origin and Evolution
of the Solar System

It is generally agreed that some 4.6 billion years ago the sun

and the planets formed out of a rotating disk of gas and dust.

Exactly how they did so remains a lively topic of investigation

great cloud of gas and dust con-
A tracted through interstellar space
4.6 billion years ago, far out along
one of the curved arms of our spiral gal-
axy. The cloud collapsed and spun more
rapidly, forming a disk. At some stage a
body collected at the center of the disk
that was so massive, dense and hot that
its nuclear fuel ignited and it became a
star: the sun. At some stage the sur-
rounding dust particles accreted to form
planets bound in orbit around the sun
and satellites bound in orbit around
some of the planets.

So goes—in very broad outline—the
nebular hypothesis of the origin of the
solar system. Its central idea was pro-
posed more than 300 years ago. It sounds
simple enough, and it makes intuitive
sense to the layman; indeed, some ver-
sion of it is accepted by most astrono-
mers today. And yet beyond the broad
outlines there is no consensus among
students of the origin and evolution of
the solar system. We still have no gen-
erally accepted theory to explain how
the primitive solar nebula formed, how
and when the sun began to shine and
how and when the planets coalesced out
of swirling dust.

It was René Descartes who first pro-
posed (in 1644) the concept of a primi-
tive solar nebula: a rotating disk of gas

by A. G. W. Cameron

and dust out of which the planets and
their satellites are made. A century later
(in 1745) Georges Louis Leclerc de Buf-
fon put forward a second theory: that a
massive body (he suggested a comet)
came close to the sun and ripped out of
it the material that constituted the plan-
ets and their satellites. In the two cen-
turies after Buffon the many theories
that were propounded tended to follow
in the tradition of either Descartes’s
monistic view or Buffon’s dualistic one;
the balance of favor swung back and
forth between them. The most signifi-
cant early monistic theories were those
of Immanuel Kant and Pierre Simon de
Laplace, who elaborated on Descartes’s
original idea by explaining how the
cloud of gas and dust, shrinking to form
the sun, would have spun faster and
faster because of the conservation of
angular momentum: a decrease in the
radius of a rotating mass must be bal-
anced by an increase in its rotational
speed. Laplace suggested that a series
of rings were shed, from whose dust the
planets and satellites were formed. At
the end of the 19th century dissatisfac-
tion with the ability of the nebular hy-
pothesis to explain the accretion of
matter into the planets brought du-
alistic theories back into favor. Today
they have been generally abandoned; it

NEW STARS ARE BORN, as the sun may have been born, in gaseous emission nebulas:
diffuse, dusty clouds of hot interstellar gas. The photograph on the opposite page, made
with the Mayall four-meter reflecting telescope at the Kitt Peak National Observatory in
Arizona, shows the nebula designated M16 or NGC 6611, called the Eagle Nebula, in the lo-
cal arm of our galaxy. Within the nebula clouds of gas have condensed relatively recently

to form bright blue-white stars, and other such clouds are still condensing. Ultraviolet radia-

tion from the hot new stars ionizes hydrogen atoms in the remaining gas, giving rise to free

electrons and protons. When high-energy electrons recombine with protons, light is emitted
at the hydrogen-alpha wavelength of the spectrum: red light that illuminates the cloud and
silhouettes dense, dusty, cooler regions of the nebula where the light does not penetrate.
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seems clear that most of the material that
might have been drawn out of the sun
by, say, the approach of another star
would have fallen back into the sun or
dispersed in space before any solid con-
densates could coagulate into planets.

A major reason for the wide range of
early theories of the origin of the solar
system was the lack of observational
data—of facts to be explained by a theo-
ry. The history of the earth’s first few
hundreds of millions of years is missing
from the geological record, which could
therefore offer no clues to the environ-
ment in which this sample of a planet
was born, and the limited capabilities
of telescopes restricted the astronomical
data. The early theories were devised
to explain only a few observations: the
spacing of the planetary orbits increased
in a regular way (in accordance with
what is known as Bode’s law); planetary
orbital motions and spins tended to have
the same direction of rotation; the sun
accounted for only a small fraction of
the total angular momentum of the solar
system, even though it accounted for the
greatest fraction by far of the total mass
of the system. These few facts provided
few constraints on theory, and so the
theories proliferated.

In just the past three decades the situa-

tion has changed dramatically. We
have a vast amount of new information
that imposes additional and powerful
constraints on any theory. The new
knowledge stems notably from new re-
search on meteorites and from the data
returned to the earth by spacecraft dis-
patched to other bodies in the solar sys-
tem.

The meteorites are samples of primi-
tive solar-system material. They are evi-
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GALAXIES FORMED in the thin, expanding primordial gas
(mostly hydrogen, with some helium) when regions of somewhat
greater density (a) contracted gravitationally to form protogal-

dently fragments of rather small bodies
that have collided and broken up, send-
ing many of their pieces into new orbits
that ultimately intersect the earth. They
bring to us, trapped in their interior,
samples of the gases of the solar nebula.
The details of their mineralogy provide
clues to the temperatures and pressures
in the nebula at the time its individual
grains were last exposed to chemical re-
action with its gases. From the relative
amounts of the products of radioactive
decay that remain trapped in the interior
of the meteorites we learn how long ago
the original elements that gave rise to
certain radioactive isotopes were as-
sembled to form the meteorites’ parent
bodies.

One of the primary scientific goals of
the space-probe program was to advance
understanding of the origin of the solar
system, and the program has already
borne fruit. Measurements made by
spacecraft have refined our knowledge
of planetary masses and radii, from
which we derive accurate mean densities
of the planets and clues to their internal
composition. By observing how the grav-
itational potentials of a planet differ
from those of a perfectly uniform sphere
we derive constraints on the degree to
which the density can vary in different
parts of the planet’s interior. Determin-
ing whether or not a planet has an in-
trinsic magnetic field tells us something
about the planet’s internal dynamics.
Spacecraft data on the composition of a
planetary atmosphere reveal something
about the gases that once were incor-
porated in the planet and about chemi-
cal interactions between the atmosphere
and the planet’s surface. Examining the
incredibly detailed images of solid plane-
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tary surfaces that have been sent back
by spacecraft cameras, we can see how
volcanic and other geological processes
have operated on other planets. The
density of craters tells us about the ter-
minal stages of the planet’s accretion
and about the numbers of smaller bodies
that have wandered through the solar
system.

Still other constraints come from the
general advances in astrophysics that
have marked the past three decades. We
now know that our galaxy as a whole is
between two and three times older than
the solar system; we therefore have good
reason to believe that the conditions we
see today in the galaxy are not very dif-
ferent from those at the time the solar
system was formed. We see regions in
our galaxy in which stars have been
formed in the recent past and are prob-
ably still being formed today; that gives
us important information if we believe
the sun and the solar nebula formed as
parts of the same general process. We
have learned much about the birth and
death of stars and how elements origi-
nate in nuclear reactions within explod-
ing stars and are formed into tiny grains
of interstellar dust, and about how those
grains concentrate in the dark patches in
the sky that blot out the light comirig to
us from distant stars. Those grains of
dust and the interstellar gases that ac-
company them were the raw material
of the solar nebula. Let me now try to
weave the many threads of information
into a coherent picture of the solar sys-
tem’s formation.

Galaxies form when gas—mostly hy-

drogen—collapses out of intergalac-
tic space. Many billions of years before
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axies (b), rotating because of the net effect of gas eddies within
them. The protogalaxies continued to contract gravitationally, and
then to rotate faster (c). One of them (rectangle) was our own.

the origin of the solar system our galaxy
began to take shape in that way. Out of
the collapsing gas a first generation of
stars was born—stars that still remain
spherically distributed around the cen-
ter of the galaxy, a reminder of its origi-
nal roughly spherical shape. After those
first stars were formed the residual gas,
because of its intrinsic angular momen-
tum, settled into the thin disk that is a
characteristic feature of all spiral gal-
axies, and further generations of stars
formed from the gas in the disk. The
more massive of them evolved quickly,
forming heavy elements that were eject-
ed into the interstellar gas. Some of the
heavy elements condensed into tiny
grains: the interstellar dust. When
enough stars had formed in the central
plane of the galaxy, an instability de-

OUR GALAXY EVOLVED as dense lumps
of gas contracted within the protogalaxy to
form a first generation of stars (a). In time
the residual gas settled into a disk in the



veloped in their motions that allowed
them to cluster together temporarily,
forming the spiral arms.

Such arms represent local enhance-
ments of star-population density in the
disk; the arms are continuing features
that rotate around the center of the gal-
axy, but the material that constitutes
them keeps changing: individual stars
spend only about half of their time in
one arm before moving on to the next
one. Like the stars, the interstellar gas
and dust spend about as much time in
an arm as they do flowing through the
larger spaces between successive arms;
the result is that the density of gas and
dust is considerably enhanced in a spiral
arm. We know from studying galaxies
other than our own that it is in these
high-density spiral arms that the new
stars of spiral galaxies are formed.

Pressure differences arise within the
gas, perhaps as the result of a supernova
explosion; the gas flows away from re-
gions of higher pressure, but in moving
it may tend to pile up somewhere else.
Clouds of high-density un-ionized gas
accumulate, which typically have a mass
of from several hundred to several thou-
sand times the mass of the sun. Gravita-
tional forces tend to pull such a cloud
into a more compact configuration. Con-
traction is opposed, however, by the in-
ternal pressure of the gas in the cloud,
which tends to make the cloud expand;
ordinarily the internal pressure is much
stronger than the gravitation and the
cloud is in no danger of collapsing.
Sometimes, however, a sudden fluctua-
tion in pressure—from a nearby violent
event such as a supernova explosion, the
formation of a massive star or a large re-

arrangement of the interstellar magnetic
field—may compress a cloud to a density
much higher than normal. Under such
conditions, which are quite rare, gravity
may win out over internal pressure, so
that the cloud begins to collapse to form
stars. As the cloud collapses, its inter-
stellar grains shield its interior against
the heating effect of radiation from the
stars outside. The temperature of the
cloud falls, and the internal pressure be-
comes less effective. The collapsing
cloud breaks into fragments and the
fragments break into smaller fragments.
When one small fragment eventually
completes its collapse, it will have
formed into a flattened disk, cool at the
edges and very hot at the center: a prim-
itive solar nebula.

hat was the nature of the solar neb-

ula and how did it evolve? When
did the sun form? Why are there plan-
ets? How did they take shape? Quite dif-
ferent pictures of the structure of the
primitive solar nebula and of its evolu-
tion result from different estimates of its
size. Such estimates have usually been
arrived at by reasoning backward in
time from the present masses of the
planets. Let me reproduce such an ar-
gument.

In a very general way one can divide
the materials of the planets into three
classes depending on their volatility:
rocky, icy and gaseous. The major con-
stituents of rocky materials are iron and
oxides and silicates of magnesium and
other metals, notably aluminum and
calcium. All these materials would be in
solid form at pressures characteristic of
the primitive solar nebula and at tem-
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peratures in the range from 1,000 to
1,800 degrees Kelvin (degrees Celsius
above absolute zero). The four inner
planets and the earth’s moon (and at
least two of the major satellites of Jupi-
ter) appear to be basically rocky. The
rocky solids represent about .44 percent
by mass of the material out of which the
sun formed. The present mass of a rocky
planet, then, represents about .44 per-
cent of its share of the primitive solar
nebula; the remainder of that share is
“missing” because it was too volatile to
havebeen incorporated in the planet.

At a temperature below 160 degrees
K. the water in the nebula would be in
the form of ice. Ammonia and methane
form solids only at a somewhat lower
temperature. The ices constitute 1.4 per-
cent by mass of the material out of which
the sun formed. Rock-ice mixtures ac-
count for most of the mass of Uranus and
Neptune and some of the mass of Saturn
and Jupiter (and for the bulk of the mass
of most of the satellites of the outer plan-
ets and the comets). Arguing as for the
inner planets, one can assume that the
rock and ice now present in such bodies
represent 1.4 plus .44 percent, or 1.84
percent, of those bodies’ original share
of the nebula.

At any temperature likely to have
been attained in the primitive solar neb-
ula the very volatile elements—hydrogen
and the noble gases such as helium and
neon—would remain in the gaseous state.
Such gases are incorporated in bodies
within the solar system only to the ex-
tent that they have been held in plan-
etary atmospheres by gravity and, in the
case of hydrogen, held in chemical com-
pounds such as water. (A tiny amount

plane of the galaxy’s rotation under the combined influence of grav-
ity and centrifugal force (b). Further generations of stars (color)
formed within the disk (c) ; some stars, evolving rapidly, produced
heavier elements through nuclear fusion and ejected them into the
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disk, where some elements condensed into solid interstellar grains.
Instabilities in the motions of gas and stars led to density enhance-
ments that we see as the spiral arms of the galaxy (d). The area in
the rectangle is enlarged in the first drawing on the next page.
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of helium comes from the decay of ra-
dioactive elements.) Morris Podolak and
I recently analyzed the structure of the
outer planets. We determined that hy-
drogen and helium constitute about 15
percent of Uranus’ mass, about 25 per-
cent of Neptune’s, about two-thirds of
Saturn’s and about four-fifths of Jupi-
ter’s. In these planets it is necessary to
allow for the gaseous components in
order to establish the present rock-ice
mass.

By thus establishing the rock and the
rock-ice masses of the planets and aug-
menting those masses for the missing
constituents that were too volatile to
condense it is possible to estimate a
minimum mass for the primitive solar
nebula: a mass sufficient to account for
the formation of the planets. That mini-
mum mass is about 3 percent of the mass
of the sun [see illustration on opposite
pagel. (Older estimates arrived at a
much smaller mass—less than 1 percent

of the sun’s—because they did not allow
for enough rock and ice in Jupiter and
Saturn.)

The 3 percent figure is definitely a
minimum. It assumes that the planets
were completely efficient in collecting
from the solar nebula all the material
that was in condensed form in each
planet’s orbit in the nebula. For two
kinds of solid, however, that collection
process might have been quite ineffi-
cient. Consider first the tiny unconsoli-
dated grains of interstellar dust, perhaps
a micrometer (a thousandth of a milli-
meter) in diameter, that were not va-
porized as the gas-cloud fragment col-
lapsed. The thickness of the nebular disk
must have been at least one astronomi-
cal unit (the mean distance between the
earth and the sun). That dimension is
very large compared with the dimen-
sions of any of the planets, which
consolidated approximately in the cen-
tral plane of the disk. Gas-drag effects

would prevent large quantities of these
small grains from settling through the
nebular gas toward the central plane at
a significant rate; if much of the gas was
instead dissipated inward to form the
sun, the grains would have accompanied
the gas and could never have become
incorporated in the planets.

Larger bodies (centimeters or meters
in diameter), on the other hand, would
fall rapidly through the gas toward the
midplane but might nevertheless not
end up in planets. As a result of a differ-
ence between the centrifugal forces that
act on the solid bodies and those that
act on the gas, the solids would rotate
around the central spin axis of the neb-
ula more rapidly than the accompanying
gas. They would therefore move through
the gas with a relative velocity as high as
several hundred miles an hour; a head
wind of that speed would tend to slow
them down so that they would spiral
rather quickly through the gas toward
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SOLAR SYSTEM EVOLVED in a spiral arm about two-thirds of
the way out from the center of the galaxy. Stars, gas and dust grains
move through the arm, and new stars are born there ; massive, short-
lived stars outline the arms (a). A supernova explosion or the birth
of massive stars creates instabilities that concentrate high-density
clouds of gas (b). Gravitational forces contract the cloud, but the
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cloud’s internal pressure opposes contraction (c). If the cloud has
enough mass, gravity dominates (d) and the cloud collapses. The
collapse generates strong gas eddies (curved arrows) and breaks
the cloud into fragments (e); each fragment has a net rotation de-
rived from its major eddies. One of these fragments spins faster and
its gas settles into a disk that was the primitive solar nebula (f).



the central spin axis and thus be lost to
the region of planet formation. For these
two reasons the mass of the primitive
solar nebula may have been consider-
ably larger than 3 percent of the sun’s
mass.

Nl any of the solar-system theories con-

structed over the past three dec-
ades have involved some version of a
minimum-mass solar nebula. The con-
cept has a major flaw, however. It as-
sumes that the sun itself was formed di-
rectly during the process of collapse
and that the primitive solar nebula was
marshaled independently around the
sun. The trouble is that simple estimates
of the amount of angular momentum
that must have been contained in the
collapsing cloud fragment indicate that
it would have been impossible for al-
most all of the fragment simply to col-
lapse directly to form the sun, leaving
a small fringe of nebula to constitute the
planets. Such estimates require instead
that the nebula’s mass be spread out
over several tens of astronomical units.
The solar nebula itself must have con-
tained substantially more than one solar
mass—and probably about two solar
masses—of material, with no sun origi-
nally present at the central spin axis. Let
me first explain the source of the large
amount of angular momentum and then
show why it indicates that there was not
a minimum solar nebula but a massive
one.

The strong fluctuations in pressure
that led to the rapid compression of
the original interstellar cloud and thus
brought it to the threshold of gravita-
tional collapse must have stirred the
cloud’s gases into violent turbulence.
Large-scale shearing motions developed
—eddies superimposed on eddies, in a
wide range of sizes and in many planes
and directions. When any one fragment
became isolated from such a turbulent
cloud, it had a net tendency to spin, de-
rived from the motions of the largest
eddies it happened to contain. A frag-
ment’s mass, its rate of rotation and its
radius combine to endow it with a cer-
tain amount of angular momentum, and
that momentum must be conserved; as
the fragment contracted, it spun faster.
The sun turns very slowly, however; in
spite of its great mass it accounts for
only 2 percent of the solar system’s
angular momentum. Most of the origi-
nal angular momentum of the vast quan-
tities of gas that moved in to form the
sun must have been transported out-
ward; a considerable part of the original
nebula must therefore have remained at
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TOTAL (MINIMUM MASS OF SOLAR NEBULA)

3.0 |

MINIMUM MASS OF SOLAR NEBULA is estimated by adding up the amount of solar ma-
terial that must have been present (column at right) to account for the present mass (mid-
dle column) of each planet. Solar-nebula mass thus estimated is 3 percent of mass of sun.

great distances from the sun to take up
that angular momentum.

An additional reason for postulating
a massive solar nebula is the observation
that young stars tend to lose mass at a
prodigious rate early in their lifetime;
the loss comes as they pass through what
is called their T Tauri stage, which I
shall discuss in a bit more detail below.
The combination of the mass that re-
mained in the solar nebula and never
became part of the sun and the mass
that was once in the sun but was lost
in the early sun’s T Tauri stage could
easily have amounted to as much as one
solar mass.

As a result of this kind of reasoning—in

effect arguing forward from what
is known of the principles of star forma-
tion rather than backward from the
masses of the present planets—Milton R.
Pine and I constructed some numerical
models of the massive solar nebula. The
models extended out to a radial distance
of about 100 astronomical units and con-
tained two solar masses of material. In
a typical model the temperature was
about 3,000 degrees K. near the spin
axis and decreased to a few hundred
degrees in the region of planet forma-
tion. Such temperatures are considera-
bly higher than the temperatures that
characterized the collapse of the original
interstellar cloud; they develop in the
later stages of compression of the gas,
once its density becomes high enough
so that its own cooling radiation can no
longer escape easily. The escape of this
radiation is impeded, however, only
during the rapid final stages of the col-
lapse; once the gas stops contracting—
once the primitive solar nebula is formed
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—the radiation can escape relatively
quickly, so that in the region of planet
formation the nebula will lose most of its
heat energy in only a few hundred or a
few thousand years.

Such a short cooling time (short com-
pared with the time required to form a
sun and planets) presents a difficulty for
the massive-nebula model. As the nebu-
la cools it will flatten into a thinner disk,
and thin disks have been shown to be
dynamically unstable: they tend to de-
form into a barlike configuration. (Such
a deformation might well be the mecha-
nism by which close pairs of double stars
are formed, but that evidently did not
happen in the solar system.)

There is another time-scale problem
for the massive-nebula model. An im-
portant process for transporting angu-
lar momentum away from the central
spin axis so that gas can shrink toward
that axis is probably a system of fast
meridional currents: gas currents that
flow in a plane parallel to the spin axis
and at a right angle to the central plane
of the nebula. Pine and I estimated that
the characteristic time for the outward
transport of the angular momentum
shed by the inner parts of the primitive
solar nebula would be only a few thou-
sand years. John Stewart of the Max
Planck Institute for Physics and Astro-
physics in Munich has shown that gas
turbulence must play an important role
in a primitive solar nebula and may
cause an even more rapid outward trans-
port of angular momentum.

Both the time for cooling and the time
for angular-momentum transport seem
too short compared with the time re-
quired for the accretion of the solar neb-
ula. After a fragment separates from the
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interstellar cloud its central region is
likely to be denser, and will collapse
more rapidly, than the remainder of the
fragment. A small solar nebula will
therefore be formed at first when the
central region ceases to collapse; that
small nebula will grow by accretion of
the remainder of the infalling fragment
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ACCRETION MODEL of the primitive so-
lar nebula assumes that a central region of
the cloud fragment collapses faster than the
rest (a). It forms a small solar nebula: a cen-
tral mass that is not yet the sun, surrounded
by a disk of gas and dust grains, with more
gas and dust concentrated around the pe-
riphery (b). The small nebula then grows
by accretion over a long period of time (c).
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over a period of time—probably between
10,000 and 100,000 years, a lot longer
than the cooling and angular-momentum
transport times we estimated.

These considerations have led me to
a new picture of the primitive solar neb-
ula that I am currently trying to define
in detail. It is necessary to construct not
a single model but an evolutionary se-
quence of models, beginning with a
small solar nebula that grows through
accretion over a time interval of per-
haps 30,000 years. In this case the time
for the redistribution of angular momen-
tum remains short compared with the
accretion time, so that much of the mass
flows inward to form the sun not at the
beginning of the accretion period but
throughout that period; the mass of the
nebula out in the region of planet for-
mation remains a relatively small frac-
tion of a solar mass throughout the pe-
riod. As for cooling, the accreting gas
is suddenly decelerated when it hits the
surface of the solar nebula; the energy
of its infall is converted into heat that is
radiated from the surface. In the later
stages of accretion that process keeps
the surface layers in the region of planet
formation at a temperature of perhaps a
few hundred degrees; the temperature
in the interior would be somewhat high-
er. And meanwhile the steady flow of
mass toward the central spin axis dimin-
ishes dynamic instabilities within the
nebula.

The two pictures of the primitive so-
lar nebula, one derived from the masses
of the planets and the other from the
principles of star formation, thus seem
to be converging to form an intermedi-
ate model of the initial solar nebula. In
that model somewhat more than one
solar mass has collected toward the spin
axis but is not yet recognizable as the
sun. It is surrounded by a disk of gas and
dust amounting to perhaps a tenth of a
solar mass. Farther out, beyond the re-
gion of planet formation, considerable
additional amounts of mass are still fall-
ing toward the solar nebula.

The planets were created by the accu-

mulation of interstellar grains and, in
the case of the outer planets, the subse-
quent attraction and adherence of gases.
The buildup of solid matter would have
begun, I have recently calculated, in the
collapsing gas cloud. Turbulent gas ed-
dies would have accelerated the inter-
stellar grains until they had large enough
relative motions to begin to collide with
one another. Having been formed out
of material in stars and then ejected into
interstellar space, where ices and other
volatile constituents condensed on their
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surface, the grains probably had a rath-
er fluffy structure. It would not be sur-
prising if such particles stuck to one an-
other when they collided, forming
clumps. As time passed the clumps of
grains would collide with one another,
sometimes amalgamating into larger
clumps and sometimes breaking up into
smaller ones. By the time the solar neb-
ula had formed, many clumps were like-
ly to have grown to a diameter measured
in millimeters or centimeters.

Clumps of that size could settle
through the gas toward the midplane of
the nebula in tens or hundreds of years.
Since their settling rate would vary with
size there would be further collisions, in-
creasing the size of the clumps and ac-
celerating their fall toward the mid-
plane. At that point, however, unless
they were somehow able to grow sub-
stantially larger they would rapidly be
lost to the inner solar nebula as a result
of the gas-drag effect I mentioned above.

A critical process in planet formation
may therefore be a mechanism recently
proposed by Peter Goldreich of the Cali-
fornia Institute of Technology and Wil-
liam R. Ward of Harvard University,
which would give rise to those larger
bodies. They showed that if there is a
thin layer of condensed solids at the
midplane of the nebula, with very little
relative velocity among the particles,
then a powerful gravitational instability
mechanism will break up the thin sheet
into bodies with diameters in the range
of the diameters of asteroids: kilometers
or tens of kilometers. The instability
mechanism gradually operates over larg-
er distances, attracting the asteroid-size
bodies into loosely bound gravitating
clusters of hundreds or thousands of
bodies. The clusters remain unconsoli-
dated because of the large angular mo-
mentum contained in their component
bodies, which makes them rotate around
common gravitating centers. When two
clusters approach each other, however,
they intermingle; the fluctuating gravi-
tational field in the combined cluster
leads to a violent dynamic relaxation of
the motions of the bodies, so that many
of them coalesce to form cores around
which others go into orbit (although
some of the bodies would be lost). The
clusters interact with one another gravi-
tationally over quite large distances;
mutual perturbations gradually build up
the velocities of the clusters with respect
to one another, leading to further colli-
sions that produce ever larger bodies.

The Goldreich-Ward instability mech-
anism would appear to be a powerful
first step in the accumulation of plane-
tary bodies. The subsequent stages in
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PLANETS BEGIN TO FORM when interstellar dust grains collide
and stick to one another, forming ever larger clumps (a). The
clumps fall toward the midplane of the nebula (b) and form a dif-
fuse disk there. Gravitational instabilities collect this material into
millions of bodies of asteroid size (c), which collect into gravitat-
ing clusters (d). When clusters collide and intermingle (e), their

gravitational fields relax, and they coagulate into solid cores, per-
haps with some bodies going into orbit around the cores (f). Con-
tinued accretion and consolidation may create a planet-size body
(g). If the core gets larger, it may concentrate gas from the nebula
gravitationally (h). A large enough core may make the gas collapse
into a dense shell that constitutes most of the planet’s mass (i).

In the case of the smaller inner

the process are still highly speculative
and were surely different in different
regions of the solar nebula. The inter-
stellar grains whose clumping initiates
the accumulation process are those that
have not been vaporized by the heat of
the nebula; their materials, and there-
fore the materials of the larger bodies

into which they are incorporated, would
be different at different distances along
the steep temperature gradient: metals,
oxides and silicates in the region of the
inner planets; similar rocky compounds
and water ice farther out; rock, water
ice and frozen methane and ammonia
still farther out.
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planets the progression to full size may
be just a question of successive collisions
and amalgamations of rocky bodies. In
the case of the outer planets there are
other considerations. Fausto Perri and I
have recently considered the behavior
of the primitive solar nebula as a large

39



planetary core grows within it. As the
mass of the core increases, gas in the
solar nebula becomes gravitationally
concentrated toward the core; with the
continued growth of the core the amount
of mass in the gas that is concentrated
increases even more rapidly than the
mass of the core itself. At some point the
core reaches a critical size (which de-
pends on the temperature conditions in
the surrounding gas) such that the gas
becomes hydrodynamically unstable and
collapses onto the planetary core.

The major constituents of Jupiter and
Saturn are the hydrogen and helium in
their atmosphere, and we believe it was
through this process of concentration
and collapse that these planets acquired
most of their mass. Hydrogen and he-
lium account for a smaller fraction of the
mass of Uranus and Neptune, probably
indicating that their core never grew to
the critical size for hydrodynamic col-
lapse; those two planets did, however,
grow large enough to retain much of the
hydrogen and helium that was gravita-
tionally concentrated toward their core.
The inner planets, on the other hand,
may be too small ever to have concen-
trated much of the nebular gas.

When the collapse events took place
to form Jupiter and Saturn, local con-
servation of angular momentum in the
gas would cause it to flatten into a disk
around the planetary core. As time went
on the two planets would sweep up es-
sentially all the gas in their vicinity
within the nebula. One can think of
them as forming miniature versions of
the primitive solar nebula: a central core
of condensed rock and ice taking the
place of the sun, with the gaseous disk
around the core as the analogue of the

solar nebula. Both of these large planets
have systems of regular satellites incor-
porating considerable mass, which prob-
ably formed from a gaseous disk by
processes quite analogous to the forma-
tion of the planets in the solar nebula.

Ny theory of the origin and evolution

of the solar system must account
somehow for the comets, its most spec-
tacular but least understood members.
Jan Oort of the Leiden Observatory
suggested some years ago that the com-
ets inhabit an enormous volume of space
centered on the sun, starting well be-
yond the outer planets and extending to
a distance of perhaps 100,000 astronom-
ical units. The total mass of the comets
in this vast “Oort cloud” is probably
equivalent to between one earth mass
and 1,000 earth masses, which would
account for between 1012 and 1015 com-
ets. The comets we see are those few
whose orbital elements are perturbed by
a passing star in just the right way to
send them plunging toward the center
of the solar system.

A comet is a “dirty snowball,” an ag-
gregate of ice and rocky material, in the
model first suggested by Fred L. Whip-
ple of Harvard University. As a comet
approaches the sun, gases are vaporized
from it, accompanied by dust particles,
to form the characteristic coma and tail.
Analysis of the tails shows that the mole-
cules that are vaporized are primarily
water but also include exotic organic
compounds. The dust, some of which
comes to rest high in the earth’s atmo-
sphere, consists of fluffy clumps of fine-
grained rocky material. A comet, in oth-
er words, is apparently an assembly of
interstellar grains.

The comets must either have been
made within the solar nebula and some-
how ejected into the Oort cloud or else
have been made out in the Oort cloud
itself. Oort originally suggested that they
were formed near Jupiter and perturbed
by Jupiter’s gravitational field into very
large orbits that were subsequently
rounded out by stellar perturbations.
That would require the formation of a
staggeringly large mass of comets, since
many more would have been ejected
from the solar system than were retained
in the Oort cloud. Moreover, given the
temperatures that must have prevailed
near Jupiter it seems unlikely that mole-
cules more complex than water would
have been in solid form. More complex
ices are possible farther out in the nebu-
la, and so Whipple and others have sug-
gested that the comets were formed in
the neighborhood of Uranus and Nep-
tune and sent out into the Oort cloud by
the gravitational fields of those planets.
That proposal, however, meets only one
of the objections to the Oort hypothesis.

My own belief is that the comets were
probably formed out in the Oort cloud
itself. It is true that the collapsing gas
of the fragment of cloud that became
the primitive solar nebula was never
dense enough so far from the center for
the interstellar grains to have aggregat-
ed into sizable bodies out there. There is
another possibility, however. Most of
the stars in the galaxy are much less mas-
sive than the sun, suggesting that gas-
cloud fragmentation sometimes contin-
ues at least down to fragments a tenth
of a solar mass in size. Fragmentation
may have gone further still. Small frag-
ments could have been bound gravita-
tionally to the primitive solar nebula in
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COMETS MAY HAVE FORMED from small cloud fragments that
once were in orbit around the larger fragment that became the so-
lar nebula (a). The small fragments spun down, like the solar one,
to form disks in which comets were accumulated much as planets
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were (b). Eventually starlight could have evaporated the gases of
these “cometary nebulas,” leaving the comets in enormous orbits
around the sun (c). From time to time a comet’s orbit is perturbed
by a passing star, and the new orbit brings it close to the sun.



SOLAR SYSTEM WAS CLEANED UP by the “T Tauri wind.”
When gas contracting toward the center of the nebula reached a
sufficient density, the nuclei of hydrogen atoms began to fuse and

orbits traversing the region of the Oort
cloud. Such fragments would form fairly
large and very cool disks, ideal places
for the comets to form. When the disks
were ultimately heated by ultraviolet
radiation from external stars, the gases
would evaporate away and leave the
comets in solar orbits [see illustration on

opposite page].

fter the planets had formed, much of
the gas of the solar nebula must
have remained in orbit around the sun,
along with countless small bodies and
large amounts of unconsolidated dust.
There are only planets and asteroids in
orbit now, with very little dust and al-
most no gas. How was the solar system
cleaned up? As I mentioned above,
young stars characteristically pass
through what is called the T Tauri stage,
when they eject matter at a prodigious
rate: as much as one solar mass per mil-
lion years! There is every reason to be-
lieve the sun passed through a similar
phase, and the fierce “wind” of that
ejected mass undoubtedly dissipated the
solar nebula by carrying the residual gas
off into space. That early solar wind
would have stripped the inner planets
of the remains of any primitive atmo-
sphere of hydrogen and helium from the
primitive solar nebula; the outer planets
must have formed early enough to cap-
ture their hydrogen and helium before
the solar wind began to blow. Moreover,
if the accretion of gas from the original
cloud fragment was still continuing, it
would have been terminated by the
wind, with the infalling gases being
ejected back into interstellar space.
What determined when the T Tauri
wind began? Why did it not blow away

the primitive solar nebula long before
the sun got so large? The thermonuclear
reactions of hydrogen that constitute a
stellar furnace are ignited only under
extreme conditions of high temperature
and high density. Perri and I have re-
cently determined that the temperatures
of the primitive solar nebula were so
low that compressional heating of the
gas could not have ignited the sun at a
central density comparable to that of the
sun today; the density would have had
to be at least 100 times higher than it is
now. Only then could the sun have ad-
justed itself into its present configura-
tion, and only then could the thermonu-
clear furnace have been ignited and
could the intense T Tauri wind begin to
blow. An enormous amount of mass must
have had to be gathered together to
achieve such a density. Given the origi-
nal temperature of the nebula, in other
words, the sun had to reach a large mass
before it could be a sun.

Once the sun had begun to shine and
the T Tauri wind had blown away the
gas, the stage was set for the final clean-
up of interplanetary space and the com-
pletion of planet formation. The orbits
of most of the small bodies in the solar
system (other than the observed aster-
oids in their isolated belt) would have
been continually modified by planetary
perturbations. Over the course of a few
hundred million years most such bodies
either would have collided with one of
the planets (the surfaces of Mercury,
the moon and Mars still show the scars
of that terminal bombardment) or would
have been ejected from the solar system
by a major planet, usually Jupiter.

The tiny dust particles were subjected
to forces even stronger than gravitation-
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the sun began to shine (a). During its T Tauri phase the sun lost
vast quantities of material. That material constituted an intense
solar wind that could have blown away the remaining gas (b).

al perturbations: the effects of sunlight.
The photons the particles absorb from
the sun carry no angular momentum;
the photons the particles radiate, how-
ever, carry off some of the angular mo-
mentum of the particles’ orbital motion.
The sunlight therefore acts as a resisting
medium for the particles, making them
spiral in toward the sun. Larger solids,
up to a kilometer in diameter, are per-
turbed by sunlight in a different way. As
such a body rotates the temperature of a
section of its surface increases as long
as it is on the sunlit side but decreases
while it is on the dark side. One hemi-
sphere of the body therefore emits con-
siderably more radiation than the other.
That gives rise to a preferential thrust
that can perturb the orbit of the body
either toward the sun or away from it,
depending on the body’s direction of
rotation. Such bodies will eventually
come close to one of the planets, where-
upon they will be absorbed by collision
or be ejected from the solar system. In
these several ways the sunlight could
have acted as a broom to sweep away
much of the smaller debris left over
from the formation of the solar system.

The account I have given makes a co-

herent, if incomplete, story. Many of
its details remain highly speculative,
however, and much of the story may
have to be retold as new data test the
present theories. In selecting and weav-
ing together facts, ideas and hypotheses
I have necessarily been strongly influ-
enced by my own beliefs. The reader
should be aware that others would
weave quite different tapestries. These
ancient questions are still far from being
answered.
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THE SUN

Recent spacecraft observations have revealed spectacular new

features of the solar surface and atmosphere. What happens

inside the sun, however, has lately become more mysterious

he earth has been warmed by the

I light of the sun for 4.6 billion

years, and all life is maintained by

the solar energy that is converted into

chemical energy by plants. From the be-

ginning of recorded history men recog-

nized the life-giving role of the mysteri-

ous sun. In their awe of the burning disk

they conceived it to be a deity, or to be
under the direct care of one.

The sun is hardly less mysterious to-
day. We possess a bewildering array of
facts, gathered largely over the past 30
years in the outburst of technological
development that has given birth to
many new observational instruments.
These facts make it clear that the sun has
a complex nature that so far is only part-
ly revealed.

The history of our scientific knowledge
of the sun begins in the 18th and 19th
centuries, when the properties of gases
were thoroughly studied in the labora-
tory. From that knowledge, summarized
in the law that the pressure of a gas is
proportional both to its density and to
its temperature, Jacob Robert Emden
put forward the first crude theoretical
model of the sun: a series of concentric
gaseous shells. The two basic principles
of the model were that at each level
within the sun the internal pressure must
be sufficient to support the weight of the
overlying gas, and that the weight of the
gas is determined by the gravitational at-

by E. N. Parker

traction of all the gas that lies below it.
Emden had no way of determining the
temperature of the gas in the sun’s interi-
or, however, and so he could not draw
any unique conclusions about the sun’s
mass and composition.

Also in the 19th century the tempera-
ture of the sun’s surface was deduced
from its brightness and from the distri-
bution of that brightness with respect to
the wavelengths of the visible spectrum.
From the mean density of the sun that
had already been deduced from gravita-
tional theory, it was realized that the sun
is a ball of hot hydrogen. Traces of heav-
ier elements such as carbon, sodium, cal-
cium and iron were identified by the
spectroscope; indeed, helium was dis-
covered by its spectral lines in the sun
before it was isolated and identified
in the laboratory by William Ramsay in
1895.

In the same period studies of terrestri-
al rocks indicated that life on the earth
extended back millions of years, rather
than the few thousand years derived
from the interpretation of Scripture.
Hence the sun must have been shining
for at least that long. The enormous out-
pouring of energy from the sun (1033
ergs per second) could not be due merely
to the combustion of lammable materi-
al. Chemical fuels would have been ex-
hausted in only a few thousand years. If
the sun had contracted under the force

ACTIVE LOOPS ON THE SUN are shown on the opposite page in a false-color picture
made at the extreme-ultraviolet wavelength of 1,032 angstroms with the Harvard College
Observatory ultraviolet spectroheliograph aboard the Skyleb manned orbiting satellite. The
loops, which are part of the inner corona, extend some 150,000 kilometers from the sun’s
western limb. Black and blue areas represent the least intense radiation, yellow and ma-
genta the more intense and red the most intense. The intensity of the radiation is a funec-
tion of both the temperature of the gas and its density. The loops are shown in the light of
the emission from oxygen VI (oxygen atoms stripped of five electrons) at 300,000 degrees
Kelvin. Thin red area along very edge of the solar disk is active region giving rise to loops.
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of its own gravity at a rate of 100 feet
per year, and was thus heated by the
compression of its own gravitational
field, it could have been shining for per-
haps 30 million years. The geologist and
the paleontologist, however, soon de-
manded more than that span. Their re-
searches showed that the earth and the
life on it were several hundred million
years old at the least. Hence at the be-
ginning of the 20th century it was clear
that the sun had a source of internal
energy far more potent than chemical
combustion or gravitational contraction.
New laws of physics were needed. To
make the problem more complicated, it
became clear that the earth had had a
succession of profound climatic changes,
the ice ages, which raised the question
of whether the brightness of the sun
varied.

With further knowledge came more

mystery. It was gradually realized
in the 19th century and the early 20th
that there is violent activity on the sur-
face of the sun. There are the sunspots,
of course, but there are also the erup-
tions of the solar flares, which are associ-
ated with sunspots and were first identi-
fied in 1859 by the English solar observ-
er Richard Carrington. An individual
flare can last 30 minutes and emit a
thousandth of the total energy of the sun
from an area covering only a ten-thou-
sandth of the total surface of the sun.
Occasionally a flare is so bright that it is
visible against the dazzling solar disk; it
was such a flare that first caught Car-
rington’s eye. Furthermore, spectacular
auroras and “storms” in the earth’s mag-
netic field seemed to be associated with
solar flares.

The solar corona, the tenuous outer
atmosphere of the sun, is visible during
total eclipses of the sun and had been
known for millenniums. It acquired a
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new aspect in 1933, when it was discov-
ered that its temperature was a million
degrees Kelvin. The corona is visible be-
cause it scatters white light from the sun,
just as dust particles in a sunbeam do.
The observation that the gas in the coro-
na has a temperature of a million degrees
was startling and was immediately criti-
cized as being absurd. How could the
sun, with a surface temperature of 5,600
degrees K., heat a gas to a million de-
grees? The observation violated the sec-
ond law of thermodynamics, that heat
cannot flow continuously from a cold
body to a hot one. Later Hannes Alfvén
and Ludwig F. Biermann independently
pointed out that the corona is heated by
the dissipation of friction generated by
convective motions below the visible
surface of the sun. The temperature of
the corona has nothing to do with the
flow of heat from the visible surface, and
so there is no thermodynamic limitation
on the temperature of the corona. The

phenomenon is analogous to what hap-
pens when a man, with a body tempera-
ture of 37 degrees Celsius, rubs sticks
together to achieve temperatures of sev-
eral hundred degrees Celsius to light a
fire. In principle there is no limit to the
temperature that can be obtained in this
way.

Some 15 years ago it was realized
that the corona is continuously expand-
ing outward into space. In doing so it
creates a “wind” of charged particles
moving at speeds of between 300 and
600 kilometers per second. It is the solar
wind that is fundamentally responsible
for the auroral and magnetic activity on
the earth.

The concept of solar activity has been

expanded in the past few years by
observations from spacecraft. First of all,
the expectation that active regions on
the sun emit X rays was confirmed by
direct observation, and the first X-ray

PROMINENCE

. SUNSPOTS

CROSS SECTION OF THE SUN shows the observable exterior features together with the
hypothesized internal structure. Energy released by the proton-proton chain of thermo-
nuclear reactions (see illustration on pages 48 and 49) in the core of the sun makes its way
very gradually to the photosphere, or visible surface. It is transported by means of radiative
processes, in which atoms absorb, reemit and scatter the radiation. At a point about 80 per-
cent of the way from the core to the surface the gas becomes unstable to motions along the
radius and the energy is then transported by convection. Shock waves from the convective
zone carry energy up into the chromosphere through the transition zone and into the
corona. Intertwined throughout structure of sun, from convective zone to the corona and
beyond, are magnetic fields that give rise to sunspots, prominences and other activity.
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photographs of the sun were obtained
by Herbert Friedman and his colleagues
at the Naval Research Laboratery. The
more recent X-ray photographs of the
sun, made by Giuseppe Vaiana and his
group at American Science and Engi-
neering, Inc., show hundreds of tiny
bright hot spots scattered over the sur-
face of the sun. The individual spots
wink on and off with a lifetime of about
eight hours, many of them flaring up mo-
mentarily before they fade away. The
recent spectacular observations from the
manned orbiting observatory Skylab re-
veal the startling fact that such erup-
tions occur every few hours. There are
many more eruptions than there are so-
lar flares. Presumably it is these frequent
eruptions, visible only from above the
earth’s atmosphere, that give rise to
much of the variation in the solar wind
and ultimately in the magnetic field of
the earth.

How does one go about understand-
ing such a complicated object as the
sun? One can only start by asking the
most primitive question of all: Apart
from the complex solar eruptions, what
is the basic nature of the sun’s hot
sphere?

With the advance of atomic physics
and electromagnetic theory in the early
part of this century it became possible to
estimate the opacity of the solar materi-
al, that is, how transparent it is to the
passage of heat and radiation. More-
over, it was clear that the temperature
must increase inward through the sun
with sufficient rapidity to give rise to
the observed outward flow of heat. A. S.
Eddington, Karl Schwarzschild, Sub-
rahmanyan Chandrasekhar and others
were then able to show that the sun’s
central temperature must be close to 10
million degrees K. and that its density
must be nearly 100 times the density of
water. The matter is gaseous rather than
liquid or solid because at 10 million de-
grees the atoms are deprived of their
electrons and there is no chemistry, or
binding of one atom to another.

The energy source of the sun re-
mained elusive throughout the first three
decades of the century. In 1896 Henri
Becquerel had discovered radioactivity,
and the concept of subatomic particles
appeared in the scientific literature. Ein-
stein stated that mass and energy were
equivalent, thereby implying that they
were interchangeable, leading physicists
such as Eddington to begin to speak of
the direct conversion of matter into en-
ergy in the sun, although by processes
still unknown. Perhaps it was possible
that the electron and the proton annihi-
lated each other at the tremendous pres-



sures inside the sun’s core. The ideas
were vague and spine-tingling.

It gradually came to be realized that
the gas in the solar interior must consist
only of free electrons and bare atomic
nuclei (except for the rare atoms of heav-
ier elements that manage to hangon to a
few of their innermost electrons). The
nuclei are mostly hydrogen, with an ad-
mixture of helium; only about 1 percent
of them are carbon, nitrogen, oxygen
and heavier elements. The bare nuclei
collide with one another at an enor-
mous rate. Since they are all positive-
ly charged, their collisions are generally
cushioned by their mutual electrostatic
repulsion, but nonetheless in the occa-
sional more violent collisions the nuclei
may get a “taste” of each other.

n 1919 Ernest Rutherford observed the

first artificial transmutation of a nu-
cleus. When he bombarded nitrogen nu-
clei with the helium nuclei emitted by
radioactive bismuth, he found that once
in a while a helium nucleus was ab-
sorbed by the nitrogen and only a single
proton escaped, leaving behind a nucle-
us of oxygen. Rutherford, James Chad-
wick and then others began to explore
the apparently endless variety of nu-
clear transformations that are possible
when two nuclei come together with
sufficient violence. In 1932 Chadwick
found direct evidence that within the
nucleus there are not only protons but
also neutrons. In fact, within a dense
nucleus an electron and a proton can be
squeezed together to form a neutron.
Thus the electron and the proton do not
annihilate each other, as had been spec-
ulated earlier, but form a third particle.

With the advent of various machines
that could accelerate nuclei to high
energies it became possible to conduct
studies of nuclear reactions under a
wider variety of circumstances. The en-
ergy of the bombarding particle could
be carefully controlled, and the likeli-
hood of a transmutation could be accu-
rately measured. Soon a peculiar effect
was discovered: when a radioactive nu-
cleus decayed by emitting an electron
(the process known as beta decay), the
energy given up by the nucleus was not
entirely carried away by the electron.
Sometimes the electron was ejected with
the full amount of energy lost by the nu-
cleus. Sometimes it was ejected with es-
sentially no energy. Usually it was
ejected at some intermediate energy. On
the average the electron received only
half of the energy that was lost by the
nucleus. The other half apparently van-
ished. Did this mean that energy was not
conserved, that nuclear forces were not

ERUPTIVE PROMINENCE of August 21, 1973, extended more than 400,000 kilometers
above the surface of the sun. It was photographed in the light of singly ionized helium
(helium IT) by the Naval Research Laboratory ultraviolet spectroheliograph aboard the
Apollo Telescope Mount on Skylab at the wavelength of 304 angstroms. On the scale of this
picture the earth would be a dot somewhat larger than the period at the end of this sentence.

constrained by the principles that
seemed to describe all other phenom-
ena?

In 1933 Wolfgang Pauli asserted that
the energy is conserved and that the only
rational explanation is that the missing
energy is carried away by an undiscov-
ered particle. He deduced that the par-
ticle must be without charge and with-
out mass except for its energy (that is, it
has no rest mass), so that it could escape
undetected. The hypothetical particle
came to be known as the neutrino.

The big step in understanding the en-
ergy source of the sun was taken in 1939,
when H. A. Bethe pointed out that there
are two basic sequences of nuclear
transmutations that can convert hydro-
gen into helium in the core of the sun.
The transmutation of hydrogen to heli-
um results in a net loss of .7 percent of
the mass of the hydrogen nucleus and a
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corresponding release of energy. One
sequence is the carbon-nitrogen cycle,
in which ultimately a carbon nucleus ab-
sorbs four protons and in the process
emits two positrons (positively charged
antiparticles of the electron) and be-
comes an unstable oxygen nucleus. The
oxygen nucleus then splits into a carbon
nucleus and a helium nucleus. Thus the
original carbon nucleus is restored, and
the net effect is the conversion of four
protons into one helium nucleus.

The second sequence is the proton-
proton chain, in which two protons col-
lide and emit a positron and a neutrino
to form deuterium, the heavy isotope of
hydrogen that has a neutron as well as
a proton in its nucleus. Another proton
is then added to the deuterium to make
the light isotope of helium, helium 3.
Then two helium-3 nuclei combine to
make one nucleus of ordinary helium,
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PHOTOGRAPH OF SUNSPOT GROUPS on the sun was made at visible wavelengths with
McMath Solar Telescope at Kitt Peak National Observatory in Arizona on July 4, 1974, at
minimum of sunspot cycle. Two sunspots of larger group are joined by a thin light bridge.

MAGNETOGRAM OF SUNSPOT GROUPS was made at the same time as the photo-
graph above with the Solar Vacuum Telescope at Kitt Peak. White and black areas are
regions of magnetic activity; white represents positive and black negative. The dark area
in the central sunspot group corresponds to the light bridge in the photograph. The elon-
gated appearance of the sun is an artifact of the way in which the magnetogram was made.
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helium 4, and free two protons. The net
result is again the conversion of four
protons into one helium nucleus. The
amount of energy that is liberated is ap-
proximately a million times greater than
the energy released in a chemical reac-
tion such as burning.

It now seemed that the mystery of the
sun had been dispelled. So much energy
is released by nuclear reactions that the
sun has an expected lifetime of 10 bil-
lion years! It is about halfway through
that lifetime at the moment. When the
hydrogen is exhausted in its core in an-
other five billion years, the core will
contract until the temperature and the
density are so high that helium nuclei
will cleave together in groups of three to
form carbon nuclei. The outer layers of
the sun will puff outward past the orbit
of Venus, and the sun will become a red-
giant star. It will be a hot day on the
earth when that happens.

D etailed studies over the past 20 years
have shown that most of the stars in
the sky can be understood in terms of the
liberation of energy by the conversion of
hydrogen to helium, with the carbon-
nitrogen cycle being more important in
stars hotter and more massive than the
sun and the proton-proton chain being
more important in stars about the size
of the sun. With explanation and under-
standing, however, came another mys-
tery. It was soon realized that the pro-
ton-proton chain can proceed in more
than one way. For example, a helium-3
nucleus may occasionally combine with
a nucleus of helium 4 rather than with
another helium 3. The result is a light
isotope of beryllium, beryllium 7, which
in turn may react with a colliding proton
to form boron 8. The boron 8 then de-
cays, emitting a positron and a neutrino
to form ordinary beryllium 8, which
splits to yield two nuclei of helium 4.
This alternate branch of the proton-
proton chain has no significant effect on
the amount of energy released, because
the result is still the conversion of hy-
drogen into helium. The important fea-
ture is that the decay of boron 8 in-
volves the emission of a neutrino. The
neutrino from that particular decay is
emitted with so much energy that it is
possible it can be detected on the earth.
In particular, it has enough energy so
that, if it collides with an atom of chlo-
rine 37, it could transmute it into an
atom of argon 37. The probability of the
transformation is exceedingly small, but
it was calculated that there should be so
many neutrinos emitted from the sun
that their detection should be feasible.
The task of building a neutrino detec-



tor was undertaken by Raymond Davis,
Jr., of the Brookhaven National Labora-
tory. Detecting neutrinos is particularly
difficult because all matter is almost en-
tirely transparent to them: a neutrino
could pass through a wall of lead 1,000
light-years thick and not be stopped. For
this same reason neutrinos “shine” di-
rectly out of the core of the sun where
the solar energy is generated. Davis’
task was of heroic proportions, but the
outcome would be a basic check—in-
deed, the only direct check—of our un-
derstanding of how the sun generates its
energy. One mile underground in the
Homestake Gold Mine in South Dakota
(away from the nuclear reactions pro-
duced by cosmic rays) Davis set up a
tank containing 100,000 gallons of the
cleaning fluid perchloroethylene (C,Cl,).
The argon that is transmuted from the
chlorine by interaction with neutrinos
is detected by its radioactivity.

The experiment has run for several
years and has been continually refined
and improved. Davis has shown that
something is seriously wrong. There is
no argon being produced in the tank, im-
plying that there are no neutrinos being
emitted from the sun. Davis’ experiment
shows that no more than about a tenth
of the expected number of neutrinos are
being detected.

hat are we to conclude? On the one

hand, can there be something
wrong with the experiment? Davis is a
careful worker who invites suggestions
and criticism from his fellow scientists.
He has introduced a number of refine-
ments and extra tests to eliminate possi-
ble faults in his apparatus. On the other
hand, is there some error in the calcu-
lated rate at which neutrinos are emitted
from boron 8 in the sun? The expected
production of neutrinos in the sun is
very sensitive to the temperature in the
solar interior. Is there something miss-
ing from the difficult calculation of the
transfer of heat within the sun? Or is
there something wrong with the funda-
mental physical principles that are ap-
plied to deduce the emission of neu-
trinos and the production of argon from
chlorine?

There are many possibilities. Perhaps
the luminosity of the sun goes up and
down over a period of a million years or
so. We recall the ice ages. At the present
moment the core of the sun may be ex-
panded and may be producing only a
little energy and hence only a few neu-
trinos. If that is the explanation, it will
have to be demonstrated from the basic
principles of astronomy and physics. Or
perhaps the deep interior of the sun, un-

CORONAL HOLE, a large area where the temperature and density of the corona are re-
duced, was present on the sun on June 1,1973. The picture, made with the X.ray telescope of
American Science and Engineering, Inc., aboard Skylab, shows the corona as the bright in-
distinct regions. Coronal hole is large dark area in center of solar disk and is longer than
750,000 kilometers. Isolated white spots are X-ray bright points, regions of intense emission.

like the material at the surface, is free of
the heavier elements, causing the gas to
be more transparent at the core than is
currently calculated and lowering the
predicted temperature of the interior.
With a reduced temperature the helium
3 will not combine with helium 4 to
make the boron 8 that decays and emits
the energetic neutrinos. Instead each
helium-3 nucleus will combine only with
another helium-3 nucleus to yield heli-
um 4 and two protons.

The sensitivity of Davis™ apparatus is
being increased to the point where it
soon should be able to detect the low-
energy neutrinos emitted from the first
step of the proton-proton chain, in which
two protons collide and combine to form
deuterium with the emission of a posi-
tron and a neutrino of somewhat lower
energy than the neutrino emitted in the
decay of boron 8. The lower-energy neu-
trinos are not as effective in making ar-
gon from chlorine, but they should be
created in larger numbers. The produc-
tion of deuterium from protons is the
fundamental step in the generation of
solar energy. If these neutrinos are also
missing, the finding would indicate that
the chain is not functioning at the pres-
ent time—or that our understanding of
how the sun generates its energy is
faulty.

These difficulties should not cause us
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to discard the hypothesis that the energy
of the sun is produced by the conversion
of hydrogen into helium. On the other
hand, the discrepancy should not be
swept under the rug. Although the best
efforts of a number of very capable sci-
entists have failed to clear up the diffi-
culty, the problem was not even clearly
defined until the past couple of years.

How the sun yields its energy is prob-
ably the most basic question we
have to ask about the sun. If the present
puzzle can be straightened out, the ques-
tion will be answered in terms of nuclear
reactions and other physical effects that
are studied directly in the laboratory.
The violent activity on the sun, how-
ever, presents a different problem. That
activity seems to be the result of the flow
of gas in magnetic fields. Although the
basic physical properties and the basic
mathematical equations pertaining to
gas flow and magnetic fields are well
known from experiments in the labora-
tory, the activity of the sun can take
place only over dimensions of thousands
of kilometers or more. The effects we see
on the sun clearly cannot be duplicated
and studied in the terrestrial laboratory.
Such a situation is not unknown in
other fields. For example, weather is not
something that can be studied in minia-
ture in the laboratory. With its active
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PROTON-PROTON CHAIN is the sequence
of nuclear reactions for fusing hydrogen into
helium that is believed to be the principal
source of energy of the sun. In 99.75 per-
cent of the reactions two protons combine to
yield a nucleus of deuterium, or heavy hy-

drogen, which emits a positron and a neutrino (1). Occasionally
two protons and an electron will combine to yield a nucleus of
deuterium and a neutrino. The deuterium nucleus formed by either
process then combines with a proton to form a nucleus of helium 3
(the light isotope of helium) and a photon (2). Some 86 percent of
the time the helium-3 nucleus combines with another helium-3

fronts, jet streams and thunderstorms, it
exists only over large areas. Therefore
the study of solar activity is an interest-
ing game. The observer endeavors to see
what is happening on the sun, and then
the theoretician strives to explain the ob-
servations from the basic principles of
physics. The observations are made with
telescopes on the ground, in high-alti-
tude balloons and in space. Over the past
three decades the ground-based visual
telescopes have been developed into re-
markably sophisticated and effective in-
struments for photographing the com-
plex gas and magnetic configurations on
the surface of the sun. Arrays of radio
telescopes follow and record the out-
bursts of fast electrons from flares as they
are ejected into space. Telescopes aboard
spacecraft have observed the sun in the
ultraviolet and X-ray regions of the
spectrum, where the solar activity is par-
ticularly spectacular.

The magnetic fields in and around the
sun do things that could not have been
anticipated on the basis of laboratory ex-
periments. The hot, electrically charged
gases of the sun make an excellent con-
ductor of electricity. At the center of the
sun the gas is so hot that it conducts an
electric current as well as copper does at
room temperature. Elsewhere in the sun
the gas conducts less well, but the di-
ameter of the sun is so great that the
body as a whole has a tremendous cur-
rent-carrying capacity. The effect is that
the magnetic fields in the sun are
trapped in the gases and are transported
and twisted as the gases stream up and
down in the zone of convection just be-
low the visible surface. The strength of
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the magnetic fields around sunspots is
typically 3,000 gauss (6,000 times the
strength of the earth’s field) across an
area that may extend up to 50,000
kilometers. Fields of that strength can
be generated by a laboratory electro-
magnet, but they are nonetheless im-
pressive. One cannot hold on to an iron
object in a magnetic field of 3,000 gauss:
a screwdriver or a pair of pliers is
wrenched from one’s hand and slams
into the nearest pole of the magnet.

There are quite a number of other ex-

otic magnetic features on the sun.
They range in scale from remarkable fili-
gree structures at the limit of observa-
tion, with diameters of only a few hun-
dred kilometers, to the spicules and
bright spots in the X-ray region of the
spectrum, to the eruptive prominences
that sometimes burst thousands of kilo-
meters up out of the sun. The upper
layers of the solar atmosphere above
the visible surface are profoundly affect-
ed by magnetic activity. The chromo-
sphere (the dim irregular layer just
above the visible surface) and the coro-
na are enormously enhanced above ac-
tive centers on the surface. One of the
most remarkable discoveries made with
the instruments aboard Skylab was the
holes in the corona over the poles of the
sun and over other regions without vis-
ible activity. It appears, paradoxically,
that the coronal holes are the source of
the high-speed ionized particles of the
solar wind. It was known, but not seri-
ously appreciated or understood before
Skylab, that magnetic activity on the
earth is sometimes actually depressed
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when we face directly into active regions
on the sun. The effect was obscured by
the fact that the flares associated with
the active regions did sometimes induce
strong activity on the earth. In the ab-
sence of such large flares magnetic agi-
tation and auroral displays are some-
times less conspicuous when an active
region on the sun is facing us.

The magnetic fields in the sun show
a curious tendency to concentrate them-
selves into isolated tubes, which often
react violently with one another when
they meet. Their behavior is still not
understood in spite of a number of ac-
cepted “explanations” that have ap-
peared in the scientific literature. I shall
restrict my own exposition to the be-
havior of a conspicuous sunspot, which
will suffice to give a glimpse of the per-
plexing and urgent problems that con-
front us.

A sunspot is a broad, shallow depres-
sion whose surface lies a few hundred
kilometers below the overall visible sur-
face of the sun. The umbra, or central
floor of the depression, appears black
in photographs because it is less than a
fourth as bright as the adjacent surface.
The surface temperature of the umbra
is only 3,900 degrees K. compared with
the normal 5,600 degrees of the rest of
the surface. The umbra is a cool, rare-
fied area on the surface, and it is evi-
dently the pressure of the surrounding
surface that compresses and confines
the intense magnetic field associated
with the sunspot. It is widely believed
that the intense magnetic field of the
sunspot is responsible for the reduced
temperature of the umbra, but the con-
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nucleus, forming a nucleus of ordinary helium 4 and liberating the
two protons (3). There is an alternate branch of the proton-proton
chain whereby the helium-3 nucleus combines with a nucleus of
helium 4 to form a nucleus of beryllium 7 and a photon (4). Al-
most all the time the beryllium-7 nucleus then absorbs an electron
and is transmuted into a nucleus of lithium 7 and a neutrino (5).

nection has yet to be fully demonstrated.

The umbra is surrounded by the pe-
numbra, a striated gray border that slopes
up and out from the umbra to the sur-
rounding surface. The magnetic field of
the sunspot emerges through the umbra
and spreads out across the penumbra.
Beyond the penumbra the magnetic
field reenters the sun, often in a neigh-
boring sunspot of opposite magnetic po-
larity. In some cases there is a region,
known as a moat, immediately outside
the sunspot that is remarkably free of
magnetic fields. Evidently the magnetic
field arches up over the moat before it
reenters the surface at some distance

from the spot.
A decade ago Jacques M. Beckers of
the Sacramento Peak Observatory
and E. H. Schréter, who is now at the
University of Gottingen, observed that
tiny clumps of concentrated magnetic
field move into and out of the edge of
sunspots, apparently participating in the
growth or the decay of the spot. Sun-
spots often appear in a group with a
complex structure that consists of many
individual spots of opposite polarity
mixed in complex patterns. It is in these
complex and rapidly changing sunspot
groups that one is most likely to see big
solar flares. Possibly the flares are a con-
sequence of the entangling of magnetic
fields of opposite polarity that annihilate
each other. A large flare may liberate
1032 ergs, equivalent to the amount of
energy that would be released by the
annihilation of a magnetic field of 1,000
gauss extending through a volume mea-
suring 15,000 kilometers on a side. The
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largest sunspots have a field of some
4,000 gauss and a diameter of as much
as 50,000 kilometers, The largest flares
have bright filaments extending for 100,-
000 kilometers across the solar disk. Re-
cent X-ray observations show that in
each flare there is a central hot region,
presumably the scene of the main action,
that is much more concentrated than the
bright filaments and occupies an area
less than 10,000 kilometers across.

Sunspots are found in bipolar groups
with their magnetic field emerging from
the spots on the eastern side and reenter-
ing through the spots on the western
side (or vice versa). The bipolar groups
in the northern hemisphere of the sun
are opposite in this respect to the groups
in the southern hemisphere, and both
reverse their polarity with each 11-year
half of the sunspot cycle. The bipolar
sunspot groups indicate that below the
surface of the sun there are strong mag-
netic fields running east and west that
are of opposite polarity in the northern
and southern hemispheres.

The individual sunspots of a group
usually last for only a few weeks. The
first spots of a new sunspot cycle appear
in a broad band centered on a latitude
of 40 degrees in both the northern hemi-
sphere and the southern. As the cycle
progresses the two regions of sunspot
formation migrate toward the equator,
arriving between 10 and 14 years later.
There they die out at about the same
time that the new spots of the next sun-
spot cycle are appearing at middle lati-
tudes. The cycle repeats itself with the
new sunspots of reversed polarity.

The earth moves around the sun on an
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The lithium-7 nucleus next combines with a proton and splits into
two nuclei of helium 4 (6). Rarely the beryllium-7 nucleus absorbs
a proton to become a nucleus of boron 8 plus a photon (7). Boron-8
nucleus then decays into a nucleus of beryllium 8, a positron and a
neutrino (8), which should be detectable on the earth. Finally, the
beryllium-8 nucleus splits apart into two nuclei of helium 4 (9).

orbit that is inclined at an angle of about
seven degrees to the solar equatorial
plane, so that the sunspots and flares
point radially toward the earth only in
the last years of the sunspot cycle. Un-
fortunately for the physicist who studies
solar activity the time of greatest ac-
tivity is when the sunspots are forming
at 15 or 20 degrees from the equator.
The big blasts of the solar wind from the
large number of flares at a solar latitude
of 20 degrees can be detected in the way
they affect radio signals passing through
the wind from distant celestial radio
sources.

In contrast, the solar wind from the
poles of the sun seems to be relatively
steady and very swift: about 50 percent
faster than the solar wind in the plane
of the sun’s equator. The reason the so-
lar wind is so fast at the sun’s poles is
evidently that the polar regions are coro-
nal holes. Firsthand information on the
strength of the blasts and on the solar
wind from the poles, however, can be
obtained only when we send a space-
craft far out of the plane of the orbit of
the earth. One could accomplish such a
mission by launching a spacecraft on a
trajectory to Jupiter and then letting the
planet’s combined speed and gravita-
tional field swing the craft around and
up over the poles of the sun.

qunspots have behaved strangely in
X past centuries. They were discovered
in the Western world in 1611 by Johan-
nes Fabricius and Galileo following the
invention of the telescope. (Chinese ob-
servers, using only the unaided eye, had
known and recorded sunspots for at
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least 1,000 years before.) The 1l-year
sunspot cycle, however, was not rec-
ognized until late in the 18th century,
and it was not confirmed until 1843 by
Heinrich Schwabe. The curiously slow
recognition of this rather obvious phe-
nomenon may be understood at least in
part by the behavior of the sun itself.

In 1895 and again in 1922 E. W.
Maunder published articles calling at-
tention to the strange behavior of the sun
in the 17th century. The old records of
sunspots indicate that there were two
maximums in the sunspot cycle in the
30 years following the discovery of sun-
spots in 1611. The maximums were
about 15 years apart. Then the records
show that the number of sunspots and
the associated solar activity declined to
a very low level about 1645 and re-
mained almost entirely absent until
1715. After 1715 the sunspot cycle as
we know it today appeared and has con-
tinued ever since. The significance of
the prolonged absence of sunspots could
not be appreciated at the time because
there had been 34 years with sunspots

and 70 years without them. Who was to
say what was normal? The 260 years of
sunspot activity since 1715 has intro-
duced the prejudice that the 1l-year
sunspot cycle with its thousands of spots
in each cycle is the norm. We can only
wait to see what the next few centuries

bring.

During the 70 years of inactivity ob-
servers often had to wait years to

see a single sunspot, whereas now there
are usually a few spots showing even
during the minimum of the sunspot
cycle. The importance of the absence of
sunspots lies not in the sunspots them-
selves but in the absence of the solar ac-
tivity associated with them. The solar
corona, which is heated in large degree
by the friction and agitation of the ac-
tive regions on the sun, was not seen
during the solar eclipses of the 70-year
period of inactivity. The entire corona
seems to have been one big coronal hole.
The magnetic storms and auroral dis-
plays that are normally common in the
British Isles and in the Scandinavian

NEUTRINO DETECTOR was built by Raymond Davis, Jr., of the Brookhaven National
Laboratory in an attempt to detect the neutrinos that were expected from the decay of
boron 8 in the proton-proton chain. The detector is a tank containing 100,000 gallons of
the dry-cleaning solvent perchloroethylene (C,Cl,) buried under a mile of rock in the
Homestake Gold Mine near Lead, S.D. The solvent is 85 percent chlorine 37. When a neu-
trino is absorbed by a nucleus of chlorine 37, a nucleus of the radioactive isotope argon 37
is formed. The tank is swept with helium gas every two or three months to remove the argon
37, which is then detected by its radioactive decay. Since 1968, when the experiment was
begun, less than 3 percent of the predicted amount of argon 37 has been detected, implying
that far fewer neutrinos are being produced in the sun’s interior than is predicted by theory.
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countries virtually disappeared during
the 70-year period, so that in 1715,
when solar activity reappeared, the au-
roral displays caused wonder and con-
sternation in such places as Copenhagen
and Stockholm. Perhaps the most curi-
ous and important effect was discovered
by A. E. Douglass in the course of his
pioneering work on tree-ring dating,
which was first published about 1920.
Douglass noticed a general cyclical vari-
ation in the annual growth of trees:
there was a tendency for the annual
growth rate to increase and then de-
crease over each decade or two. As his
work progressed and he undertook to
study samples of wood several centuries
old, he observed that the last half of the
17th century was remarkable for the ab-
sence of the usual cyclical variation. The
tree rings varied little in width, and they
varied without any evident pattern, mak-
ing it difficult to match the annual rings
of one tree with those of another and
thereby establish a reliable sequence of
ring dates. Douglass was at a loss to ac-
count for the effect, other than to at-
tribute it to some aspect of the environ-
ment that was more uniform over that
period, causing the growth of trees to be
more regular.

It was therefore with considerable
interest that in 1922 Douglass read
Maunder’s paper in Journal of the Brit-
ish Astronomical Association reporting
the absence of the sunspot cycle and so-
lar activity over just that period of time
when there was so much trouble with
the tree-ring dating. Douglass wrote to
Maunder, who reported the tree-ring
effect to the British Astronomical Asso-
ciation.

Why terrestrial weather and plant
growth should vary in coincidence
with solar activity is a mystery that has
been unresolved in the half-century since
Douglass’ observation. Fortunately for
those interested in the matter there is
now renewed curiosity about possible
connections between solar activity and
the terrestrial environment. The prob-
lem is difficult and racked by heated
controversy, but it is too important to
be ignored. The growth of plants, after
all, is the basis for life on the earth.
Altogether the sun has proved to be
more of a mystery than we might have
wished. We have come a long way in
understanding it, but we still have a
long way to go. As we strive to under-
stand the present mysteries we are sure
to uncover others. Indeed, it would be a
pity if it were otherwise. The riddles the
sun presents are signposts to new hori-
zons.



We want to be useful
..and even interesting

5” x 5” square of film on which Skylab one day
photographed 12,000 km? centered near Yuma,
Arizona while sailing overhead at an altitude of
435 km, with a ground speed of 7.5 km/sec. Cer-
tain white pinpoints have been marked. At right,
the same Cargo Muchacho Mountains as seen ten
years earlier from spacecraft Gemini V. When
one attempts to enlarge the earlier view this is all
one sees:

A geologist discusses the improved view from Skylab:

“The sharp oval line framing the mountains separates finely
divided silts, clays, and gravels of the alluvial fans and their
drainage patterns from the sands and silts of the desert floor.
Certain clays have sharp reflectance peaks in the near-infra-
red. The finer the clay particles, the higher the peak. The
white pinpoints among the prominent SE-NW-trending faults
in the mountains mark where liquid magma intrusions bear-
ing heavy metals, including gold, have thrust up through the
sedimentary rocks, reacting with them. Then hydrothermal
activity created the clays as reaction products. Erosion ex-
posed these intrusive structures as cross sections. From the
material of those same white dots and others, gold was eroded
into the placer gravels along the Colorado River. In the 18th
century, Spaniards found it and sent back tales of the treasure
that lay waiting. Maybe more is still waiting.”

So says Ira C. Bechtold, president, Bechtold Satellite Tech-
nology Corp., City of Industry, Calif. Associated with him in
the firm is Capt. Walter M. Schirra, Jr., who has had personal
experience on board satellites. On Mercury he was alone, had

one colleague on Gemini VI, and two on Apollo VII. Bech-
told has put in his long years in field boots. Now he finds he
can see more by putting up a nice big color print from space
on his office wall and letting it operate on his perceptions at
odd moments. Currently he is awaiting reactions to his just-
published perception that the ancestral fracture zone of the
San Andreas fault passes east of Yuma into Sonora, Mexico
some 45 km from a splay that has hitherto been considered
the main trace of the famous fault. That particular percep-
tion came from the grand sweep of relatively low-resolution
LANDSAT-1 (ERTS-1) telemetered imagery, a tool quite
different from direct photography.

To do good geology, surgery, or cabinetry it helps to have
a good choice of tools.

The price of all the terrain camera film exposed by Skylab was
less than $3,000. The shot discussed at left was made on KobAk
High Definition AEROCHROME Infrared Film (EsTAR Thin Base)
SO-131. This film stands at the low-speed end of the tradeoff be-
tween speed and resolving power. Its novel feature is a narrowed
spectral sensitivity for the cyan-forming layer, peaking at 800 nm.
Thus the infrared is little diluted by red light. The years have
brought platform steadiness, mechanical advances in film trans-
port and forward-motion compensation, and optical advances that
deliver resolution at f/2.8 over the entire field that once would
have been miraculous at f/6.3. Thanks to those contributions, we
can afford to trade film speed for film acutance.

For information about availability of imagery from orbit of any place on
earth, write EROS Data Center, Sioux Falls, SD 57198 (not Kodak, please).
The picture from which the upper left illustration is taken is identified as
SL4-93—058; the Gemini shot is S65—45747.
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Four metals conduct electricity

efficiently. One of them

iIs aluminum.

The four metal bars seen above were called upon to do the entire job of
sized to conduct the same amounts of transmitting and distributing
electricity. Yet, the gold bar costs electric power.

about $11,000, the silver about Strong, durable, lightweight alumi-
$110, the copper about 90 cents. The nym saves energy in many ways
aluminum bar costs only 30 cents.”
Low cost is one of the best reasons
why most electricity in the United
States is transmitted over alumi-
num cross-country lines. There

are other logical reasons. Aluminum
is a good conductor. It is light-
weight. And it’s abundant.

When you consider the spiraling
costs faced by our electric

utilities, the pressing need to
conserve our energy, and the
dwindling supply of other raw
material resources, you can see
why aluminum may soon be

The reasons for using aluminum
are found in aluminum itself.
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BALCOA

basic to our way of life. When proper-
ly applied over reflective aluminum
foil and your old wood siding, Alcoa®
siding can reduce home heating and
cooling costs. On the highway, alu-
minum makes cars and trucks lighter
and easier to move with less fuel.

In commercial aviation, aluminum con-
tributes to economy of performance
and increased payloads. And alumi-
num can be recycled at five percent
of the energy required to produce

the metal from virgin ore.

If you would like more information

on how aluminum is helping to com-
bat the energy crisis, send for our
free brochures. Write to Aluminum
Company of America, 986-J Alcoa
Building, Pittsburgh, PA 15219.

*Average metal prices first five months, 1975.
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Woman’s Lot

most advanced countries women are

at a disadvantage compared with
men in such areas as job opportunities,
pay and social status. It is less widely
recognized that the burden of disadvan-
tage falls with particular force on wom-
en in the poorer countries, who consti-
tute more than half of the world’s female
population. The point received unusual
emphasis at the recent United Nations
Conference of the International Year of
Women in Mexico City.

A mass of data presented at the con-
ference showed that most of the serious-
ly disadvantaged women live in rural
villages in the poorer countries, where
girls are unwelcome as children, where
infant mortality is higher among females
than among males, where women come
off second best in times of food shortage
or dietary deficiency and where health
care, when it is available, is provided to
men before it is provided to women. Bet-
ter education would alleviate these prob-
lems, but, as a UN report pointed out,
“the few girls who enter the first level of
educationreceive little benefit, either be-
cause formal primary education is very
rudimentary or because they drop out of
school as soon as they are old enough to
assume responsibilities within the fam-
ily or on the farm.” As a result about 500
million of the world’s two billion women
are illiterate; if only adult women are
considered, the proportion of illiteracy
is one in three. Another UN study not-
ed that poor health, malnutrition, heavy
work loads and constant pregnancies
all “result in the physical exhaustion of

It is widely recognized that even in the

SCIENGE AND THE CITIZEN

women and account for their lack of in-
terest, energy and time required to
improve themselves and acquire basic
skills.”

Among the materials prepared as fac-
tual background for the conference is a
report, “Women in World Terms,” as-
sembled by the Center for Integrative
Studies at the State University of New
York at Binghamton. It provides statis-
tics on the disadvantage of women in
work, education, diet and health. Look-
ing to the future, the report concludes:
“For those adult women in the poorer re-
gions of the world, the near future may
be very largely a continuation of the
present; a present certainly bringing
many changes in their condition but not
all of them to the good. Work, hunger,
ignorance and infirmity remain their
daily familiars. Unless more massive
and coordinated efforts are made to bet-
ter the conditions of the deprived part of
humanity, their futures are certainly lim-
ited and severely constrained.”

How Safe?

The safety of light-water nuclear pow-

er reactors, of which about 100 are
now operating around the world, has re-
cently been subjected to a year-long
analysis by a 12-man study group ap-
pointed by the American Physical So-
ciety. The chairman of the group was
H. W. Lewis of the University of Cali-
fornia at Santa Barbara. The group’s re-
port, endorsed by a reviewing committee
consisting of H. A. Bethe, W. K. H. Pa-
nofsky and Victor F. Weisskopf, has now
been published as a supplement to Re-
views of Modern Physics.

The report deals primarily with the
risk of accidents to nuclear power reac-
tors and their consequences. It does not
concern itself with the environmental ef-
fects of reactors, asserting that “if they
operate as designed, [the effects] are
very much less than those of fossil fuel
plants for the generation of power.” The
review committee, in a forwarding let-
ter, observes: “Public opinion has been
polarized in what we consider to be a
largely irrational debate in which oppo-
nents of nuclear reactors demand assur-
ance of absolute safety, while in the past
the defenders have frequently adopted a
purely ‘leave it to the experts’ attitude.
We are convinced that this report could
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do a great deal in raising the level of
this discourse.”

The heart of the problem, according
to the study group, is to recognize that
no system, natural or man-made, can
be “perfectly safe” and therefore to de-
fine what is “safe enough.” The report
observes at the outset: “It is physically
impossible for a light-water reactor to
explode in the same fashion as a nuclear
weapon.” The primary hazard is that
large amounts of radioactive materials,
accumulated in the reactor core, could
be distributed over thousands of square
miles, endangering the lives of millions
of people, in the event of a major reactor
accident such as the rupture of the re-
actor pressure vessel or the melting
down of the reactor core.

The study group concludes that reac-
tor pressure vessels, which are as much
as a foot thick, 12 feet in diameter and
48 feet high, are “one of the strong
points in reactor safety.” The group did
not specifically review the “Rasmussen
report,” a study of reactor safety, still in
draft form, originally sponsored by the
Atomic Energy Commission. Neverthe-
less, the study group’s conclusions are
consistent with the Rasmussen report’s
estimate that the likelihood of a pressure-
vessel failure is of the order of one part
in a few million per vessel year. In other
words, if there were several hundred re-
actor pressure vessels in service through-
out the world in 1990 (a reasonable fore-
cast), the expected failure rate would be
one rupture per 10,000 years.

The more serious possibility, and the
one that receives the lion’s share of the
reactor-safety budget, is a melting of the
reactor core caused by a catastrophic
failure in the main piping, typically three
feet in diameter, that supplies cooling
water to the reactor. This is known as a
loss-of-coolant accident (LOCA), and the
worst type of break is referred to as a
“double-ended guillotine break,” to in-
dicate that the coolant would escape
freely from both ends of the severed
pipe.

In such an accident the nuclear reac-
tion in the core would cease abruptly,
even without the operation of automatic
“scram” (emergency shutdown) proce-
dures, because the reactor would be de-
prived of its moderator: the supply of
light water that acts not only as a cool-
ant but also as the substance that slows
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down neutrons so that they can propa-
gate the chain reaction. When the reac-
tor is running, the hottest fuel pellets
are at a temperature well above 2,000
degrees Fahrenheit. This heat flows out-
ward to the zirconium-alloy jackets that
“clad” the pellets and is removed by the
coolant. In a loss-of-coolant accident the
temperature of the cladding would prob-
ably reach 1,700 degrees F. during the
initial “blowdown,” which might take
as little as 20 seconds in a pressurized-
water reactor (PWR) or as long as a min-
ute in a boiling-water reactor (BWR).

In addition to the heat simply stored
in the fuel, a large but rapidly diminish-
ing amount of heat is generated by the
decay of fission products contained in
the fuel pellets. At the instant of shut-
down, decay heat amounts to about 7
percent of the rated thermal output of
the reactor, or about 230 megawatts in
a plant with a thermal rating of 3,300
megawatts (equivalent to an electric out-
put of 1,000 megawatts). Within 10 sec-
onds the decay heat would drop to 5 per-
cent of thermal output, and then it
would decrease exponentially to 1 per-
cent after 2.25 hours and .5 percent after
24 hours. For purposes of comparison
the stored heat released during the first
minute after the loss of cooling would
probably be at least equal to the decay
heat generated during the same period,
and it might be as much as four times
greater than the decay heat. Moreover,
if the zirconium-alloy cladding reached
2,000 degrees F., energy roughly equal
to the decay heat would be released for
at least a minute through the reaction
of the alloy and steam to form hydrogen
and zirconium dioxide.

Much engineering ingenuity and ef-
fort has been devoted to “emergency
core cooling systems” (ECCS), designed
to fill the core as rapidly as possible with
water from large storage tanks. In the
absence of experimental loss-of-cooling
accidents in an actual reactor, the effec-
tiveness of an ECCS design must de-
pend on computer calculations based
on elaborate but nonetheless simplified
“codes” (programs) or on small-scale ex-
periments. Recognizing the impossibility
of accurately modeling all the physical
variables in three dimensions (which,
says the report, “would instantly exhaust
the potential of the largest computers”),
the code devisers have sought to err on
the side of conservatism in their drastic
simplifications. The report observes that
“though many reactor design experts are
qualitatively satisfied that ECCS per-
formance will be adequate, a quantita-
tive evaluation of the conservatism
of the ECCS performance evaluation
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methods may be nearly unachievable.”
The report recommends an intensified
effort to demonstrate the validity and
conservatism of ECCS codes through
major improvements in loss-of-coolant
experiments in test reactors, possibly
full-scale ones, and in other test facilities.

The report provides its own estimates
of the deaths that might be caused by
a “reference” accident involving the
meltdown of a 1,000-megawatt pressur-
ized reactor with an essentially complete
failure of containment. Such an accident
might spread radioactive isotopes over
an area inhabited by as many as 10 mil-
lion people. The study group arrives at
fatality figures about 10 times higher
than those calculated in the unreleased
Rasmussen report for a disaster of the
same magnitude. According to the study
group, the released radioactive isotopes
would be the cause of between 600 and
1,600 lung-cancer deaths, between 500
and 4,000 thyroid-cancer deaths and
10,000 deaths from other kinds of can-
cer over a 30-to-40-year period. The in-
cremental probability that an exposed in-
dividual will die during his natural life-
time of cancer due to the reactor acci-
dent works out to one chance in 1,000
(.1 percent). This small additional risk
is added to the 20 percent probability
that any given individual will die from
cancer having nothing to do with nu-
clear reactors.

The study group does not dispute the
Rasmussen report’s estimate that a melt-
down with a nearly total release of fission
products has a very low probability:
about 6 X 10-¢ (six chances in a million)
per reactor per year. In a world with
1,000 reactors that works out to a rate
of one major disaster roughly every 160
years. In summary, the report does not
see any cause for alarm about reactor
safety in the short run but does recom-
mend a greatly expanded and improved
safety effort for the future.

Solar Song

When the earth is shaken b}; a large
earthquake, the entire sphere
“rings” like a huge bell (although the vi-
brations are much slower than those of
audible sound). It now seems that the
sun vibrates in the same way. According
to observations made recently by Henry
A. Hill and his colleagues at the Univer-
sity of Arizona, the sun is oscillating at
half a dozen frequencies simultaneously,
with periods ranging from 10 to 48 min-
utes. The amplitude of the oscillations is
less than 10 kilometers.
Hill and his colleagues discovered the
pulsations at the Santa Catalina Labora-
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tory for Experimental Relativity by As-
trometry (scLERA) with apparatus they
had designed to precisely measure the
gravitational deflection of starlight by
the sun and the oblateness of the sun for
testing various theories of relativity. The
apparatus, located on top of Mount Lem-
mon about 35 miles north of Tucson,
Ariz., is a five-inch telescope with a focal
length of 40 feet standing vertically in a
temperature-controlled vacuum cham-
ber in a 50-foot tower. At the focus of the
telescope the image of the sun falls on a
solar detector. As the detector rotates,
two diametrically opposed slits slowly
scan back and forth across the edge of
the sun. A photometer behind each slit
measures the brightness of that portion
of the image of the sun’s edge passing
through the slit. From the brightness
measurements an on-line computer pre-
cisely locates the edge of the solar disk.
The apparatus is much less sensitive
than ordinary solar telescopes to turbu-
lence in the earth’s atmosphere and to
aberrations in the optical components of
the telescope.

The oscillations that Hill and his col-
leagues have observed are believed to
be the result of acoustic waves traveling
back and forth inside the sun. Because
of the high temperatures of the sun’s in-
terior and the low atomic weight of its
constituent matter, the speed of sound
in the sun is some 200 kilometers per
second, much faster than it is within the
earth. The vibrations are possibly gen-
erated by the violent activity that is nor-
mal on the surface of the sun and may be
powered for long periods by the energy
that is constantly diffusing outward from
the solar interior.

Just as the resonant vibrations of the
earth have provided geophysicists with
much information about the interior of
the earth, the resonant vibrations of the
sun should provide astrophysicists with
new information about the nature and
composition of the solar interior. The
vibrations might even yield clues to the
nuclear processes that release energy
within the solar core, and might help to
solve the puzzle of why far fewer neu-
trinos—the massless, chargeless particles
that are the by-product of the nuclear
processes—are observed than are predict-
ed by present-day solar theory.

Supertomb

Heinrich Schliemann’s celebrated ex-

- cavations at Troy added to the
credibility of Homer. Now an accidental
discovery in China has done much the
same for legendary accounts of Ch’in
Shih Huang Ti, China’s first emperor



The Solar System
comes to Washington
for the Bicentennial.

Not only the solar*system, but the
whole visible universe. Displayed in
its full splendor by a Zeiss Planetar-
ium Projector.

This Planetarium is a gift of the
people of West Germany to the Ameri-
can people on the occasion of the Bi-
centennial. It will be inaugurated in
Washington during the celebration
ceremonies on July 4, 1976, and will
remain a major attraction ®f the na-
tion's capital,

This optical giant will be the
twelfth Zeiss Planetarium Projector in
the U.S. Others are in Atlanta, Baton
Rouge, Boston, Boulder, Chapel Hill,
Chicago, Los Angeles, New York,
Philadelphia, Pittsburgh & Rochester.

All astronauts were trained in
celestial navigation in a Zeiss Plane-
tarium before they went into space.
When they got there, they recorded
their experiences through Zeiss lenses
on Hasselblad cameras. Zeiss Micro-
scopes were used to study specimens
they brought back from the Moon.

Microcosm or Macrocosm, Zeiss
remains the Great Name in Optics.

THE GREAT NAME IN OPTICS

WEST GERMANY
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“Escape from the ordinary)

Designed by professional
loafers ... made
better for us amateurs.

You see them on Alpine guides, profes-
sional hunters, men and women who direct
leisure fun at summer resorts. Tyroleans
are worn by professionals whose work is so
much fun, it seems like loafing.

We've taken the good looking, functional
European design, added American comfort
and practicality, and tailored Tyroleans with

double-stitched seams for

) durability. Keeping the
slim look and 4 practical
pockets in front was only

\ natural. (Men’s shorts and
) . slacks also have 2 rear

1 pockets.)

Cut for action, Tyrole-
ans are comfortable when
.~ Yyou move — comfortable
s when you're just relaxing.

They look slim and trim
. '\’ all the time and possess
#' " every feature we can think
of for function and wearability.

Tyroleans are also available in slack
length, shipped unhemmed for easy adjust-
ment to your exact leg measurement. Both
shorts and slacks are made of cool, light-
weight Tundra cloth . . . 50% cotton, 50%
Dacron® polyester. You’ll stay comfortable
through warm weather, yet well protected
in cooler conditions. Easy care too . . . just
wash and wear ‘'em. They rarely need even
touch-up ironing. Color: Tan. Men’s even
waist sizes 28-44. Women's even sizes 8-20.
Slacks: $16.50 ppd. Shorts: $14.00 ppd.
IS EEEEEEEEEEEEEES

Norm Thompsen x>

1805 N.W Thurman
Portland, Or. 97209

Order TOLL FREE anytime 800-547-6712.

(Excluding Oregon, Hawaii, and Alaska)
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[0 Check enclosed. Charge to my:
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O Send FREE ‘‘Escape from the ordinary’’® catalog.

56

(221-210 B.c.). Heir to the throne of the
minor kingdom of Ch’in, in what is now
Shensi province, the emperor assumed
his title after conquering six other minor
kingdoms, thereby forming the nucleus
of China proper.

Legend has it that Huang Ti enlarged
China’s boundaries to include Korea in
the northeast and half of Indochina in
the southwest. He guarded the north
and northwest by building the Great
Wall, a 1,500-mile fortification that
stretched from China’s eastern seacoast
to Kansu. He standardized the written
language, weights, measures and even
the axle length of wheeled vehicles.

Politically Huang Ti did away with
feudal administration of individual fief-
doms and divided the nation into 40
provinces controlled by a bureaucracy
answerable only to himself. To minimize
dissidence among the former nobles he
ordered his mightiest subjects to come
live in the imperial capital, Hsien Yang,
near modern Sian. To ensure rural tran-
quility he redistributed the land so that

| every farmer in China owned the acre-

age he tilled.

The fear of death made Huang Ti
search far and wide for the elixir of life,
which the Taoists believed would con-
fer immortality. At the same time he
prudently began construction of an
enormous tomb near his summer palace
in the Black Horse Hills, an area adja-
cent to certain famous hot springs (mod-
ern Lin Tung). The legendary accounts
say that his vast sepulcher contained a
model celestial sphere and a map of the

| empire, with the Yellow Sea and the

channels of the Huang Ho, the Yangtze
and 100 lesser rivers modeled in mer-
cury. When all was ready, a mountain
of earth was heaped over the sepulcher
and planted with trees until, except for
a secret entrance, the tumulus looked
like another of the Black Horse Hills.

Huang Ti died while he was on an in-
spection tour; his death was kept secret
until his body could be returned to the
capital for burial. Legend says that his
entire harem was buried with him. After
his coffin was placed in its burial cham-
ber at the center of the sepulcher,
molten copper was poured into the
chamber until the emperor was sealed
inside a single enormous ingot. As if this
was not protection enough, the open
spaces around the ingot were guarded
by cocked crossbows.

Three months ago a well digger work-
ing near Lin Tung struck what appears
to be an outlying portion of Huang Ti’s
burial place. The news brought Chinese
government archaeologists to the site;
so far they have uncovered 6,000 men-
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at-arms and scores of horses standing as
if on parade. Neither the men nor the
horses, however, were sacrifices. They
are life-size pottery effigies. Although
sacrifices were common in royal tombs
before Huang Ti’s time, the Confucians
argued against the practice. The new
discovery suggests that the emperor may
have held the same view. If the investi-
gators reach the part of the tomb where
Huang Ti’s harem was supposedly put to
death, they may find that China’s first
emperor, having approved of an effigy
army, was also satisfied with effigy con-
cubines.

Whispering Galleries

he chamber below the dome of St.

Paul’s Cathedral in London is 150
feet across, yet two people sitting oppo-
site each other at the base of the dome
can converse in whispers. The dome, like
several other large rooms with curved
walls, is a “whispering gallery.” The
acoustical properties of such chambers
have inh‘igued numerous investigators,
including Lord Rayleigh, who offered a
fundamental explanation around the
turn of the century. Whispering galleries
have recently been reexamined by Tom
Beer of the University of Ghana, who
has found that the same effect can be
observed on a much larger scale in seis-
mic and atmospheric phenomena.

Lord Rayleigh showed that in circu-
lar whispering galleries, such as the one
in St. Paul’s, the sound is repeatedly re-
flected by the concave surface and there-
fore seems to creep along the wall. Lit-
tle of the sound reaches the interior of
the chamber. Lord Rayleigh later gave a
mathematical description of the sound
intensity as one approaches the wall
fromr the center of the chamber. He dis-
covered that the intensity varies as a
Bessel function, a mathematical con-
struct that can describe certain physical
systems having a cylindrical or spherical
form. In particular he found that the in-
tensity should be greatest within a few
wavelengths of the wall. From Ray-
leigh’s description it follows that the ef-
ficiency of a circular whispering gallery
depends on the radius of the chamber
and the frequency of the sound. High
frequencies, such as the sibilant sounds
of a whisper, are propagated most effi-
ciently.

Beer, writing in Contemporary Phys-
ics, has shown that the entire earth is an
efficient whispering gallery. Earthquakes
generate three kinds of seismic wave:
two travel throughout the body of the
planet, but the third is confined to the
region near the surface. The third kind
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DP Science
Dialogue

Notes and observations from IBM which may prove of interest to the scientific and engineering communities.

At the IBM Systems Product Division in East Fishkill, N.Y., a technician wearing a special sterile suit treats silicon wafers with

a light-sensitive chemical used in the etching of circuits. The circuits were designed with ASTAP. a simulation tool.

ASTAP Helps Circuit Design

Large-scale circuit integration re-
presents a sizable increase in the com-
plexity of chip design. A single chip
ray now contain hundreds of circuits,
which are the equivalent of thousands
of transistors, diodes and resistors. And
as chip complexity increases, so does
the difficulty of the design engineer’s
task.

“A single error in the design of an
integrated monolithic chip can com-
pletely alter the intended function of
an entire network,” notes Michael
Kelly, manager of computer-aided cir-
cuit and device design at the IBM Sys-
tems Product Division in East Fishkill,
N.Y. “The interdependent circuitry in
the present generation of computers —
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such as IBM System/370s — demands
the ability to predict how network per-
formance would be affected by such
factors as varving component toler-
ances, resistance, voltages and temper-
ature.”

That means the ability to handle
the simultaneous solution of thousands
of nonlinear differential equations, each

(Continued on third page)
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In the 3800 printer, the low-power laser beam shown here sweeps across a drum (not shown) coated with photoconductive
material and exposes only the areas to be printed.

Lasers & Electrophotography Revolutionize Printing

Laser technology has proven amaz-
ingly versatile during its first 15 years.
The laser’s unique monochromatic and
coherent light can be made powerful
enough to vaporize holes in steel or
controlled enough to perform delicate
eye surgery. Lasers have been used
successfully in communications, in
semiconductors and in special inter-
ferometers which monitor small dis-
placements in the earth’s crust. This
wide range of applications results di-

been made by the usual mechanical or
“impact” method —striking a ribbon
against paper to create printed char-
acters.

Engineers at the IBM General
Products Division Development Labor-
atory in San Jose, California have
created a printing method that com-
bines a low-power laser and electro-
photographic technology similar to that
used in some copiers. Known as the
IBM 3800 printing subsystem, the new
device can produce

FUSER
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TRANSFER
STATION

FORM
STACKER
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e m e
\ MODULATOR

MIRROR

up to 13,360 lines
of material a min-
ute, nearly six times
faster than any IBM
printer now in use.

“We chose the
low-power laser be-
cause we needed a
very high-intensity
light source that
could be deflected
very quickly and
precisely,” says
Gerald Findley,
senior engineer.
“Other light trans-
ducers such as the
fibre optics used in

CLEANER

DRUM

This schematic indicates the steps by which data is
reproduced in the IBM 3800 non-impact printer. A laser,
located at the bottom of the printer, provides the
light that exposes images.

cathode ray tubes
or the light-emit-
ting diodes used in
hand calculators

rectly from the enormous variability of
the laser itself. It can be pulsed or con-
tinuous, low or high powered and may
vary in wavelength from the far infra-
red range to the vacuum ultraviolet.

Today, the laser is also an important
component in a new field — computer
printing. Until now, printouts have

were not as respon-

sive or as economical for our needs.”
The printing process begins after
data is transferred from an IBM virtual
storage System/370 into a page buffer
where the individual characters are
“translated” into a graphic code. This
code is an “address” in character gen-
eration storage where graphic char-
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acters have been previously stored as
individual grid patterns of 18 bits
across and 24 bits down. The coded
characters are temporarily stored until
a full page of data is ready. Then the
codes are used to select a graphic char-
acter, which is changed bit-by-bit and
line-by-line, into a series of dots on the
grid matrix.

The dot pattern is transferred to a
beam modulator, which acts as a kind
of light switch for the laser by allowing
it to shine on the surface of a rotating
drum at exactly the right intervals to
duplicate the dot patterns on the grids.

“The laser beam can be on or off
for a total of 18 times across for each
character,” explains Chris Coolures,
program manager for the 3800. “If it
were on for all of them, as it might be
to form the top of a capital ‘T, the
effect would be a solid exposed line on
the drum.”

The laser beam is directed hori-
zontally across the drum by a series of
rotating multi-faceted mirrors. It
sweeps the drum’s photoconductive
surface 144 times per vertical inch to
transform the dot pattern into character
images, exposing a full line of char-
acters at the same time.

A mirror image of a complex page
is fixed on the drum by applying a dry
toner. Because of its electrostatic prop-
erties, the toner is attracted to the
voltage differential of the exposed areas
created by the laser. Finally, the toned
image on the drum is transferred to the
paper. A fusing process fixes the print
permanently on the paper.

“The entire process,” says Coolures,
“is carried out automatically by a con-
trol program which activates all the
printing stages.”



Advertisement

Dating Slides of Pre-Columbian Art by Computer

When art historian Luraine Tansey
received a bequest of slides depicting
Pre-Columbian art a few years ago, she
knew she had a difficult classification
problem to solve.

“We were given documentation on
the exact sites at which the original
objects were found along the southern
coast of Mexico. But we had no idea
how to date them,” explains Mrs. Tan-
sey. “The job was enormous because
the Pre-Columbian period refers to the
time before the mid-15th and 16th
Century Spanish conquest of the
Americas. We needed some established
guidelines to arrange the material
chronologically and stylistically.”

Mrs. Tansey and several of her stu-
dents at San Jose City College in Cali-
fornia have recently developed four
computer data bases which contain in-
formation on other Pre-Columbian
slides already in the college’s collection.
These are arranged by author, chron-
ology, site and period. The data is
coded on punched cards and entered
into a System/370 Model 135.

“From various printouts, we can

locate the slides closest in characteristic
to any new slide we want to date,”
notes Mrs. Tansey. “Furthermore, we
can establish more logical dating from
a wide range of scholarship in an area
and determine what discrepancies exist
among authors. New information can
be added at any time.”

In addition to her work
in dating Pre-Columbian
art, Mrs. Tansey is one of
the first scholars to apply
classification of slides by
computer on an inter-
disciplinary level
spanning such fields
as architecture, geo-
logy, archeology,
medicine and botany.
She has lectured on
the subject at univer-
sities and symposia
around the world.

“Computer-based
cross-indexing of
slides is the most
efficient and eco-
nomical means

for museums and libraries to share their
knowledge and reduce the need to
duplicate expensive cataloging efforts,”
: says Mrs. Tansey. “Even-
tually, I believe, many
museums and libraries
will use terminals
linked to a central
data base for this type
of research.”

This Mixtec
pottery vessel,
with a painted
figure believed
to represent
the god of games
and feasting, was
found in Oaxaca, a
state of southern
Mevico. It is an
example of Pre-
Columbian art from
the Post Classic pe-
riod between 900
and 1500 A.D.

ASTAP Helps...

(Continued from first page)

of which describes a different aspect of
a circuit. Kelly’s group is able to do the
job with the help of a computer pro-
gram called ASTAP for Advanced
Statistical Analysis Program. ASTAP
was originally developed by IBM and

A memory chip with its circuits already
etched on is compared to grains of
salt indicating the extent of

miniaturization.

isnow also being used by several other
organizations.

ASTAP is used to perform AC, DC,
and transient analysis for both linear
and nonlinear circuits. It also helps sim-
ulate other physical systems that can
be represented by network modeling.
Examples include heat or fluid flow
analysis, mechanical vibrations and re-
search in biology.

“We are working in an environment
in which it is often necessary to run
several kinds of analysis on the same
circuit. By using ASTAP as the com-
mon input language for AC and tran-
sient tests, for example, we can save
considerable time,” notes Kelly.

ASTAP imposes no restrictions on
the number of types of nonlinearities
in the circuits being analyzed. There
are also no limitations on the size of
networks, apart from those imposed by
the host computer. And ASTAP exe-
cutes its calculations much more
quickly than previous IBM circuit an-
alysis programs.

Monte Carlo Analysis

An important application of ASTAP
involves a statistical technique called
Monte Carlo transient analysis. In this
method, IBM engineers can predict a
system’s output for a range of inputs.
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“We may be trying to assign a certain
tolerance to a resistor,” explains John
Parisi, manager of the circuits applica-
tions group. “With ASTAP, we can
simulate conditions to see whether a
5% or 10% tolerance is necessary to
handle network loading.”

‘Worst case’ Simulation

The testing of circuit families be-
fore release from development to man-
ufacturing is another significant ASTAP
application. “Our organization is con-
cerned with simulating the ‘worst case’
or most extreme conditions under
which a circuit may be expected to
operate,” points out Bernie Clark, man-
ager of technology functional assur-
ance in Poughkeepsie. “We use ASTAP
to define circuit and transmission line
test vehicles. This guarantees that once
we commit an expensive design to
hardware, the design will be a stress
test of the limits of the technology.”

Besides the obvious benefit of
handling our most complex nonlinear
circuits,” adds Kelly, “ASTAP provides
a common tool which insures that all
circuit components have been devel-
oped using the same design criteria. It
has helped us build more efficient and
larger networks, while requiring many
fewer man hours in the process.”
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Information Specialist Kay Durkin and H. Edward Kennedy,

e

Acting Executive Director of BIOSIS, discuss terminology to be used
for an online search strategy using STAIRS.

STAIRS Steps Up

Information Retrieval

Thousands of academic and trade
journals are published in the life sci-
ences each year. Hundreds of thou-
sands of papers are presented by scien-
tists and doctors at symposia all over
the world. Given that volume of new
information, locating facts to solve a
specific problem in biology could be a
staggering task. Manual library searches
would take weeks.

A non-profit organization in Phila-

Using an IBM 3270 Information
Display System, Kay Durkin formu-
lates a STAIRS search strategy.

delphia known as BioScience Informa-
tion Service of Biological Abstracts
(BIOSIS) has been able to simplify the
search task with the help of an IBM
computer. Founded in 1926, BIOSIS
is now one of the largest abstracting
and indexing services for the biological
and bio-medical sciences in the world.

Its major product, Biological Ab-
stracts, is a semi-monthly publication
which summarizes research studies
originally printed in over 8,000 pri-
mary journals. Subscribers include uni-
versity and institutional libraries, in-
dustrial clients and research centers in
over 120 countries.

To answer specific questions posed
by research scientists, BIOSIS offers a
customized computer search of its data
base. All information for the current
vear is entered into an IBM System /370
Model 145 running under OS/VS1 with
CICS. Using an IBM Program Product
called STAIRS/VS (Storage and Infor-
mation Retrieval System), one of
BIOSIS’s nine information specialists
can formulate a simple retrieval within
minutes.

A Typical Search

To conduct a typical search—such
as the effects of thermal pollution on
micro-organisms—the information spe-
cialist first selects one of six simple
commands built into STAIRS. By typ-
ing in the command along with words
representing the original question into
an IBM 3270 terminal, the specialist
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will be able to see immediately if his
strategy has resulted in a bibliography
of relevant items.

If the strategist feels the first re-
trieval effort is too general, he may
refine the strategy to yield more spe-
cific references. One example would be
to ask for the phrase “thermal pollu-
tion” in contrast to the words “thermal”
and “pollution.”

Other commands enable inquiries
to be “ranked” so that cited documents
will be listed in order of relevance,
“selected” on the basis of certain quan-
tifiable relationships (greater than, less
than, equal to) or “saved”—in which
both the strategy sequence and de-
scriptive words are stored for future
retrievals.

Once the specialist completes the
strategy for the current year, it can be
used for past years as well. The result
of this search is a bibliography of ref-
erences printed by the computer for
use by the client.

Instant Strategies
“STAIRS has given us the ability

to formulate search strategies in-
stantly,” says Kay Durkin, Planning
Officer in information retrieval. “It
helps us to use an open-ended vocabu-
lary so that we don't have to check long
lists of established key words. As a re-
sult, we can determine the parameters
of our searches much more precisely.”

“We can teach our staff the rudi-
ments of STAIRS in a few hours,” adds
Data Processing Manager John
Thomas. “It is an extremely well-writ-
ten, general-purpose program, adapta-
ble to any organization which needs to
retrieve information quickly.”

Dr. H. Edward Kennedy, acting
director of BIOSIS, comments on fu-
ture trends in information processing:
“We feel that many printed publica-
tions will someday be replaced by new
forms of technology like microfiche and
magnetic tape. Some libraries have al-
ready started to automate, and services
like ours will become increasingly de-
pendent on computer-based retrieval
systems.”

DP Science Dialogue is con-
cerned with topics which may
prove of interest to the scientific
and engineering communities.
Your comments and suggestions
are welcome. Just write: Editor,
DP Science Dialogue, IBM Data
Processing Division, 1133 West-
chester Ave., White Plains, N.Y.

10604.
IBM ®

Data Processing Division




of wave is called a Rayleigh wave, al-
though not for his investigations of whis-
pering galleries. The Rayleigh wave is You can tellalot about an individual by what he pours into his gl
strong only if the focus of the earth- / =)
quake is near the surface, but at large
distances from the earthquake it is often
the most powerful wave detected. The
behavior of the waves is explained if
the earth is considered to act as a whis-
pering gallery.

For radio waves of the appropriate
frequency (below about 30 megahertz)
the ionosphere can also serve as a whis-
pering gallery. In addition it is possible
to make light creep around a concave
surface; because the wavelengths of
light are so small, however, an optical
whispering gallery must be made with
almost perfect reflectors.

Transparent Skin

Premature or newborn infants receiv-

ing oxygen therapy because of res-
piratory problems must be monitored
carefully. If they receive too high a con-
centration of oxygen, there is the danger
that a fibrous tissue will form behind
the lenses of the eyes, leading in severe
cases to blindness. The conventional
method of monitoring the oxygen level
in the blood of an infant requires the re-
peated withdrawal of blood samples
from an artery. A new technique, devel-
oped in Europe, now makes it possible
for the physician to continuously mea-
sure the concentration of oxygen in the
blood through intact skin.

Normally the amount of oxygen that
diffuses through the skin is very low.
When the skin is warmed, however, ox-
ygen carried by the blood in the arterial
capillaries under the warm area is re-
leased and diffuses to the surface of the
skin. To measure the oxygen concentra-
tion, a drop of water is placed on the
skin and a special electrode containing
a heating device is put directly over it.
The electrode heats the skin to 43 de-
grees Celsius (109.4 degrees Fahren-
heit). It takes about 10 minutes for the
readings from the electrode to stabilize.
The only clinical problem reported is a
reddening of the skin, which usually dis-
appears within a few hours.

In a recent issue of Pediatrics Leonard
Indyk of the Columbia University Col-
lege of Physicians and Surgeons points
out that the new method of measuring
oxygen in the blood through the skin
has clinical applications not only with
premature and newborn infants but also
with the fetus and the mother during
labor. Other applications are to be found Bughmill&
in surgery, in intensive-care units and in The worlds oldest whiskey.

e . ; Indviduals have poured this
experiments in human physiology. smooth mellow whiskey since 16¢
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MERCURY

The remarkable pictures made by the spacecraft Mariner 10

have revealed a planetary paradox: Although Mercury is like

the earth on the inside, 1t 1s like the moon on the outside

here is a story that as Copernicus
| lay on his deathbed he lamented
never having seen the planet Mer-
cury. The story seems implausible be-
cause in northern Europe the planet is
occasionally visible at twilight. Even if
Copernicus could have viewed Mercury
through a modern telescope, however,
he would have been presented with a
singularly unrewarding image. Only a
few vague markings can be discerned
through a telescope. They are so faint
that optical astronomers were long mis-
led into assigning the planet an incorrect
rate of rotation.

Last year, 501 years after the founder
of modern astronomy was born, the
spacecraft Mariner 10 passed within a
few hundred kilometers of Mercury, pro-
viding both a 5,000-fold increase in pho-
tographic resolution of the planet’s sur-
face features and entirely new measure-
ments of phenomena in the planet’s
immediate environment. Suddenly Mer-
cury was plucked from obscurity and
placed in an observational status com-
parable to that of the moon before the
modern age of space exploration. Fur-
thermore, Mariner 10 is in an orbit that
carries it back to the vicinity of Mercury
every 176 days. As a result the space-
craft transmitted a second set of close-

by Bruce C. Murray

up photographs on September 21, 1974,
176 days after its first encounter with
the planet, and an extremely valuable
third set of observations, including a
limited set of high-resolution pictures,
on March 16 of this year, shortly before
it exhausted its supply of gas for stabiliz-
ing its attitude in space.

Before Mariner 10’s highly successful
voyage it was recognized that Mercury
is covered with at least a thin layer of
finely divided dark silicate material very
similar to that on the moon. Allowing
for the difference in distance from the
sun, Mercury closely mimics the moon
in the way it reflects sunlight and radar
pulses and in its emission of infrared
radiation and radio waves. Yet it has
been known on the basis of Mercury’s
size and mass that the planet is much
denser than the moon or Mars and only
slightly less dense than the earth. The
earth’s bulk density is greater than the
laboratory density of its constituent ma-
terials, since much of the earth’s sub-
stance is under high pressure in its interi-
or. Hence the high bulk density of the
much less massive Mercury implies that
Mercury contains an even greater abun-
dance than the earth of heavy elements,
particularly iron.

Even the two most elementary facts

CRATERED SURFACE OF MERCURY was photographed for the first time late in March
of last year by cameras aboard Mariner 10. This high-resolution picture shows a typical
heavily cratered region, strongly resembling the surface of the moon, on the equator of the
planet. The pictures returned by Mariner 10 made it possible to relate a previously agreed-
on longitude system for Mercury to a specific topographical feature for the purposes of de-
tailed mapping. In 1970 the International Astronomical Union had defined the origin of
planetographic longitudes as the meridian crossing the subsolar point of the first perihelion
passage of 1950. It has now been agreed that the 20-degree meridian of Mercury passes
through the center of a particular small crater immediately adjacent to the large crater near
the center of this picture. The small crater, which is 1.5 kilometers in diameter and lies .58
degree south of the equator, is at the foot of the outer rim of the large crater at a position
equivalent to eight o’clock on a clock dial. It has been named Hun Kal, which stands for
20 in the language of the Maya, who used a base-20 number system. The photograph is re-
produced with north at right in order to include as much of Mariner 10 frame as possible.
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about Mercury inferred from ground-
based observations—the nature of its sur-
face materials and its density—raised dif-
ficult questions. Could Mercury be com-
posed of a homogeneous mixture of iron
and silicate materials, as is the case with
certain kinds of meteorites? Alternative-
ly, could Mercury have a large earthlike
iron core enclosed by a relatively thin sil-
icate mantle and crust? If Mercury is
chemically differentiated as the earth is,
and the evidence now points in that di-
rection, the diameter of its iron core is
fully three-fourths the diameter of the
planet, or the size of the moon!

Since Mercury is the innermost planet
in the solar system, never more than 28
angular degrees from the sun in the sky,
it is notoriously difficult to study by con-
ventional astronomical techniques. We
now appreciate how seriously these tech-
niques can be compromised by con-
tamination with sunlight. (Mars, in com-
parison, presents its largest image in the
middle of the night, when the earth lies
directly between it and the sun.) As re-
cently as 1962 a leading expert in the
visual and photographic observation of
the planets wrote in what was then the
most authoritative book on planetary
astronomy that Mercury rotates at a rate
such that one hemisphere constantly
faces the sun, as one hemisphere of the
moon constantly faces the earth. This
synchronous rotation meant that Mer-
cury supposedly turned on its axis once
every 88 days, in step with the period of
its revolution around the sun. Indeed,
the planet was said to be synchronous
with the sun to within one part in 10,-
000. In the same period spectroscopists
working at two different wavelengths
concluded that Mercury has a thin at-
mosphere. That conclusion received in-
dependent support from purported var-
iations across the disk of the planet in
the degree to which reflected sunlight
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was plane-polarized. We now know that
Mercury has no atmosphere whatever,
and has not had one for billions of years.
And the planet does not revolve syn-
chronously around the sun.

On the other hand, imaginative artists
had commonly depicted the surface of
Mercury as resembling the surface of the
moon, and their intuition has proved to
be correct. The Mariner 10 photographs
reveal that Mercury’s surface is remark-
ably similar to the moon’s, not only in its
features but also in the sequence of
events that was required to produce
them. Mercury thus presents something
of a planetary paradox: it is like the
moon on the outside, yet like the earth

on the inside, even to exhibiting an
earthlike magnetic field.

n 1962, after centuries of unsatisfac-

tory observations at visible wave-
lengths, radio waves from Mercury were
detected. Radio astronomers from the
University of Michigan observed the
planet near elongation, when half of its
disk, as it is seen from the earth, is
in sunlight and half is in shadow. If
Mercury were in synchronous rotation
around the sun, the dark side would nev-
er receive any direct radiation from the
sun and would be perpetually cold.
Hence the thermal emission (including
radio waves) from the dark side should

be extremely low, well below the limit
of detection. The Michigan workers
were surprised to discover a substantial
total radio flux evidently arising from
both the dark and the sunlit halves of
the planet, corresponding to an overall
average near-surface temperature of
350 to 400 degrees Kelvin (170 to 260
degrees Fahrenheit). Such an average
apparent temperature is exactly what
any moonlike object would exhibit at
the orbit of Mercury if it were rotating
on its axis more rapidly than the once-
a-revolution synchronous rate. Astrono-
mers were so committed to the idea of
synchronous rotation, however, that it
was generally presumed that the anom-

TWO HEMISPHERES OF MERCURY, each approximately half

in shadow, were photographed during Mariner 10’s first encounter
with the planet in March of last year. The mosaic of high-resolution
pictures at the left shows the “incoming” hemisphere: the hemi-
sphere visible as the spacecraft approached the planet, before
sweeping behind its dark side. The evening terminator, the shadow
line at the right, lies near 10 degrees west longitude. Since Mariner
10 approached Mercury from below the plane of its orbit, the center
of the disk in the view at the left is about 20 degrees south of the
equator. The area within the upper rectangle, which encloses the
bright-rayed Kuiper Crater, is shown enlarged in the illustrations
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on the opposite page. The area within the lower rectangle appears
enlarged on page 62. The mosaic at the right shows the “outgoing”
hemisphere of Mercury, the hemisphere visible as Mariner 10
“looked back” after passing behind the dark side of the planet. The
spacecraft is now viewing Mercury from a point about 20 degrees
north of the equator. The morning terminator, the shadow line at
the left, lies near 190 degrees west longitude. The large impact
structure named the Caloris Basin, comparable to the Imbrium Ba-
sin on the moon, is half-visible on the terminator just north of the
center of the disk. The region inside the rectangle is shown on
pages 64 and 65 in a sequence of pictures of increasing resolution.
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alous thermal emission from the dark
half must indicate the presence of an
atmosphere capable of transporting heat
from the day side to the night side.

In 1965 Rolf B. Dyce and Gordon H.
Pettengill carefully measured the differ-
ences in frequency among returning ra-
dar pulses beamed at the edges of Mer-
cury from the Arecibo Observatory.
They concluded that the planet did not
rotate synchronously around the sun but
instead had a rotation period of 59 = 5
days in the direct sense (in the same
sense as the earth’s rotation). They did
not, however, mention in the scientific
publication of their results that this
finding would explain the “anomalous”
heat emission from the dark side of the
planet. Even a year later a comprehen-
sive review article was devoted to the
putative atmosphere of Mercury and its
presumed role in the transport of heat.

Why a 59-day rotation period? Giu-
seppe Colombo, an Italian dynamicist
with a long interest in Mercury, quickly
recognized that a period of 59 days stood
in relation to the 88-day period of the
Mercurian year about in the ratio 2 : 3.
Colombo conjectured that Mercury’s ro-
tation period is, in fact, precisely 58.65
days, which means that the planet would
rotate exactly three times while circling
the sun twice, thereby exhibiting the
phenomenon of spin-orbit coupling. The
conjecture has been fully confirmed not
only by further radar observations but
also by the photographs from Mariner
10.

It is extremely improbable that Mer-
cury exhibits spin-orbit coupling simply
by coincidence. It is more likely that
tidal interaction with the sun has re-
moved angular momentum and slowed
the planet sufficiently from a higher orig-
inal rate of spin to trap it into the present
resonant period. Such a theory was
quickly developed by Peter Goldreich
and Stanton J. Peale and by Colombo
and Irwin I. Shapiro.

The success of the Mariner 10 mission
depended on a three-body interaction
calling for an assist from Venus. The
spacecraft initially followed a course
that took it close to the intervening plan-
et, where its trajectory was perturbed
toward the orbit of Mercury. In this way
an entirely different orbit around the sun
was achieved, an orbit otherwise quite
unobtainable with a launch vehicle of
the Mariner class. The new orbit carried
Mariner 10, nearly at perihelion (the
point closest to the sun), to an encounter
with Mercury when the planet, traveling
in its own eccentric orbit, was nearly at
aphelion (the point farthest from the
sun). An initially unforeseen property of

KUIPER CRATER, named for the late Gerard P. Kuiper, who helped to plan the Mariner
10 photography of Mercury, is shown in the general view (top) taken during the first en-
counter. The white rectangles identify the location of two high-resolution frames (bottom)
taken during Mariner 10’s third encounter with the planet on March 16 of this year. Kuiper
Crater, roughly 40 kilometers in diameter, reflects sunlight more strongly than any other
feature observed on Mercury. The picture at the top has been computer-enhanced to bring
out small-scale features while suppressing most of the variations in reflectivity. The two
high-resolution frames show streams of secondary craters produced by material ejected by
the impact that created Kuiper Crater. Resolution in these two frames is about 250 meters.
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PECULIAR TERRAIN lies southeast of Kuiper Crater and antip-
odal to the Caloris Basin. The area shown in the picture at the left
lies within the lower rectangle in the mosaic at the left on page 60.
One hypothesis is that the hilly and lineated terrain shown here
was created by the seismic effects of the great impact that created
the Caloris Basin on the opposite side of the planet. The large cra-

ter near the center of the picture, with two small craters in its floor,
is about 170 kilometers in diameter. The area within the white rec-
tangle is shown in the high-resolution picture at the right, which
was taken during Mariner 10’s third encounter with the planet.
The picture resolves surface features as small as 450 meters. The
half-visible large crater is approximately 55 kilometers in diameter.

this exquisite celestial billiard shot is
that Mariner 10’s new orbit has a period
exactly twice that of Mercury’s. As a re-
sult Mariner 10 will continue to return
every two Mercurian years to pass Mer-
cury at exactly the same heliocentric
longitude. Since Mercury itself spins pre-
cisely three times on its own axis in two
Mercurian years, the spatial orientation
and surface illumination of the planet at
each encounter with Mariner 10 will be
exactly the same [see top illustration on
page 66]. Thus Mercury, the sun and the
spacecraft are dynamically in a state of
triple resonance.

Mercury has the harshest surface en-

vironment of any planet in the so-
lar system. When Mercury is at perihe-
lion, it receives 10 times as much solar
energy per unit of surface area as the
moon. Noontime temperatures at the
equator of Mercury soar to 700 degrees
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K, and in the dark hemisphere the sur-
face cools radiatively to less than 100
degrees. Furthermore, “noontime” lasts
a long time at Mercury’s perihelion be-
cause of the coupling of the planet’s ro-
tation with the period of its eccentric
orbit. An observer on Mercury at peri-
helion would see the sun slow to a com-
plete halt in its motion across the sky
and then move slightly in a retrograde
direction (westward through the con-
stellations) for eight days [see bottom
illustration on page 66]. The reason is
that the orbital angular velocity exceeds
the spin angular velocity near perihelion.
Moreover, the areas subjected to the
longer period of solar radiation at peri-
helion are always near the same longi-
tudes: 0 degrees and 180 degrees. The
longitudes 90 degrees and 270 degrees
receive their maximum solar irradiation
at aphelion. As a result the 0-degree and
180-degree meridians receive two and
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a half times more solar radiation overall
than the meridians 90 degrees away
from them. Hence even though Mer-
cury’s spin axis is probably perpendicu-
lar to the plane of the planet’s orbit, so
that there would be no seasonal varia-
tions with latitude as there are on the
earth and on Mars, the spin-orbit cou-
pling of Mercury gives rise to a seasonal
variation in temperature with longitude.

Another interesting property of Mer-
cury is that in its equatorial regions
the subsurface temperatures are always
above the freezing point of water and
in the polar regions the subsurface tem-
peratures are well below freezing. In
contrast, liquid water of internal origin
cannot reach the surface of the moon or
Mars (except through volcanic activity)
because the subsurface temperatures are
everywhere below freezing for a depth
of many kilometers. In view of the large
longitudinal variation in the influx of



solar radiation and the potential for a
latitudinal variation in chemical weath-
ering conceivably associated with the oc-
casional release of subsurface water, one
might expect to perceive some charac-
teristic effects on the surface at appro-
priate geographic locations on the plan-
et. Actually we have been surprised to
find no such effects either in radar maps
made from the earth or in the photo-
graphs sent back by Mariner 10.

The illuminated surface observed by

Mariner 10 as it first approached
Mercury is dominated by craters and ba-
sins, creating a landscape that could
easily be mistaken for parts of the moon.
There are, however, significant differ-
ences. The heavily cratered regions of
Mercury exhibit conspicuous plains, or
relatively smooth areas, between the
craters and the basins, whereas the high-
lands of the moon generally show dense-
ly packed and overlapping craters. The
intercrater plains appear in many cases
to predate the formation of most of Mer-
cury’s large impact craters. The surface
of Mercury is also unlike the surface of
the moon in that it is not saturated with
large craters having diameters between
20 and 50 kilometers.

One factor contributing to the differ-
ence in surface appearance between
Mercury and the moon has been sug-
gested by Donald E. Gault of the Na-
tional Aeronautics and Space Admin-
istration. He points out that since on the
surface of Mercury the force of gravity
is twice that on the moon, material eject-
ed from a primary impact crater on Mer-
cury will cover an area only a sixth as
large as the area covered on the moon
for an impact crater of the same size.
On Mercury secondary impact craters
are much more closely clustered around
primary craters than they are on the
moon. As a result the topographic rec-
ord of early events may be better pre-
served on Mercury than it is on the
moon, where ejecta from the most re-
cent impact basins has blanketed much
of the earlier surface.

Another important difference between
the heavily cratered regions of Mercury
and those of the moon is the ubiquitous
presence on Mercury of shallowly scal-
loped cliffs running for hundreds of
kilometers. The structure of these fea-
tures, termed lobate scarps, suggests
they resulted from an early period of
crustal shortening on a global scale. Such
features are not conspicuous on the
moon or on Mars. On the contrary, on
those two lower-density bodies one sees
tectonic evidence of crustal stretching.
Robert G. Strom of the University of

VIEWS TAKEN 176 DAYS APART by Mariner 10 on its first encounter (top) and on its
second encounter (bottom) show that the angle of solar illumination in each case is virtual-
ly identical, thereby supporting earlier evidence that Mercury rotates on its axis exactly
three times while going around the sun twice. The planet’s orbital period is 88 days and its
rotation period is 58.65 days. Bottom picture shows a smaller area and is more distorted
than top picture because it was taken closer to the planet and at a more oblique angle.
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Arizona and others have speculated that
the lobate scarps of Mercury are the re-
sult of a long period of crustal shorten-
ing produced by the slow cooling and
contraction of Mercury’s large iron core.
In any case the very existence of large,
well-preserved craters on Mercury,
which are probably three or four bil-
lion years old, is evidence that there has
been no planetwide melting or earthlike
migration of crustal plates since that
time. Furthermore, the evident lack of
surface erosion rules out any tangible
atmosphere for Mercury as far back as
the time when the craters were made. In
contrast the surface of Mars illustrates
clearly how even a tenuous atmosphere
quickly blankets and modifies the ap-
pearance of large craters, notably re-
moving the initially conspicuous bright
“rays” of ejecta that radiate from them.

hile the television cameras of Mari-
ner 10 were revealing the ancient
cratered terrain of Mercury, the mag-
netometer, the plasma probe and the

CRINKLED FLOOR OF THE CALORIS BASIN is shown with in-
creasing resolution in the sequence of five pictures across these two
pages. The first picture is a mosaic of views taken during Mariner
10’s first encounter with Mercury, looking back from a distance

b4

charged-particle detector aboard the
spacecraft were recording an interaction
with the “wind” of charged particles
from the sun that was much stronger
than had been anticipated. The track of
Mariner 10 had been calculated so that
the spacecraft would pass the dark side
of the planet on its initial encounter; in
that way the instruments would be able
to investigate the wake left by Mer-
cury in the solar wind [see bottom illus-
tration on page 67]. A close passage in
the wake of a planet provides the least
ambiguous observational path for a fly-
by, particularly to test for the pres-
ence of anything resembling an earthlike
magnetic field.

On the first flyby, when Mariner 10
passed about 700 kilometers above the
surface of Mercury, the appropriate in-
struments detected a weak magnetic
field and a generally earthlike interac-
tion with the solar wind. In order to get
more definitive observations the space-
craft was targeted to make its third pass
still closer to the surface (327 kilometers)
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on a track that carried it closer to the
north pole. The third flyby confirmed the
strength and orientation of the magnetic
field that had been predicted by Norman
F. Ness of NASA on the basis of the first
flyby. Mercury evidently has a dipole
magnetic field approximately aligned
with the planet’s spin axis. The strength
of the field ranges from 350 to 700
gammas at the surface, or about 1 per-
cent of the strength of the earth’s surface
magnetic field. Mercury’s field is far
stronger than the field found at either
Venus or Mars, and a planetwide in-
ternal mechanism seems to be required
for its generation. In addition Mercury is
surrounded by a very thin envelope of
helium gas, suggesting that the planet’s
magnetic field entraps helium nuclei
from the solar wind and possibly from
surface emanations as well.

The existence of a seemingly earthlike
magnetic field on Mercury certainly pro-
vides independent evidence for a chemi-
cally differentiated planet with an iron
core. Pictures acquired on the second

of about 75,000 kilometers. The second and third pictures were tak-
en earlier in the same pass, when the spacecraft was closer to the
planet. The fourth and fifth pictures were taken 352 days later,
when the spacecraft made its third close approach to Mercury after



flyby, last September, showed that the
lobate scarps seen in the first series of
pictures continue across the south-polar
region. Pictures from the first and sec-
ond passes also show that small, steep-
walled craters near the two poles have
areas that are permanently shaded from
the sun and thus constitute enduring
“cold traps” for whatever volatile sub-
stances may have been released inter-
mittently over Mercury’s history. Those
sites might be an exciting objective for
close inspection in the 21st century.

The “outgoing” hemisphere of the
planet photographed by Mariner 10 as
it “looked back” after its close approach
exhibits a configuration of surface fea-
tures totally different from those pre-
sented by the “incoming” hemisphere
[see illustration on page 60]. The outgo-
ing hemisphere shows large areas of rel-
atively smooth plains that are clearly
younger than most of the heavily cra-
tered terrain visible in the incoming
hemisphere. In addition there is a 1,400-
kilometer basin left from a gigantic im-

completing two trips around the sun on its own 176-day orbit. The
fractures that are visible in the floor of the Caloris Basin vary in
width from about eight kilometers down to about 450 meters, the
limit of photographic resolution. The largest crater in the fifth

pact comparable to the one that gave
rise to the Imbrium Basin on the moon.
This prominent Mercurian feature,
named the Caloris Basin because of its
equatorial location near the “hot” 180-
degree longitude of Mercury, is, like the
Imbrium Basin, entirely filled with
smooth plains material.

Other plains, less cratered and de-
formed, extend eastward and northward
for thousands of kilometers. The Mariner
10 television team has concluded that
the temporal sequence of these plains,
their variation in reflectivity and color,
their size relations and their geographic
association all point to a widespread epi-
sode of volcanism that followed the end
of the period of heavy bombardment.
The resolution provided by the pictures
does not, however, reveal the surface
morphology clearly enough to unambig-
uously identify the origin of the plains.

The situation is reminiscent of the de-
bate about the origin of the smooth
plains on the moon before the Apollo
missions. It appears that some of the lu-

© 1975 SCIENTIFIC AMERICAN, INC

nar plains were created by gigantic im-
pacts rather than by volcanism. Hence
the possibility remains that the material
covering the Mercurian plains consists
of massive sheets of ejecta from huge
impacts, conceivably located on the
hemisphere of Mercury that was in
shadow during the three Mariner 10 en-
counters, Whatever the origin of the
plains, the fact that they have not been
crumpled by internal activity and have
not been modified by atmospheric ero-
sion or deposition testifies to the remark-
able quiescence of Mercury since the
plains were made. Indeed, the overall
similarity in the sequence of events that
shaped the surface of Mercury and the
moon is extraordinary and, to me, sur-
prising, considering how very different
the internal constitution of the two bod-
ies must be.

A preliminary surface history of Mer-

cury can be divided into five major
sequences of events, each generally sim-
ilar to those that shaped the moon. First,

picture, which was taken at a distance of 20,000 kilometers above
the surface of the planet, is about 12.5 kilometers in diameter. Each
of the two young craters in the prominent cluster of three craters
that is seen in the other pictures is about 35 kilometers in diameter.
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PHENOMENON OF SPIN-ORBIT COUPLING is what has locked Mercury’s rotation peri-
od and orbital period in the ratio of two to three. In this diagram of Mercury’s orbit the
fixed arrow points toward one of the planet’s two hot subsolar points, that is, the points on
the equator that lie directly under the sun at alternate perihelions. The numbers give the
sequential position of the planet in its orbit during two of its revolutions around the sun.
Mariner 10’s encounters with Mercury take place at the point that is marked with an X.
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SUN AS SEEN FROM MERCURY appears to execute a loop at perihelion. Apparent posi-
tion of the sun in relation to subsolar longitudes on the planet is marked off in 11-day inter-
vals for two Mercurian years. Pattern of motion was described by S. Soter and J. Ulrichs.
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the absence of recognizable volcanic,
tectonic or atmospheric modification of
the large old craters on Mercury implies
that the mass of the planet was chemi-
cally fractionated into a large iron core
enclosed by a thin silicate mantle well
before any of the oldest craters were
formed. Any atmosphere on Mercury
must have escaped quite early or was
never formed. The heat required for the
chemical separation of iron and silicate
phases on a global scale must also have
dissipated early enough for the outer
layers to become sufficiently rigid to
maintain the topographic relief of the
large old impact craters up to the pres-
ent time.

In the second major epoch, follow-
ing the initial period of accumulation
and chemical segregation, Mercury must
have gone through at least one period of
crater obliteration, possibly through ear-
ly volcanism, if we are to account for the
absence of topographic scars of the ac-
cretion process. The smoothed surface,
surviving in the plains between craters,
records not only the terminal phase of
heavy bombardment but also the global
shrinking of the crust represented by the
lobate scarps.

The third and most sharply delineated
of the five major subdivisions of Mer-
cury’s surface history came toward the
end of the heavy bombardment with the
large Caloris Basin impact, seemingly
the counterpart of the lunar impact that
created the Imbrium Basin. The Mer-
curian collision gave rise both to the
Caloris Basin and to the mountainous
terrain surrounding it and extended
areas of ejecta and sculpturing of the
older surface. In addition, approximate-
ly antipodal to the Caloris Basin there is
a peculiar lineated and hilly terrain,
which Gault and Peter Schultz speculate
may have been thrown up by the focus-
ing of seismic energy from the Caloris
Basin impact on the opposite side of the
planet.

During the fourth phase, some time
after the Caloris Basin impact, broad
plains were created, probably as a result
of widespread volcanism similar to the
activity that gave rise to the lunar maria,
or “seas.” Bruce W. Hapke of the Uni-
versity of Pittsburgh argues that the col-
ormetric and photometric evidence from
Mariner 10, combined with previous tel-
escopic results, suggest that the surface
rocks on Mercury may be somewhat less
rich in iron and certainly less rich in ti-
tanium than the rocks found on the
maria of the moon, thus explaining the
absence on Mercury of the sharp con-
trast in brightness levels between the
lunar maria and the lunar highlands.



During the fifth phase of the surface
history of Mercury, extending to the
present time, little has happened other
than a light peppering of impacts, many
of which show conspicuous rays. The
distribution of impact craters on the
Mercurian plains is remarkably similar
to the distribution both on the maria of
the moon and on some of the oldest
smooth plains of Mars. The similarity of
impact-cratering rates on Mercury, the
moon and Mars over the past three bil-
lion years or so came as a surprise to
many, considering the great differences
in the three bodies’ distance from the
sun and therefore the differences in the
probability of their encountering inter-
planetary debris from the asteroid belt
(which has long been thought to be the
principal source of the impacting ob-
jects).

Thus Mariner 10 has clearly estab-

lished that the exterior of Mercury
resembles the moon not just in topogra-
phy but more surprisingly in surface
history. And yet the interior constitution
of Mercury appears to be more earthlike
than that of any of the other planets. The
paradoxical circumstance of Mercury’s
moonlike exterior and earthlike interior
raises important questions not only about
Mercury but also about the history and
nature of the entire inner part of the
solar system. Were the bombarding ob-
jects whose impacts are recorded on the
surface of Mercury from the same fam-
ily of objects that bombarded the moon
as recently as four billion years ago? Or
did each of the inner planets, including
the moon, pass through separate periods
of late bombardment that overlapped
only slightly, if they overlapped at all,
and in each case ceased abruptly and
independently?

The Mariner 10 pictures suggest to
me and to Newell J. Trask, Jr., of the
U.S. Geological Survey that the last
great bombardment of Mercury, cul-
minating with the Caloris Basin impact,
may not have been part of a steadily
decreasing flux of interplanetary debris
but could have resulted from a dis-
crete terminal episode of bombardment.
George W. Wetherill of the University
of California at Los Angeles considers it
plausible that the bombarding objects
involved in such an early discrete epi-
sode could have originated with a single
object perturbed to pass near the earth
or Venus from an initial orbit beyond
Jupiter. Tidal disruptions on the earth
or Venus might then conceivably have
created a shower of bombarding objects
that would have been rapidly swept up
through collisions with the four inner
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TRAJECTORY OF MARINER 10 was chosen so that the spacecraft was deflected toward
Mercury by a precisely timed encounter with Venus three months after leaving the earth. It
is as a result of this deflection that the orbit of Mariner 10 takes it to the vicinity of Mercury
every 176 days, or once every two Mercurian years. It was this happy choice of orbital char.
acteristics that enabled Mariner 10 to achieve three operational encounters with its target.
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MAGNETIC FIELD OF MERCURY, detected in Mariner 10’s first encounter, was fully con-
firmed in the third encounter, when the spacecraft was targeted to pass closer to the north
pole of the planet. The black dots indicate in planar projection when Mariner 10 entered and
left the planet’s magnetic field on each pass. Field lines are distorted by pressure of charged
particles in the solar wind. The polarity of Mercury’s field is oriented like that of the earth.
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planets. Such a concept would be con-
sistent with recent controversial pro-
posals that the moon was subjected to a
similar terminal episodic bombardment
about four billion years ago.

On the other hand, if the observed
topography was created by a continu-
ously declining bombardment of Mer-
cury, the evidence may have been
abruptly and effectively erased by an
episode of enhanced crater obliteration.
Hence the appearance of an episodic
bombardment of the planet may be an
illusion. The debate now developing
over the early history of the inner solar
system is reminiscent of an earlier de-
bate between uniformitarians and catas-
trophists over the causes of the earth’s
geological features. There the uniformi-
tarians won.

That Mercury has a dipole magnetic
field aligned with its spin axis, very sim-
ilar to the earth’s field although weaker,
is to me particularly unexpected. Grant-
ed that Mercury probably has a large
iron core, the rotation of the planet is
nevertheless so slow at present that be-
fore Mariner 10’s encounter with the
planet no one thought that a Mercurian
field might be generated by a fluid-dyna-

CUTAWAY VIEWS OF MERCURY AND THE EARTH, which
are scaled to have the same outside diameter, show how much larg-
er Mercury’s iron core is thought to be compared with earth’s core.
Both of the cores are shown in dark color. Mercury’s actual size in
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mo mechanism of the type postulated for
the earth (in which the field arises from
electric currents associated with fluid
motions in the core of the spinning
earth). And what about Venus, which
presumably has a larger and hotter core
than Mercury’s and yet does not exhibit
a significant planetary magnetic field?
Furthermore, if there are fluid motions
within the Mercurian core capable of
generating the observed magnetic field,
the core motions or the associated heat
flow have not led to any recognizable
deformations of the planet’s surface
layers.

A quite different explanation for the
planet’s field is that it is a fossil field of
some kind that has persisted from a re-
mote epoch. It seems unlikely, however,
that in the billions of years since the hy-
pothetical fossil field was created the
temperature within the appropriate por-
tion of Mercury’s interior never rose
above the Curie point (the temperature
at which a substance loses its magne-
tism). Still a third possibility is that the
field has somehow been induced as a
result of Mercury’s continued interac-
tion with the solar wind. Preliminary ex-
amination of this concept suggests that

MERCURY

© 1975 SCIENTIFIC AMERICAN, INC

such a field would not exhibit symmetry
around the rotation axis.

Perhaps the Mercurian magnetic field
arises from causes still unimagined. Or
perhaps we shall have to gain a deeper
understanding of the mechanism of the
earth’s own field in order to explain how
that mechanism could be reduced to the
Mercurian scale. Whatever the outcome,
it is fortunate that there is another mag-
netic field among the inner planets with
which to compare and contrast the field
of the earth. Further study of Mercury’s
field, as well as photographic mapping
of the still unobserved hemisphere of
the planet, would be a major objective
of any orbiting satellite of Mercury.

Mariner 10’s mission to Mercury has
completed the reconnaissance of the in-
ner solar system and has further demon-
strated that planetary exploration is full
of surprises. The findings of Mariner 10,
combined with the testimony of the lu-
nar samples brought back by the Apollo
astronauts, have made possible an enor-
mous extension of knowledge and infer-
ence about Mercury. Out of the new ob-
servations is emerging a richer and more
unified picture of the origin and evolu-
tion of all the planets, including our own.

relation to the earth is shown by the small disk at the left. Mercury’s
iron core evidently contains 80 percent of the planet’s mass. There-
fore the iron core must have a radius of at least 1,800 kilometers,
which would make core alone slightly larger than the earth’s moon.



A breath of fresh air
in automotive technology.

The catalytic converter is a device for people and flowers
and trees, forevery living thing.It reduces exhaust emissions
of hydrocarbons and carbon monoxide by about50% from
the already lowered levels of 1974.

The converter is also a device for pocketbooks and for
energy conservation. According to EPA figures, it helped

GM engineers to increase gas mileage in city driving by 28% on
a sales-weighted average.

Not only will the converter save you money in fuel bills and
\ maintenance costs over the years, it’s one of those extraor-
" dinary technological advances that won’t cause you any
trouble under normal operating conditions. After a
billion miles on the road, it’s proved dependable. If
 you use unleaded gas and maintain your engine
properly, the converter will last the life of your car.

Catalytic converters do add to the basic
cost of a GM car. Part of that money goes for in-
sulation that keeps the outer skin temperature of
the converter in normal operation about the same
as that of an ordinary muffler, and far lower
A than the temperature of the exhaust manifold.

A fuel-saving catalytic converter comes with
most 1975 and 1976 GM cars as standard equip-
ment. It's a breath of fresh air from GM, a world
leader in automotive pollution control technology.

General Motors

Chevrolet, Pontiac, Oldsmobile, Buick, Cadillac, GMC Truck

Catalytic converter,
standard equipment on
most 1975 and 1976
model GM cars.
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VENUS

It 1s cratered like the rest of the inner planets, but its surface has

been transformed by its dense and cloudy atmosphere. The clouds

trap sunlight to maintain a temperature of 900 degrees Fahrenheit

ntil about 1960 Venus was com-
l ] monly regarded as “the earth’s

twin.” It is our nearest neighbor
in the solar system, and it is approxi-
mately the same size and density as the
earth. Because Venus is closer to the sun
it intercepts twice as much sunlight as
the earth, but a thick, global blanket of
clouds reflects most of this light, so that
the planet absorbs only about as much
solar energy as the earth. On the basis
of these similarities many observers con-
cluded that conditions on the surface of
Venus must resemble those on the earth.
For example, it was thought that the
length of Venus’ day was about the same
as the earth’s, and that its atmosphere
was made up of the same gases. The
clouds were naturally supposed to con-
sist of water, as the earth’s do.

The work of planetary scientists over
the past 40 years has shown that this
conception of Venus was thoroughly
mistaken. Although much remains to be
learned about the planet, we now know
that it is not at all like the earth. Venus
is hot: at the surface the temperature
reaches 750 degrees Kelvin (about 900
degrees Fahrenheit). The atmosphere is
made up not of nitrogen and oxygen but
of carbon dioxide, and the atmospheric

by Andrew and Louise Young

pressure at the surface is 90 times that
on the earth. There is little water, but
the clouds contain corrosive compounds
such as sulfuric acid. The rotation of
Venus is very slow, one turn requiring
about eight earth months, and it is in
a retrograde direction, so that if the sun
were visible through the clouds, it would
rise in the west and set in the east.

Early misconceptions about Venus are
readily pardoned; although the planet
comes closer to the earth than any other,
it is one of the most difficult to study. As
it is seen from the earth, it is never far
from the sun; as a result it must be ob-
served either in the daytime, when the
sky is bright, or in the early evening or
morning, when the planet is near the
horizon and we must look through a
great thickness of our own atmosphere.
Moreover, the surface of Venus is at all
times obscured by its cloudy atmo-
sphere. At visible wavelengths the clouds
themselves appear to be featureless.

Since visual observation seems so un-
promising, recent research has concen-
trated on other methods of studying the
planet. Radio waves penetrate the Ve-
nusian clouds, and large features of the
planet’s surface have now been mapped
by radar. Photographs made at ultravio-

SURFACE FEATURES OF VENUS, including a large crater, are visible in the radar-
reflectivity map on the opposite page. The map, which covers a small area just north of
Venus’ equator, is a detail of a somewhat larger map made by Richard M. Goldstein and his
colleagues at the Jet Propulsion Laboratory of the California Institute of Technology. It
was made by transmitting a beam of microwaves to the planet and detecting the echo with
two radio telescopes at Goldstone, Calif., operated as an interferometer. The pattern of dots
results from the digital method of extracting information from the reflected signal. Ap-
parent shadows on the surface are artifacts of the technique; the brightness of an area rep-
resents not its illumination but the amount of radiofrequency energy it reflects. Many of
the surface features are large in extent, but they have a small range of heights and depths.
The large circular form is a crater whose diameter is about 160 kilometers but whose rim is
only about 500 meters high. The interior of the crater does not appear to be much below
the level of the surrounding terrain. The surface of Venus cannot be observed by optical
methods because a thick blanket of clouds covers the entire planet. The corrosive substances
thought to make up the clouds may be responsible for the shallowness of surface features.
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let wavelengths have revealed structures
in the clouds that cannot be seen with
visible light. From the many wave-
lengths in reflected sunlight we can de-
rive not only a photographic image but
also information on the composition of
the atmosphere (from the spectrum of
absorption lines), on the motion of the
atmosphere (from shifts in the wave-
length of the absorption lines) and on
the properties of particles in the clouds
(from the polarization of the light). Fi-
nally, eight spacecraft have passed close
to the planet or descended into its atmo-
sphere, providing direct measurements
and, most recently, photographs at high-
er resolution than can be attained from
the earth. Two more planetary probes
are on their way to Venus now.

n 1897 Edward Emerson Barnard of

the Yerkes Observatory wrote: “No
other object has caused more contro-
versy and produced more varied testi-
mony in the determination of its rota-
tion period than the planet Venus. This
rotation controversy has raged for up-
wards of two centuries.” A few years
later the first attempts were made to
deduce the rotational speed from mea-
surements of the Doppler effect on light
reflected from Venus. The method de-
pends on detecting the change in the
wavelength of spectral absorption lines;
a comparison of the shift in wavelength
at the center of the planet’s disk and at
the limb gives the rotational speed. The
change in wavelength is small (it is pro-
portional to the ratio of the rotational
speed to the speed of light) and mea-
suring it accurately is a delicate task.
By 1956 Robert S. Richardson of the
Mount Wilson and Palomar Observa-
tories had obtained a value suggesting
that Venus rotates slowly in the retro-
grade direction.

The controversy did not end with
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Richardson, however. In the early 1960’s
Bernard Guinot of the Haute-Provence
Observatory in France was measuring
the orbital speeds of the inner planets
and found that his measurements for
Venus were inconsistent: the velocity
varied when it was measured at differ-
ent places on the planet’s disk. The in-
consistency could be resolved by assum-
ing that the planet was rotating in a

retrograde direction, but only if the ro-
tation was much faster than Richardson’s
data indicated: about 100 meters per
second at the equator. That speed cor-
responds to one rotation approximately
every four days.

Guinot’s discovery was supported by
observations made by another method.
Examining ultraviolet photographs of
Venus, the French astronomer C. Boyer

found that dark features visible in the
clouds sometimes reappeared after four
days. The first extensive studies of Venus
at infrared and ultraviolet wavelengths
had been made by Frank E. Ross at the
Mount Wilson Observatory in 1928. The
infrared pictures were featureless but
the ultraviolet ones showed broad, hazy
markings of low contrast. Ross had
looked for periodic changes in these

CLOUDS IN THE ATMOSPHERE of Venus reveal a complex pat-
tern of bright and dark swirls. The image is a mosaic of 56 photo-
graphs made by one of two television cameras aboard the U.S.
spacecraft Mariner 10, which passed within 5,800 kilometers of Ve-
nus on February 5, 1974. The photographs were made at ultraviolet
wavelengths; in visible light the cloud tops are a featureless pale
yellow. The patterns evident at ultraviolet wavelengths are presum-

72

ably a product of the uneven distribution of a substance that ab-
sorbs ultraviolet radiation. The image has been processed to en-
hance contrast and to emphasize smaller features. The mosaic
was only recently completed by workers at the Jet Propulsion
Laboratory. It has a resolution of about seven kilometers, substan-
tially better than that of earlier mosaics, which were constructed
from fewer photographs made at greater distances from the planet.
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cloud markings but had found none.
Boyer did see changes suggestive of
movement, and he was stimulated by
Guinot's work to make more photo-
graphs. He found that an apparent ret-
rograde motion could be detected in ex-
posures made only a few hours apart.
The observed motion was consistent
with a rotational velocity of 100 meters
per second. Similar cloud motions have
been observed in more detailed photo-
graphs made by the spacecraft Mariner
10 [see illustration at right].

Spectroscopic and photographic tech-
niques measure the rotational velocity
only of Venus® atmosphere, and indeed
only of the upper layers of the atmo-
sphere. Through radar measurements,
which also depend on the Doppler effect,
it is possible to detect the rotation of the
solid body of the planet. A radar deter-
mination of Venus’ rotational speed was
published in 1962. It confirmed that the
planet’s spin is retrograde but indicat-
ed that the rotation is very slow. Ve-
nus makes one complete rotation in 243
earth days.

This rotational period suggests a rela-
tion between the motions of the earth
and Venus that may not be coincidental.
At every inferior conjunction, that is,
whenever Venus lies between the earth
and the sun, the planet presents the
same side to the earth. It is possible that
the rotation of Venus has been “cap-
tured” by tidal forces generated when
the two planets approach closely. That
is how the moon has come to rotate with
the same side constantly facing the
earth. Even at inferior conjunction, how-
ever, the earth and Venus are much
farther apart than the earth and the
moon, and the tidal forces they exert on
each other are therefore much smaller.
If Venus’ rotation has been entrained in
this way, its mass must be distributed
asymmetrically; at the equator the plan-
et must deviate from the form of a per-
fect sphere by at least one part in 10,000.
The careful tracking of spacecraft flying
past Venus at close range would have
revealed any irregularities in the planet’s
gravitational field much exceeding that
value, but none have been detected. The
issue will probably not be decided un-
til a spacecraft has been put in orbit
around Venus.

he radar measurements of Venus’

solid-body rotation are quite accu-
rate. On the other hand, the much higher
velocities implied by spectroscopic ob-
servations and by the apparent move-
ment of cloud features across the plan-
et’s disk cannot be ignored. If the two
kinds of measurement are both correct,

we must explain how a slowly rotating
planet can have a rapidly rotating atmo-
sphere; in other words, we must account
for enormous winds.

Recent spectroscopic observations by
Wesley A. Traub and Nathaniel P. Carle-
ton of the Center for Astrophysics in
Cambridge, Mass., suggest that winds on
Venus vary from zero to more than 100
meters per second. Data from the Rus-
sian Venera spacecraft that entered Ve-
nus’ atmosphere have been interpreted
as indicating wind speeds of from 10 to
100 meters per second. In the earth’s at-
mosphere such high winds are encoun-
tered only in narrow jet streams. Jet
streams could not, however, account for
the rapid atmospheric movements ob-
served on Venus, since the Venusian
winds seem to involve large regions of
the planet.

The apparent agreement between the
spectroscopic and the photographic evi-
dence has recently been questioned. The
best spectroscopic measurements seem
to imply a somewhat slower atmospheric
circulation, corresponding to a rotation
period of about six earth days. That mo-
tion is still far more rapid than the 243-
day period of the planet itself, but it
differs significantly from the four-day
rotation period usually observed in the
cloud movements. It is not certain that
the two techniques measure the same
phenomenon.

Theoretical attempts to explain the
generation of the winds have produced
several possible mechanisms, such as
convection caused by the uneven heat-
ing of the day and night sides of the
planet. None of them, however, has been
shown to be capable of explaining ve-
locities greater than a few meters per
second. Furthermore, any comprehen-
sive theory of atmospheric circulation on
Venus must account for other, more com-
plex phenomena. For example, infrared
observations have revealed that the
cloud tops move vertically as well as
horizontally, and that the vertical move-
ment is roughly periodic. The period is
variable, but it usually lies between four
and six earth days. It is therefore pos-
sible that the shifting features do not
represent bulk movements of gases at
all but are waves propagating through
the atmosphere.

Because the surface of the planet is
so difficult to observe, the study of
Venus has been largely the study of its
atmosphere. Of particular interest is the
chemical composition of the atmosphere
and of the clouds. Traditionally the most
important method of investigating the
chemistry of the atmosphere has been
spectroscopy. In the sunlight reflected

© 1975 SCIENTIFIC AMERICAN, INC

APPARENT MOTION of clouds high in
the atmosphere of Venus can be detected in
a series of ultraviolet photographs made by
Mariner 10. The photographs were made at
intervals of seven hours on February 7, 1974,
two days after the spacecraft’s closest ap-
proach to the planet. A prominent dark
marking is near the center of the disk in the
first exposure; it moves rapidly to the left
and in the third photograph is nearly at the
limb. Similar motions have been observed
from the earth, and suggest that the upper
atmosphere may rotate in a retrograde direc-
tion with a period of about four days. Since
the solid body of the planet is known to ro-
tate much more slowly, the observed atmo-
spheric motions are interpreted as high-
speed winds extending over large areas.
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TEMPERATURE AND PRESSURE PROFILES of the atmosphere were compiled by Mari-
ner and Venera spacecraft. They indicate that below an altitude of about 90 kilometers
temperature steadily increases. The pressure reaches one atmosphere (the mean pressure at
sea level on the earth) near 50 kilometers. At the surface the temperature is about 750 de-
grees Kelvin and the pressure is about 90 atmospheres. The temperature gradient (the change
in temperature with altitude) is limited by convection to about 10 degrees per kilometer.
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RADIATION trapped by the atmosphere is responsible for Venus’ high surface tempera-
ture. Much of the incident solar radiation (straight arrows) is reflected by the clouds. About
20 percent is absorbed at the cloud tops, mainly in the ultraviolet (by an unidentified ab-
sorber) and in the near infrared (by carbon dioxide). The heat absorbed by the surface is
reradiated in the thermal infrared (wavy arrows), a spectral region of somewhat longer
wavelengths than the near infrared. Radiation in the thermal infrared is absorbed by gases
below the clouds and by the clouds themselves, and hence cannot directly escape into
space. Within the atmosphere heat is transported principally by convection (curved arrows).
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by the planet the narrow absorption
lines characteristic of particular mole-
cules can be detected and the molecules
identified.

The first substance detected on Venus
was carbon dioxide, discovered by Wal-
ter S. Adams and Theodore Dunham,
Jr., of the Mount Wilson Observatory in
1932. Within two years Arthur Adel and
V. M. Slipher of the Lowell Observatory
had shown that at the earth’s atmospher-
ic pressure a column of carbon dioxide
at least two miles long was needed to
produce absorption lines as intense as
those in the Venus spectrum. That is in
reasonable agreement with modern esti-
mates of the thickness of the layer of
absorbing gas above the clouds. Today
Venus is the best available source of car-
bon dioxide spectra [see illustration on
page 76]. In spectra made at high reso-
lution, such as those obtained by Pierre
and Janine Connes in France, more than
5,000 absorption lines have been identi-
fied. Most of them have never been ob-
served elsewhere; they are produced
by carbon dioxide molecules containing
rare isotopes such as carbon 13, oxygen

17 and oxygen 18.

In the early 1960’s William M. Sinton
of the Lowell Observatory and V. I.
Moroz of the Shternberg Astronomical
Institute’s South Station in the Crimea
independently discovered evidence for
a second molecule in infrared spectra
of Venus: carbon monoxide. They also
showed that Venus reflects very little
sunlight at wavelengths between three
and four microns, which lie in the near
infrared. Moroz pointed out that the
substance responsible for this absorption
band could not be water, but that it must
serve to trap heat in the lower atmo-
sphere of Venus, a role that in our own
atmosphere is played by water. Sinton
and John Strong of Johns Hopkins Uni-
versity also found a broad absorption
feature at a wavelength of 11.2 microns,
in the thermal infrared, which remained
unexplained for more than a decade.

As recently as 10 years ago carbon
dioxide and carbon monoxide were the
only substances whose presence on Ve-
nus had been established. Evidence for
water vapor had long been sought, and
there had been numerous reports of its
discovery, all of them now thought to
have been spurious. The first authentic
observation of water vapor on Venus was
probably made by Ronald A. Schorn and
his colleagues at the McDonald Observ-
atory in the late 1960’s. Since then the
abundance of water vapor in Venus’ up-
per atmosphere has been measured fre-
quently by Edwin S. Barker of the Mc-



Donald Observatory. The relative hu-
midity rarely reaches 1 percent.

Absorption spectra of Venus have also
been scrutinized for evidence of a major
constituent of the earth’s atmosphere,
oxygen. It has not been found, and its
absence presents an enigma. The car-
bon monoxide on Venus is presumably
formed in the upper atmosphere when
carbon dioxide is dissociated by ultra-
violet light. Oxygen is an inevitable by-
product of this reaction, and since mo-
lecular oxygen is diatomic there should
be half as many O, molecules as there
are CO molecules. That is the ratio on
Mars, another planet with an atmo-
sphere composed mainly of carbon diox-
ide. On Venus oxygen is at least 50 times
less abundant than carbon monoxide.

The oxygen deficiency might be ex-
plained if oxygen is quickly transported
to the lower atmosphere, where it could
combine with other substances, such as
sulfur. If that is the case, the mixing of
gases in the stratosphere would have to
be much more efficient on Venus than it
is on the earth.

Recently it has become possible to
study Venus’ atmosphere by methods
that are more direct than spectroscopy.
On two of the Venera spacecraft atmo-
sphere-sampling instruments have been
taken into the atmosphere itself. Un-
fortunately the instruments were capable
of detecting only a few gases, and they
could not report on any unexpected
molecules. Moreover, the presence of
unexpected substances in the atmo-
sphere could interfere with the analysis
and result in incorrect measurements.

In spite of these difficulties the Ve-
nera craft determined the amount of
carbon dioxide in Venus’ atmosphere. It
was shown to be the major constituent,
making up about 97 percent of the bulk
of the atmosphere, rather than a minor
one, as some theorists had argued. On
the other hand, the Venera data height-
ened confusion over the amount of wa-
ter vapor on Venus by indicating that
there is almost 1,000 times as much
as spectroscopic measurements indicate.
Subsequent studies at radio wavelengths
have established once again that there is
no more than .1 or .2 percent water va-
por in the lower atmosphere, and the
true value is probably closer to .01 per-
cent. The cloud tops are drier still. We
now believe the Venera measurements
may have been contaminated by ma-
terial in the Venusian clouds.

Determining the composition of the
clouds is more difficult than identi-
fying the atmospheric gases because
liquid and solid materials do not pro-

duce the narrow spectral lines that
uniquely identify gases. When the
clouds are observed in the visible part of
the spectrum, they are a uniform pale
yellow. Only at ultraviolet wavelengths
are features visible; in ultraviolet photo-
graphs the entire planet appears gray,
but some regions are darker than others.
If the markings are caused by the un-
even distribution of some material that
absorbs ultraviolet radiation, we must
ask what the material is and why it is
distributed unevenly.

The yellow color of the clouds has
long been cited as evidence that they
do not consist of water, for the obvious
reason that terrestrial water clouds are
white. Ross early suggested that they
might be clouds of yellow dust, like
those occasionally seen on Mars. Since
then a diverse array of materials has
been proposed: plastics, salts, liquid
mercury, compounds of mercury, hydro-
carbons, polymers of carbon suboxide
(C30,), partially hydrated ferrous chlo-
ride, hydrochloric acid. The candidate
that is most widely accepted today is
sulfuric acid. It is as powerless as water
to explain the yellow color of the clouds,

but it does provide an economical ex-
planation for many other observations,
so that its lack of color is no longer con-
sidered a fatal flaw.

Among the more exotic materials pro-
posed for the clouds only one has been
detected spectroscopically. It is hydro-
gen chloride, and it was found along
with hydrogen fluoride by William S.
Benedict of the University of Maryland
in the spectra recorded by the Conneses.
Both gases are highly corrosive; when
they are dissolved in water, they yield
hydrochloric acid and hydrofluoric acid.
Their abundance is too low for them to
be the principal constituents of the
clouds, but that they should be present
in the atmosphere at all was a surprise.

Such strong acids could not survive
for long in the earth’s atmosphere; they
would react with rocks and other ma-
terials and soon be neutralized. That
they exist on Venus implies that in some
crucial ways conditions there differ from
those on the earth. One important dif-
ference is in surface temperature.

The temperature of Venus upper
atmosphere can be measured from the
earth with reasonable accuracy. The
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ATMOSPHERIC CHEMISTRY is strongly influenced by conditions at the surface. Carben
dioxide is liberated from rocks by high temperature, and above the clouds some of it is
broken down into carbon monoxide (CO) and oxygen (0,). The oxygen may enter a series
of reactions that culminates in sulfuric acid (H,S0,), which, with traces of hydrochloric
acid (HC1) and hydrofluoric acid (HF), is believed to make up the cloud particles. Elemen-
tal sulfur and compounds of sulfur, carbon and oxygen may also be present. The reactions
above the clouds are generally photochemical; those below are thermochemical. Reactions
that involve molecules in the liquid phase are indicated by a white box; all others are be-
tween gaseous molecules. Water is scarce; some might be lost through the escape of hydro-
gen into space and some might be formed from hydrogen captured from the solar wind.
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thermal emission of the clouds at infra-
red wavelengths can be detected, and
the temperature can also be deduced
from the molecular absorption spectrum
in reflected solar light. Both techniques
indicate that the temperature at the
cloud tops is about 250 degrees K.,
which is below the freezing point of
water (273 degrees K.).

These values, of course, apply only to
the upper atmosphere. We now know
that the surface of the planet is much
hotter. The temperature in regions be-
low the clouds was first measured in the
mid-1950’s by detecting thermal emis-
sion at radio wavelengths. The initial
studies indicated a surface temperature
of about 600 degrees K., a value so high
that most astronomers believed it must
be erroneous. Perhaps because of the
widespread notion that Venus should be
earthlike, the high values were not uni-
versally accepted until Mariner 5 and
Venera 4 recorded temperature profiles
of the atmosphere in 1967. From direct
measurements made by the later Venera
probes the surface temperature is now
known to be about 750 degrees K.

From the large difference in tempera-
ture between the surface and the cloud
tops, some of the physical properties of
the atmosphere can be deduced. In par-
ticular the atmosphere must be deep and
therefore massive, because a shallow at-
mosphere could not sustain such a large
temperature gradient. On the earth the
maximum gradient is about 10 degrees
K. per kilometer; if a larger gradient
were to develop, it would quickly be
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eliminated by convection. The same con-
vective process must also limit the tem-
perature gradient on Venus.

The high temperature at the surface
of Venus also has important effects on
the chemistry of the atmosphere. As
John S. Lewis of the Massachusetts In-
stitute of Technology has shown, small
amounts of hydrogen chloride and hy-
drogen fluoride could be “cooked out”
of surface rocks at high temperature,
in the same way that these acids are
evolved in volcanic gases on the earth.
A number of assumptions are implicit in
this hypothesis: that the rates of chem-
ical reactions at the surface are high,
that the atmosphere and the surface are
in chemical equilibrium and that the
effects of circulation in the atmosphere
are small enough to be neglected. High
temperature can surely be expected to
accelerate chemical reactions, but the
actual rates have not yet been measured,
and the other assumptions cannot be
tested at all. In spite of these uncertain-
ties knowledge of the thermal environ-
ment of Venus provides a reasonable
“shopping list” of molecules to look for
in the atmosphere.

The temperature and other physical

properties of the atmosphere can also
help to identify the materials that make
up the clouds. One of the most powerful
means of analyzing the cloud particles
has proved to be the study of the polari-
zation of sunlight reflected from the
clouds. The polarization was first ob-
served by the French astronomer Ber-

Nil

ABSORPTION SPECTRA of the atmosphere contain numerous lines associated with car-
bon dioxide. The spectra were recorded near superior conjunction (top) and near inferior
conjunction (bottom). The diagrams at right indicate the phase and apparent size of the
planet; the vertical lines indicate the position of the slit of the spectrograph on the planet’s
disk. A few of the absorption lines are part of the solar spectrum, but all the rest result
from the absorption of solar light by molecules of carbon dioxide, which constitutes about
97 percent of Venus’ atmosphere. These spectra cover only a narrow range of wavelengths
in the near infrared. There are many additional carbon dioxide lines in other regions
of the spectrum; indeed, Venus is the best available source of carbon dioxide spectra.
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nard Lyot in the 1920’s; more recent
measurements have been made by Au-
douin Dollfus in France and by Tom
Gehrels and D. L. Coffeen, both of the
University of Arizona. From theoretical
calculations J. E. Hansen and his col-
leagues at the Goddard Institute for
Space Studies in New York have shown
that the polarization can be explained
if the cloud particles are spherical, with
a radius of about a micron, if they have a
narrow range of sizes and a refractive
index for green light of about 1.44 and
if the refractive index varies with wave-
length in the normal way.

That list of specifications imposes sev-
eral constraints on the choice of cloud
constituents; initially it eliminated all
the candidates. The spherical shape of
the particles implies that they are liquid
droplets rather than solid crystals. Water
is excluded because its refractive index
(1.33) is too low, and also because it
would freeze at the temperature of the
cloud tops and therefore would not have
a spherical form. There was an attempt
to make hydrochloric acid droplets con-
form to the requirements of Hansen’s
calculations, but it proved impossible to
make the refractive index high enough
under conditions at the cloud tops. Most
other inorganic substances were elimi-
nated because their refractive index is
too high.

Sulfuric acid was proposed indepen-
dently and almost simultaneously by
Godfrey Sill of the University of Arizona
and by the authors and later by Ronald
G. Prinn of M.I.T. Prinn realized that he
could have predicted the presence of
sulfuric acid in the clouds several years
before, when he had discovered a chain
of photochemical reactions that culmi-
nated in the formation of sulfur trioxide
(SO3), the anhydride of sulfuric acid.
Because sulfur trioxide has not been ob-
served on Venus, he had assumed it was
destroyed as fast as it formed. Actually
any sulfur trioxide formed in the cooler
regions of the atmosphere would im-
mediately combine with water vapor to
form a sulfuric acid haze.

The sulfuric acid hypothesis explains
many of the observations that have baf-
fled astronomers studying Venus over
the past 15 years. Water solutions con-
taining more than 70 percent sulfuric
acid have the proper refractive index,
and they are liquid at 250 degrees K.
The failure of spectroscopic methods to
detect gaseous sulfur compounds (such
as SO3) in the atmosphere is readily ex-
plained, since cold sulfuric acid has a
negligible vapor pressure of sulfur-bear-
ing molecules. Finally, sulfuric acid can
account for some of the perplexing fea-



tures of Venus’ absorption spectrum.
Water solutions of the acid ionize almost
completely to H;O* and HSO, ™, so that
few water molecules would be left in-
tact; the atmosphere would therefore
appear to be very dry. Furthermore, the
H;O* jon absorbs strongly between
three and four microns and the HSO,~
ion absorbs at 11.2 microns, thus explain-
ing the anomalous spectral features dis-
covered by Sinton, Moroz and Strong.

If allowance is made for other acids
dissolved in the droplets, a concentra-
tion of about 80 percent (by weight)
seems consistent with the data. Such a
solution contains between one water
molecule and two water molecules for
each molecule of sulfuric acid. There
are reasons to suppose that the number
of droplets per unit volume gradually
increases with depth, and that a few tens
of kilometers below the cloud tops the
droplets should approach one another
closely enough to coagulate. Where the
pressure reaches a few atmospheres a
sulfuric acid rain may be falling. Both
Mariner 5 and Mariner 10 detected an
absorber of microwave radiation at an
altitude below 50 kilometers, and earth-
based microwave observations by Mi-
chael A. Janssen of the Jet Propulsion
Laboratory of the California Institute of
Technology indicate that the absorber
consists of particles rather than mole-
cules in the gaseous state. Solutions of
sulfuric acid have a high electrical con-
ductivity and could produce these ef-
fects if enough large drops are present.

As a drop of sulfuric acid falls
through hotter air, water evaporates
from its surface and the acid becomes
more concentrated. Because of the great
affinity of the acid for water, concen-
trated solutions boil only at high tem-
perature, higher than the boiling point
of the pure acid. The solution with the
highest boiling point contains more than
98 percent acid and has equal vapor
pressures of acid and water. Venera 8
apparently detected the base of the
clouds at an altitude of about 35 kilome-
ters, where the temperature is about 400
degrees K. If that altitude is correct,
then at the base of the clouds water va-
por and sulfuric acid vapor must each
have an abundance of about 100 parts
per million.

A rain of hot, concentrated sulfuric
acid is by itself an intimidating prospect
for the designer of a spacecraft, but
there are worse possibilities. The small
amount of hydrogen fluoride in Venus’
atmosphere could react with the sulfuric
acid to yield fluorosulfuric acid (HSO,F).
Fluorosulfuric acid is the strongest of
the simple mineral acids; it attacks most

common materials and dissolves sulfur,
mercury, lead, tin and most rocks, The
rain on Venus may be the most corro-
sive fluid in the solar system.

Although sulfuric acid successfully
accounts for a great many of the prop-
erties of the Venusian clouds, there is
still at least one important observation
it cannot explain: the yellow color of the
planet. The color must be produced by
some substance that absorbs the shorter
wavelengths, mainly the blue and the
ultraviolet. Sulfuric acid does not quali-
fy, but no other substance has gained
general acceptance. The problem is com-
plicated by the variety.of compounds
formed by hydrogen, oxygen, sulfur,
chlorine and fluorine, which are all
known to be present. Perhaps the ab-
sorber of the blue and ultraviolet wave-
lengths is some compound of these ele-
ments or perhaps it is elemental sulfur.

Whatever the composition of the
clouds their influence on the cli-
mate and weather of Venus is funda-
mental. The clouds block both incoming
solar radiation and outgoing thermal
radiation. The incoming sunlight is
mainly scattered, however, whereas the
outgoing heat—at infrared wavelengths—
is strongly absorbed by sulfuric acid.
The clouds are thus much more effective
in preventing the escape of heat than
they are in blocking its entry. They con-
tribute to the “greenhouse effect” that is
thought to be responsible for the plan-
et’s high temperature.

Measurements made by Venera 8
showed that about 1 percent of the sun-
light incident on Venus reaches the sur-
face. It is about as dark there as it is on
the earth on a dark, rainy day. Below
the clouds the carbon dioxide atmo-
sphere is nearly opaque to infrared
wavelengths, so that the absorbed heat
is trapped at the surface. Since the heat
cannot escape by direct radiation, it
must be transported by convection to
the cloud tops, where it can be radiated
into space. Temperature profiles record-
ed by entry probes show a convective
temperature gradient from the surface
to the cloud tops.

At the cloud tops about 20 percent of
the incident sunlight is absorbed, half in
the near-infrared carbon dioxide bands
and half by the unidentified ultraviolet
absorber. Because most of the energy
input to the planet is received at that
altitude, it is there that weather systems
should be most active. Moreover, be-
cause the ultraviolet absorber is one of
the principal means of heating the at-
mosphere, the four-day variations in ul-
traviolet cloud features might be re-
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INTERIOR OF VENUS is supposed to be
much like that of the earth. If the two plan-
ets formed in the same region of the de-
veloping solar system, their elemental com-
positions should be similar, and since their
size and mass are nearly the same they are
believed to have similar structures. Venus
is therefore thought to have a liquid core, a
mantle and a rocky crust. The size of the
core and the thickness of the mantle and the
crust are not known, although there is rea-
son to suspect that Venus’ core is substan-
tially smaller than the earth’s. The hypothe-
sis that Venus’ interior resembles the earth’s
is supported by a single measurement, made
by Venera 8, indicating that the radioactivity
of rocks in Venus’ crust is similar to that of
terrestrial granites. On the other hand, Ve-
nus has much less water than the earth,
and it apparently has no magnetic field. The
absence of a magnetic field might be ex-
plained by the slowness of Venus’ rotation.

flected in the pattern of the planet’s
weather.

We have monitored the amount of gas
above the clouds and measured its tem-
perature, and have attempted to corre-
late changes in these parameters with
the apparent period of rotation of the
ultraviolet features. We have found that
the amount of absorbing gas does vary
in a four-day cycle, but on any given day
it is nearly uniform over the entire plan-
et; it shows no relation to the bright and
dark cloud features seen in ultraviolet
photographs. Moreover, the changing
temperatures seem to be related neither
to the height of the cloud tops nor to
the movement of the ultraviolet features.
The lack of any correlation is puzzling:
the ultraviolet features seem to be paint-
ed on an otherwise featureless globe.

he surface and the interior of Venus

remain hidden from us, but we are
not altogether ignorant of their nature.
Radar mapping has provided a prelimi-
nary picture of the planet’s topogra-
phy, and a few observations made from
spacecraft have helped to establish a
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foundation for theories of its internal
structure.

The radar mapping of the planets
cannot be accomplished by the familiar
scanning technique employed in terres-
trial radars. Because the angular size of
the planets is so small, the radar beam
from a single antenna covers the entire
disk of the planet, and the position on
the surface from which a particular part
of the returning signal was reflected
must be deduced from a precise analysis
of the delay and Doppler shift of the
echo. Signals returning from the edge of
the disk arrive slightly later than those
from the center, and the extent to which
frequencies are shifted by the rotational
motion of the planet varies with both
latitude and longitude. By connecting
two or more antennas so that they can
operate as an interferometer part of the
planet’s disk can be resolved.

Many areas on the surface have al-
ready been characterized by this meth-
od as being rough or smooth and high
or low. On the most recent maps a few
craterlike forms are visible [see illustra-
tion on page 70]. For the most part,
however, Venus appears to be much
smoother than the moon or Mars or Mer-
cury. It is also remarkably flat, with few
features more than a mile high. The
scarcity of small craters can be attrib-
uted to Venus’ dense atmosphere; me-
teroids smaller than a few hundred feet
in diameter could not penetrate it. The
flatness of the terrain may also be a con-
sequence of atmospheric phenomena. In
the hot, dense and corrosive atmosphere
weathering may be rapid and surface
features may be quickly eradicated. This
hypothesis requires, however, that the
surface winds be strong enough to erode
the terrain. In spite of the gales aloft,
winds at the surface of Venus seem to
be very gentle, and they may not be able
to pick up and transport dust.

Most theories of the internal structure
of Venus begin with the assumption that
the planet is fundamentally similar to
the earth, that is, it has a liquid core, a
mantle and a rocky crust. There is a cos-
mological argument favoring this as-
sumption: If the two planets condensed
in the same region of the primitive solar
nebula, they ought to have roughly the
same elemental composition. The fact
that they have approximately the same
size and density lends support to the
argument.

One possible objection to this hypoth-
esis is Venus’ lack of water. Another is
the apparent absence of a magnetic field.
Measurements made by Venera 4 indi-
cate that if a field exists, it is weaker
than the earth’s by a factor of at least
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10,000. The absence of a magnetic field
might be explained, however, without
revising the theory of planetary struc-
ture. The earth’s field is thought to be
produced through the influence of the
planet’s rotation on motions within the
liquid core. If that is the case, Venus
may not have a field simply because it
rotates very slowly.

Much more information about the
solid body of the planet could be re-
vealed by a direct examination of the
rocks in its crust. If Venus formed in
the same way as the earth, and if its at-
mosphere was produced by the escape
of gases from its interior, the rocks
should be strongly differentiated; if its
evolution has not proceeded as far as
the earth’s, the rocks might be more
like lunar basalts. As yet only one rele-
vant observation has been made: Venera
8 measured the radioactivity of the Ve-
nusian surface and indicated that it is
comparable to that of terrestrial gran-
ites. This result suggests that the evolu-
tion of the crust has been earthlike, but
it would not be prudent to draw a con-
clusion from a single measurement. Two
Russian spacecraft that were launched
in June and are expected to land on
Venus in October may provide addi-
tional data.

Any speculation on the evolutionary

history of Venus must immediately
confront the problem of its atmosphere:
Why should it be 90 times as massive as
the earth’s® We have a tentative answer
to the question, but it leads to other and
perhaps deeper enigmas.

There is about as much carbon diox-
ide on the earth as there is on Venus,
but under terrestrial conditions most of
it is bound as carbonates in rocks. It is
only because the surface temperature of
Venus is so high that the gas there re-
mains in the atmosphere. This is hardly
a satisfactory explanation, however,
since it is the massive atmosphere that
maintains the high temperature.

The problem is therefore one of how
Venus acquired its atmosphere, not how
it maintains it. A proposal that is widely
accepted today depends on the green-
house effect. It assumes that Venus was
once more earthlike, that is, cooler and
with a thinner atmosphere. Solar heat
trapped by the atmosphere then raised
the surface temperature. Eventually,
because Venus is closer to the sun than
the earth is, the boiling point of water
was exceeded; the substantial quantity
of water vapor thus added to the atmo-
sphere greatly increased its opacity to
infrared radiation and thereby produced
a large increase in temperature. Finally

© 1975 SCIENTIFIC AMERICAN, INC

the surface became hot enough to drive
the carbon dioxide out of carbonates in
rocks.

A few billion years from now the sun
will grow brighter and the earth may
acquire the massive atmosphere and
high surface temperatures that Venus
has today. At least in the initial stages
of this process, however, when the
oceans boil, the earth’s atmosphere will
be very different from what Venus® is
now, In particular it will contain vast
quantities of water, since the mass of
water in the earth’s oceans is much
greater than the amount of carbon diox-
ide in its rocks. Venus, on the other
hand, is quite dry.

If one assumes that Venus once had
as much water as the earth has now, it is
necessary to explain how all but one part
per million of it was lost. There is a
known mechanism by which a planet
with abundant water could lose a large
portion of it: water vapor in the upper
atmosphere could be dissociated by ul-
traviolet radiation and the hydrogen
could be lost to space, either by thermal
escape or through the influence of the
solar wind. That effect, however, could
not produce an atmosphere so thorough-
ly desiccated as Venus’ is. Of the water
Venus has today, very little reaches the
upper atmosphere and therefore it is not
dissociated; at the present rate Venus
would not have lost a significant amount
in the history of the solar system.

Alternatively, one could assume that
in the beginning Venus was entirely dry.
The small quantity of water found there
today could have been formed from hy-
drogen in the solar wind, which strikes
the atmosphere directly because the
planet has no magnetic field. That as-
sumption, however, merely solves one
problem by creating another, cosmogon-
ic one: If the earth and Venus formed
close together, why did one receive so
much water and the other so little?

Eventually it should be possible to
choose between these alternatives. If
Venus once had water but has lost most
of it, the water that remains should
be enriched in deuterium because that
heavy isotope of hydrogen is less readily
lost from the atmosphere. Hydrogen in
the solar wind, on the other hand, is
depleted in deuterium, since that isotope
is consumed faster in the sun’s nuclear
reactions. So far it has not been possible
to measure the ratio of deuterium to hy-
drogen on Venus. In this matter as in
others, recent studies of Venus have
raised more questions than they have
answered. With its deep, murky atmo-
sphere and smooth surface, Venus re-
mains a clouded crystal ball.
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THE EARTH

The outstanding feature of our own planet 1s the dynamic

activity of its atmosphere and 1ts crust. Both have been

substantially altered by the evolution of living organisms

pollo astronauts have said that the
A earth, with its blue water and
white clouds, was by far the

most inviting object they could see in
the sky when they were on the moon.
Their bias is understandable. They knew
from intimate observation what this
planet is like and could translate the
sight of clouds, oceans and continents
into everyday experience—of, say, a sea
breeze blowing surf onto a sunny beach.

Probably the thing people like most
about the earth, even if they have not
put the thought into words, is its pattern
of constant movement. On the earth
stillness is remarkable for its rarity. Mo-
tion extends from the constant shifting
of grains in a sand dune and the move-
ment of bacteria and all other forms of
life to the ponderous motions of the
entire earth as it vibrates during and
after an earthquake.

This planet is active. Indeed, it has
been active for 4.6 billion years, and it
shows no signs of calming down. The
earth’s atmosphere, oceans, thin crust
and deep interior have been in motion
since they were formed. Life has been
an integral part of the surface for atleast
four-fifths of the planet’s history.

As a consequence of its steady activ-
ity over this long span of time the earth
has evolved through a series of quite
different stages, maintaining during the
entire time a state of dynamic equilibri-

by Raymond Siever

um. The balance involves an exchange
of matter and energy between the in-
terior, the surface, the atmosphere and
the oceans. It also involves sharing the
radiation of the sun with the other
members of the solar system. The study
of geology, aided by work in geochemis-
try, geophysics and paleontology, has
shown how the earth’s surface skin has
evolved. That knowledge, coupled with
a firm theory about the constitution of
the earth’s interior and certain hypothe-
ses on how the interior moves, provides
a means for constructing a theory of how
the planet evolved.

The article by A. G. W. Cameron [see
“The Origin and Evolution of the So-
lar System,” page 32] describes the ori-
gin of the earth and the other planets
through the condensation of particular
regions of the solar nebula. The original
composition of the nebula and its later
composition are deduced from the com-
position of the earth’s rocks, of rocks
brought back from the moon, of meteor-
ites and of the atmospheres of the earth,
Mars, Venus and Jupiter.

The theory of the earth’s growth most

favored by people who have studied
the subject infers a gradual condensa-
tion and accretion of a solid planet as it
swept up enormous quantities of small
particles from the nebular disk that gave
rise to the present solar system. As the

CRATER ON THE CANADIAN SHIELD, seen in the satellite photograph on the opposite
page, was formed more than 200 million years ago by the impact of a large meteorite. The
impact scar, a ring-shaped formation about 60 kilometers (37 miles) in diameter, is filled to-
day by Lake Manicouagan, a major reservoir in northeastern Quebec. The accumulation of
snow on the lake ice enhances the visibility of the formation. The bedrock, a Precambrian
anorthosite, was melted and shattered by the impact; a peak of shocked rock remains in the
center of the formation. Unlike the impact craters on Mercury and the moon, most of the
craters on the earth were long ago erased or buried by erosional or tectonic processes. Many
craters on the Canadian Shield, however, were preserved under layers of sediment and re-
exposed by glacial action. In this area glaciation removed 100 meters of sedimentary cover.
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planet grew it began to heat up as a re-
sult of the combined effect of the gravi-
tational infall of its mass, the impact of
meteorites and the heat from the radio-
active decay of uranium, thorium and
potassium. (Although potassium is not
normally regarded as being radioactive,
.01 percent of the element on the earth
is the radioactive isotope potassium 40.)
Eventually the interior became molten.
The consequence of the melting was
what has been called the iron catas-
trophe, involving a vast reorganization
of the entire body of the planet. Molten
drops of iron and associated elements
sank to the center of the earth and there
formed a molten core that remains large-
ly liquid today.

As the heavy metals sank to the core
the lighter “slag” floated to the top—to
the outer layers that are now termed
the upper mantle and the crust. Accom-
panying the rise of the lighter elements,
such as aluminum and silicon and two
of the alkali metals, sodium and potas-
sium, were the radioactive heavy ele-
ments uranium and thorium. The ex-
planation for the rise of these heavy
elements lies in the way atoms of urani-
um and thorium form crystalline com-
pounds. The size and chemical affinities
of the atoms prevent them from being
accommodated in the dense, tight crys-
tal structures that are stable at the high
pressures of the deep interior of the
earth. Therefore the uranium and thori-
um atoms were “squeezed out” and
forced to migrate upward to the region
of the upper mantle and the crust, where
they could fit easily into the more open
crystalline structures of the silicates and
oxides found in crustal rocks.

As the earth was differentiating into a
core, a mantle and a crust, the material
at the top was also splitting into differ-
ent fractions. The lower parts of the
crust are composed of basalt and gabbro,
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FOUR STAGES in the early evolution of the earth are shown in
diagrams, beginning (far left) with the sphere that developed by ac-
cretion in the first few million years following the condensation of
the solar nebula. The young planet is pockmarked by the infall of
millions of planetesimals; its accretion atmosphere is rich in hy-
drogen and noble gases. Later (left), when some tens of millions

dark rocks containing calcium, magne-
sium and iron-rich compounds, mainly
silicates. They were derived by partial
melting and differentiation of the denser
materials of the upper mantle. The ba-
salt and the gabbro were themselves
differentiated by fractional crystalliza-
tion and partial melting and so, as light-
er fluids, were pushed up through the
crust. In the upper layers of the crust
and at the surface they solidified to form
the lighter igneous rocks such as granite,
which are enriched in silicon, aluminum
and potassium.

The question of how much of this
“sweating out” process was completed
at the early stage I am describing re-
mains unresolved. Some geologists argue
that a large amount, perhaps the bulk,
of the granitic crust had already formed
by this stage. Others cite the possibility
that the process may hardly have begun
even a billion years after the formation
of the earth.

One result of the heating up of the
interior was the inception of volcanic
activity and mountain building. They
contributed not only to the shaping of
the surface but also to the immense
change in the composition of the interi-
or. During that time various gases,
which had been locked in the materials
of the planet when those materials origi-
nally accreted, began to find their way
to the surface. They included carbon di-
oxide, methane, water and gases con-
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taining sulfur. The gases must have
leaked to the surface in tremendous vol-
ume during the period of reorganization
and differentiation. At the surface they
stayed, since the earth’s gravity was
strong enough to prevent all but the
lightest elements (hydrogen and helium)
from escaping into space. The tempera-
ture at the time must have been low
enough to allow the condensation of
water. Dissolved in that water, the oth-
er gases combined chemically with ele-
ments such as calcium and magnesium,
which were leached from surface rocks
as rains began to weather them. If the
temperature had been higher, the effect
of the dense atmosphere with its large
content of carbon dioxide would have
been to institute the kind of “greenhouse
effect” that seems to have arisen on
Venus, producing that planet’s hot,
cloudy atmosphere [see “Venus,” by
Andrew and Louise Young, page 70].
As the surface of the earth cooled
and the oceans formed from the conden-
sation of water, the processes of erosion
by wind and water began to operate in
much the same way that they do to-
day. Liquid water became the dominant
mode for transporting and redistribut-
ing the debris of eroding mountains.
The river systems of the surface are the
visible traces of the networks that carry
eroded material to the oceans, where
much of it accumulates as aprons of sedi-
ment along the continental shelves and
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of years have passed, a combination of gravitational compression,
radioactive decay and impact heating produces melting and differ-
entiation; heavy core and mantle materials sink inward and light
crustal materials float outward. The solar wind sweeps away the ac-
cretion atmosphere; it is replaced by a primordial atmosphere rich
in methane, ammonia and water. The Archaean era (right), be-

continental rises. The rest of the sedi-
ment is spread as thin layers over the
ocean deeps by slow settling and the
motions of turbidity currents.

A number of thoughtful geochemists

and geophysicists have speculated
on a somewhat different chain of events
leading to the early accretion of the
earth from the condensing solar nebula.
According to these views, the earth and
the other planets are the products of a
gradual condensation of the solar nebu-
la during which certain of the heavy ele-
ments, mainly iron, crystallized first,
while the lighter fractions of the nebula
were still in gaseous form. In that proc-
ess the core of the accreting planet
would have been iron-rich in the first
place, with successively lighter frac-
tions, roughly corresponding to the or-
der of their crystallization from a gas,
being accreted on the outside as the
planet grew.

Whatever the mechanism of accre-
tion, the story of the earth’s later evolu-
tion (after the first billion years) is large-
ly told by the record contained in the
rocks of the crust. What they reveal is
best told in terms of a geologic “clock”
that began to run in Precambrian times.
The oldest rocks now known are a series
of metamorphosed sedimentary and vol-
canic rocks, which from their content
of radioactive elements can be given an
age of about 3.7 billion years. They are
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tween 3.7 and 2.2 billion years ago, is marked by cooling. As atmo-
spheric water and gases condense, the oceans appear; the earliest
continents arise and volcanic activity is intense. Chemical reactions
between water, gases and crustal materials give rise to sediments
and solutions. The Proterozoic era (far right) follows the Archaean
era. It harbors a few scant traces of plant and animal life. It ends

much older than most of the very old
rocks from the interval of time known
to geologists as the Archaean. The rocks
of that time are roughly defined as being
older than 2.2 to 2.8 billion years. (The
age of the boundary with younger eras
varies in different parts of the earth’s
ancient rock terrains,) Much of the rock
record is fragmentary, but it is tangible,
and one no longer has to rely solely on
plausible theory.

The Archaean rocks appear to be
somewhat different from the rocks of all
succeeding eras in the sense that certain
rock types are abundant almost to the
exclusion of many other types common-
ly found later. Archaean rock series tend
to be dominated by basalts and andes-
ites, which are volcanic rocks rich in
iron and magnesium, deficient in sodium
and potassium and relatively low in sil-
ica. The sandstones and shales of Ar-
chaean time were derived by the weath-
ering and reworking of those volcanic
rocks. Large bodies of granite—rocks
richer in alkalis and silica—are absent.
Such a skewed composition with respect
to later rocks suggests that the sweating
out of granitic rocks by fractional crys-
tallization and partial melting of less si-
licic rocks was not as advanced as it be-
came later.

The Archaean rocks also suggest that
the tectonic style of the time, that is,
the mountain-making activity by which
the surface was shaped, differed from the

. CONTINENT

'-./- . VOLCANOES

-

pattern of today. The present theory of
plate tectonics visualizes large plates of
the lithosphere (which includes the crust
and part of the upper mantle) moving
laterally over the asthenosphere (a hot,
plastic and perhaps partly molten layer
of the mantle). The driving force is
movement in the mantle, although the
precise nature of that movement is un-
certain. The geologic activity of earth-
quakes, volcanoes and mountain build-
ing is concentrated along the plate
boundaries.

Granted that the Archaean rocks are
widely dispersed and offer only a few
bits of information, the study of the
oldest terrains of Archaean areas in Can-
ada and areas of similar age in Africa
and Scandinavia does not suggest moun-
tain building along the boundaries of
large plates. It does suggest patterns of
intense deformation along the bound-
aries of irregular areas of far smaller
extent than plates. Many geologists sus-
pect that the Archaean was a time of
very thin lithospheric crust, extensive
volcanism and some jostling movement
of many small, thin “platelets,” with
“sutures,” or crumpled deformational
belts, welding them together.

Although the Archaean era differed
markedly from the present in tectonic
style and in the average composition of
its volcanic rocks, it was the same as the
present in all essential processes of ero-
sion and sedimentation on the surface.
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—— SEA-FLOOR
T, SPREADING

some 600 million years ago as the Paleozoic era, with its rich fossil
record, begins. During that era’s 1.5-billion-year span crustal cool-
ing and thickening continue. Crustal plates begin migrating as such
mechanisms as sea-floor spreading and subduction become estab-
lished. Long before the end of the Proterozoic era both the interior
and the surface of the planet have assumed their modern character.

All the earmarks of weathering, me-
chanical breakup of rocks, transportation
by rivers and sedimentation in regions
where the crust gradually subsided and
allowed great thicknesses of sediment to
accumulate are found in Archaean sedi-
ments, as was pointed out more than
30 years ago by Francis J. Pettijohn
of Johns Hopkins University, who was
studying early Precambrian sedimentary
rocks in the region of Lake Superior.
Looking at those sandstones, shales and
conglomerates, it is difficult to see any
significant difference between them and
more recent ones, all being the hardened
equivalents of the gravels, sands and
muds of today.

he erosion and chemical decay of

rocks today are profoundly affected
by the presence of land plants. It is
known, however, that the higher (vas-
cular) land plants did not evolve until
two billion years after Archaean time,
that is, in the middle of the Paleozoic
era. Perhaps before the plants evolved,
lower forms of life existed on the land,
as they surely did in the sea.

Evidence of algal life late in the Pre-
cambrian era was obtained some years
ago when the paleobotanist Elso S.
Barghoorn of Harvard University, work-
ing with the late Stanley A. Tyler, a
sedimentologist at the University of
Wisconsin, discovered microscopic re-
mains of algal organisms in the Gunflint
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chert, a dense sedimentary rock made of
silica. The Gunflint chert has been dated
by its content of radioactive elements
and their decay products to an age of
about two billion years. Since then other
organic structures that look like the re-
mains of organisms have been found in
even older rocks. The oldest of them,
aged about 3.4 billion years, is the Fig
Tree chert of Swaziland in Africa.

This kind of search for evidence of
ancient life is a painstaking, laborious
process. Thousands of rock specimens
have to be sawed into ultrathin slices
and then polished so that they can be
studied under the light microscope and
the electron microscope. Although or-
ganic carbon had been found in old
rocks long before the discovery of the
Gunflint and Fig Tree cherts, one could
always hypothesize a variety of inge-
nious chemical mechanisms to account
for it. The more recent evidence of dis-
tinctive forms of cellular life in ancient
times is difficult to refute.

How life began on the earth is an-
other story. It is the story of plausible
chemical mechanisms that can be de-
duced from certain assumptions about
the early chemical environment of the
surface. One begins by inferring an
early Archaean atmosphere (which had
been built up by the escape of gas from
the interior) that was dominated by wa-
ter, methane and ammonia. Free oxygen
was absent, since free oxygen is a prod-
uct of life and not an antecedent to it.
The atmosphere may also have con-
tained appreciable quantities of carbon
dioxide.

The existence and character of this at-
mosphere are related to the fact that the
earth is smaller than Jupiter and larger
than the moon. Jupiter was able to hold
its hydrogen, which was by far the most
abundant element in the solar nebula.
The moon could not hold any of its gas.

In the earth’s envelope of air and be-
low it, in the surface waters of the sea
and in large lakes, ultraviolet radiation
from the sun was intense. The surface
was not screened from the ultraviolet
by a layer of ozone, as it is now, for

want of the oxygen (O,) from which
ozone (Oj3) is derived. The high energy

of the ultraviolet radiation promoted the

synthesis of a variety of organic com-

pounds, for example amino acids. Per-

haps many of these compounds were

already here, since it is now known that

a number of simple organic compounds

are present in interstellar space.

The synthesis of transitory organic
compounds, however, is not the same
as making life. The next steps had to be
the growth of large molecules and, be-
fore long, the growth of the nucleic
acids that would eventually provide the
genetic mechanism of reproduction so
that cells could divide and give rise to
new cells like themselves.

One cannot be sure of the range of
chemical environments that will support
life. (The uncertainty may be dimin-
ished by the U.S. spacecraft scheduled
to land on Mars next year.) All that is
known now is that the earth supports
life and that its life depends on the con-
tinuous existence of liquid water. At
present the earth is the only planet
known to satisfy that condition. The
earth’s continuous record of life for at
least the past 3.5 billion years shows
that liquid water has been available
during all that time.

Once life evolved, it began to exert an

important effect on the surface of
the earth and the gaseous envelope sur-
rounding it. In the Bitter Springs forma-
tion of central Australia, which is a little
less than a billion years old, paleobota-
nists have found cellular algae showing
many of the geometric characteristics of
the blue-green algae that today, like all
other photosynthetic plants, evolve oxy-
gen as a waste product. By the end of
the Proterozoic era, which lies between
Archaean time and the beginning of
the Paleozoic era, there must have been
enough oxygen in the atmosphere to sup-
port the evolution of higher organisms.
They were the metazoans—animal orga-
nisms having many cells with differen-
tiated characteristics. All these orga-
nisms appear to need at least small

SPIRAL “CLOCK?” shows the passage of 4.6 billion years of earth history; each revolution
of the hand takes a billion years. Moving clockwise toward zero (the present), the hand
passes the first significant datum at 4.5 billion years before the present (a); this is the age
of the oldest moon rocks known. The first complete revolution of the hand brings it to the
oldest sedimentary rocks known on the earth, Archaean-era strata in Greenland (b). Some
350 million years later (c) the hand passes the earliest of certain fossil-like microstructures
found in rocks from Swaziland in Africa; these may represent the planet’s first flora. Al-
most a revolution and a half more are required to carry the hand past the algalike plants,
roughly two billion years old (d), that are found in Canadian chert. Only two more revolu-
tions remain to go; the Archaean era lies behind and most of the Proterozoic lies ahead.
Half a revolution more will pass by three more familiar divisions of geologic time: Pale-
ozoic, Mesozoic and Cenozoic. Human history occupies a hair’s breadth to the left of zero.
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quantities of free oxygen for their bio-
chemical processes.

Oxygen is not the only atmospheric
gas that comes from life. Methane, for
example, is present in minute quantities.
Its source seems to be primarily the
methane-producing bacteria that yield
the abundant “marsh gas” over swamps.
The atmosphere also contains other
gases that are the distinctive product of
life rather than of simpler nonbiological
chemical reactions.

The Proterozoic era was a time when
the world was populated by bacteria,
algae and other primitive single-cell or-
ganisms, probably on land as well as in
the sea. Their influence on surface proc-
esses is seen in the Proterozoic rocks. It
is most distinctive in stromatolites: rock
formations consisting of the limy secre-
tions of mats of filamentous algae and
the sediment trapped by them. Stro-
matolites are known today in places such
as the Bahamas and Bermuda, where
limestone is being laid down in tidal
flats. Other evidence of Proterozoic life
is found in the existence of a few coal
beds formed from masses of carbonized
algal remains.

If an observer had looked down on

the earth from an artificial satellite in
Proterozoic time, he would have de-
scribed the surface in much the same
way that an observer similarly situated
would describe it today. Only a sensor
that could determine the chemical com-
position of the atmosphere would reveal
any differences. The evidence for the
similarities is in the Proterozoic rocks,
which are of the same types and abun-
dances as the rocks from all later ages.

By late Proterozoic time the earth-
moon system, after early instabilities,
had settled down into much the same
system we see today. Tides would have
been somewhat higher than they are
now, but they would not have been
grossly different. At about the time the
moon became a cold planet the long
heating and differentiation of the earth’s
upper mantle and crust resulted in the
extensive intrusion of great bodies of
granitic rock and in patterns of moun-
tain belts that suggest a plate-tectonic
origin,

Another kind of evidence from both
Proterozoic rocks and more recent ones
reveals periodic reversals of the earth’s
magnetic poles during much of the
earth’s history. As a heated rock cools it

is magnetized in the direction of the
earth’s magnetic field, and the pattern is
frozen in when the rock solidifies. Sim-
ilarly, certain sediments that contain
magnetic particles will record the direc-
tion of the field at the time they were
deposited. The causes of reversals lie in
instabilities in the fluid motion of the
core, which is the driving force that cre-
ates the earth’s magnetic field.

The same kind of paleomagnetic evi-
dence reveals what has been called polar
wandering, although it is not that the
North and South poles have moved but
rather that the surface features of the
earth have shifted in relation to the
poles. The conclusion is reinforced by
paleoclimatic evidence, that is, the geo-
logic record of ancient climates, such as
the occurrence of coal beds in polar re-
gions and glacial deposits near the
Equator. From this kind of information
it appears that a major continent was at
the South Pole in Proterozoic time and
that continental drift was already estab-
lished as a major process affecting pale-
ogeography.

The rocks also record from this time
a major glacial epoch, the first for which
there is firm evidence. The evidence is

OXYGEN (FRACTION OF PRESENT LEVEL)
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APPEARANCE OF OXYGEN in significant quantities in the
earth’s atmosphere, a late development, is an event that remains a
subject of controversy. One hypothesis is shown in this semilog-
arithmic graph. The abscissa intervals are billions of years before
present; increases in the oxygen supply, from trace amounts to the
present quantity (about 20 percent of the atmosphere), are indicat-
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ed on the ordinate. The process must have been gradual and must
also have been related to an increase in the numbers of photosyn-
thetic plants. The oxygen level may have risen to 10 percent of its
present value a billion years ago but no evidence of oxygen-depen-
dent animal life in any abundance appears until the time of a steep
increase in the oxygen supply at the end of the Proterozoic era.
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insufficient to reveal the details of that |

ice age—whether it was of the same ex-
tent as the recent (Pleistocene) ice ages
and whether, like them, it had many epi-
sodes of glacial advance and retreat.
One can only assume that the mecha-
nisms postulated for the Pleistocene ice
ages are general ones that are set in mo-
tion once a continental land mass lies at
one of the poles and restricts the ability
of the ocean and the atmosphere to dis-
tribute heat evenly around the globe.
To an external observer at that time the
earth would have looked a little like
Mars, except that there were still oceans
at the Equator. One of the interest-
ing questions about the earth’s glacial
epochs is why the earth remained poised
at a temperature distribution sufficiently

low to give rise to large polar ice caps |

but not to a complete freeze-over.

Just as human history merges with pre-
history, so the most recent 570 mil-
lion years of the earth’s history (starting
with the Paleozoic era) connect with the
nine-tenths of earlier evolution that were
long thought to be a mystery. For more
than a century the past 570 million years
have been regarded as the geologically
“known” period; it is therefore often
called the Phanerozoic from the Greek
phaneros, “to reveal.” Although early
geologists recognized that some Precam-
brian terrains were mappable by ordi-

nary geologic methods, it was the ab- |

sence of fossils having recognizable
affinities with forms of the present that
made it unknowable. The stratigraphic
time scale, a marvelously detailed and

precise clock, depends on the rapid eyo- |

lutionary changes in higher forms of life
that are recorded in the fossilized re-
mains of corals, mollusks and thousands
of other kinds of metazoan life.

Students of the earth’s history never
tire of marveling at the extraordinary
speed of the coming of the metazoans.
For between three and four billion years,
almost its entire history, the earth was
populated by single-cell life. Within at
most a few hundred million years there-
after a fantastic diversity of invertebrate
organisms appeared. All the major phyla
of the animal kingdom became estab-
lished quickly, and the vascular plants
and the vertebrates soon followed.

Was all of this an accident, a favor-
able conjunction of continents, seas and
environmental niches? Or was it the in-

evitable consequence of the buildup of |

oxygen in the earth’s atmosphere by
photosynthesizing algae? The best guess
now is that it was the evolution of the
atmosphere to near its present level of

oxygen that stimulated biological inven- |

Man has touched the awesome infinity
of outer space with the reality of down-to-
earth technology.

And Robert McCall was there.

Commissioned by NASA to paint scenes
of Man’s first ventures into space, McCall
is at the spot for important launches and
splashdowns.

His painting of Space Station One, cre-
ated for the film, “2001: a Space Odyssey,”
has become a collector’s item and a contem-
porary classic.

Oil paintings
by McCall
have gained
international
acclaim repro-
duced as U.S.
postage stamps,
one of which
was the first
stamp can-
celled on the
moon, and
another, his most recent, commemorated

“Space Station One”
(Smithsonian Institution collection)

the historic Apollo-Soyuz space rendezvous.

McCall’s work hangs in important collec-
tions around the globe and he has been
honored in a one-man space art show at the
Smithsonian Institution.

There is no question about it.

McCall is the premier space artist of this
generation. He has the eye for technical
detail, the mind to span time and space —
and the hand of a great painter.

Now, offered for the first time, are three
gallery quality lithographs of McCall's work.

These are incredibly detailed, beautifully
colored paintings of Man’s greatest journeys.
Each 24 x 28 inch lithograph is accompanied
by a descriptive statement in the artist’s
own words.
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“First Men on the Moon.” A 24 x 28 inch lithograph in brilliant full color. $15.

Mankind’s giant step.
Immortalized in this first offering of
Robert McCall lithographs.

The price of each lithograph is $15.
The complete edition of all three can be
acquired for
a total of $35.
Prices include
protective
packaging and
shipping.

This limited
collector’s
edition has
been autho-
rized by the
artist, prepared
and offered
exclusively by The Mikael Redman Galleries
of Scottsdale, Arizona.

As always, your complete satisfaction
is guaranteed.

BankAmericard, Master Charge or Ameri-
can Express cardholders may expedite ship-
ment of their purchase by calling toll-free,

800-528-0291.
Redman

/Q/The Mikael
Galleries

7110 Fifth Avenue, Scottsdale, Arizona 85251
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HHE MIKAEL REDMAN GALLERIES
7110 Fifth Avenue, Scottsdale, Arizona 85251 I
Please send without delay these McCall
I lithographs: O First Men on the Moon; A
O Space Station One; O Apollo VIII Com-
ing Home. l understand they are $15 each or
3 for $35. O Check enclosed. OCharge to

“Apollo VIII Coming Home"
(NASA collection)
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Eddie Bauer chamois cloth shirts are
double-fleeced and have a feel of luxury
both inside and out. But the sanforized
cotton fabric is also tough; dense weave
protects you well from wind and weather.
Full cut for free action; long shirttails.
Men’'s neck sizes: 14-18 in half sizes.
Colors: Bright Red, Camel Tan, Navy,
Moss Green. 1462 Shirt, $14.50 postpaid.

Order Today! Money Back Guarantee!
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INTERNATIONAL
MUSEUM REPLICAS

““Unique objects with
distinguished backgrounds”
INCLUDING: Bronze Talismanic
Pendants from manuscripts to
King Solomon (for Love, Luck,
Joy); Medical Instruments cast in
bronze from the originals buried in
Pompeii; Astrolabe (nautical va-
riety, navigational instrument), rep-
lica of the one used by one of the
17th century’s most famous ex-
plorers; Aryballos (Greek oil jar),
circa 550 BC, by Priapos, form of
a phallus demissus; Kylix (Greek
wine cup), circa 500 BC, by Xeno-
kles; Stonehenge (the prehistoric
astronomical observatory), stone
from the ancient ridgeway site, a
limited, numbered edition; Facsim-
ile Copies of several 17th century
medical books (such as Casserius
and Browne); Microscope (Leeu-
wenhoek, 17th century), one of the
earliest microscopes, working
model, Custom Services available;

| New Announcements.

[ LITERATURE AVAILABLE
International Museum Replicas
Mailing Address: Box 1903-SA

| Boston, Mass. 02105
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tion. One such invention was animal
shell, which served as armor to protect
soft bodies from predators and as a base
of attachment for muscles. Shells pro-
vide the basis for our understanding of
the subsequent course of evolution of
| both the planet and its inhabitants. A
paleobiological record based solely on
the soft parts of organisms would pro-
vide only the dimmest outlines of the
| past.

The shells are more than markers
of history: they influenced important
changes in the dynamics of the earth’s
exterior. The oceans became populated
with organisms that secreted calcium
carbonate, calcium phosphate and silica
in enormous quantities. Their remains
were deposited as sediment, ultimately
to become limestone, chert and phos-
phatic limestone or phosphate rock (a
major source of agricultural fertilizer).

The more precise knowledge afforded
by Paleozoic records enables geologists
to trace the effects of continental drift.
In particular it is possible to map more
confidently the shape of the early Atlan-
tic Ocean that lay between the Euro-
pean-African land mass and the Ameri-
cas before the supercontinent of Pan-
gaea was assembled at the close of the
Paleozoic era. The assembly of Pan-
gaea was one of the rare, special events
of the later history of the earth, one of
the important perturbations of the other-
wise more or less evenly ordered evolu-
tion of the planet.

One of the major consequences of the
assembly of Pangaea was the extinction
of hundreds of species of invertebrates
| and the beginning of a wholesale change
in the kinds and relative populations of
the different animal and plant species.
Most of the expanse of shallow shelf sur-
rounding each continent disappeared as
the continents collided, leaving only one
narrow perimeter around the supercon-
tinent. The shelves had harbored the
most productive biological populations
of the Paleozoic world. The geographic
constriction and the concurrent climatic
extremes, including the glaciation of
parts of what are now Africa, Australia
and South America, were enough to
decimate many species. The survivors
went on to found the new stocks of the
post-Paleozoic world.

Pangaea rifted apart in the Triassic
period (the earliest part of the Mesozoic
| era), and with that event and the follow-

ing opening of the Atlantic Ocean and
the drifting of the continents to their
present position the story of the earth’s
physical evolution is largely told. The
oldest parts of the ocean floor that are
now preserved came into being at this
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time, and so began a decipherable his-
tory of the world’s oceans. It is read
from the magnetic “stripes” and the
fracture zones of the sea floor formed at
mid-ocean ridges and rifting zones.

he new forms of life that evolved

early in the Mesozoic era give the
appearance of the modern world. Flow-
ering plants appeared, and the lands
became covered with the colors of the
flowers and foliage of deciduous trees,
the grasses and a great number of shrubs
and flowers. In the sea new photosyn-
thesizing algae, the diatoms, evolved;
they are single-cell creatures secreting
thin shells of silica. The diatoms became
responsible for much of the primary
photosynthetic production of organic
matter in the sea.

At about the same time the calcareous
foraminifera appeared. They are single-
cell animals that live off the plants at
the surface of the sea. Their shells of
calcium carbonate, raining steadily to
the bottom of the oceans, became the
source of a new kind of deep-sea sedi-
ment, the foraminiferal oozes. The re-
mains of these foraminifera became
part of another detective story: the de-
duction of ancient sea temperatures, and
thus of world climates, from the isotopic
composition and external form of the
shells. Both the shape of a shell and the
relative proportions in it of the normal
oxygen atom (oxygen 16) and the rare
heavy isotope (oxygen 18) reflect the
temperature of the water in which the
animal lived. The temperature of the
oceans as measured in this way has re-
vealed an important climatic change.

Over most of the past 50 million years
(during much of the Cenozoic era) the
earth was cooling. This culminated in
the past few million years in repeated
glaciations. The more recent ones have
been witnessed by and have affected
the evolution of a new species: man. Al-
ready advanced on his course of evolu-
tion, man in his primitive cultures was
displaced as the glaciers covered much
of northern Europe, Asia and North
America. In the short 10,000 years since
the glaciers retreated to their present
ice-cap size (probably a temporary re-
treat) man became the species that
spread and occupied almost every en-
vironment of the surface of the planet.
As he did so he became the latest of
the biological populations to profoundly
affect the course of the earth’s history.
He is only now becoming aware that
some of his activities may alter the thin
envelope of the atmosphere and the
oceans and the fresh waters that make
his existence possible.



“"Because
it matiers to us

and
fo you...

we'll continue to fight

for
energy programs

and policies that

put the consumer first
and foremost.”’

Robert D. Partridge

Executive Vice President

National Rural Electric Cooperative
Association

America’s
Rural Electric Systems HEA

We care ... we're consumer owned ®

The rural electric systems of America are members of the
National Rural Electric Cooperative Association
2000 Florida Ave., NW. Washington, D.C. 20009.

We are the nearly 1000 consumer-
owned, nonprofit electric utilities
serving more than 22 million peo-
ple in the rural areas of 46 states.

Since we're locally owned,
we're known by many names—
rural electric cooperatives most
often, but also public power or
utility districts, electric member-
ship corporations, and the like.

We all have one major objec-
tive in common: providing our
consumers with reliable electric
light and power at rates reflecting
only the costs of doing business—
yes, including costs for protecting
the environment. That's our busi-
ness too.

We're proud to be an influen-
tial force in the electric utility
industry. And now as our nation
hammers out a much-needed
energy policy, we're in there
fighting. Our consumer advocacy
role comes naturally . . . because
we're small enough to stay in
touch with the people, and con-
cerned enough to lead.

Qurs is a big job . . . but then,
we work for a big country.
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THE MOON

Lacking an erosive atmosphere and geologically active outer layers,

the earth’s lifeless satellite has preserved a record of early events

(but not the primordial events) i the history of the solar system

o prospect could be more exciting

\. to an earth scientist than to see

an entire new planet suddenly
opened up for study. The Apollo mis-
sions to the moon accomplished just that,
although considerations of national pres-
tige, not of science, had been the prin-
cipal reason for going there. At a cost
amounting to less than 5 percent of the
total for the Apollo program, the scien-
tific work associated with the program
succeeded in transforming the moon
from a cold distant circle of pallid whit-
ish material into a real, if small, planet
made of more or less familiar rocky sub-
stances in which a record of past epochs
of geologic activity is preserved.

The scientific work involved many
people and approaches. It is symbolized
by the tools that were employed: micro-
scopes, mass spectrometers, nuclear re-
actors, magnetometers and seismometers
(the last left forever with their ear
pressed against the surface of the moon,
listening to its internal rumblings). The
results of these studies can now be
pieced together into a reasonably co-
herent picture of the composition and
evolution of the moon. Much remains to
be learned, but in broad outline the
moon’s life history has come to be un-
derstood almost as well as the earth’s.

The present conception of the moon
can perhaps be best summarized chrono-
logically, by discussing the principal
epochs or stages the moon appears to
have passed through. Six stages are rec-

by John A. Wood

ognized at present: the origin of the
moon, the separation of a crust, an early
epoch of volcanism, a period of bom-
bardment by massive planetesimals, a
later epoch of volcanism and finally a
decline of activity to the apparently
quiescent stage of the present.

The origin of the moon is the stage

about which the least has been
learned. Few clues are offered by the
lunar samples, because they have all
turned out to be geologically processed
materials—rocks whose compositions
were established by igneous processes in-
side the moon. (The point is made by
analogy with the properties of igneous
rocks on the earth.) If the astronauts had
been able to collect samples of the primi-
tive substance of the moon that had been
spared later transformation, much might
have been learned from them about the
formation of the moon. No such samples
came to hand, however, probably be-
cause it is unlikely that any primitive
material has survived the turbulent early
history of the moon.

Certain things have been learned
about the conditions of the moon’s ori-
gin. First, the moon and the earth were
formed in the same general region of the
solar system. This conclusion is based
on the isotopic composition of oxygen
in the lunar samples, which is indistin-
guishable from the composition of ter-
restrial oxygen. The study of meteorites
shows that the proportions of the iso-

SURFACE OF THE MOON was photographed from an altitude of 118 kilometers by Alfred
M. Worden, pilot of the command and service module of Apollo 15. His vehicle stayed in
orbit around the moon while the other two astronauts in the crew were on the lunar sur-
face. The cratering in this area, which is on the far side of the moon east of the crater
Tsiolkovsky, is typical of the entire lunar surface and reflects a period of bombardment by
planetesimals and meteoroids early in the evolution of the solar system. The crater in the
center of the photograph is about 19 kilometers in diameter. It is younger than its neigh-
bors, as is indicated by the bright “rays” of ejected material that overlie the nearby features.
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topes oxygen 16, oxygen 17 and oxygen
18 vary measurably among rock samples
derived from different parts of the solar
system.

That observation does not much con-
strain hypotheses on the origin of the
moon. It can still have been formed by
fission from the earth, by capture in-
tact from a nearby independent orbit or
by accretion from small objects that
once traveled in orbit around the earth.
The oxygen data, however, do rule out
the possibility that the moon was cap-
tured by the earth after having been
formed far away, near Mercury or
among the Jovian planets, for example,
or outside the solar system altogether.

Second, when the lunar rocks are
compared with terrestrial rocks or with
meteorites, they are found to be system-
atically depleted in the more volatile
chemical elements. The depletion can be
seen in a comparison of elemental abun-
dances in lunar and terrestrial basalts, to
take one example [see illustration on
page 95]. To be sure, basalts are sec-
ondary igneous rocks, not samples of
planetary materials as they first accreted,
but compositional differences between
basalts from two planets should reflect
differences in the composition of the
more primitive planetary materials from
which the basalts were derived.

The terrestrial planets (Mercury, Ve-
nus, the earth and Mars) are currently
understood to have been formed by a
process involving, first, the condensation
of small mineral grains in the gaseous
nebula that is thought to have surround-
ed the infant sun and, second, the me-
chanical accretion of the mineral grains
into planets. As the initially hot nebu-
la cooled, the most refractory minerals
would have condensed first. Increasingly
volatile compounds would have precipi-
tated subsequently.

If condensation and accretion pro-
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THREE TYPES OF LUNAR ROCK appear on this page in micrographs made by trans-
mitted light at an enlargement of 12 diameters. This micrograph shows a thin section of
basalt, which is the rock type found on the maria, or dark “seas” of the moon. The basalt
displays a pattern of interlocking silicate and oxide minerals that crystallized when a flow
of basalt cooled in Mare Imbrium. The rock specimen from which the thin section was
cut was brought back to the earth by the astronauts of the Apollo 15 mission in 1971.

“KREEP” NORITE is a second type of lunar rock, one of the two types that are found on
the light-colored highlands of the moon. The letters KREEP refer to the mineral’s relatively
high content of potassium (K), rare-earth elements (REE) and phosphorus (P). This speci-
men is a breccia, a conglomeration of mineral and rock fragments that resulted from the
shattering of the precursor material in the bombardment by massive meteoroids early in
moon’s history. Rock from which section came was brought back by Apollo 14 astronauts.

ANORTHOSITIC ROCK is by far the most abundant type of rock on the moon. This speci-
men, a breccia consisting largely of plagioclase fragments, was brought back by Apollo
16 astronauts. For this micrograph polarizing filters were used to enhance the contrast.
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ceeded simultaneously, circumstances
could have conspired to deliver variable
proportions of high-temperature and
low-temperature condensates to the dif-
ferent planets. For example, the objects
that began accreting first might be ex-
pected to capture the greater part of the
early (high-temperature) condensates.
The discovery that the moon and the
earth contain quite different proportions
of high-temperature and low-tempera-
ture elements makes it appear that such
fractionation did occur when the planets
were formed.

As for the actual mechanics of the
formation of the moon as a satellite of
the earth, the three possibilities I have
mentioned, which were recognized long
before the Apollo program, must still be
considered. In the opinion of many lu-
nar scientists, however, some variant of
the model envisioning accretion in orbit
around the earth is the most likely to be
correct. The intact-capture model pre-
sents difficulties concerning dynamics.
They can be summarized most simply
by noting that the orbit of one object
around another is symmetrical about the
line between them at the time of their
closest approach. If the moon ap-
proached the earth from some distant
point in the solar system, it would, after
its closest approach, recede to a similarly
great distance along an orbital path
nearly symmetrical with its approach
trajectory. Unless special assumptions
are made about a mechanism to slow the
moon down while it was in the vicinity
of the earth, it would not have been
captured.

The idea that the moon fissioned from
the early earth also presents difficulties.
A very high rate of spin at the beginning
must be assumed. After the rupture the
earth-moon system would be left with a
quantity of spin (angular momentum in
the physicist’s terms) twice as large as
the quantity the system now has. Since
angular momentum is ordinarily con-
served in dynamic systems, special as-
sumptions have to be made to provide
a mechanism that would have de-spun
the earth-moon system after fission.

If it seems preferable to adopt the
hypothesis that the moon accreted as it
was in orbit around the earth, where are
the accreting particles to have come
from? They probably condensed in the
solar system at large and were subse-
quently captured in orbit around the
earth. It is easier to capture a large num-
ber of small objects than it is to capture
alarge, preformed moon.

Several natural mechanisms would
have acted to slow down small particles

so that they could be captured by the



earth, One is gas drag, The nebular gases
would have resisted and slowed the mo-
tion of tiny particles but not of an ob-
ject as massive as the moon. Another
mechanism is collisions between parti-
cles. Approaching the earth from all di-
rections, some particles would have
passed around it in a clockwise direc-
tion and others would have gone coun-
terclockwise. Collisions between mem-
bers of these two populations would
have slowed their forward velocities,
guaranteeing that the particles could
not recede from the earth. Collisions
would have continued until all the par-
ticles either had lost enough velocity to
fall onto the earth or had been bumped
into orbits that were nearly circular, lay
in a common plane and had the same
sense of rotation.

It has been estimated that the moon
could accrete from such a disk of parti-
cles in as little as 1,000 years. Whether
or not it really formed as rapidly as that
is unclear. If small particles continued
to be captured into orbit around the
earth from the solar system at large over
a much longer period of time, the addi-
tion of particles to the moon would of
course be correspondingly protracted. It
is also unclear why the accreting moon
would have captured more of the early
(high-temperature) condensate particles
than the nearby earth.

n order to discuss the internal evolu-
tion of the moon once it had formed,
it is necessary to take stock of the types
of rock found on the moon. Although a
great variety of rock types were collect-
ed by the Apollo astronauts, nearly all
the specimens can be put in one or an-
other of three categories: mare basalt;
“kREEP” norite, which is named for its
unusually high content of potassium
(K), rare-earth elements (REE) and
phosphorus (P), and the anorthositic
group. The mare basalt constitutes the
substance of the dark and relatively
smooth lunar maria, or “seas,” and the
other two rock types make up the
rugged, light-colored highlands.

None of the three can be considered
by any stretch of the imagination to be
samples of primordial planetary materi-
al. Their elemental abundances bear
little resemblance to the abundance pat-
tern of metallic elements in the atmo-
sphere of the sun or in chondritic mete-
orites, which are thought to be samples
of primitive planetary material. On the
other hand, all three do resemble classes
of igneous rocks found on the earth. It is
clear that igneous processes in the moon
established the composition of the three
categories of lunar rock.
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COMPARISON OF BASALTS from the moon and the earth shows that the lunar rocks are
systematically depleted in the volatile elements that would have condensed at relatively
low temperatures when the solar system formed from a gaseous nebula. The chart shows
for each element the ratio of its abundance in the lunar basalts to its abundance in the ter-
restrial basalts. The contrast suggests a process of fractionation that delivered more of the
early, high-temperature condensates to the objects in the solar system that accreted first.

Experience with igneous-rock systems
on the earth makes it possible to rec-
ognize two fundamentally different ig-
neous processes that fractionate rock
chemically to produce new and different
compositions. One is partial melting.
To appreciate that concept the reader
should refer to the phase diagram at the
top of the next page, which illustrates
the behavior with changing tempera-
ture of a material whose composition
can be expressed in terms of the propor-
tions of two end-member compounds.
(It is therefore a binary system.) Phase
diagrams of this kind are established by
programs of careful experimentation, in
which charges having various composi-
tions simulating rocks are put in thick-
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walled vessels and taken to temperatures
and pressures appropriate to the interior
of a planet. The important point to be
gained by the inspection of this particu-
lar diagram is that as the temperature is
increased in a material whose composi-
tion can be represented in-terms of a
mixture of diopside and anorthite, the
composition of the first liquid to appear
is the same no matter what the propor-
tions of diopside and anorthite are in the
starting material.

Actual rocky materials in the earth
and the moon are too complex to be rep-
resented by a binary diagram; often
their phase diagrams involve three
or more end-member compounds, and
sometimes they cannot be adequately
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PARTIAL MELTING as a process that chemically fractionates rock to produce different
compositions is described in this phase diagram. A material composed of the minerals diop-
side and anorthite in the proportions of 76 percent and 24 percent respectively remains
solid as the temperature is raised (4B), until at 1,260 degrees Celsius (B) a melt of com-
position E appears. The melting is sufficient to eliminate solid anorthite. When the tem-
perature rises further, the composition of the melt migrates (EC) as more and more resid-
ual diopside is melted. At C the last solid residue disappears. An equivalent thing happens
if a solid containing different proportions of the minerals is heated, an example being 40
percent diopside and 60 percent anorthite (DF, EG). The key point is that for all starting
compositions in this binary system the first liquid to appear has the same composition (E).
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PHASE DIAGRAMS for two mineral compounds are compared. If a system is definable in
terms of different end-member compounds, such as diopside and forsterite (color) instead
of diopside and anorthite (black), a different low-melting liquid (E) is produced when the
temperature is raised. Again, however, the composition of this low-melting liquid remains
the same regardless of proportions' of the end-member compounds in the starting material.
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portrayed on two-dimensional paper.
Nonetheless, the point made above re-
mains valid: The first melt to appear
when a mass of rocky material is heat-
ed has a characteristic composition.

When melting begins inside the
earth, it appears that usually the early
liquid does not remain long in the com-
pany of the residual solid material. In-
stead it tends to rise through the crust,
frequently erupting onto the surface as
lava. The composition of a terrestrial
lava is often found to correspond to the
low-melting composition for some par-
ticular phase diagram. The end-member
compounds that define the diagram and
the pressure regime for which it is valid
can reveal the depth from which the
lava was derived and what materials
were present in the parent rock that gave
rise to it. Thus the nature of planetary
interiors can be probed by determining
lava compositions and relating them to
phase diagrams.

Returning to the trinity of lunar rock
types, it turns out that mare basalt and
KREEP norite have characteristic low-
melting compositions and therefore
were produced by partial melting in the
interior of the moon. They represent
later acts of lunar evolution and will be
discussed below. The anorthositic rocks,
however, have compositions far removed
from low-melting liquids. These rocks
must have been produced by the second
type of igneous process, which is crystal
fractionation.

When an igneous melt begins to crys-
tallize, the crystals that form generally
do not have the same specific gravity as
the residual liquid does. If crystalliza-
tion is not too rapid, dense crystals tend
to sink to the floor of the cooling system
and light crystals (if there are any) tend
to float to the top. Layers can accumu-
late in which one mineral is greatly con-
centrated. The earth’s crust contains
layered igneous structures in which crys-
tal fractionation has obviously occurred.

Anorthositic rocks are characterized
by a superabundance of one mineral:
plagioclase feldspar (CaAl,Si,Og). It is
easy to picture the formation of this type
of rock by crystal fractionation in pools
of lava on the moon. The difficulty is that
the moon has vast amounts of anortho-
sitic rock, which is overwhelmingly the
most abundant of the three classes of
lunar rocks. Apparently the entire crust
of the moon, to a depth of from 50 to
100 kilometers and over the entire sur-
face, is anorthositic. Local fractionation
in lava pools would be totally inade-
quate to manufacture such an amount of
anorthositic rock.

How can it be said that the moon has



SCIENCE.“SCOPE

The Orbiting Solar Observatory launched in June is giving solar physicists
their best opportunity yet to study the complex region between the sun's sur-
face and its corona, where temperatures soar from 10,000 to more than 3,000,-
000°F. Designated 0SO0-8, the 2400-1b. spacecraft was built by Hughes for
NASA's Goddard Space Flight Center., Its stored command processor and small
experiment computer enable it to handle complex observation instructions.

Its two sun-pointed telescopes, which have a pointing stability of 1/3600°,
will scan the sun's surface in 450-mile swaths.

0S0-8's instruments will also search the Milky Way for celestial sources of
X-rays and observe X-ray binaries, which seem to consist of a visible star
and a small invisible companion -- possibly a '"black hole'".

The promise of electric propulsion for interplanetary travel moved a step
closer with the recent completion of a record-setting endurance test on an
ion engine by Hughes Research Laboratories scientists. The 30-cm mercury
electron bombardment ion thruster module, built for NASA's Lewis Research
Center, was operated for 10,000 hours in a space-simulation chamber to demon=-
strate the lifetime capability of the thruster and its critical components.
Ion engines are being considered both for primary propulsion systems for
spacecraft and for station-keeping and stabilizing functions for satellites,

Ion engine technology has already produced spinoffs including a high-voltage
DC circuit breaker developed by Hughes for use in electric power transmission
systems, as well as advanced ion implantation and ion sputtering techniques
used in microfabrication processes.

Hughes offers professional engineering opportunities in the flexible printed
circuit and flat cable departments of its Connecting Devices Division. Appli-
cants should have design, manufacturing, and process engineering experience

in these technical areas., Please send your resume, including salary history,
to: William J. Zahn, Hughes Aircraft Company, 17150 Von Karman Avenue, Irvine,
CA 92705. An equal opportunity M/F employer.

To move a communications satellite back to its exact position on synchronous
orbit requires the firing of its position and orientation thrusters. Until
now, catalytic-decomposition hydrazine thrusters could be started only 250 to
300 times before their performance began to fall off, The Hughes HE-54, a
new hydrazine thruster now undergoing a rigorous acceptance test, has already
been started 800 times without noticeable degradation. This has involved over
a million pulses and 40,000 seconds of steady-state operations, with propel-
lant throughput of over 800 pounds of hydrazine. Testing is being continued
to determine the thruster's full life.

This dramatic improvement in performance was achieved by using a novel pro-
pellant injector design, noble-metal catalyst bed screens, and a specially
processed catalyst, Because it does not have a conventional catalyst bed
heater, the HE-54 is lighter, consumes less power, and is more reliable,

Creating a new world with electronics
P

. HUGHES |

Logocooct oot bl ools
HUGHES AIRCRAFT COMPANY
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“My tastes are very simple.
Ionly wantthe
very bestof everything.”

An eminent British prime
minister was quoted as having
made that statement.

Well, we guess just about
everybody would like to have
the very best of everything.

But for most of us, that just
isn’t possible. We can’t afford a
Rolls-Royce (with chauffeur),
servants, summer and winter
homes, etc.

But it is interesting to note
that even those who can afford
all those things still cannot
buy or serve a better whisky
than Maker’s Mark.

And, as for the rest of us, no
matter what our means, we can
at least enjoy the very best
of some things. One of those

things is love, another is compan-

ionship. And speaking more
materially, another is whisky.

Moderation is key.
If you drink in moderation,
then the extra cost of Maker’s
Mark is amortized over quite a
period. We’d be the first to
admit that immoderate drinkers
probably can’t afford Maker’s
Mark. But then they really can’t
afford any whisky, can they?

Maker’s Mark was intended
to be enjoyed in moderation.
It is not, and never will be,
mass produced. It is made,
little at a time, slowly,
thoughtfully, and is meant to be
consumed in the same manner.

Not for everyman.

So, Maker’s Mark will never
compete for the mass market.

it tastes
expensive

...and is.

Made from an original old style
sour mash recipe by Bill Samuels,
fourth generation Kentucky Distiller.

Maker’s Mark Distillery, Loretto, Ky.,
Ninety Proof-Fully Matured.
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It was never Bill Samuels’
desire to do so. Bill, founder
of Maker’s Mark Distillery, is a
fourth-generation Kentucky
distiller who knew exactly
what he wanted when he
started making his own whisky
back in 1953.

All he hoped for was to find
the pride of self-achievement
in making a whisky of singular
character for those few who
understood whisky well
enough to enjoy a truly
outstanding distillation.

For you?
Though it’s not for every-
man, it could very well be
for you.

Free booklet.
When you're in our neck of
the woods, we cordially
invite you to visit our little
distillery on Star Hill Farm
near Loretto. Meanwhile,
if you have an interest in
the history of whisky-making
in the Bluegrass state, write
for a free copy of our little
booklet, “The Wonderful
World of Kentucky Whisky.”



SUCCESSIVE LAVA FLOWS are evident in Mare Imbrium. They
can be recognized by the different amounts of cratering they have
undergone. At left Mare Imbrium appears in a Lick Observatory
photograph that provides orientation for the map at right but is at

so much of this material? After all, the
Apollo astronauts only scratched the
surface at six points on the near side
of the moon. (In addition the un-
manned Russian spacecraft Luna 16
and Luna 20 sampled two points, and in
1968 the U.S. vehicle Surveyor 7, an
unmanned lander, remotely analyzed
the soil at a single point in the southern
highlands.)

One can generalize about the compo-
sition of the crust to a considerable
depth because, although the astronauts
could not dig deep, earlier cratering im-
pacts on the moon had done so. Huge
basin-forming impacts delved tens of
kilometers deep and scattered the ex-
cavated debris on the surface. Much of
the material collected by the astronauts
must have had this origin, and the ma-
terial is dominantly anorthositic. The
moon could not have kept another rock
type hidden under a thin veneer of
anorthositic material; cratering activity
would have stripped the veneer away
long ago.

Seismic studies have provided an ac-
tual measure of the thickness of the lu-
nar crust on the near side. All the Apollo
missions left functioning geophysical sta-
tions on the moon. Most of the stations
include passive seismometers, which
continuously transmit a record of seis-
mic disturbances to the earth. Seismic
signals were generated during the Apollo
missions by deliberately crashing spent
spacecraft onto the moon at preselected
points. On the way to the various geo-

physical stations the shock waves gen-
erated by those impacts passed through
several materials having a range of seis-
mic velocities.

When a model of the moon’s crustal
structure is devised that is consistent
with the travel times of seismic waves
from all the various impacts to the sev-
eral seismometers, it is found to involve
a discontinuity in the physical proper-
ties of the rock at a depth of about 60
kilometers. Above that depth the seismic
velocities are consistent with the ve-
locities in anorthositic rock. Below 60
kilometers the seismic velocities are
higher (about eight kilometers per sec-
ond compared with about 6.5 kilometers
per second above that level). The ve-
locity below 60 kilometers is appropriate
to a rock type of higher density. Pre-
sumably that is the material of the lunar
mantle.

The moonwide extent of anorthositic
rock has been confirmed by remote geo-
chemical analysis performed by instru-
ments carried by the command and
service modules of Apollo 15 and Apollo
16. (The command and service module is
the vehicle in which the third astronaut
remained, traveling in orbit around the
moon while the other two astronauts
explored the lunar surface.) The vehicle
kept a battery of sensing instruments
trained on the lunar terrain. Among
them was a detector sensing secondary
X rays being emitted by elements in the
lunar soil as a result of stimulation by
primary X rays from the sun. The de-
tector discriminated between X rays
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too small a scale to show the density of cratering. Darkest color on
map represents the youngest lava flow, which is the one least af-
fected by cratering. Lightest color represents oldest flow. Second-
youngest and most extensive flow erupted 3.3 billion years ago.

emitted by magnesium, aluminum and
silicon in the lunar soil.

Anorthositic rock has a characteris-
tically high ratio of aluminum to silicon.
The X-ray experiment showed that ma-
terial of this kind constitutes the sub-
stance of most of the lunar highlands
the detectors passed over. The finding
provides a basis for confidence that the
highlands in general are anorthositic in
character, although one could wish to
confirm the fact by studying samples
collected on the far side of the moon
and in the polar regions.

If anorthositic rock can be formed
only by crystal fractionation from a
cooling melt, and if the layer of anortho-
sitic rock produced by this process is
approximately 50 kilometers thick over
the entire surface of the moon, one is
forced to postulate the existence early
in lunar history of a layer of magma on
a heroic scale—a veritable ocean of
white-hot melted rock that once covered
the surface of the moon. The present
lunar crust must have separated from
the hellish bath as it cooled. It is ques-
tionable whether crystallizing plagio-
clase would have actively floated up to
the surface of this rocky ocean, because
the specific gravity of plagioclase and
of residual magma would have been
nearly the same. If, however, the other
crystallizing minerals sank (they would
have been rich in iron and magnesium
and certainly denser than the liquid), the
net effect would have been to concen-
trate plagioclase near the top of the sys-
tem, thus accounting for the plagioclase-

97



G‘RUSS
30° p—— S —
-
i
15°
L= O - ‘5
20 COPERNICUS on o
o - & “m |
" B < -
15° |
PETAVIUS
il
WD
3o
90° 60° 30° 0° 30° 60°

NATURAL RADIOACTIVITY in the lunar soil was detected by
a gamma-ray spectrometer in the command and service module of
Apollo 15 and Apollo 16. The radioactivity is due to the decay of

rich (anorthositic) character of the pres-
ent cool, solid crust of the moon.

The act of crust separation was the
second stage of lunar history. All the
terrestrial planets, including the earth,
may have passed through a similar stage,
although the record of the earth’s pri-
mary crust has long since been obliter-

ated. The separation of the lunar crust
probably occurred soon after the moon’s
formation.

That concept is not clearly supported
by the ages of lunar anorthositic samples
based on the decay of radioactive ele-
ments. Those ages are about four billion
years, compared with an age of 4.6 bil-

uranium, potassium 40 and thorium. The radioactivity in the most
strongly colored regions of the map corresponds to the presence of
about .3 percent potassium and seven parts per million of thorium.

lion years ascribed to the origin of the
solar system and the planets in it. The
radiometric ages probably do not, how-
ever, reflect the time when the highland
rocks were formed. Later energetic
events reset the radiometric clocks of
the rocks.

The most compelling reason for plac-
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DEPTH (KILOMETERS)

INTERNAL EVOLUTION OF THE MOON is summarized. The
process involves melted rock (dark color), the lunar mantle (light
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tionary stages discussed in the text. The stages are surface melting
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The scale proceeds from dark color to light color. The regions
that are portrayed in the lightest color represent concentrations
of approximately .1 percent potassium and .3 part per million of

ing the separation of the lunar crust at
the beginning is that it is easiest then to
picture why the surface layers of the
moon might have been molten. Planetary
origin is likely to have been a violent
process. Particles or subplanets accreting
to an object having a substantial gravi-
tational field would have arrived with

considerable speed and kinetic energy.
The kinetic energy would have been
converted to heat on impact. If lunar ac-
cretion proceeded more rapidly than
heat could be dissipated (the reader will
recall that accretion could have been
completed within 1,000 years), the heat
resulting from the impacts would have

thorium. The Apollo 15 vehicle, which was in an inclined orbit,
generated the sinusoidal pattern. The Apollo 16 vehicle was in a
nearly equatorial orbit and therefore generated a flatter pattern.

been conserved and would have melted
the outermost several hundred kilome-
ters of the moon. It is hard to explain ex-
tensive surface melting at any later time;
the normal state of affairs in a planet is
for the surface, which is exposed to
space, to be cool.

The third stage in the moon’s history

DEPTH (KILOMETERS)

as moon formed (1), separation of a low-density crust by crystal
fractionation (2), origin of KREEP norite by partial melting in the
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deep crust (3), intensive cratering (4), the origin of the mare ba-
salts by partial melting in the upper mantle (5) and quiescence (6).
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saw the appearance of the KREEP norite.
This material’s content of the major ele-
ments is not extraordinary, but its con-
tent of certain minor and trace elements
such as potassium, phosphorus, barium,
the rare earths, uranium and thorium is
from 50 to 100 times higher than that of
the lunar anorthositic rocks. As I have
mentioned, XREEP norite has a low-
melting composition and probably was
produced by partial melting in the lunar
interior. The appropriate phase diagram
has as end-member components the
same minerals that are found in lunar
anorthositic rocks. The diagram is also
valid at relatively low pressures. Ap-
parently the most suitable site for the
production of XREEP norite was in the
anorthositic crust, after it had separated.

The minor and trace elements that are
enriched in KREEP norite have in com-
mon rather large ions (atoms in the
crystal structure that have gained or lost
electrons). Such ions are not easily ac-
commodated in the crystal structure of
the major minerals in anorthositic rock.
As a result these elements would have
been among the last to solidify when the
anorthositic system cooled, and they
would be among the first to be remobi-
lized if it were heated up again. The
high concentration of large-ion elements
in XREEP norite is therefore consistent
with the hypothesis that the norite was
produced by partial melting in anortho-
sitic rocks. The concentration of large-
ion elements also implies that only the
first small percentage of liquid had been

sweated out of the parent rock before
the liquid was separated and concen-
trated in bodies of KREEP-norite magma
or lava.

Perhaps the most intriguing aspect of
KREEP norite is its localized occurrence
on the lunar surface. Gamma-ray de-
tectors on the orbiting command and
service modules sensed high concentra-
tions of radioactive elements in the broad
area of Mare Imbrium and Oceanus
Procellarum, particularly at the points
where light-colored highland terrain
protrudes through the layer of mare
basalt that generally covers the area.
Evidently these highland regions con-
sist of XxREEP norite (which, as I have
noted, is rich in uranium, thorium and
potassium) rather than of anorthositic
rock. It appears that at some time after
the formation of the anorthositic crust
of the moon, but before the eruption of
the mare basalts that now blanket the
area, a XREEP-norite lava flooded this
one section of the moon.

The source of the heat needed to part-
ly remelt anorthositic crustal material is
not known, nor is the reason the eruption
was concentrated in one area. Itis tempt-
ing to postulate that one huge planetesi-
mal impact provided the energy and the
basin, but a crater as large as Oceanus
Procellarum would have stripped the
crust away entirely in some areas and
promoted wholesale melting elsewhere.
It would not have promoted the small
degree of partial melting needed to gen-
erate KREEP norite. The origin of this
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rock type remains one of the most im-
portant and puzzling questions of lunar
science.

The fourth act of lunar history con-
sisted of an epoch of impacts by ma-
jor planetesimals on the surface of the
moon. Our picture of the origin of the
solar system involves the gradual as-
sembly of small particles and accretions
of particles into the present array of
planets and satellites. The early solar
system must have been an untidy place
until the loose debris was swept up;
meanwhile the debris bombarded the
young planets ceaselessly. The crater-
pocked surfaces of the lunar highlands
bear witness to that early barrage of in-
terplanetary projectiles. So does the
character of the highland rocks, which
are almost uniformly breccias: agglom-
erations of broken mineral and rock
fragments. Pulverization from impacts
has obliterated any textural evidence the
old highland rocks once had of their
origin in large-scale crystal fractionation
or as lavas erupted onto the surface.
Major impacts not only fracture rock
but also heat it. Severe heating of a rock
has the effect of erasing any straight-
forward isotopic record the rock has of
the time when it was formed, that is,
when it was endowed with its present
chemical composition. The isotopic clock
is reset, so to speak. That is the interpre-
tation placed on the ages of lunar high-
land rocks. The age of four billion years
at which they tend to cluster is not the

0 500
SCALE (KILOMETERS)

1,000

PROPERTIES OF LUNAR INTERIOR are portrayed. The dis-
tinction between crust, mantle and core (left) is based on differ-
ences in composition and specific gravity of rocks. The distinction
between lithosphere and asthenosphere (right) is based on rigid-
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ity (and therefore temperature) as indicated by seismic waves.
Compressional waves (solid lines) from deep moonquakes (dots)
pass through all material. Shear waves (broken lines) are attenu-
ated by a nonrigid medium. They indicate a soft and warm zone.
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time when they were formed; there is
isotopic evidence (of a somewhat equiv-
ocal character) that both anorthositic
and noritic lunar materials are older
than four billion years. Some violent,
high-temperature process reset their
clocks four billion years ago.

The violent events in question were
almost certainly the colossal impacts
that excavated the huge circular mare
basins in the lunar crust. Debris from
the impacts blanketed much of the near
side of the moon. Many of the highland
samples collected must have been in-
volved in these impacts and heated by
them.

Apparently a new population of
planetesimals was set loose in the solar
system four billion years ago, resulting
in a cataclysmic surge of cratering on
the moon and other planets. It is also
possible, however, that cratering activity
was even more intense in the period
prior to four billion years ago. Perhaps
the early surface history of the moon
was so violent that rock ages were con-
stantly being erased, and not until four
billion years ago did cratering activity
decline to a point where rocks had a
good chance of remaining undisturbed
until the present day.

After the rain of planetesimals had

abated, or perhaps while it was
diminishing, the moon entered the fifth
phase of its history. In this period vast
floods of lava erupted on the moon’s sur-
face, flowing into the basins previous-
ly excavated by planetesimal impacts.
There the lava solidified, forming the
dark plains that appear to the unaided
eye as smudges on the moon.

The mare lavas did not erupt in one
pulse of volcanic activity. They con-
tinued to issue from the lunar interior for
a period of almost a billion years. As a
result the mare surfaces are a compli-
cated patchwork of overlapping lava
flows [see illustration on page 97].

Mare basalts are variable in compo-
sition as well as age. The oldest samples
collected tend to have the highest con-
tent of titanium. It appears that they
were produced by partial melting at a

depth of 150 kilometers or more and |

that the less titaniferous basalts were
generated later at greater depths (240
kilometers or more).

The source of basalt seems to have
deepened with time. The phenomenon
can be explained by the fact that the

originally hot surface must have cooled l

rapidly by the radiation of heat to space,
whereas the interior grew increasingly
warmer through the decay of radioactive

elements. The net effect must have been |
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Venita is-a shy little girl with big, dark
eyes. You can see by her wistful expres-
sion that she has known much suffering
in her short life in India.

She hardly remembers her parents. Her
mother was in ill health when Venita was
born. She died when Venita was only two
years old.

Her father earned very little and lived
in one room in a tenement in Delhi. He
was unable to support and care for the
frail little girl. He asked a children’s
Home, affiliated with the Christian Chil-
dren’s Fund, to takecare of his daughter.

There is still a sad, haunting look that
lingers in Venita’s dark eyes. But she’s
improving. Gradually she’s losing her
shyness, and she smiles and plays with
other children who share the same room
at the Home.

Venita now has the care she needs. Her
CCF sponsor here in this country is help-
ing give her a better chance for a useful,
happy life.

But there are many other needy chil-
dren still waiting for sponsors.

You can sponsor such a child for only
$15 a month. Just fill out the coupon and
send it with your first monthly check.

You will be sent the child’s photo-
graph, name and mailing address, plus a
description of the project where the child
receives assistance.
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Venita

. hasknown

alot of
suffering.

You may write to your sponsored child
and your letter will be answered. You will
get the child’s original letter and an
English translation. (Children unable to
write are assisted by family members or
staff workers.)

Yourlovecanmake a big difference in
the life of a needy little child. Please fill
out the couponnow . . .

Sponsors urgently needed in Brazil,
India, Guatemala, Indonesia, Kenya and
Thailand.

Write today: Verent J. Mills

CHRISTIAN CHILDREN’S FUND, Inc.
Box 26511, Richmond, Va. 23261
I wish to sponsor a O boy O girl in

(Country),
O Choose any child who needs my
help. I will pay $15 a month. I enclose
first payment of $ . Send me
child’s name, mailing address and
picture.

I cannot sponsor a child but want to
give § . .

O Please send me more information.

Name
Address
City,
State Zip

Member of International Union for Child
Welfare, Geneva. Gifts are tax deductible.
Canadians: Write 1407 Yonge, Toronto, 7.

$52890
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to cause the peak temperature to migrate
inward with time.

The final stage of lunar history is
quiescence. By the time the mare basalts
erupted the density of major planetesi-
mals in the solar system had fallen so
low that large impacts ceased to be an
important contributor to surface activ-
ity. That is why the maria have main-
tained such a smooth appearance to the
present day. (They look smooth from a
distance; close up they are seen to be
pocked with small craters, the effect of
continuing bombardment by the lesser
meteoroids that have always been vastly
more abundant than major planetesimals
in interplanetary space.)

Internal disturbances as well as ex-
ternal ones have diminished during the
last chapter of lunar evolution. The
outermost shell of relatively cool and
therefore rigid rock—the lithosphere—
grew thicker as heat continued to be
lost from the surface. By the time the
youngest of the mare basalts were
erupted the lithosphere had grown suf-
ficiently thick and strong to resist sag-
ging under the weight of the basalt
flows.

More or less plastic masses of rock
tend to sink or rise into positions of buoy-
ant equilibrium. Where such movement
is prevented by the brute strength of
cold, rigid rock, and dense masses are
held at unnaturally high elevations, the
masses cause irregularities in the gravity
field of a planetary surface. Such irregu-
larities are termed positive gravity
anomalies. It was already known before
the Apollo program that positive gravity
anomalies were associated with the cir-
cular maria; the mass concentrations
(“mascons”) in those maria had revealed
themselves by deflecting the trajectories
of orbiting spacecraft.

By now the lunar lithosphere has
grown to a thickness of about 1,000 kil-
ometers. The depth of the transition
from the rigid lithosphere to the inner-
most, plastic asthenosphere can be read
from the behavior of the seismic waves
generated by moonquakes in the deep
lunar interior [see illustration on page
100]. The presence of such a mighty
armored layer on the moon absolutely
prohibits fracturing of the lithosphere,
jostling of fragmental plates and the
transport of lava from the asthenosphere
to the surface—processes that occur un-
ceasingly on the earth, where the litho-
sphere is only from 70 to 150 kilometers
thick. Vitality in the moon has retreated
to a small central zone. To all intents
and purposes that body—once the scene
of thermal, chemical and mechanical ac-
tivity on a gigantic scale—is dead.
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Now you can get
heavenly close-ups lilke this,
on the spot.

With the SX7/0.

All you need is a telescope and a
telescope adapter for the Polaroid
SX-70 Land Camera. And you can
photograph the moon, sun and
planets (not to mention such earth-
bound subjects as a mountain goat
on an inaccessible crag, or the orna-
mentation on a building 3 miles
away).

With the adapter, you can attach
the SX-70 to almost any telescope.
This provides a number of advan-
tages, particularly for amateur
astronomers:

With our single-lens reflex as the

telescope eyepiece, you are assured
that your photograph will include
the entire viewing field.

Time exposures of up to 14 sec-
onds are long enough for almost
all planetary photography.

SX-70 Land film delivers highly
accurate color reproduction under
a wide variety of atmospheric and
exposure conditions. (One solar
authority calls it “the most true
rendition of the hydrogen-alpha
color that | have yet to see’”) And
because the film has virtually no
grain, enlargements and reproduc-

tions of excellent quality can be
obtained.

Finally, because astro-photogra-
phy is susceptible to so many
problems (such as atmospheric
changes and telescope vibrations)
it's especially comforting to be able
tosee your photograph on the spot.
If something has gone wrong, you
can re-shoot to correct it. Instead of
simply mooning about.

For full data on the telescope
adapter for the SX-70, write to
Robert T. Little Co., P.O. Box E,
Brooklyn, N.Y. 11202.

Another use for the Polaroid SX-70 Camera.

Neowe you can
attach the SX-70
toalmost any @
telescope.
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MARS

The first closeup photographs of 1t suggested that it was

a cratered body as dead as the moon. Later pictures show

a host of remarkable features indicative of a lively past

o other series of spacecraft obser-

\_ vations has resulted in such a

profound revision of first impres-
sions as the successive sets of pictures of
Mars made by the Mariner probes that
reconnoitered the planet in 1965, 1969
and 1971. The first set of 22 photo-
graphs, returned to the earth by Mariner
4, disappointed many because they re-
vealed a drab and cratered planet rather
like the moon. The 202 complete pic-
tures returned four years later by Mari-
ner 6 and Mariner 7 disclosed a few
novel surface features but basically con-
firmed the impression that Mars was
geologically dead. Although the cameras
aboard the Mariners could not have pro-
vided evidence of Martian life, even if it
exists, there was nothing in the pictures
to raise the hopes of exobiologists. If
Mars was as geologically dead as it ap-
peared to be, it was probably biological-
ly dead as well.

As it turned out, the first three Mari-
ners sampled only a small and unrepre-
sentative fraction of the Martian sur-
face. When Mariner 9 went into orbit
around Mars in 1971, it revealed a plan-
et with a spectacularly diverse topog-
raphy, providing clear evidence of an
active geological past. The pictures dis-
closed huge volcanic cones, one of them
far larger than any on the earth, a system
of gorges bigger than the Grand Canyon,
vast sedimentary deposits in the polar
regions and valleys that seem to have

by James B. Pollack

been formed by running water. Accord-
ing to the new evidence, the climate of
Mars may have been very different in
the past from what it is today. It is now
respectable to conjecture that if life got
started under some earlier and more fa-
vorable climatic regime, it may have per-
sisted under conditions that now seem
hostile. The exobiologists may have their
answer a little less than a year from now,
when, if all goes well, the first of two
unmanned Viking landers reaches the
surface of Mars next July.

Many scholars of the 17th, 18th and
19th centuries believed that the
climates of Mars and Venus were hos-
pitable for life and even that intelli-
gent beings populated these planets. It
seemed that Venus might be a bit too
warm and Mars a bit too cool, but tem-
perature alone did not seem an insur-
mountable obstacle. It was known early
in the 19th century that Mars rotates on
its axis once in almost exactly 24 hours
and that its axis is inclined to the plane
of its orbit about 24 degrees (almost ex-
actly the same as the earth’s). Therefore
it was reasoned that Mars should go
through an earthlike sequence of seasons
in its annual 687-day journey around the
sun. Given that Mars has a diameter only
about half as large as the earth’s and a
surface gravity only about four-tenths as
strong, it seemed to early astronomers
that Mars’s atmosphere should be thin-

CRATERS ON MARS in this photograph made from the orbiting spacecraft Mariner 9 have
dark tails associated with them, all aligned in the same direction as the result of strong
winds acting on the surface material of the planet. As the winds blow past the craters their
speed increases on the craters’ downwind side, removing bright dust particles from the
ground and leaving the dark tails. The craters, like the craters on Mercury, Venus, the

earth and the moon, are mostly due to heavy impacts early in the history of Mars, when the
planet was bombarded by debris that had been left over from the formation of the solar sys-
tem. The Martian craters, however, unlike the craters on Mercury and the moon, are modi-
fied and eroded by the scouring action of the high-speed winds in planet’s atmosphere.
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ner than the earth’s, but estimates varied
widely and the composition of the at-
mosphere was unknown.

Successive generations of observers
made countless maps of Mars, plotting
and replotting the locations of variable
surface features to which they assigned
such fanciful names as mare (sea), sinus
(bay or gulf), lacus (lake), lucus (grove or
wood), fretum (strait or channel) and
palus (swamp). They also argued the
reality of Martian canals well into this
century.

By the time the first space vehicles
were lofted toward Mars, however, as-
tronomers generally agreed on a few
specific observational features: that the
Martian atmosphere contains clouds,
that the white polar caps wax and wane
with the seasons, that the planet’s sur-
face at various latitudes often shows
seasonal changes in color and that the
planet is periodically swept by huge dust
storms. Spectrographic studies in the
1950’s and 1960’s showed that the Mar-
tian atmosphere is rich in carbon dioxide,
very low in water vapor and apparently
devoid of oxygen.

Even in the absence of samples from
the surface of Mars a goed deal can be
inferred about its bulk composition. Its
density, for example, is only 70 percent
the density of the earth. Presumably
Mars was formed in a region of the solar
nebula that was cool enough to allow
the condensation of compounds incorpo-
rating a wide variety of elements. The
planet is probably well supplied with
minerals containing combinations of
magnesium, iron, silicon and oxygen
(ferromagnesian silicates) and combina-
tions of iron and sulfur (troilite). There
may also be some free iron. Because
Mars formed in a cooler region of the
solar nebula than the earth did, how-
ever, more of its iron combined with
other elements and less is in the form of
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metallic iron. This difference may ex-
plain why Mars has a lower density than
the earth. Temperature conditions also
favored the formation of some water-
bearing silicate materials. In addition to
these more abundant materials Mars
contains compounds incorporating small

amounts of the long-lived radioactive
isotopes of uranium, thorium and potas-
sium.

Only about a tenth as massive as the
earth, Mars was evidently assembled
rapidly, probably in less than 100,000
years. The more rapidly a planet is

formed, the larger is the fraction of the
gravitational energy of formation it can
store and the warmer it will be at the
end of the accretion period. Moreover,
the outer layers are heated to higher
temperatures than the deeper layers.
Current theoretical models of the earth
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GEOLOGICAL FEATURES of Mars are
shown with respect to Martian latitude and
longitude on this physiographic map. The
location of each feature mentioned in the
text is indicated. The northern hemisphere
of Mars has many young volcanic struc-
tures; the crust of the southern hemisphere
is older and heavily cratered. The perma-
nent ice caps are composed chiefly of water
ice that rests on top of layered terrain; the
seasonal ice caps are composed of carbon
dioxide ice. Layered terrain, also called lam-
inated terrain, is a relatively young area



and the moon suggest that both had a
high initial temperature and that both
must have been formed quickly. The
same seems to have been true of Mars.
The two tiny satellites of Mars, Phobos
and Deimos, seem to have been formed
at the very outer edges of the ring of de-

bris that gave rise to the main planet.

At the end of the accretion period
Mars had a homogeneous composition
and no atmosphere. The outer layers,
which were molten right after forma-
tion, cooled and solidified to form a va-

riety of rock types. The lighter rocks,

ISILNS

which were enriched in silicon and alu-
minum and deficient in magnesium,
floated to the top to form the crust of
the planet, which is about 50 kilometers
thick. Subsequent heating of the interior
caused by the decay of the long-lived

radioactive isotopes led to the planet’s

near the poles where successive blankets of dust and ice have been
deposited. The etched plains are irregular, pitted, unlayered de-
posits that have been eroded by the wind. The volcanic structures
are largely shields, domes or cones. The volcanic plains have few
craters and many lobed scarps that seem to be the fronts of solidi-
fied lava flows. The moderately cratered plains lack volcanic struc-
tures. The cratered plains are the most densely cratered of the
plains regions on Mars. They include ridges resembling the ones
that are found on the maria (“seas™) of the moon, and they also
show some old, eroded volcanic features. The chaotic hummocky
terrain is a depressed area consisting of disrupted and tilted blocks
of the Martian crust. The fretted hummocky terrain is a lowland
region with numerous isolated mesas bordered by cliffs. Knobby

hummocky terrain is an isolated region of knobs, each about 10
kilometers across. The channel deposits are the smooth floors of
channels and canyons, probably composed of material deposited
by either water, wind or landslide. The undivided plains have a
generally scoured appearance, full of irregular ridges, scarps and
channels, and are sparsely to moderately cratered. Grooved terrain
is a line of mountains next to Olympus Mons that range between
one kilometer and five kilometers wide and lie in an arc about 100
kilometers long. Undivided cratered terrain is a region of densely
to moderately cratered uplands and is the most ancient part of the
exposed surface of Mars. The mountainous terrain is the rugged
area adjacent to a basin. It probably consists of material that was
ejected by original impact that formed basin and was later eroded.
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SHIELD
VOLCANO

CROSS SECTION OF MARS shows how the
planet may have differentiated after it ac-
creted from the nebula that gave rise to the
solar system. The crust (gray) is rich in
aluminum and silicon and is deficient in
magnesium. The decay of long-lived radio-
active elements heated the interior of the
planet until metallic iron and troilite (iron
sulfide) melted and sank toward the center
to become the core (dark color) and a man-
tle (light color) of ferromagnesian silicates
was formed. Over the history of Mars some
of the lighter molten rock has reached the
surface, preferentially in the northern hem-
isphere, spilling over into huge lava plains
and building additional volcanic structures.

further chemical differentiation. The in-
terior became segregated according to
the density of its constituent elements
and minerals, and volatile gases were
vented to the surface and formed an at-
mosphere. Two additional major stages
of differentiation can be distinguished.

In the first stage the interior tempera-
tures became high enough for mixtures
of metallic iron and troilite to melt and
sink to the center, forming a core of iron-
rich material. Following this major re-
arrangement of material, Mars expanded
slightly in size and its primordial surface
was totally destroyed. Evidence that
Mars does indeed have a dense core has
been supplied by accurate measure-
ments of the planet’s gravitational field
made by a succession of Mariner space-
craft.

The second stage of differentiation

took place some time later than a bil-
lion years after the first, when tempera-
tures became high enough in the outer
layers of Mars to melt some of the rocky
material in the mantle lying above the
core. In the process some of the mantle
was differentiated into a lighter rocky
material enriched in silicon and alumi-
num and a denser material depleted in
those two elements. The lighter material
floated to the surface, creating plains

10

and volcanic structures. The volcanism
has continued episodically up to the
present, and the top of the zone of melt-
ing has shifted to progressively greater
depths below the surface.

Interior melting also led to the genera-
tion of an atmosphere. When a rock is
heated, it loses some of the elements
that have been adsorbed on its surface,
such as the noble gases neon and argon.
Simultaneously some of the elements or
molecules, such as water, that have been
incorporated into the rock are released.
Some of the gases set free in this way
will recombine to form thermodynami-
cally stable compounds. Carbon will
combine with oxygen to form carbon
dioxide and with hydrogen to form
methane. The net effect of interior melt-
ing is the introduction of noble gases,
water vapor, carbon dioxide, methane,
nitrogen and hydrogen into the atmo-
sphere. The ultimate composition of the
atmosphere, however, is determined by
the subsequent partial loss of some of
these gases and by their chemical reac-
tions with one another.

On Mars a sizable fraction of the
out-gassed water vapor and significant
amounts of the carbon dioxide either
condensed as ices in the polar regions or
were adsorbed on the surface of dust
particles lying on the ground. Mars’s
gravitational field, like the earth’s, is not
strong enough to keep the lightest gas,
hydrogen, from escaping from the top of
the atmosphere.

The composition of the planet’s early
atmosphere depended sensitively on the
concentration of hydrogen molecules in
the lower atmosphere. If the outgassing
rate was high and the escape rate of
hydrogen was low, enough hydrogen
may have resided in the atmosphere to
reduce most of the carbon dioxide to
methane and water vapor. Ata later time
in the planet’s evolution the outgassing
rate may have dropped sharply, with a
concurrent drop in the hydrogen content
of the atmosphere. In that event car-
bon dioxide would have emerged as the
principal constituent of the atmosphere.
Later I shall examine the consequences
of an early reducing atmosphere for cli-
matic change on Mars and for the pos-
sible evolution of life.

W‘e now know from measurements

made possible by the Mariners that
the Martian atmosphere is very thin: its
pressure at the surface is only about a
two-hundredth of the pressure of the
earth’s atmosphere at the surface. Al-
though the atmosphere is composed
principally of carbon dioxide, it may also
contain a surprisingly large amount of
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argon, perhaps as much as 30 percent.
Carbon monoxide and oxygen make up
about .1 percent of the atmosphere; the
amount of water vapor is variable but
averages about .01 percent, and as much
as one part per million of ozone is pres-
ent, along with traces of atoric and
molecular hydrogen.

A large fraction of the atmospheric
carbon dioxide, possibly more than a
sixth and as much as a fourth, condenses
semiannually in the winter hemisphere,
vaporizes during the spring and freezes
again at the opposite pole. At their maxi-
mum size the seasonal polar caps reach
down to a latitude of about 60 degrees.
Large quantities of carbon dioxide may
also be adsorbed on the surface of soil
particles and possibly, although this now
seems unlikely, be trapped in the perma-
nent ice caps.

The amount of free water vapor in the
Martian atmosphere is even more strictly
limited by condensation and adsorption
processes. Because water ice condenses
out at a much higher temperature than
carbon dioxide (190 degrees Kelvin com-
pared with 150 degrees) it forms small
but permanent polar caps in both hemi-
spheres. In addition much water is prob-
ably trapped at all latitudes in the reg-
olith, the granular material that lies
above the bedrock. From infrared ob-
servations made from a high-altitude
aircraft operated by the Ames Research
Center of the National Aeronautics and
Space Administration, James R. Houck
of Cornell University and I have con-
cluded that bound water is ubiquitous on
Mars, constituting about 1 percent of the
surface material. Such water may be
present throughout the regolith, which
is as much as a kilometer deep. More-
over, at latitudes higher than 45 degrees
the ground below the surface is cold
enough throughout the entire year for
the atmospheric water vapor to con-
dense and form subsurface ice layers,
analogous to the permafrost layers found
in the earth’s polar regions.

Virtually all the water on Mars is tied
up in the permanent polar caps, the
permafrost and the regolith. If all the
water remaining in the atmosphere were
to condense, it would cover the surface
of the planet with a liquid film only a
hundredth of a millimeter deep. If the
water in the polar caps were spread
evenly over the surface, however, it
would produce a layer 10 meters deep,
and an equal volume of water may be
tied up in the permafrost and the reg-
olith.

If the amount of argon in the Martian
atmosphere is as high as is suggested by
recent Russian spacecraft observations,



the amount of carbon dioxide and water
vapor simultaneously outgassed from the
planet’s interior must have been very
great. Argon constitutes about 1 percent
of the earth’s atmosphere, almost all of
it manufactured by the decay of radio-
active potassium in the earth’s interior.
If allowance is made for the amount of
carbon dioxide now tied up in carbonate
rocks and the amount of water in the
oceans, one finds that about 2,000 times
more carbon dioxide than argon and 40,-
000 times more water have been re-
leased from the earth’s interior. There-
fore if argon constitutes some tens of
percent of the current Martian atmo-
sphere, sizable quantities of carbon di-
oxide must be contained in the planet’s
regolith, and even larger amounts of wa-
ter must be contained in the polar caps,
the regolith and the subsurface regions
than were given in the estimates above.

Nl the trace gases in the Martian at-

mosphere that have been detected
so far—carbon monoxide, oxygen, ozone
and hydrogen—are evidently formed by
photochemical processes that begin with
carbon dioxide and water vapor. These
parent molecules are broken into mo-
lecular fragments by ultraviolet radia-
tion from the sun. The fragments then
proceed to react with one another and
other parent molecules to give rise to the
trace gases. The ultraviolet spectrome-
ters aboard the Mariner spacecraft have
directly observed the abundance of hy-
drogen atoms near the exosphere, or
outer atmosphere, of Mars by means of
the sunlight they scatter, making it pos-
sible to estimate the rate at which the
hydrogen atoms are escaping. If the cur-
rent rate of loss is typical of the rate
throughout Mars’s lifetime, it would im-
ply the destruction of an amount of wa-
ter sufficient to cover the planet to a
depth of several meters.

It was originally thought that the oxy-
gen left over from the breakup of water
and the escape of hydrogen reacted with
the crust of Mars to produce more highly
oxidized minerals. Michael B. McElroy
of Harvard University has proposed,
however, that photochemical processes
near the exosphere liberate oxygen atoms
with velocities high enough for them to
escape into space. This happens when
some ionized molecular fragments that
incorporate oxygen atoms combine with
electrons to produce un-ionized molecu-
lar fragments. Some of the energy gen-
erated by the chemical transformation
goes into energy of motion. Surprisingly,
the amount of oxygen escaping as a re-
sult of this process appears to be com-
parable to the amount of hydrogen es-

caping. It seems likely that the amount
of these two kinds of atoms that are be-
ing lost to space is in proportion to their
relative abundance in water (two hydro-
gen atoms to one oxygen atom) and that
there are no leftover products.

The photochemical mechanism for
producing fast atoms that can escape
may also be effective for atoms of nitro-
gen and carbon. This may explain the
virtual absence of molecular nitrogen in
the present Martian atmosphere, par-
ticularly if much of the outgassing of the
atmospheric constituents came early in
the planet’s history. The carbon atoms
lost to space by the same process over
the lifetime of Mars would yield an
amount of carbon dioxide equal to a
large fraction of the current carbon di-
oxide content of the atmosphere.

The minute amounts of ozone found
in the atmosphere of Mars are generated
in the lower atmosphere by the chemical

combination of the molecular and the
atomic oxygen that are produced by
photochemical reactions in the upper at-
mosphere. Ozone is found in sizable
quantities only in the winter polar re-
gions, where the air temperature is low
enough to freeze out most of the water
vapor. When water vapor is present, the
products of its photodissociation react
with ozone and lead to its rapid destruc-
tion. Studies of the Martian ozone cycle
may yield a better understanding of the
processes that control the amount of
ozone in the earth’s atmosphere, which
acts as a shield in protecting life at the
earth’s surface from harmful solar ultra-
violet radiation.

In spite of the tenuous nature of the

Martian atmosphere, both condensa-
tion clouds and dust clouds are frequent-
ly observed in it. When the atmospheric
carbon dioxide is condensing on the

GIANT SHIELD VOLCANO, Olympus Mons (formerly known as Nix Olympica), is some
600 kilometers in diameter. Its summit reaches a height of about 25 kilometers above the
surrounding plain. The calderas, the smaller circular structures near the center, were at one
time vents for the molten lava that helped to build up the shield and flowed down the flanks
of the volcano, giving rise to the feathery texture radiating from the center. At the end of
each period of the volcano’s eruption, lava ebbed from under vents and the surface collapsed
to form calderas. Cliff dropping to plain along perimeter of shield is two kilometers high.
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ground in the cold polar regions of the
winter hemisphere, clouds often develop.
At middle latitudes in the same hemi-
sphere the air temperature drops below
190 degrees K., and water vapor con-
denses into water-ice clouds. Closer to
the pole the air temperatures approach
the condensation point for carbon di-
oxide, 150 degrees K., and dry-ice clouds
form. The cloud patterns often change
from day to day.

The television cameras aboard Mari-
ner 9 photographed several interesting
cloud patterns in the polar area. On a
number of occasions clouds formed a re-
markable wave pattern on the downwind
side of a large crater. The flow of air over
the elevated crater rim sets up a pattern
of lee waves behind the crater. Such
clouds are common in the lee of moun-
tains on the earth. Where the air is rising
it expands and cools, which leads to the
generation of ice clouds at periodic in-
tervals.

Localized condensation clouds are
sometimes found on Mars at more equa-
torial latitudes. They are formed by the
rising and cooling of air over highly ele-
vated surface features, such as the large

volcanic mounds located in the Tharsis
region or near it. The clouds usually be-
come progressively brighter as the day
advances from early morning to late af-
ternoon. They are more frequent in sum-
mer, when the water content of the at-
mosphere is high. The infrared spectro-
graph aboard Mariner 9 showed that the
clouds absorb spectral wavelengths char-
acteristic of water ice.

Dust storms confined to localized
areas are frequent on Mars. In addition a
great dust storm develops and covers a
large portion of the planet every Martian
year. The storm begins suddenly as a
brilliant, elongated white feature sev-
eral thousand kilometers in length. It
generally originates at about 30 degrees
south latitude and 320 degrees west lon-
gitude, in the northeastern Noachis re-
gion near its border with the great basin
Hellas. The dust storm begins at the end
of spring in the southern hemisphere,
when Mars is near perihelion, its closest
approach to the sun. For the first few
days the central dust cloud expands very
slowly. Thereafter it spreads rapidly,
mostly in a westerly direction, and with-
in a period of several weeks it complete-

ly girdles the planet. At the same time
tongues of the storm develop and spread
to higher and lower latitudes, local dust
storms start at other places in the south-
ern hemisphere and small amounts of
dust are carried to other latitudes. With-
in a month after the start of the storm the
dust cloud covers almost all the southern
hemisphere. Sometimes, as in 1971, co-
incident with the arrival of Mariner 9,
the dust storm spreads into the northern
hemisphere and the entire planet be-
comes shrouded in a cover of dust. The
dust storm subsequently decays as dust
particles begin to settle out of the at-
mosphere, and within a month or several
months the atmosphere again becomes
transparent.

Wind velocities greater than 100
miles per hour are needed to set dust
grains in motion at the surface and to
lift tiny dust particles to high altitudes
in the atmosphere. A great dust storm
begins either because strong winds have
developed on a global scale and become
intensified in the Noachis region or be-
cause the large-scale winds are sufficient-
ly calm to favor the development of in-
tense local circular wind patterns, about

ENORMOUS CANYON, Tithonius Chasma, is about 75 kilometers
wide and several kilometers deep. It is a part of the canyon com-
plex Valles Marineris, which may have been created when the sur-
face of Mars fractured, or when material below the surface was
withdrawn, or when the subsurface ice melted (and in some cases
gave rise to running water that carried away the material). The
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dendritic (branching) pattern on the southern (upper) bank and
the intricate set of ridges on the plateau within the trough itself to
the left may have been formed by running water. The line of pits
that is visible along the northern highland border of the gorge at
bottom of picture may be a canyon at an early stage of develop-
ment. Entire Valles Marineris region is as long as the U.S. is wide.



Question of the Century

Is there life on Mars? If there is, we hope this master-
piece of miniaturization will prove it. Built by TRW, it
packs into one cubic foot the equivalent of three organic
chemistry labs full of equipment that’s been designed to
determine whether micro-organisms exist in the Martian
soil. It also contains the complex electronics needed to
gather the data for transmission to Earth. Several weeks
after July 4th, 1976, when NASA’s Viking (built by Mar-
tin Marietta) is scheduled to land on Mars, scientists hope
to answer the question that has tantalized men for so long.

Another TRW -built experiment on Viking will mea-
sure the violent winds and cold temperatures of the red
planet’s tenuous atmosphere. Meanwhile, TRW engineers
are working on further experiments designed to probe the
hot, dense atmosphere of Venus, later this decade. With
Earth’s atmosphere “bracketed” by the opposite extremes
of these two natural laboratories meteorologists may get
new insights into our long-range climatic trends and
weather processes.

These experiments are only the latest of many TRW
projects designed to help NASA explore the solar system.
In 1958, Pioneer 1 was the first spacecraft ever built by
a private firm. It showed the shape of the Van Allen belts
and measured interplanetary particles and fields. Later
Pioneers observed solar disturbances and the solar wind
from as far away as the other side of the sun. The most
recent Pioneers have crossed the asteroid belt, made close-
ups of Jupiter, and sent back more data on the inter-
planetary medium from record-breaking distances. One is
now headed for Saturn and the other will become the
first man-made object to leave the solar system.

During the nineteen sixties, TRW built NASA’s series
of Orbiting Geophysical Observatories, which mapped
the Earth’s magnetosphere and provided detailed data on
phenomena that affect long-distance communications.

We've now started building three High Energy Astron-
omy Observatories for NASA. Designed to look far
beyond our solar system, they’ll map sources of X, gamma,
and cosmic rays across the entire celestial sphere and then
concentrate on the most interesting ones. The results
should help answer key questions about quasars, pulsars,
black holes, and galactic explosions. They may even throw
new light on man’s basic theories of energy and matter
and on how the universe began.

In skimming the highlights of such projects, it’s hard
to avoid sounding boastful. But the engineers and sci-
entists who actually do the work have no time for brag-
ging. They’re too busy applying the lessons they’ve learned
to new and even more difficult problems. These hard-
working people, in fact, are what TRW Systems is all

Building the Viking Lander Biology Instrument involved
the use of more than thirty different types of advanced
technology.

about. If you're interested, we'd like to send you a couple
of booklets that give you an overview of our diverse capa-
bilities and more information about the Mars instruments.
Just write on your Company Letterhead to:

TRW

SYSTEMS GROUP

Attention: Marketing Communications, E2/9043
One Space Park Redondo Beach, California 90278
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TEKTRONIX

instruments help...

1128

toscanthe sun...

In 1973 a TEKTRONIX Rapid
Scan Spectrometer went to a re-
mote desert in Kenya to explore
the solar corona. In five pressed
minutes of total eclipse, a Wil-
liams College research team cap-
tured an infrared scan, fully 400
Angstroms wide, to pin-point the
lines of 12-times-ionized iron.

Fifty times per second the Spec-
trometer scanned the spectrum.
Unlike conventional spectro-
graphs, it gave immediate elec-
tronic feedback, vital for modify-
ing in-progress experiments.

Five minutes of rare opportunity
went on tape. Back in the lab, a
TEKTRONIX Digital Processing
Oscilloscope quickly digitized
the special data. Months of
computer analysis clarified the
results.

From the ionized-iron data
emerged new figures for electron
density, one of the most impor-
tant quantities for understanding
the corona. At a recent meeting
of the American Astronomical So-
ciety, Dr. Jay M. Pasachoff pre-
sented those newly derived
values, and the new detection
technology. (New, too, as a revo-
lutionary optical approach to
enzyme studies, pollution mea-
surement, aerial scanning, and
other fleeting events.)

to forestall a stroke...

When fatty deposits build up in
the carotid artery, blood begins to
jet. A chip of plaque can break
loose, lodge in a brain capillary
and cause a stroke.

Conventional x-ray methods to
assess the danger can be pain-
ful, and sometimes even fatal.
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But the privately operated Insti-
tute of Applied Physiology and
Medicine in Seattle has devel-
oped a non-invasive, painless
method, called ultrasonic arteri-
ography, to diagnose prestroke
symptoms in only 45 minutes in a
doctor’s office or hospital.

The patient’s neck is scanned by
a 5 MHz ultrasonic generator and
detector sensitive only to Dop-
pler-shifted reflections from mov-
ing red blood cells in the artery.
Variations in artery size are
plotted on a TEKTRONIX 603
Storage Monitor, and flow-veloc-
ity waveforms appear simultane-
ously on a TEKTRONIX scope.
Over 1500 patients have been
successfully diagnosed with the
prototype system.

Ultrasound is a promising alter-
native to more-invasive tech-
niques in many areas: prenatal
examinations, tumor location, and
angiography.




to bring Jupiter home

Just as TEKTRONIX TV products
bring you a better picture in your
home, they are also helping
scientists explore the solar
system.

The close-up picture of giant
Jupiter that the world saw last
winter was taken from the screen
of a TEKTRONIX 654 Color Pic-
ture Monitor. ‘'Two slow-scan
cameras aboard the Pioneer 11
satellite relayed Red and Blue
signals back to Earth. There the
two were synthesized into the
Red, Green, and Blue signals that
make up living color.

TEKTRONIX sync generators
kept the whole process in phase,
and TEKTRONIX waveform moni-
tors guarded the signal fidelity,
just as they do in virtually every
TV station around the world.

to spot ore and
earthquakes...

When the Apollo lunar module
circled the moon, the circle
wasn’t smooth. One hypothesis
was that variations in the gravita-
tional pull on the module were
caused by heavy matter beneath
the lunar dust: perhaps metallic
ores.

Turning this thought earthward,
the designers of next-generation
laser range-finding systems are
in close touch with geologists
and geophysicists. The laser
group simulates system problems
to refine both systems and the
interpretation of existing orbital
range data. They use the TEK-
TRONIX R7912 Waveform Digi-
tizer to capture laser pulses.
They graph the output on a TEK-
TRONIX 4010 Computer Display
Terminal to find minute varia-
tions.

Better understanding of satellite
meanderings can help geologists
to locate subterranean ore de-
posits, and geophysicists to pre-
dict earthquakes.

TEKTRONIX
- committed to

technical excellence

HAD/NCAR, National Science Foundation

to test, measure,
display and record

Today, 35,000 customers world-
wide use our products to test,
measure, display and record data
in health, science, education,
communications and industry (in-
cluding over three-fourths of
FORTUNE'’s 500 largest industrial
corporations). Through techno-
logical innovations and quality
manufacturing, TEKTRONIX has
grown from a small oscilloscope
pioneer to one of the world’s two
largest test and measurement
corporations, now the 5§19th larg-
est U.S. industrial corporation.
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For a more complete
picture, send for a copy
of our new annual
report, to Tektronix, Inc.,
Dept. SA,

P.O. Box 500,
Beaverton,

Oregon 97077.

In Europe:

Tektronix Limited.

P.O. Box 36,

St. Peter Port,
Guernsey,

Channel Islands.
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a kilometer across, that are analogous to
“dust devils” on the earth. Once dust is
injected into the atmosphere a large
organized circular wind system, about
1,000 kilometers in diameter, may de-
velop that is analogous to a hurricane on
the earth. In a terrestrial hurricane the
heat needed to drive the strong winds is
provided by the condensation of water
vapor near the eye of the storm. In the
hypothetical Martian hurricane the heat
is provided by sunlight, which is ab-
sorbed by dust particles that then heat
the surrounding gas. The buoyancy of
the heated gas carries small dust parti-
cles to altitudes as high as 50 kilometers.
As a result of the strong temperature
contrast between the dust-heated air
and the surrounding cooler air large,
dust-raising winds are produced at the
storm’s periphery. In that way the storm
grows. When dust covers the entire
planet, the temperature differences are
greatly diminished, the winds subside
and the dust settles out of the atmo-
sphere.

The surface of Mars is the product of

a variety of processes that have creat-
ed a wide diversity of geological land-
forms. These processes include bom-
bardment of the surface by meteoroids,
volcanic and tectonic activity, sapping
(the removal of ground support), the ac-
tion of running water and the action of
wind.

When a stray body collides with Mars
at a typical velocity of 10 kilometers per
second, it makes a crater whose diameter
is from 10 to 20 times greater than that
of the body itself. Over the first billion
years of the solar system’s evolution the
rate of cratering was much higher than
it is today. The bodies responsible for
the early craters were either objects left
over from the formation of Mars and its
satellites or objects that had formed in
the outer part of the asteroid belt and
were perturbed into trans-Martian or-
bits by gravitational interaction with
Jupiter. Currently the small bodies that
collide with Mars are derived from com-
ets and asteroids.

A fresh impact crater whose diameter
is less than 10 kilometers has a bowl-
shaped profile, a raised rim and a hum-
mocky surrounding blanket of ejected
material. Craters of larger size usually
have a small raised mound in their cen-
ter; craters larger than about 250 kilo-
meters have multiple raised rims. There
is a sharp dichotomy in the density of cra-
ters larger than 10 kilometers on Mars:
the southern hemisphere shows many
more than the northern hemisphere. Evi-
dently the densely cratered terrain in the

SINUOUS CHANNEL with an immature tributary system appears to have been created by
running water or at least by some fluid less viscous than lava. The channel, Nirgal Vallis
(located at 29 degrees south latitude, 40 degrees west longitude), is 1,000 kilometers long.

southern hemisphere is a much older
surface than the one seen in the north-
ern hemisphere. Most of the northern
hemisphere has been flooded with lava,
which has obliterated the craters that
must have existed at one time. It is a
curious fact that many other bodies in
the solar system, such as the earth and
the moon, have also developed asym-
metrically.

From estimates of the present rate of
crater formation on Mars we can infer
that most of the large craters in the
southern hemisphere were made early in
the history of the planet, probably dur-
ing the first billion years. During the
early intense-bombardment period Mars
occasionally collided with very large
meteoroids. The impacts created the
large basin areas found in or near the
southern hemisphere, such as Hellas (45
degrees south, 290 degrees west), Argyre
(50 degrees south, 45 degrees west) and
Isidis (15 degrees north, 270 degrees
west). The largest, Hellas, is about 2,000
kilometers across and about four kilo-
meters deep.

From the state of preservation of cra-
ters in various regions on Mars it is pos-
sible to infer the relative rates of crater
obliteration and degradation over the
lifetime of the planet. The large craters
in the southern hemisphere vary widely
in the degree to which they have been
degraded. Nearly all the craters on the
volcanic plains of the northern hemi-
sphere, however, have a fresh appear-
ance. This difference suggests that the
rate of crater degradation was much
higher at an early epoch of Martian
history, when the large southern craters
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were being made, than it was at times
later than the period when the early
volcanic plains were formed. Detailed
studies of crater morphology show that
near the end of the initial cratering
epoch the rate of crater degradation in-
creased greatly. The period of enhanced
erosion came close to the time of for-
mation of the oldest volcanic plains.

The melting of rocks in the interior
of Mars has given rise to two types of
volcanic landforms: the large volcanic
plains and conelike structures. Part of
the reason that lava flooding took place
preferentially in the northern hemi-
sphere may be that much of the northern
hemisphere lies several kilometers below
the average level of the southern hemi-
sphere. The lava plains bear a striking
resemblance to the lava plains (the ma-
ria, or “seas”) on the moon. Lava flow-
ing across these plains has created nu-
merous wrinkle ridges. The fronts of
individual flows are characterized by
long, low lobed escarpments. Some areas
of the northern volcanic plains are
pocked with up to 10 times as many
craters as other areas. This marked vari-
ation implies that the lava flooding has
occurred episodically over a long period
of time that extends from the formation
of the first volcanic region, more than a
billion years ago, up to the present.

Among the most impressive features of
the Martian surface are enormous
shield volcanoes hundreds of kilometers
in diameter and higher than the earth’s
tallest peaks. The youngest and largest
is Olympus Mons [see illustration on
page 111], which is about 600 kilometers
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across, or approximately three times
larger than the closest terrestrial equiva-
lent, Mauna Loa on Hawaii. The summit
of Olympus Mons rises 25 kilometers
above the surrounding terrain, or more
than two and a half times the height of
Mount Everest above sea level. Near
the summit of the shield is a complex of
calderas: collapse features that were
once vents for lava. The flanks of Olym-
pus Mons exhibit a rough texture that
has numerous radially elongated lobes
and remnant lava channels that were
created during the last periods of the
construction of the shield. The edge of
the shield is marked by an escarpment
that is two kilometers high. Presumably
the cliff face was formed by erosional
processes that operated after the forma-
tion period.

There are three other prominent
shield volcanoes close to Olympus Mons.
All are located on the Tharsis ridge (zero
degrees latitude, 115 degrees west) and
were formed after the creation of the
ridge. A much more degraded shield,
Alba Patera, is found to their north. Less
prominent shields are also visible in the

older, elevated Elysium region (20 de-
grees north, 210 degrees west). If we as-
sume that the Martian shield volcanoes
grew at the same rate as terrestrial vol-
canoes, about 100 million years would
have been required to build each of the
largest ones. Shield construction did not
take place synchronously, even in the
Tharsis region, but was spread out over
a much longer time than is required to
build an individual shield volcano.

A number of smaller volcanic domes,
about 100 kilometers across, can also
be identified in the Mariner pictures.
The domes have much steeper flanks
than the shield volcanoes and were prob-
ably formed by a more viscous lava. On
a still smaller scale there are volcanic
craters with scalloped outlines and
smooth, well-developed rims.

It seems that most of the shield vol-
canoes were formed after and partly as
a result of tectonic activity that created
large elevated areas. Coincident with the
formation of these high areas, numerous
elongated cracks or fractures in the
ground resulted from the stretching of
the surface. The most prominent of the

BRAIDED TERRAIN is shown in photograph of Mangala Vallis. The braiding pattern may
have resulted from the deposit of silt during the waning stages of the channel’s formation.
A similar pattern is found in terrestrial riverbeds that are formed during sudden floods.
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tectonic events was centered in the re-
gion of Labyrinthus Noctis (five degrees
south, 100 degrees west), where it raised
the surface by about 10 kilometers. This
elevated area, extending over thousands
of kilometers, evolved asymmetrically
with the emergence of a rather sharp
ridge in the Tharsis region, where the
ground was stressed more severely than
elsewhere. The excessive stress may ac-
count for the development of the three
prominent shield volcanoes in the Thar-
sis region. The Tharsis updoming, which
may have been engendered by a rising
current in the molten portion of the in-
terior, caused a serious fracturing of the
surface as far away as the Elysium re-
gion. Places where this event or similar
events gave rise to numerous fractures
are called fossae on a geological map
of Mars. Following the development of
the elevated plateau, lava plains were
laid down and shield volcanoes arose
within the rise and close to it. At an earli-
er epoch in Martian history, which came
after the first formation of the volcanic
plains, the Elysium rise was created by
a similar process, and this too was later
accompanied by a set of volcanic events.

Martian tectonism differs in a very
important aspect from tectonism on the
earth. The earth’s crust is divided into a
series of plates that are slowly moving
with respect to one another and con-
stantly rearranging the earth’s geog-
raphy. On Mars there is no sign of hori-
zontal crustal motions. The lack of plate
motion on Mars may explain why the
planet’s shield volcanoes are so gigantic.
On the earth the plate on which a vol-
canic shield is being built is in motion
with respect to the deeper portions of
the interior that are supplying the ma-
terial for it. As a result long strings of
shield volcanoes are built, such as the
Hawaiian-Emperor chain that stretches
from the Aleutians to the Hawaiian Is-
lands.

One of the most remarkable results
of the Mariner 9 mission was the
discovery of sinuous channels that ap-
pear to have been formed by running
water. The largest are up to 1,500 kilo-
meters long and as much as 200 kilo-
meters wide. These spectacular features
are totally unrelated to the Martian ca-
nals so often reported by early observers.
Unlike the canals, which supposedly
radiated all over the planet, the large
channels are found preferentially in the
equatorial regions, where the annual
temperatures are the highest.

Evidence that the channels were
formed by fluvial erosion is given by the
presence of immature tributary systems,



teardrop-shaped islands and bars, and
braided patterns. The braided patterns
may have resulted from the deposition
of debris carried by the fluid during the
waning stages of channel formation. A
given channel usually exhibits some of
these characteristics but not all of them.
Almost without exception the downbhill
direction of the channel coincides with
the direction that would be expected
from a fluvial origin, as is implied by the
channel’s morphological features, such
as the geometry of its tributaries.

The Martian channels are quite dis-
similar in appearance from lava chan-
nels found on the moon and the earth.
Therefore the Martian channels were
almost certainly not made by flowing
lava; a less viscous fluid was required.
The most likely candidate is liquid wa-
ter. Under present conditions, however,
the amount of water vapor in the atmo-
sphere of Mars is so small that surface
water would quickly evaporate. Evi-
dently the channels were carved at an
earlier time, when the Martian climate
was warmer and wetter.

In some places there is an obvious
source of water for the large channels.
For example, the channels in the belt
from 10 to 50 degrees west near the
equator start at a type of landform
called chaotic terrain. Chaotic terrain is
a depressed region characterized by a
disorderly array of broken slabs of rock.
It is thought to have been formed by
the withdrawal of subsurface material
and the subsequent decay of ground ice.
The melting of the ground ice could
have supplied the water that cut these
channels. For many other channels,
however, there is no obvious source of
water. In the case of channels with trib-
utaries the water evidently originated
over a large area.

The large Martian channels are most
similar to features on the earth that have
been formed by the sudden flooding of
an area, such as the “channeled scab-
lands” in the state of Washington that
were carved when a natural dam hold-
ing the water in a large ice-age lake gave
way. The immature tributary system of
some of the channels is also consistent
with a short formation time. In some in-
stances there is a suggestion that sev-
eral flooding events rather than a single
such event may have been involved in
the cutting of individual channels.

Gullies that are some tens of kilome-
ters long are a second category of fea-
tures that may have been created by
running water. Widely distributed across
the surface of Mars, they resemble drain-
age channels found on surfaces of mod-
erate slope in deserts on the earth. Since

FRETTED HUMMOCKY TERRAIN is a lowland region dotted with a series of isolated
mesas. It is bounded by cliffs that have an intricate geometry. This landform may have re-
sulted when ice below the surface decayed, triggering landslides that caused cliffs to retreat.

they are often located on the sides of im-
pact craters, they cannot readily be at-
tributed to flowing lava. Thus the Mar-
tian gullies may have been carved by the
runoff of rainfall, which would imply a
climatic variation even more drastic
than the one postulated for the creation
of the large channels.

“Fretted terrain” is another landform
whose development may have been in-
fluenced by sapping, or the disappear-
ance of subsurface ice. The term fretted
is used to describe a flat lowland that is
bordered by steep cliffs with an intricate
geometry. Within the lowland immedi-
ately adjacent to the cliffs are numerous
small elevated plateaus. A few valleys
dissect the highland near its border with
the lowland. It is thought that the low-
land has been generated at the expense
of the highland through the exposure of
ground ice at the cliff faces. As the
ground ice decays it undermines the top
parts of the cliff, which subsequently
slump to the bottom. The recession of
the cliff faces and their continued decay
leads to the creation of the lowland re-
gions. Stranded plateaus in the lowlands
represent places where disintegration of
highland material is incomplete.

One of the most spectacular features
on Mars is a region of enormous canyons
just south of the equator between longi-
tudes 45 degrees west and 90 degrees
west. The entire canyon system, called
Valles Marineris, is about 2,700 kilome-
ters long and in places is 500 kilometers
wide. Individual canyons are up to sev-
eral hundred kilometers long, 200 kilo-
meters wide and six kilometers deep.
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The canyon system is thought to be
the complex result of fracturing, magma
withdrawal, sapping and fluvial erosion.
The tectonic event that caused an uplift
in the area centered around Labyrinthus
Noctis gave rise to a system of fractures
that parallel the long axis of the canyon
system. Subsurface withdrawal, perhaps
the withdrawal of magma needed to
build the volcanic shields in the Tharsis
region, first created parallel sets of pits
along the fractures, which were enlarged
and joined together by further with-
drawal and wall recession due to sapping
and subsequent avalanches. Lines of
pits are currently found on the highland
margin of the canyons and may repre-
sent canyons at an early stage of forma-
tion [see illustration on page 112]. The
avalanches left narrow, vertical notches
near the top of the canyon walls and a
blanket of jagged material at the base of
the walls. The withdrawal, sapping and
avalanche processes created little can-
yons, which continued to grow by these
same processes. The plateaus running
down the middle of some of the larger
canyons may represent places where
two small canyons merged. Running wa-
ter produced by the decay of ground ice
may have played a role in the develop-
ment of the branched pattern found in
the highland area next to the large can-
yons and in the production of the steep
ridges that form the sides of the intra-
canyon plateaus.

\Vind—driven particles have also
played an important part in the
shaping of the Martian surface. The ob-
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served occurrence of both local and
global dust storms offers direct evidence
that wind-blown dust is an. important
force on Mars. When Martian wind ve-
locities exceed 100 miles per hour, small
dust particles are set in motion. Parti-
cles larger than a thousandth of an inch
saltate, that is, travel a small distance
through the atmosphere, hit the surface
and bounce back into the atmosphere.
Smaller particles settle out of the atmo-
sphere so slowly that they tend to stay
in suspension and to travel great dis-
tances before they sink to the ground.
Viewed through a telescope, Mars
consists of continent-size light and dark
areas, which show seasonal and longer-
term changes in their contrast and in
the location of their boundaries. The
seasonal changes suggested to some ear-
ly observers that they were viewing the
growth and decay of Martian organisms.
Ten years ago, however, Carl Sagan of
Cornell and I suggested that the surface
changes were due to windblown dust.
Our hypothesis has since been supported
by Mariner 9 pictures, which show that
many areas consist of dark and light
splotches and streaks that are often
aligned in a common direction [see illus-
tration on page 106]. Winds blowing in

a fixed direction are responsible for this
alignment. Furthermore, small dark fea-
tures that were not present in an early
set of photographs appear in photo-
graphs made several weeks later.

The global dust storms play an im-
portant part in the seasonal changes of
the light and dark markings. As the dust
storm decays a uniform blanket of small
bright particles settles over all areas.
Subsequently winds, which are strong in
particular regions because of the re-
gion’s topography or its closeness to the
polar cap, stir some of the small parti-
cles back into suspension on a local scale
and thereby cause a darkening of the
area from which they have been re-
moved. Darkening continues until the
next global dust storm.

Streaks and splotches are visible in
the vicinity of many craters. Experimen-
tal tests carried out in a wind tunnel by
Ronald Greeley of the University of San-
ta Clara, James D. Iversen of Iowa State
University and me show that these pat-
terns are created when a dust-filled wind
flows near the rim of a crater. As the
wind sweeps past the sides of the crater
a vortex is generated that preferentially
removes particles from the sides and also
downstream from the crater along two

LAYERED TERRAIN in the south-polar region of Mars appears as the banded structure
running diagonally across this photograph. The layered deposits have been exposed on an
inclined surface that has a staircase topography. Erosion by the Martian wind has smoothed
the surface until it assumed this gracefully sculptured appearance and may also have carved
the grooves on the adjacent flat surface near the bottom of the photograph. The layered
structure implies that there was a periodic variation in deposition processes that formed it.
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zones displaced to each side of the cra-
ter’s center line. Just behind the center
of the downstream rim and on the up-
stream interior of the crater, however,
the air is very still, and particles prefer-
entially accumulate in those zones.

Over much longer periods the action
of wind-driven particles has caused
both erosion and deposition of material
on Mars that have influenced much
more than the surface layers of the
ground. Since the Martian winds reach
higher velocities than terrestrial winds,
sandblasting is more effective on Mars
than it is on the earth. Evidence for the
erosional effects of saltating sand is pro-
vided by the parallel grooves and flut-
ings found on the surface of many Mar-
tian areas, by the existence of stream-
lined hills and by the hollows and pits
observed within the polar region.

Winds may have put into suspension
some of the material that was removed
from the fretted terrain and canyon
lands of Mars and then carried this ma-
terial to the polar regions, where it
formed a thick sedimentary blanket. The
polar deposits are composed of a mix-
ture of small dust particles and ices.
There are two main sedimentary depos-
its in both polar areas that cover the
older terrain in those regions. The older
blanket is an unlayered deposit that cov-
ers pitted plains. The younger one lies
closer to both poles and is the geological
unit on which the permanent polar caps
lie. Because of its layered texture it has
been termed laminated terrain. In pic-
tures taken with the wide-angle, low-
resolution camera on Mariner 9 the lami-
nated terrain seems to consist of a se-
ries of stacked plates, with successively
smaller plates resting on top of larger
ones. In high-resolution photographs the
walls of individual plates are seen to
consist of individual layers, each about
30 meters thick. The layered structure
suggests that there have been periodic
variations in the processes that laid down
the younger blanket. At present both
polar deposits are being eroded. The
material that has been removed has pref-
erentially settled at middle-latitude re-
gions surrounding the polar blankets,
where it forms a thin veneer on the sur-
face and partly fills the interior of small
craters.

From several independent kinds of evi-

dence it seems inescapable that the
climate of Mars was once very different
from what it is today. One mechanism
for climatic change on Mars is based on
the great sensitivity of atmospheric car-
bon dioxide to changes in the polar tem-
peratures. When the polar temperature



is low, the amount of carbon dioxide in
the atmosphere drops. When the tem-

perature is high, the carbon dioxide con-

tent may increase greatly if there is a
large enough reservoir of carbon dioxide
in the regolith to supply the equilibrium
amount of atmospheric carbon dioxide.
Peter ]. Gierasch, Owen B. Toon and
Sagan have shown that an initial in-
crease in polar temperatures increases
the total mass of the atmosphere, which
then carries more heat to the pole and
warms it further. In some cases the feed-
back process gives rise to a runaway
situation leading to a much higher atmo-
spheric pressure, a pressure comparable
to the atmospheric pressure on the earth.

One can think of several factors that
could alter the polar temperatures and
therefore lead to very large changes in
the carbon dioxide content of the Mar-
tian atmosphere. First there is the possi-
bility that the luminosity of the sun has
changed at intervals of millions to hun-
dreds of millions of years. Any such
change in the output of the sun would
naturally cause synchronous changes in
the climate of all the planets, including
the earth. Second, the reflectivity of the
Martian polar regions may change be-
cause of variations in the frequency of
major dust storms, which deposit ma-
terial in those regions. Third, as William
R. Ward of Harvard University has
shown, Mars’s axis of rotation, unlike the
earth’s, changes its inclination toward or
away from the sun by as much as 20 de-
grees in cycles of 100,000 and a million
years. These changes would seem too
fast, however, to explain many interest-
ing features, including the layers of the
laminated terrain.

Whatever the cause, an increase in
the content of carbon dioxide in the Mar-
tian atmosphere will tend to force water
to go through the liquid state instead of
vaporizing directly from the frozen state.
On the other hand, an increase in atmo-
spheric carbon dioxide may actually
lower the temperature in the equatorial
regions by diminishing the equator-to-
pole temperature gradient. That would
militate against the appearance of liquid
water. Moreover, carbon dioxide by it-
self can do little more than it currently
does to warm the Martian surface by
the “greenhouse effect,” where the at-
mosphere absorbs some of the heat the
surface is emitting and radiates it back
to the surface. Any process that increases
the atmosphere’s carbon dioxide con-
tent, however, would simultaneously
raise its water-vapor content, which
would effectively warm the Martian sur-
face by the greenhouse effect. Thus
plausible mechanisms seem to be avail-

ETCHED PLAINS in the south-polar region are older than the layered terrain. Further-
more, unlike the layered terrain, the depositional blanket shows no obvious layering where
it has been exposed by erosion from the wind eating away the walls of the pits and hollows.

able for creating the climatic conditions
needed for running water to be stable in
the equatorial regions of the Martian
surface.

A final factor that may be important

for climatic change on Mars is an al-
teration of the atmosphere from its pres-
ent oxidized state to a more reduced
state. I have already suggested that when
the atmosphere of Mars was being out-
gassed from the interior of the planet
some of the carbon atoms were present in
the form of methane rather than carbon
dioxide. It is conceivable that ammonia
was also present. Since methane and
ammonia have lower condensation tem-
peratures than carbon dioxide does,
such a reducing atmosphere could easily
reach high pressures. Ammonia acting
together with water vapor would very
effectively warm the surface by the
greenhouse effect. Itis tempting to spec-
ulate that an early reducing atmosphere
was a by-product of the formation of the
oldest volcanic plains and that it was
responsible for the era of enhanced cra-
ter degradation. Conditions may have
been favorable at that time for the for-
mation of the fluvial channels and gul-
lies. As the outgassing slowed down, the
molecular-hydrogen content of the at-
mosphere was greatly diminished, and
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the Martian atmosphere evolved to its
present oxidized state.

Such areducingatmosphereis thought
to have been needed in the early his-
tory of the earth to account for the
emergence of the first forms of life on
our planet. Could life have also been
generated on Mars when the planet had
the hypothetical reducing atmosphere?
Could that life have adapted to the more
stringent environmental conditions of
the present? Although there is no liquid
water on Mars today, could a hypotheti-
cal Martian organism make use of the
water that is bound in the surface sand
grains? We do not know the answers to
these questions. The Viking lander that
is scheduled to descend gently to the
Martian surface next July will conduct
several experiments designed to test for
the presence of life. Because we do not
know the precise characteristics of Mar-
tian life, if it exists, our hopes for obtain-
ing a definitive answer from the Viking
mission should not be too high. At the
very least, however, we shall gain im-
portant new knowledge about the physi-
cal environment on Mars. And by learn-
ing more about the factors that influ-
ence climatic change on Mars we may
be able to better understand the factors
that cause climatic change—past, present
and future—on our own planet.
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JUPITER

More massive than all the other planets put together, it consists

largely of hydrogen and helium. Below its turbulent atmosphere the

hydrogen forms two liquid layers, one molecular and one metallic

he most conspicuous property of

Jupiter is its size: it is not merely

the largest planet but has almost
two and a half times the mass of all the
other planets put together. In the evolv-
ing solar system it acquired most of the
matter that did not go into the formation
of the sun. Indeed, it does not introduce
gross error to regard the solar system as
a two-body association, neglecting ev-
erything but the sun and Jupiter.

The characteristics of an object that
makes up so much of the solar system
are of obvious interest. The elemental
composition of Jupiter is known to be
similar to that of the sun, but the struc-
ture of the planet resembles neither that
of a star nor that of the terrestrial
planets, such as the earth. Jupiter is
essentially a liquid body, with at most a
small solid core. Above the surface of
the liquid is a thick atmosphere, whose
storms and patterns of circulation appear
to be similar in principle to those on the
earth but whose scale is so much larger
that comparison seems extravagant. ]u—
piter has an elaborate magnetic field and
a complex system of radiation belts, and
it is a prodigious emitter of radio waves.

Finally, Jupiter has 13 moons, more
than any other planet. The discovery of
the largest four of these satellites was
a signal event in the history of astrono-
my. In 1610 Galileo Galilei trained his
newly constructed telescope on Jupiter
and was astonished to see these bright
moons, which were subsequently named
Io, Europa, Ganymede and Callisto. Gal-

by John H. Wolfe

ileo’s observation provided the first evi-
dence that a planet other than the earth
could have satellites, and it completely
discredited non-Copernican theories of
celestial mechanics.

Since the time of Galileo astronomers
have studied Jupiter intensively in the
visible, infrared and radio-frequency re-
gions of the spectrum. More recently
two spacecraft in the U.S. Pioneer series
have passed near the planet, sending
back photographs and other kinds of in-
formation. Pioneer 10 was launched in
March, 1972, and made its closest ap-
proach to Jupiter in late November and
early December, 1973; Pioneer 11 was
launched in April, 1973, and flew past
the planet approximately a year after
Pioneer 10.

A first reason for supposing that the

composition of Jupiter should re-
semble that of the sun is a cosmogonic
one: If the sun and the planets all formed
from a single cloud of gas and dust, then
initially each probably received an ap-
proximately equal share of all the ma-
terials in the cloud. The composition of
the smaller planets has been drastically
altered by the loss of the lighter ele-
ments, but Jupiter is so massive that it
could have retained virtually all of even
the lightest element, hydrogen. The
time required for any significant quan-
tity of hydrogen to escape from Jupiter’s
gravitational influence is many orders of
magnitude greater than the age of the
solar system. Jupiter, like the sun, should

NORTH POLE OF JUPITER (opposite page), which cannot be seen from the earth, was
photographed for the first time by the Pioneer 11 spacecraft. The pole is near the line of
the terminator, the boundary between day and night at the top of the picture. The dark blue-
gray areas at the top and sides may be “blue sky” caused by Rayleigh scattering of sunlight
by the atmosphere. The north-polar region lacks definitive banding, and its mottled appear-
ance suggests that there are rising convection cells. Photograph was made from a distance
of 1.3 million kilometers (800,000 miles) and at a latitude of 50 degrees above the equator.
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have approximately the same elemental
composition today that it had when it
formed some 4.6 billion years ago.

This argument is supported by mea-
surements of the density of Jupiter.
Although Jupiter has more than 1,000
times the volume of the earth, it is only
about 318 times as massive, so that its
density (1.33 grams per cubic centime-
ter) is less than a fourth that of the
earth. Jupiter must therefore be made
up largely of light elements, and the
only plausible candidates are hydrogen
and helium. Of fundamental importance
in any model of its structure is the ratio
of hydrogen to helium. That ratio has
been measured by several techniques by
instruments on Pioneer 10 and Pioneer
11. Although the measurements are not
in strict agreement, they are all con-
sistent with the hypothesis that the ratio
on Jupiter is the same as it is in the sun.
The solar ratio is roughly one atom of
helium for 10 molecules of hydrogen.

Models of the interior of Jupiter must
take into account several lines of evi-
dence in addition to elemental compo-
sition. For example, Jupiter has been
found to radiate about twice as much
heat as it receives from the sun, and so
it must therefore have an internal source
of heat. The Jovian magnetic field, an
order of magnitude more powerful than
the earth’s, must also be explained; pres-
ent theories of how planetary magnetic
fields are generated require that the in-
terior of the planet contain an electrical-
ly conductive fluid. Finally, a model of
the planet’s structure must be consistent
with the observed shape and intensity of
the planet’s gravitational field.

If Jupiter were not rotating, it would
assume the form of a perfect sphere
(neglecting perturbations caused by sat-
ellites and by the sun) and would act as
a point mass. Its gravitational field
would exhibit spherical symmetry: at a

19



BANDS OF JUPITER consist of light “zones” that range in color from pure white to pale
yellow and dark “belts” of various shades of reddish brown. The zones and belts near the
equator are permanent bands that vary slowly in width and color. They occasionally split
into sub-bands. The most prominent marking on Jupiter is the Great Red Spot, which has
been observed for more than 300 years since its discovery by Giovanni Domenico Cassini.
This photograph was made by Pioneer 10 from three million kilometers (1.8 million miles).

“LITTLE RED SPOT” in the north tropical zone of Jupiter was photographed in 1973 by
Pioneer 10. Its structure is similar to that of the Great Red Spot in the south tropical zone.
The similarity takes away some of the uniqueness of the Great Red Spot and suggests that
both phenomena may be long-lived cyclonic features akin to a hurricane. The Little Red
Spot was observed from the earth for 18 months before it was photographed by Pioneer 10.
It disappeared before Pioneer 11 reached Jupiter and thus had a lifetime of about two years.
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given distance from the planet the in-
tensity of the field would be the same
when it was measured above the equator
or above the pole or at any other point.
In actuality Jupiter is rotating rapidly.
The rotation distorts the form of the
planet and thereby alters the contours
of the gravitational field.

Jupiter’s period of rotation can be de-
termined simply by measuring the inter-
val between successive transits across
the central meridian of some long-lived
feature in its atmosphere. Such mea-
surements, however, give different re-
sults for different latitudes. Markings
within 10 degrees of the equator appear
to rotate with an average period of nine
hours 50 minutes 30 seconds. For fea-
tures at higher latitudes the apparent
period of rotation is slightly longer; the
adopted value is nine hours 55 minutes
41 seconds. The discrepancy is probably
caused by systematic variations in the
vast Jovian winds.

A more reliable and perhaps more
meaningful measurement of the rota-
tional period can be obtained through
observations of the planet’s radio-fre-
quency emissions. Some of these emis-
sions are polarized and directionally
oriented by the Jovian magnetic field.
Since the magnetic dipole axis is in-
clined by about 11 degrees to the rota-
tional axis, the signals received on the
earth vary in intensity and in direction
of polarization in synchrony with Jupi-
ter’s rotation. The period derived from
radio measurements is nine hours 55
minutes 30 seconds, in good agreement
with the value measured optically for
higher latitudes. What is actually mea-
sured by this method is the rotation of
the magnetic field. Since the currents
that generate the field are probably
rooted deep within the planet, radio-
frequency observations probably repre-
sent more accurately than other meth-
ods the rotation of Jupiter as a whole.

Jupiter’s low density and rapid rotation
give rise to a pronounced equatorial
bulge. The best determinations of the
planet’s shape, measured to the cloud
tops, give an equatorial radius of 71,400
kilometers and a polar radius of 67,000
kilometers. Thus Jupiter is flattened at
each pole by 4,400 kilometers, about
two-thirds the radius of the earth. (For
astronomical measurements in the vicin-
ity of Jupiter a standard radius of 71,372
kilometers has been adopted.)

The degree and the nature of Jupiter’s
deviations from spherical form are de-
termined by the density distribution in
the interior of the planet. That distribu-
tion must also be reflected in the plan-



et’s external gravitational field, and the
study of the field has proved to be a
powerful tool for deducing the structure
of the planet.

The detailed form of the Jovian gravi-
tational field has been examined by
tracking the Pioneer spacecraft as they
flew past the planet. Their trajectories
could be calculated on the assumption
that Jupiter is a point mass, and devia-
tions from the predicted trajectories
could be detected with great precision.
The gravitational analysis made possible
by the Pioneer tracking experiments es-
tablished that the solid body below Ju-
piter’s atmosphere is in fact liquid.

From the Pioneer observations a
model of Jupiter’s interior has been de-
vised by John D. Anderson of the Jet
Propulsion Laboratory of the California
Institute of Technology and William B.
Hubbard of the University of Arizona
[see illustration below]. The model is
consistent with what is known of Jupi-
ter’s gravitational and magnetic fields
and with extrapolations of laboratory
studies of the behavior of hydrogen at
high temperature and pressure to even
higher values.

LiQuid
MOLECULAR
HYDROGEN

IRON-SILICATE CORE

LIQUID METALLIC HYDROGEN

The model allows for a small rocky
core at the center of the planet, where
the temperature is thought to be about
30,000 degrees Kelvin. The core would
be composed mainly of iron and silicates,
the materials that make up most of the
earth’s bulk. Such a core is expected for
cosmogonic reasons: if Jupiter’s compo-
sition is similar to the sun’s, then the
planet should contain a small proportion
of those elements. Since they are rela-
tively dense, they would aggregate at
its center. The core cannot be detected
through gravitational studies, however,
so that its existence cannot be proved.

Above the hypothetical core is a thick
stratum in which hydrogen is by far the
most abundant element; this stratum
makes up almost all the mass and vol-
ume of the planet. The hydrogen is sep-
arated into two layers; in both it is lig-
uid, but it is in different physical states.
The inner layer extends from the core to
a distance of approximately 46,000 kilo-
meters from the center, where the pres-
sure is estimated to be about three
million earth atmospheres and the tem-
perature near 11,000 degrees K. In this
layer the hydrogen is in the liquid me-

LIQUID

tallic state, a form of the element that
has not yet been observed in the labora-
tory because it exists only at extremely
high pressures. In the liquid metallic
state hydrogen molecules are dissoci-
ated into atoms and the fluid is an elec-
trical conductor.

The outer layer extends to about 70,-
000 kilometers and consists mainly of
liquid hydrogen in its molecular form.
Above the layer of molecular hydrogen,
and extending another 1,000 kilometers
to the cloud tops, is the atmosphere.

If this model of the structure of the
interior is accurate, the excess heat radi-
ated by Jupiter is simply a remnant of
the heat generated when the planet co-
alesced from the solar nebula. Earlier
models invoked radioactivity or the heat
liberated by the contraction under gravi-
tational forces of a largely gaseous plan-
et. Since a liquid is virtually incom-
pressible, however, Jupiter cannot be
radiating heat because it is contracting;
on the contrary, it is contracting because
it is slowly cooling. This explanation
of the excess radiation requires that
the planet’s primordial thermal energy,
which is confined mainly to the interi-

MOLECULAR  ICE AMMONIA  GASEOUS
HYDROGEN CRYSTALS  CRYSTALS HYDROGEN
——— T
ATMOSPHERIC P
LAYER \
|
|
WATER AMMONIUM CLOUD
DROPLETS  HYDROSULFIDE ~ TOPS
CRYSTALS

MODEL OF JUPITER’S INTERNAL STRUCTURE, shown here
in cross section, is based on the assumption that liquid hydrogen
makes up the bulk of the planet’s interior except for a possible
small, iron-silicate core. The existence of such a core is based on
the argument that the abundance of the elements in Jupiter must
be similar to that in the sun. The model predicts a temperature of
30,000 degrees Kelvin in the core region. A thick shell of liquid me-
tallic hydrogen surrounds the core. Metallic hydrogen is an electri-
cal conductor, and electric currents in the shell may be the source

of Jupiter’s magnetic field. At approximately 46,000 miles from the
center of the planet there is a transition from liquid metallic hydro-
gen to liquid hydrogen in its molecular form. The pressure in the
transition region is about three million atmospheres, and the tem-
perature is estimated to be about 11,000 degrees K. The shell of
liquid molecular hydrogen is about 24,000 kilometers thick. Above
the liquid hydrogen lies Jupiter’s gaseous atmosphere, which is
about 1,000 kilometers thick. An enlarged detail of the transition
from liquid hydrogen to gaseous hydrogen is given at the right.
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or, be steadily conveyed to the surface.
Thus the liquid-planet model predicts
that most of Jupiter’s mass is stirred by
large-scale convection currents, although
convection might be inhibited by a gra-
dient of helium concentration.

Convection currents also provide a
probable mechanism for the generation
of the Jovian magnetic field. Convection
currents within the layer of liquid me-
tallic hydrogen, deflected by the Corio-
lis force, could set up loops of electric
current, which would give rise to a
magnetic field. A similar process in the
earth’s core is thought to generate the
terrestrial magnetic field, but the theory
of such planetary dynamos is not well
established.

Neither the surface nor the interior of

Jupiter is accessible to us today;
when we look at the planet, we see only
the top of the atmosphere. The visible
disk of the planet is covered with the
familiar sequence of alternating light
and dark bands, all oriented parallel to
the equator. By convention the light
features are called zones and the dark
ones belts. The zones are generally pure
white to pale yellow and the belts are

various shades of reddish brown. The
five zones and four belts in the central
portion of the disk are permanent fea-
tures, although they vary slowly in
width, color and intensity. At somewhat
higher latitudes the bands are less per-
manent, and at latitudes beyond about
50 degrees the banding pattern disap-
pears entirely, to be replaced by a less
orderly structure in the polar regions.
The surface is marked not only by
bands but also by a variety of plumes,
streaks, swirls, loops, spots and irregular
patches, all varying in color from white
to reddish brown to red. The most prom-
inent of these markings is the Great Red
Spot, an immense oval feature contained
largely within the south tropical zone
but protruding somewhat into the south
equatorial belt [see illustration on cover
of this issue]. The spot has persisted for
at least 300 years, since it was discov-
ered by Giovanni Domenico Cassini in
1665. Its width is fairly constant at
about 14,000 kilometers, but its length
varies from 30,000 to 40,000 kilometers
over a period of a few years. The inten-
sity of its coloration is also variable: dur-
ing the Pioneer encounters of 1973 and
1974 it was prominent, whereas six to

a
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ATMOSPHERIC CIRCULATION near the equatorial region of Jupiter is depicted. Gas
warmed by the planet’s internal heat rises and cools in the upper atmosphere, forming
clouds consisting of ammonia crystals suspended in gaseous hydrogen. The clouds form the
light zones on Jupiter, which are higher and colder than the dark bands. At the top of the
clouds the cooled gas on one side of the light zone tends to descend toward the equator,
whereas the gas on the other side of the zone tends to descend toward the pole. The Coriolis
forces produced by Jupiter’s rapid rotation deflect the north-south motion to the east and
west. A similar mechanism in the earth’s atmosphere is responsible for the trade winds.
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seven years earlier it had appeared to be
quite faint.

The Pioneer missions revealed that
in the atmosphere, as in the interior,
convection plays a crucial role. In pass-
ing around the planet, the spacecraft
measured atmospheric temperatures on
the dark side of Jupiter, measurements
that cannot be made from the earth.
(Since Jupiter’s orbit is far beyond the
earth’s, we observe the planet almost as
if we were on the sun and we see little
but the illuminated portion of the disk.)
It was found that the day side and night
side are at the same temperature, sug-
gesting the enormous heat capacity of
the Jovian atmosphere and confirming
the importance of an internal source of
heat. It was also determined that the
light zones are colder, and therefore
higher in the atmosphere, than the dark
belts. The temperature measurements
provided compelling evidence that the
zones are regions of rising gas and the
belts are regions of descending gas [see
illustration on this page].

Even in the polar regions (which also
cannot be seen clearly from the earth
and which were photographed for the
first time by Pioneer 11) the clouds are
mottled, suggesting that they are divid-
ed into numerous convection cells [see
illustration on page 118]. At lower lati-
tudes the powerful Coriolis forces gen-
erated by Jupiter’s rapid rotation con-
vert vertical convection currents into
horizontal bands that girdle the planet.
As the gas rises within a zone, it tends
to move toward the equator or toward
the pole in order to descend into the
adjacent belt. This north-south motion
is deflected by the Coriolis force to pro-
duce an east-to-west circulation. The
same mechanism can be observed in
the earth’s atmosphere in the develop-
ment of the trade winds, but the Coriolis
force on Jupiter is much stronger. Atmo-
spheric features near the equator have
been observed moving with speeds of
several hundred kilometers per hour.

Near the center of the zones the flow
of gases in opposite directions creates
regions of wind shear. The highest ve-
locities (with respect to the interior of
the planet) are found in jet streams at
the boundaries between zones and belts.
The high wind speeds must lead to tur-
bulence, and they are almost certainly
responsible for the eddies, loops and
swirls visible in the atmosphere. They
may also initiate or sustain spots, which
are generally somewhat larger than the
other features, but whether they can ac-
count for the Great Red Spot remains
conjectural.

Before the Pioneer 10 encounter with
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MAGNETOSPHERE OF JUPITER expands and contracts with
changes in the impinging pressure of the solar wind. The boundary
where there is an equilibrium between the pressure of the magnetic
field and the pressure of the solar wind is called the magnetopause.
A standing bow shock wave is formed in front of the magnetopause.
On their journey past Jupiter, Pioneer 10 and Pioneer 11 reported
the magnetopause to be as far out as 100 Jupiter radii from the
planet and as close in as 50 radii. Jupiter’s magnetic field is dipolar,

and the axis of the dipole field is inclined 10.8 degrees with respect
to the rotational axis. In addition the axis of the dipole field is dis-
placed about 7,000 kilometers from the center of the planet. Mea-
surements by Pioneer 11 revealed that the strength of Jupiter’s mag-
netic field at the cloud tops ranges from three to 14 gauss. The mag-
netic field becomes more complicated closer to the planet, dis-
playing quadrupole and octopole moments that presumably are
the result of complex circulation patterns in the planet’s interior.

Jupiter the Great Red Spot was com-
monly attributed to a vortex phenome-
non called a Taylor column, which ex-
plained the spot as a kind of standing
wave formed over a mountain or a de-
pression on the surface of the planet.
One weakness of this hypothesis is that
during the past century the spot has
wandered in longitude a distance equal
to several circuits of the planet. More-
over, since we now believe the bulk of
Jupiter is liquid and could have no
mountains or depressions, the Taylor-
column hypothesis appears unlikely.
Today it seems more plausible that
the Great Red Spot is a cyclonic distur-
bance somewhat similar to a hurricane.
On the earth hurricanes maintain their
strength as long as they remain in the
tropical ocean; in most cases they de-
teriorate only when they move over
land or colder water. Jupiter has no
land, and the Great Red Spot is appar-

ently confined to a narrow range of lati-
tudes, the south tropical zone, which
might be considered Jupiter’s “hurricane
belt.” If the spot is a storm, its longevity
is somewhat puzzling, but it is possible
that the lifetime of any cloud feature is
merely a function of its size.

The interpretation of the Great Red

Spot as an immense storm is support-
ed by the recent discovery that it is not
unique. In 1972 a much smaller spot
appeared in the northern hemisphere,
and 18 months later it was shown by
Pioneer 10 to be similar in shape and
color to the Great Red Spot [see bottom
illustration on page 120]. A year later,
when Pioneer 11 flew past the planet,
the small spot had disappeared, suggest-
ing that its lifetime was about two years.

The discovery that Jupiter’s zones
and belts consist of gases at different
altitudes and temperatures illuminates
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their physical structure, but it cannot
account for their dramatic coloration.
The colors must be explained in terms
of the chemistry of the atmosphere,
which is imperfectly understood. Five
substances in Jupiter’s atmosphere have
been identified spectroscopically: hydro-
gen, helium, ammonia, methane and wa-
ter. The presence of one more, hydrogen
sulfide, has been inferred. All these gases
are colorless, and so other materials must
be present to create the observed pat-
terns. Among the molecules proposed as
coloring material are ammonium sulfide
and ammonium hydrosulfide, free radi-
cals, various organic compounds and
complex inorganic polymers. Many such
substances could be formed in the up-
per atmosphere, but major constituents
of the clouds not only must be formed
but also must be formed rapidly. Under
the influence of strong convection cur-
rents, molecules in the Jovian clouds
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could quickly be carried downward to
regions of high temperature, where they
would dissociate. If a substance is to be
abundant at the cloud tops, it must be
regenerated.

The cloud tops in the zones, the high-
est and coldest features of the vis-
ible atmosphere, are probably ammonia
crystals. At the temperature of the cloud
tops ammonia would be frozen, which
could account for the whiteness of the
zones. At the somewhat lower altitude
of the belts the temperature is above the
melting point of ammonia. It is at this
level that the various colored com-
pounds would be found. At the next
lower stratum water may be present,
first as ice crystals, then, still lower, as
droplets.

That Jupiter has a magnetic field was
first surmised in the 1950’s, when radio-
frequency emissions from the planet
were discovered. The emissions are con-
fined to two relatively broad regions of
the spectrum, that of wavelengths mea-
sured in tenths of meters (decimetric
emissions) and that of wavelengths mea-
sured in tens of meters (decametric
emissions). A major component of the
decimetric emission consists of thermal
radiation, which has a continuous spec-
trum and random polarization; it is con-
stant with time and is emitted by the
entire disk. A significant contribution to
the decimetric emission, however, is
made by a nonthermal mechanism and
is dependent on the planet’s magnetic
field. It consists of synchrotron radiation

CLOSE-UP OF JUPITER’S SURFACE made from 600,000 kilometers by Pioneer 11 shows
details never seen before. The scallops and swirls between the dark and the light bands are
believed to be the result of shearing between adjacent counterflowing jet streams. The
white features generally show upwelling of the atmosphere and the dark areas show a
downward movement. The white circular spots in the north-polar region at the top are
thought to be hurricanelike storms. The Jovian polar storms, like the tropical hurricanes
on the earth, could be powered by the latent heat of condensation. A column of water vapor
and ammonia vapor warmed by Jupiter’s internal heat would begin to rise, creating a low-
pressure area. More atmosphere would rush in and be sucked up by the rising column. As
the column rises, water vapor would condense, releasing more heat, which would drive the
column higher. At the top of the column the remaining heat would be radiated into space.
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emitted by electrons moving with speeds
near the speed of light in the magnetic
field. The relativistic electrons follow
helical paths along the magnetic lines of
force, radiating away part of their en-
ergy as they travel between the mag-
netic poles.

The decametric radiation is intermit-
tent and its source is not known. It may
be generated by electrical discharges in
the atmosphere and the ionosphere. Its
intensity is modulated by the innermost
of the Galilean satellites, Io. Both the
decimetric synchrotron emissions and
the sporadic decametric radiation are as-
sociated with the rotation of Jupiter’s
magnetic field.

Except near the planet, the major
component of Jupiter’s magnetic field is
dipolar, like the earth’s. The direction of
the field, however, is opposite to that of
the earth’s, so that a terrestrial compass
taken to Jupiter would point south. The
axis of the dipole field is inclined with
respect to the rotational axis by about
10.8 degrees, and the center of the axis
is displaced from the center of the plan-
et by about a tenth of Jupiter’s radius,
mainly along the equator. At a distance
of three Jupiter radii the strength of the
field is about .16 gauss. Closer to the
planet the field is more complex, but
measurements made by Pioneer 11 indi-
cate that at the cloud tops it ranges from
about three gauss to slightly more than
14 gauss. (The earth’s field, in compari-
son, varies from .3 gauss to .8 gauss at
the surface.)

Within about three Jupiter radii the
field can no longer be effectively de-
scribed as a dipole. Pioneer 11 measure-
ments have shown that it has quadrupole
and octopole moments, that is, there
are components of the field with four
and eight poles respectively. How these
higher-order fields are oriented with re-
spect to the planet and to the dipole field
is not yet known. Presumably they re-
flect some complex pattern of circulation
within the liquid metallic hydrogen of
the planetary interior. They can only be
detected close to the planet because they
diminish with distance much more rapid-
ly than the dipole field does. The in-
tensity of the dipole field decreases as
the third power of the distance, but the
quadrupole field diminishes as the fourth
power of the distance and the octopole as
the fifth power.

The magnetic field with its entrained

plasma makes up Jupiter’s magneto-
sphere. Outside the ionosphere the
planet’s environment is all but entirely
determined by the magnetosphere and
its interactions with the interplanetary



solar wind and with the inner satellites. |
Where the solar wind impinges on the
field, equilibrium is established between
the pressure of the wind and the internal
pressure of the magnetic field and plas-
ma. The boundary between the two
regimes is called the magnetopause. Be-
cause the solar wind is supersonic with
respect to Jupiter (and the other planets)
a shock wave forms ahead of the mag-
netopause [see “Interplanetary Particles
and Fields,” by James A. Van Allen,
page 160].

The geometry of the earth’s magneto-
sphere is essentially similar to that of Ju-
piter’s, and the terrestrial magnetopause
forms at a distance of between 70,000
and 80,000 kilometers from the earth.
The Jovian magnetosphere is much larg-
er: the distance from the planet to the
magnetopause may be as much as 100
times greater. One factor contributing to
this difference in scale is that the pres-
sure of the solar wind diminishes as the
square of the distance from the sun;
since Jupiter is five times as far from the
sun as the earth is, the solar wind there
is 25 times weaker. Jupiter’s magnetic
field is also about an order of magnitude
stronger than the earth’s, and the outer
regions of the Jovian magnetosphere are
greatly inflated with thermal plasma. If
Jupiter’s magnetosphere could be seen
with the unaided eye, it would appear to
be at least twice the apparent size of the
moon.

Although Jupiter’s magnetosphere is
large, it is also quite variable; in par-
ticular it is sensitive to relatively minor
changes in the pressure of the solar
wind. Pioneer 10 and Pioneer 11, while
approaching the planet, reported cross-
ing the magnetopause as far as 100 Ju-
piter radii from the planet and as close as
50 Jupiter radii. For the earth’s mag-
netosphere to shrink or expand by a
factor of two is exceedingly rare and
would be expected only during the
largest of solar magnetic storms. Be-
cause of the soft or spongy character of
the outer magnetosphere similar mag-
netic changes on Jupiter appear to be
common.

The analysis of Jupiter’s electromag-
netic environment is further com-
plicated by the presence and motion of
satellites within the magnetosphere. Of
the 13 known satellites five influence
the distribution of charged particles: the
four Galilean satellites, and Amalthea,
the innermost of the moons. The orbits
of the rest are generally beyond the
magnetosphere, just as our own moon |
revolves beyond the range of the earth’s

magnetosphere. Each of the inner satel- |
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lites can intercept charged particles and
thereby remove them from the popula-
tion of the radiation belts. As a moon re-

| volves in its orbit it can sweep a corridor

clear (while itself acquiring intense

| radioactivity). Even Amalthea is ap-

parently effective in removing particles
from the magnetosphere; its diameter is
only about 150 kilometers, but it cir-
cles the planet in 12 hours and passes
through the core of the radiation belt.
One of the Galilean satellites, Io, has
an even more profound effect on the
magnetosphere. It not only traps par-
ticles but also produces and accelerates
them. It has long been known that Io
somehow influences the decametric ra-
dio emissions detected from the earth.
When the satellite is at fixed positions
with respect to the earth-Jupiter line,
themagnitude of the emissions increases.

| A possible explanation of this enhance-

ment was proposed when Pioneer 11
demonstrated that Io has an ionosphere.
Because the ionosphere constitutes a
conducting fluid, the movement of Io
through Jupiter’s magnetic field gen-
erates a potential across the satellite.
Charged particles encountering this po-
tential could be accelerated and thereby
induced to emit radio waves. As Pioneer
11 flew through the magnetic-field lines
passing through Io it encountered elec-
trons in sufficient numbers and of suffi-
cient energy to account for the radio
emissions. Whether or not the electrons
actually produce the observed radiation,
however, remains uncertain.

o’s ionosphere is tenuous, but its pres-
ence implies that the satellite also has
an atmosphere, even if it is one of very
low pressure. A partial torus of neutral
hydrogen has been observed extending
on each side of Io along its orbit. These
findings were surprising, since Io is only
about as large as the earth’s moon, which
has not been able to retain an atmo-
sphere. The explanation probably lies in
Io’s position within the Jovian radiation
belts. As gases escape from Io they could
be continually replenished with ions cap-
tured from the magnetosphere.

Inside Amalthea’s orbit, at 2.5 Jupiter
radii, the flux of energetic electrons and
protons becomes more complicated, just
as the magnetic field does. The particle
density does not rise to a single maxi-
mum as one approaches the magnetic
equator or the surface of the planet. In-
stead the particle flux varies from place
to place in a complex way, with concen-
trations of particles at many points. In
the absence of any satellites inside
Amalthea’s orbit the observed particle
distribution can be explained only by
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irregularities or higher-order moments
in the magnetic field.

In the outer magnetosphere, beyond
about 20 Jupiter radii, the distribution
of charged particles has also turned out
to be more complex than was initially
supposed. Pioneer 10, which passed by
Jupiter on an equatorial trajectory, in-
dicated that the flux of energetic elec-
trons was intense near the magnetic
equator but elsewhere fell almost to
interplanetary values. This observation
suggested that Jupiter’s magnetic field
confines the particles to a narrow sheet
near the magnetic equator. Pioneer 11,
which was to leave the magnetosphere
at high latitude, was therefore expected
to encounter only low intensities of en-
ergetic electrons. Actually the electron
flux detected during the outbound voy-
age of Pioneer 11 was higher than that
observed by either spacecraft at any
other time.

High-energy electrons were detected
by the Pioneer spacecraft in another sur-
prising place: ahead of the bow shock
wave in interplanetary space. Apparent-
ly some fraction of the electrons can
escape from the outer magnetosphere.
When these electrons were discovered,
the records of early earth satellites were
reexamined and found to contain evi-
dence that the particles travel all the
way to the earth. The satellite data
showed an enhancement in the back-
ground level of cosmic-ray electrons
about every 13 months, an anomaly that
had not been understood when the data
were recorded. We now know that the
significance of the interval is that it re-
lates the orbits of the earth and Jupiter:
every 13 months the two planets are con-
nected by the spiral lines of the inter-
planetary magnetic field. The electrons
are clearly of Jovian origin. Even the
earth cannot escape the influence of the
largest planet.

Nlany of the riddles and ambiguities

that remain in our interpretation of
Jupiter will no doubt be resolved during
the next several years, both by earth-
based observations and by spacecraft.
For example, a high-resolution television
camera to be carried aboard a craft
scheduled to fly by Jupiter later in the
decade should provide more detailed in-
formation on the structure of Jupiter’s
clouds and on the surface features of the
Galilean satellites. More precise knowl-
edge of the structure and composition of
the Jovian atmosphere and of the nature
of the magnetosphere will probably have
to await an atmospheric entry probe and
a Jupiter orbiter now planned for the
1980’s.
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HIGHLIGHTS IN ASTRONOMY

FRED HOYLE

This short, nonmathematical introduction
to astronomy for the beginner draws upon
the material in Hoyle's Astronomy and Cos-
mology. Highlights in Astronomy presents
the full scope of the science: from the struc-
ture of the Earth to the latest cosmological
speculation, from the phases of the moon to
such phenomena as pulsars and black holes.
The 146 illustrations include nearly 100
photographs (many in full color).

1975, 179 pp., 146 illus., hardcover $10.00,
softcover $5.50

Fred Hoyle on Astronomy:
the long and the short of it
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ASTRONOMY AND COSMOLOGY

A Modern Course

FRED HOYLE

In this important new astronomy text Fred
Hoyle abandons the traditional encyclope-
dic approach in favor of a fuller treatment
of such topics as the large-scale structure of
the universe, the history of matter, the or-
igin of the planets, and the origin of life. I
have tried to emphasize,’” writes Hoyle, ““the
uncertainties and tensions to which the as-
tronomer and physicist are exposed when
they work at the frontiers of their sciences.”
Astronomy and Cosmology contains nearly
600 illustrations, including many photo-
graphs never before published. A special sec-
tion of photographs is reproduced in full
color. Readers will need no more than a
knowledge of elementary algebra to follow
the arguments in this provocative and pro-
found book.

1975, 724 pp., 584 illus., $15.95

Hale Observatories




Other Books

THE GALACTIC CLUB

Intelligent Life in Outer Space

RONALD N. BRACEWELL,

An eminent radio astronomer shares the
serious plans now being made for extrater-
restrial communication, space travel, and
the colonization of space. Are there other
intelligent beings in the universe? How close
to reality are the theories of Velikovsky and
von Daniken? What do you say to a non-
human? These are some of the questions an-
swered in this thoroughly absorbing book.
1975, 141 pp., 59 illus., hardcover $6.95,
softcover $3.95

ASTROPHYSICS OF GASEOUS NEBULAE
DONALD E.OSTERBROCK

This new book contains all the material
necessary for understanding modernre-
search papers on the nebulae, and for be-
ginning original research.

1974, 251 pp., 56 illus., 59 tables, $17.00

INTRODUCTION TO THE SOLAR WIND
JOHN C. BRANDT

“Correctly delineates the most important
aspects of modern solar wind research. . . .
Should appeal to readers from a wide vari-
ety of technical backgrounds.”’—Science
1970, 199 pp., 85 illus., $10.00

WORLDS-ANTIWORLDS

Antimatter in Cosmology

HANNES ALFVEN

Translated from the Swedish by

Rudy Feichtner

Hannes Alfvén postulates that there may be
equal amounts of matter and antimatter in
the universe. In the course of presenting evi-
dence to support his theory, he gives us a
fascinating and easily readable introduction
to modern astrophysics.

1966, 103 pp., 15 illus., $4.50

GRAVITATION

CHARLES W. MISNER,

KIP S. THORNE, and

JOHN ARCHIBALD WHEELER
“Required reading for all those working in,
or wondering about, the fascinating new
field of gravitational physics . . . rarely has a
scientific field been so well served.”
—American Scientist

1973, 1279 pp., 137 illus., 163 boxes,
hardcover $49.50, softcover $22.50

NEW HORIZONS IN ASTRONOMY
JOHN C. BRANDT and

STEPHEN P. MARAN

‘’As an astronomy teacher who has faced
nonscientific audiences in a beginning
course, | welcome New Horizons in Astron-
omy as a valuable contribution to education
in our greatest environmental science.”
—Kurt W. Riegel, in Sky and Telescope
1972, 496 pp., 314 illus. (including

11 plates in full color), 20 tables, $14.50

RADIO ASTROPHYSICS

Nonthermal Processes in Galactic

and Extragalactic Sources

A. G. PACHOLCZYK

“A welcome addition for the observing
astronomer who is anxious to get at the
fundamental physics underlying the inter-
pretation of his data.”’—Sky and Telescope
1970, 269 pp., 64 illus., $13.00

STELLAR ATMOSPHERES

DIMITRI MIHALAS

’Required reading for those who seek an
understanding of the physics of radiative
processes in stellar atmospheres. . .. "
—Sky and Telescope

1970, 463 pp., 82 illus., $17.50
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for the Space Sciences

NEW FRONTIERS IN ASTRONOMY
Readings from Scientific American

With Introductions by OWEN GINGERICH
New Frontiers in Astronomy is an up-to-
date collection of thirty-one of the best as-
tronomy articles from Scientific American.
More than half of the articles have appeared
since 1970, and each is reproduced with its
full text and all illustrations.

1975, 369 pp., 328 illus. (151 with color),
hardcover $13.00, softcover $7.50

ACTION AT A DISTANCE IN

PHYSICS AND COSMOLOGY

F. HOYLE and J. V. NARLIKAR

‘I can thoroughly recommend Hoyle and
Narlikar’s modestly priced book as an im-
portant and stimulating contribution to fun-
damental research in physics.”

—Barry Collins, in New Scientist

1974, 266 pp., 18 illus., $15.00

FROM STONEHENGE TO

MODERN COSMOLOGY

FRED HOYLE

In these essays, Hoyle demonstrates how
astronomical knowledge is one of the main
indices of human culture. Why do we inves-
tigate the structure of the universe? “The
answer,” writes Hoyle, "is no different in
principle from the motives of the builders of
Stonehenge. The motive is religious. ... "
1972, 96 pp., 36 illus., $6.00

W. H. FREEMAN AND COMPANY
660 Market Street, San Francisco, Ca 94104
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The Outer Planets

Beyond Jupiter are the remote unexplored planets: Saturn, Uranus,

Neptune and Pluto. Saturn has a composition much like Jupiter’s;

Uranus and Neptune appear to be rockier. Pluto is a small maverick

r I Yhe five outer planets of the solar
system differ radically from the
four inner planets. The inner

planets Mercury, Venus, the earth and
Mars are all in the same size range and
have a high density. Jupiter, Saturn,
Uranus ‘and Neptune are remarkable
both for their immense size and for
their low density. Pluto, the outermost
planet, is about the same size as Mercury
and is unusual in that its orbit is tilted 17
degrees with respect to the mean central
plane of the solar system. No other
planet has an orbital tilt greater than
seven degrees. Jupiter is taken up in the
preceding article, Here I shall discuss
what is known about the nature of the
four planets beyond Jupiter.

Saturn, the sixth planet from the sun,
was the most distant one known to man
until the 18th century. It is yellowish in
color and brighter than most stars.
Uranus, the seventh planet, was dis-
covered in 1781 by William Herschel
during a telescopic survey of the sky.
He immediately recognized it as a planet
and within a few nights he had also ob-
served its motion.

The discovery of Neptune, one of the
great triumphs of celestial mechanics, is
also a fascinating study in psychology.
In 1841 John Couch Adams, who was
then an undergraduate at Cambridge,
undertook calculations to demonstrate
that an unknown planet was perturbing
the motion of Uranus. When he com-
municated his results to astronomers

by Donald M. Hunten

four years later, his results were not
taken seriously, and no one looked for a
planet at the predicted position. Instead
a search of a large area of the sky was
undertaken, and delays in interpreting
the observations caused the discovery to
be missed. Meanwhile in France, Urbain
Leverrier had taken up the problem. In
1845 he also published calculations that
gave a position for the unknown planet
almost identical with the one predicted
by Adams. Leverrier could not persuade
observers in Paris to interrupt their other
work. Eventually he wrote to a young
astronomer in Berlin, Johann Gottfried
Galle, who found the planet in his first
attempt on September 23, 1846. It was
less than one degree from the predicted
position.

Planetary astronomers today find the
story of Uranus’ discovery curiously
reminiscent of their own experience.
Most astronomers are exclusively in-
terested in stars and galaxies and are re-
luctant to let their telescopes be
“wasted” on the planets. It is partly for
this reason that the National Aeronautics
and Space Administration has financed
the building of four major new tele-
scopes, one in Arizona, one in Texas and
two in Hawaii.

The discovery of Pluto was in some
ways similar to the discovery of Uranus
and Neptune and in some ways different.
Analysis of perturbations in the motion
of Uranus and Neptune by W. H. Pick-
ering and Percival Lowell early in this

PHOTOGRAPH OF SATURN shown on the opposite page is composite of 16 images made
by Stephen M. Larson with the 155-centimeter reflecting telescope at the Catalina Observa-
tory in Arizona. The rings, which are directly over the equator, and the dark cap over
the south pole are tilted 26.9 degrees to the line of sight. As viewed from the earth the tilt
of the planet’s axis changes, alternately presenting the southern hemisphere and the north-
ern one every 30 years. The large dark gap in the rings is called Cassini’s division. The
visible surface of Saturn is yellowish, with darker belts that parallel the equator. The most
prominent belt is near the equator. The shadow cast by the planet partly obscures the rings.
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century led them to predict the existence
of a trans-Neptunian planet. A photo-
graphic search in 1919 by Milton Huma-
son of the Mount Wilson Observatory
would have found the planet had it not
been for a double piece of bad luck.
Many years later it was found that two
of Humason’s plates actually showed an
image of Pluto, but it was hidden by a
defect in one plate and obscured by a
bright star in the other. Workers at the
Lowell Observatory in Flagstaff, Ariz.,
which was founded specifically for
planetary studies, mounted several sur-
veys, none of them successful. Finally
in 1929 a special telescope was built at
the Lowell Observatory to find the trans-
Neptunian planet, and in February,
1930, Clyde W. Tombaugh discovered
the planet about five degrees from its
predicted position. It now appears, how-
ever, that the observed mass of Pluto is
far too small to produce the perturba-
tions of Uranus and Neptune that origi-
nally led to the prediction of the planet’s
existence. In other words, the calcula-
tions had led to the discovery but they
were wrong,

f it was difficult to find the outermost
planets, the study of their physical
nature is even more so. Except for the
observations made from the two Pioneer
spacecraft that have floated past Jupiter,
physical studies of the outer planets have
so far had to be made by astronomical
methods. The exploration of space has
nonetheless had strong indirect effects,
and in the past 10 years there has been
a renaissancc of planctary science. The
mere act of planning future space mis-
sions has stimulated an entire series of
advances, both observational and theo-
retical.
Since the outer planets are so far from
the sun they receive only a small amount
of light and heat. The paucity of light re-
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URANUS, photographed with a balloon.
borne telescope at an altitude of 80,000 feet
in the earth’s atmosphere, shows no visible
surface markings. If there are faint belts or
markings on the planet, they have a maxi-
mum contrast of 5 percent. This photograph
is a composite of 17 images taken during a
flight of Stratoscope II in 1970. The images
were combined with the aid of a computer
at Princeton University by Robert E. Dan-
ielson, Martin Tomasko and Blair Savage.

NEPTUNE appears in this photograph made
with the 120-inch reflecting telescope at the
Lick Observatory in California. Triton, the
larger of Neptune’s two moons, can be seen.

PLUTO, the outermost planet, appears in
the center of this photograph made with the
200-inch telescope on Palomar Mountain.
Pluto is so faint that it cannot be studied by
customary visual and spectroscopic tech-
niques. Photometric measurements, how-
ever, reveal that the brightness of Pluto var-
ies about 20 percent every 6.39 days. Change
in brightness is probably due to the planet’s
rotation and variations in surface features.
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flected from them contributes to the dif-
ficulty of studying their features by tele-
scope. Jupiter is the most easily observed
of the outer planets, and it is clear that
it has a deep atmosphere filled with
clouds. Telescopic inspection of Saturn
reveals that it too has a deep atmosphere
with clouds. Some observers have re-
ported that Uranus has faint bands, in-
dicating that it has an extended atmo-
sphere. Neptune is exceedingly difficult
to observe even with very large tele-
scopes, but there is some evidence that
it has a deep atmosphere. Photometric
observations indicate that the planet
shows no periodic variation in bright-
ness. Since it is almost impossible for a
rotating body with a visible solid sur-
face not to vary in brightness, the ab-
sence of such variation indicates that
Neptune has an atmosphere. Pluto, on
the other hand, does show a variation
in brightness. It is presumably caused by
the planet’s rotation and by variation in
its surface features. The brightness of
Pluto varies about 20 percent with a
period of 6.39 days.

Timing the occultation, or eclipse, of
a star by a planet can provide accurate
information about the size of the planet.
The disappearance of the star behind the
moving planet and its reappearance are
usually measured with a highly sensitive
photometer. A partial occultation by
Pluto was observed in 1965, and the re-
sults indicate that the diameter of the
planet cannot exceed 5,800 kilometers.
(The diameter of the earth is 12,756 kil-
ometers.) In 1968 excellent measure-
ments of the occultation of a star by
Neptune were made by astronomers in
Japan, Australia and New Zealand, who
obtained a new value for the diameter
of the planet: 49,500 kilometers. Re-
grettably it has not been possible to ob-
serve any stellar occultations by Saturn
or Uranus.

Observation of the most distant plan-

ets with even the largest telescopes is
limited not only by the paucity of light
reflected from the planets but also by the
turbulence of the earth’s atmosphere.
One development that has been stimu-
lated by the space program is the use of
balloons to lift telescopes into the strato-
sphere in order to overcome the blurring
caused by the lower atmosphere. In
1970 a balloon-borne telescope took a
series of photographs of Uranus that had
a resolution of .15 second of arc, about
10 times better than the best resolution
that can be obtained with a telescope on
the ground [see top illustration at left].
From these photographs Robert E.
Danielson, Martin Tomasko and Blair
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Savage of Princeton University de-
termined that the diameter of Uranus is
51,800 kilometers.

Since the volume of a planet is pro-
portional to the cube of its radius, accu-
racy in the measurement of the planet’s
diameter is of critical importance. A
small change in the measured diameter
or radius leads to a large change in the
volume. The mean density of a planet,
an important clue to its gross composi-
tion and internal structure, is obtained
by dividing the planet’s volume into its
mass. The mass can be calculated from
the orbital period of the planet’s satel-
lites or from perturbations in the orbits
of nearby planets. Saturn, Uranus and
Neptune each have moons that make it
possible to accurately determine the
planetary mass and the mean density.
Pluto, however, has no satellites, and its
mass seems to be too small to have any
measurable effect on the orbits of its far
more massive neighbors. That makes de-
termining the mass of Pluto extremely
difficult. The best estimate is that it has
about a tenth the mass of the earth, but
the probable error is actually greater
than the estimate. Since the radius of
Pluto is also not known with any great
certainty, its mean density is not known,
and the values usually quoted must be
regarded as postulates [see top illustra-
tion on page 134].

It has been hard to determine the ro-
tational period of Uranus and Neptune
because the planets make such a small
disk in a telescope and because visible
surface features cannot be descried.
Measurements of the Doppler shift of
the spectral lines from the approaching
and receding edges of each planet yield
a rotation period of 11 hours for Uranus
and 16 hours for Neptune, but the values
are uncertain. Unlike any other planet,
Uranus has a rotational axis that lies al-
most in the plane of its orbit. Careful
studies of the surface features of Saturn
have yielded a rotational period of 10.2
hours.

The atmospheric composition of the
outer planets has been studied primarily
by absorption spectroscopy and emission
spectroscopy. The absorption spectrum
of sunlight reflected from a planet pro-
vides clues to the presence and abun-
dance of various gases, which absorb
different wavelengths of light. The emis-
sion spectrum, on the other hand, pro-
vides evidence on the planet's own
thermal emissions.

The atmosphere of Uranus is remark-
ably clear, and sunlight penetrates deep
into it before being reflected. The ab-
sorption spectrum of Uranus displays
strong bands from methane, indicating a
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’E’L‘Sg GNS%EN SOLAR TEMPERATURE (DEGREES K.) DIAMETER ass DENSITY Eg;/gsm
(L?r\?l?;)ONOMICAL HEAT | EQuILIBRIUM ACTUAL (KILOMETERS) (WATER =1 | (HouRs)
EARTH 1 1,000 246 290 12,756 1 5.52 24
JUPITER 5.2 37 105 135 142,800 318 1.314 9.9
SATURN 9.54 1 71 97 120,000 95 704 10.2
TITAN 9.54 1 82 130? 5,800 023 1.34 16 DAYS
URANUS 19.2 27 57 = 51,800 14.6 1.21 1
NEPTUNE 30.1 1.1 45 = 49,500 17.2 1.67 16
PLUTO 39.4 64 42 = 5,800? A2 27 6.39 DAYS

GENERAL PROPERTIES of the outer planets are given, with
those of the earth for reference. Titan, a satellite of Saturn, is in-
cluded. A notable feature of the outer planets is the small amount
of radiation they receive from the sun. Equilibrium temperatures
are calculated from the amount of solar heat that is absorbed by

high abundance of that gas, which may
or may not be present in the form of
clouds. Neptune is similar in having a
clear atmosphere and in showing strong
methane absorption. The spectrum of
Saturn shows methane absorption, but
the absorption is weaker than that for
Uranus and Neptune [see illustration on
page 1361].

Ammonia bands, which are clearly
present in absorption spectra of Jupiter,
may or may not be present in spectra of
Saturn and are not found in spectra
of Uranus or Neptune. The probable ex-
planation is that the lower temperature
of Uranus and Neptune causes ammonia

SATURN

INTERNAL STRUCTURE of Saturn, Uranus and Neptune is
shown in cross section. These models are derived from the hy-
pothesis that the planets were initially formed by the accretion of
rocky material and ice, followed by the accumulation of gas. Sat-
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clouds to form at greater depths, where
the clouds cannot be observed. Although
Saturn does not show much ammonia
absorption, the clouds visible in photo-
graphs of the planet are most likely to
be ammonia.

Hydrogen is the most abundant gas on

these planets, but it absorbs light
very weakly and is difficult to detect in
spectra. Hydrogen absorption is shown
by Saturn and Uranus, and the gas is
assumed to be present on Neptune.
Helium does not absorb light at all, but it
is presumably present in the same pro-
portion in the outer planets as it is in the

the planet. Jupiter and Saturn radiate considerably more heat than
they absorb, indicating they have an internal heat source. The ac-
tual temperature shown for the earth refers to its surface, which is
warmed by the “greenhouse effect” of the atmosphere; the actual
radiated energy very closely matches energy received from the sun.

sun: about one atom of helium for every
10 molecules of hydrogen.

Although Titan is a satellite of Sat-
urn, it is appropriate to discuss it here
as a planet. It is larger than Mercury
and almost as large as Mars. It has an at-
mosphere that is deeper than that of
Mars. Strong methane absorption was
found in Titan’s spectrum by Gerard P.
Kuiper of the University of Chicago in
1944. Recently Laurence M. Trafton
of the University of Texas reevaluated
Kuiper’s results and found that the sur-
face pressure of the satellite’s atmo-
sphere should be at least four times the
pressure on Mars. If an invisible gas is

URANUS

2 ICE

NEPTUNE

ROCKY CORE

D METALLIC HYDROGEN

E] MOLECULAR HYDROGEN
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urn’s rocky core, 20,000 kilometers in diameter, is surrounded by
a 5,000-kilometer shell of ice and an 8,000-kilometer layer of me-
tallic hydrogen. Uranus and Neptune each have a core 16,000 kilo-
meters in diameter, surrounded by an 8,000-kilometer layer of ice.



New Books

for the Earth Sciences

New, Fourth Edition
Principles of Geology
JAMES GILLULY, U. S. Geological Survey,

AARON C. WATERS, University of California, Santa Cruz, and
A. O. WOODFORD, Pomona College. Revised by James Gilluly.

The fourth edition of this widely used and highly acclaimed text
offers expanded coverage of plate and global tectonics, seismology,
mineral resources, and a general updating of other subject areas.
New illustrations have been added. As in earlier editions, the style is
not dogmatic: the authors supply evidence as well as conclusions,
and the evidence throughout is on the scientific method, not merely
conclusions.

Publication date: February 1975

Earth

FRANK PRESS, Massachusetts Institute of Technology,

and RAYMOND SIEVER, Harvard University

Study Guide by Donald W. Newberg, Colgate University

1974, 188 pp., $2.95

Instructor’s Guide by Roger D. K. Thomas of Harvard University
“The book is, in my opinion, perhaps the best introductory physical
geology book since ‘Principles of Physical Geology’ by A. Holmes. It
is clear, complete, does not lose sight of the scientific method (a
common fault of elementary books), and conveys an accurate pic-
ture of the present knowledge and—what is more important—of the
present problems in the earth sciences.”

—G. Ranalli, Carleton University, Ottawa, Canada

1974, 945 pp., 729 illus., 14 boxes, 28 tables, $13.95

Planet Earth

Readings from SCIENTIFIC AMERICAN

With Introductions by FRANK PRESS and RAYMOND SIEVER
Selected and introduced by the authors of Earth, these 24 articles
from Scientific American will enrich a variety of courses in the earth
sciences. Nineteen of the articles have been published since 1970;
they give the reader an exciting view of recent advances in the study
of plate tectonics, environmental geology, energy resources, geo-
morphology, and geophysics. ““The main emphasis in this volume,”’
write the authors, “is on topics in the geosciences that represent
new directions. ... "

1974, 303 pp., illus., cloth $12.00, paper $6.95

Earth Science Slides

JOHN S. SHELTON

John S. Shelton has been taking aerial photographs of geological
features since 1939. Now this geologist/pilot/photographer has com-
piled his best work into a set of 35-mm slides for classroom use.
This set of 500 slides (480 in color) beautifully illustrates the prin-
ciples of geology. More than half of the slides are aerial photo-
graphs.

1973, 500 slides (480 in color), $400.00. (Slides may be examined
for 30 days free of charge.)

Note: Partial sets of Shelton’s Earth Science Slides are now available
at $1.50 per slide with a minimum order of 50; $1.25 with a
minimum order of 100; and $1.00 with orders of 200 or more. A
Guidebook to Earth Science Slides will be sent free with each order.

Geology, Resources, and Society

An Introduction to Earth Science

H.W. MENARD, Institute of Marine Resources,

University of California, San Diego

Instructor’s Guide by H. W. MENARD and

GEORGE SHARMAN, Scripps Institution of Oceanography,
University of California, San Diego

I have examined the text and find that it is one of the finest earth
science texts that has been written."

—Howard Jackson, University of Texas at El Paso

“It is a most interesting book, in content and especially organiza-
tion. It appears to be a very stimulating production. It is marvelous-
ly humanistic and holistic for a geologist’s product. . .. In this com-
bined department | think that it will go over pretty well with all the
staff members.’'—Lawrence Ogden, Eastern Michigan University

1974, 621 pp., 219 illus., 27 tables, 28 boxes, $12.95

Geology
Principles and Concepts /A Programmed Text

DENNIS P. COX, United States Geological Survey,

and HELEN R. COX

Geology: Principles and Concepts is an up-to-date, self-instructional,
programmed text in physical geology. Extensively illustrated, the
book includes helpful introductions to each chapter, a list of learn-
ing objectives, tests, and capsule reviews. Unlike many programmed
texts, this book contains a complete index and a key that relates
material in this book with that of several popular introductory texts
in current use.

1974, 464 pp., illus., $6.95

Natural Regions of the United States and Canada
CHARLES B. HUNT, The Johns Hopkins University

A Teacher’s Manual is available.

“This visually superb book is a fine extension of Hunt's earlier
version. . .. As a text which is particularly concerned with integrat-
ing landforms, climate, and other factors, | do not believe that any
other can match this particular labor of love.”

—D. C. Multhauf, University of Wisconsin

1974, 725 pp., 558 illus., 22 tables, $14.95

Water A Primer

LUNA B. LEOPOLD, University of California, Berkeley

“This highly informative, well written book covers the general prin-
ciples of hydrology and many facts concerning water use. It con-
tains simple but technically sound information written in terms
understandable to the nonspecialist. . .. Water, A Primer is a good
book that will provide informative, worthwhile reading to anyone
interested in learning more about the subject.”

—Soil Conservation, July 1974

1974, 172 pp., 44 illus., 9 tables, cloth $4.95, paper $2.95

660 Market Street, San Francisco, California 94104
58 Kings Road, Reading, England RG1 3AA

.- W. H. FREEMAN AND COMPANY
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present along with the methane, a sur-
face pressure as great as that on the
earth is plausible. Following a sug-
gestion by John S. Lewis of the Massa-
chusetts Institute of Technology, I have
proposed that the gas could be nitrogen
formed from ammonia (NHj) by the ef-
fect of radiation from the sun, Trafton
also found evidence for hydrogen ab-
sorption on Titan, and hydrogen on the
satellite may be as abundant as methane.

The upper levels of the earth’s atmo-
sphere are warmed by the absorption of
solar ultraviolet radiation by the ozone
present at those levels. A similar warm-
ing process seems to occur on Jupiter,
Saturn, Uranus, Neptune and Titan, but
the absorbing substances are different.
One of the substances most likely to be
an absorber is methane. L. W. Wallace
and his colleagues at the Kitt Peak Na-
tional Observatory have shown that
absorption of solar energy by methane
should raise the temperature of the up-
per atmosphere by 70 to 80 degrees
Kelvin.

A second warming factor on Jupiter,
Saturn and Titan is a “smog” of small
dark particles suspended in the atmo-
sphere. The presence of the smog is in-
ferred from the fact that these bodies do
not reflect ultraviolet radiation as well
as they should considering the gases
present. The source of the dark particles
is not known, although they could pos-
sibly be formed by the linkage of meth-
ane molecules into polymers by solar
radiation. The particles would absorb
sunlight and transfer heat to the sur-
rounding gas.

Gas molecules in a warm planetary
stratosphere emit infrared energy that
can be detected. The emission spectrum
of Saturn reveals the presence not only
of methane but also of a complex of
ethane, ethylene and acetylene. The
complex is probably the product of the
sun-induced polymerization of methane.

There also is some evidence for a
warm stratosphere on Neptune. The
analysis of data obtained from the stellar
occultation by the planet in 1968 sug-
gests that the temperature of its upper
atmosphere may be as high as 140 de-
grees K. The infrared emission spectrum
of Titan is similar to that of Saturn, in-

INFRARED ABSORPTION SPECTRA of
Saturn, Uranus, Neptune and Titan made
recently with an experimental spectro-
graph on the 400-centimeter telescope at the
Kitt Peak National Observatory are shown.
Methane absorption, which is evident from
9,600 to 10,000 angstroms, is stronger on
Uranus, Neptune and Titan than on Saturn.
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Ideas. Where in the world do they
come from? The process is as myste-
rious as any in nature. We only know
that they occur, sometimes unasked,
often haphazardly. Some of the best
ideas come as a perceptive statement
of the problem whether or not the
situation was ever before thought of
asa problem.

Sticky problem

Ideas can come by studying natural
phenomena. Consider Swiss engi-
neer George de Mestral. He set out
to develop alow-cost fastener that
would overcome the problems of
lost buttons, broken hooks and stick-
ing zippers.

He used a practice dear to the
scientific heart—drawing an analo-
gy from Mother Nature. He remem-
bered how burdock burrs clung to
his pants. Sohe putthe
burrs under the micro-

consisted of tiny hooks
that grabbed onto any
thread or hair. Eureka!
Mr. de Mestral’s original idea and
Du Pont technology were combined
to give the world VELCRO® brand
fasteners. You’ve probably seen
them. One surface is covered with
stiff, tiny, woven hooks. All lined up
in straight, narrow rows and —
unlike nature — all perfect. We even
figured outa way tomold them from

Zytel®nylon resin for high strength,
limited-cycle uses. The mating sur-
face is a continuous loop. Press the
two together and they hold
with astonishing force.

Ideasare everywhere,
waiting to be found and
transformed.

It’sin the bag

Some of the best ideas are stimulat-
ed by simply restating an existing
situation as a problem.

Here’s a case in point. Indulge us
by thinking about meat carcasses.
They’re shipped in refrigerated cars
and they can last two or three weeks.

The industry was well aware of
the spoilagesituation but had always
considered ita fact of life. Until an
ingenious packaging company chal-
lenged those long available facts and
decided that there was indeed a
problem: how to extend the shelf
life of fresh beef from two weeks to
twomonths.

The solution was to exclude ox-
ygen from contact with the meat.

So the company decided to cut the
meat into 75-pound pieces, put
them into plastic bags, pulla vacu-
um and seal the bags. Presto. No

the meat remains fresh
for one to two months,
And it's in better condi-
tion. .. better in looks,
smell, taste, tenderness,
Delicious!

The critical factor is the bag.
Nylon (for toughness, abrasion-

resistance and oxygen barrier) is
co-extruded with film of Surlyn®
ionomer resin (for a good heat seal)
to produce a meat packaging film
with a host of packer, shipper and
consumer benefits.

To give you food for thought,
“Zytel” nylon can be extruded on
many substrates ranging from
paper and aluminum to a potpourri
of plastics. Perhaps the case of the
problem-that-wasn’t will inspire you
to look askance at “accepted facts”
and redefine them as problems
looking for a solution.

We hope this treatise has en-
couraged you to stretch your mind
in different directions in your own
field. Perhaps you can borrow an
idea from nature or restate an exist-
ing situation as a problem. Well, let
ithappen.

Here is a simple way for you to
gain the benefits available from our
technology. If our expertise in the
properties and uses of engineering
plastics may be of help, you can con-
tinue this dialog by either writing
Dick Johannes, Du Pont Company,
Plastics Department, Room D-13064,
Wilmington, DE 19898 on your
company letterhead, or calling him
at (302) 774-5826.

REG. U. 5. PAT OFF
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dicating that Titan also has a warm
stratosphere [see illustration below].
The rings of Saturn are among the
most beautiful objects that can be seen
in a telescope. More than a century ago
James Clerk Maxwell concluded that the
rings must consist of individual small
objects in orbit around the planet. Fur-
ther understanding of the nature of the
objects has come only in the past few
years. A reflection spectrum of the rings
at near-infrared wavelengths was ob-
tained in 1970. At first it was thought
that the spectrum matched that of frozen
ammonia, but it was quickly pointed out
that it matched the spectrum of ice at
very low temperatures much better. Ra-
dar reflections from the rings were ob-
tained in 1972, and although the in-
terpretation is still not entirely agreed
on, the most convincing one is that the
particles are ice and have diameters be-
tween four and 30 centimeters (between
an inch and a half and a foot). Photo-
metric observations of the rings under
various conditions of illumination sug-
gest that the surface texture of the ob-
jects is more like snow than like solid ice.
It has recently been realized that there
should be rings of gas associated with
some of Jupiter’s and Saturn’s satellites.
Such bodies are not large enough to
hold hydrogen permanently, as Jupiter
and Saturn can. Therefore if hydrogen is
present on Titan, much of it should es-
cape from the satellite’s atmosphere and
go into orbit around Saturn. If the life-
time of the gas in orbit were long
enough, it would form a ring centered
on Titan’s orbit. The ring would in effect
be an extension of Titan’s upper atmo-
sphere. Estimates of the lifetime of the

gas in orbit suggest that the density
of the ring would be very small: 1,000
molecules or fewer per cubic centimeter.
The spacecraft Pioneer 10 sent back evi-
dence that there are hydrogen atoms in
the vicinity of one of Jupiter’s 13 satel-
lites, Io. The thinness of the hydrogen
supports the idea that the ring in Titan’s
orbit would not be very dense.

A.s new facts have come to light during
this century, concepts of the nature
of the giant outer planets have gone
through some remarkable swings. At one
time these planets were regarded as be-
ing miniature suns, but measurements of
the amount of heat they radiate dispelled
that notion. In 1937 Rupert Wildt of
Yale University proposed that Jupiter
and Saturn, because of their large size
and low density, must consist chiefly of
hydrogen, with a large core of metal and
rock enclosed in a mantle of ice. The
view held today is that about 15 percent
of the mass of Jupiter and Saturn is a
rocky and metallic core and the rest is
mainly hydrogen and helium. It is likely
that the interior is hot. Uranus and Nep-
tune are denser and must therefore con-
tain a larger proportion of rock and
metal, perhaps as much as 90 percent.

In 1969 the infrared thermal emission
of Jupiter and Saturn was measured from
an aircraft flying at a high altitude in the
earth’s atmosphere. The findings showed
that both planets radiate roughly twice
as much energy as they receive from the
sun. That discovery led to another revo-
lution in our notions about the giant
outer planets, and has brought about a
moderate return to the idea that these
planets have an internal source of heat.
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INFRARED EMISSION SPECTRUM of Saturn (colored curve) and that of its satellite, Ti-
tan (black curve), are compared. For Saturn, and probably for Titan, the radiation shown
here is primarily thermal emission from the atmosphere. The peak at about eight microns
is emission from methane and the peak at about 12 microns is possibly emission from ethane.
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The total output of power from Jupiter.
however, is only 3 X 10-7 that of the sun,
and Saturn’s output is five times weak-
er still. The amount of thermal energy
emitted from Uranus, Neptune and Pluto
is still not known.

According to one hypothesis, the
source of the energy emitted by Jupiter
and Saturn is a slight, continuing con-
traction of the planets, which transforms
gravitational energy into heat. Since
much of the heat originates deep in the
interior, it must somehow be transported
out. The only process that has the neces-
sary capacity is thermal convection cur-
rents, which must be present at great
depths. If convection does operate, then
the materials of the interior must be
mixed rather than stratified. Models of
Jupiter and Saturn in which the interior
is fully mixed have been proposed by
William B. Hubbard of the University of
Arizona.

Another hypothesis is that Jupiter and
Saturn are simply radiating the heat they
acquired during the gravitational-con-
traction phase of their formation, and
that the planets are slowly contracting
as they cool. This model also predicts
large-scale thermal convection in the in-
terior of the planets.

Concepts of the composition of the
giant outer planets are closely related
to modern hypotheses on the origin and
evolution of the solar system (see “The
Origin and Evolution of the Solar Sys-
tem,” by A. G. W. Cameron, page 32).
The nebula that gave rise to the sun
and the planets was formed by the col-
lapse of an interstellar cloud. Much of
the material in the solar nebula flowed
inward to form the sun, but some of it
remained in orbit. The giant outer plan-
ets began to take shape by the accretion
of rocky material and ice. As the rocky
cores materialized they began to draw
to them large amounts of hydrogen and
helium from the nebula. The process
went furthest in the formation of Jupiter
and Saturn, which swept up virtually all
the gas in their vicinity. The process
stopped relatively early for the more
distant Uranus and Neptune, giving
them a greater proportion of rocky ma-
terial with respect to hydrogen and he-
lium. Since the planets formed by ac-
cretion, they would have consisted of a
series of shells [see bottom illustration
on page 134). Presumably the convec-
tion required to transfer heat from the
interior proceeds separately within the
shells because of their greatly differing
densities. The material within each shell
would be well mixed but there would be
little mixing between shells.

Do any of the giant outer planets have
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Moving phone calis
bit by bit.

To meet the growing demand for communica-

24 VOICE SIGNALS

SEQUENTIAL
SAMPLER

SIGNAL 1

The T1 System samples 24
voice signals and encodes the
measurements in binary form
for transmission over a con-
ventional pair of telephone

tions facilities, the people at Western Electric wires as a stream of pulses.

and Bell Labs have developed digital INTERLEAVED SAMPLES
techniques, which dramatically increase the number
of phone calls that can be carried over existing wires. MEASURING

BT EaN

DIGITAL PULSE
STREAM

In digital communications, a voice signal is e
sampled 8,000 times a second. Each sample
represents the amplitude of the voice’s wave pattern
on a scale from 1to 256. This measurement is coded
in binary form as a series of pulses or “bits.”

And the code is transmitted to the receiving end
where it's decoded to faithfully recreate the voice.
Because this is a sampling technique, the pulses
representing a number of voice signals can be
interleaved. For example, the T1 System, work-
horse of the Bell System’s evolving digital
network, transmits 24 simultaneous conversations
on two pairs of wire.

Development of digital techniques has
demanded close coordination between designer
and manufacturer. Interleaving 24 conversations
on wire pairs originally intended to carry a
single voice signal meant designing the T1
Systemto fitthe characteristics of cable already
in place. It meant manufacturing components
that operate with clockwork precision, since
the system must transmit a “bit” precisely every
648 nanoseconds. (The time it takes light to
travel about 650 feet.) And because the stream
of pulses must be regenerated at about one mile
intervals — often in manholes under busy city
streets —the components must be extremely stable.

Engineers at Western Electric’s plant in
Massachusetts are working with Bell Labs on a
wide range of design and manufacturing innova-
tions. For example, previous timing circuits used in

EXPOSED ELECTRODE OF THE
THICK-FILM CAPACITOR

AREATO BE |\

TRIMMED The timing circuit is an

inductor-capacitor It is brought
to a specific frequency by
abrading the exposed elec-
trode of the thick-film capaci-
for. A computer conlrols the
process by measuring the
frequency of the timing circuit
during frimming
BARIUM
TITANATE SUBSTRATE

the regenerator for the T1 System were tuned
manually. Western Electric engineers have
developed a computerized process that
tunes the circuits faster and more accurately.
Meanwhile, Bell Labs has developed even
higher capacity digital systems. The latest
can interleave 4,032 simultaneous conver-
sations on a pair of coaxial conductors.

Benefit: Digital communications
techniques are one more way the
Bell System is working to meet
your communications needs
reliably and economically.

The automatically ad-
justed timing circuit helps
make the latest regenerator
smaller, less expensive
and even more reliable
than its predecessors.

Western Electric

We’'re part of the Bell System.
We make things that bring people closer.
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High Schoolers:

Enter your science fair and you may win
the opportunity for a fascinating career.

You're smart enough. Else you wouldn't
be reading this magazine.

Write us soon. We help you get noticed.
Ask Eastman Kodak Company, Dept. 841,
Rochester, N.Y. 14650, to send you the
free package of photographic hints for
science fair contestants.

Good use of photography makes the most of a good project
—even if you have to make your own camera.

Elizabeth Davis, junior at Commerce (Texas) High School,
daughter of musicians, did just that. Her project impressed
the regional judges enough to send her to the 1975 Inter-
national Science and Engineering Fair, where we laid further
honors and a little cash on her tor her photography, to say
nothing of her science. She extracted Eocene pollens from an
open-pit quarry, and her beautiful side-by-side color photo-
micrographs compared them with pollens she collected from
living plants. No difference in pollens.
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WET, ROCKY MANTLE
SOLUTION OF AMMONIA AND WATER

|:| ICE AND METHANE

CROSS SECTION OF TITAN is shown. The
core is thought to be surrounded by a rocky
mantle with much water bound in the rock.
The mantle may be covered with a “magma”
of water containing dissolved ammonia. The
crust may be a mixture of ice and methane.

a solid surface? The answer depends on
what is meant by a solid surface. The
model of Jupiter that arises from the ac-
cretion hypothesis has a rocky core, but
the temperature of the core is nearly 20,-
000 degrees K. and the pressure is 60
million atmospheres. The material could
be regarded as either a liquid or a highly
compressed vapor. In the model of Ura-
nus the core has a temperature of 4,000
degrees and the pressure is more than
two million atmospheres. Whatever else
we may say about such a surface, we can
be sure that it is inaccessible. (Very little
can be said about the structure of Pluto
until we learn more about its mass and
size.)

Titan’s mean density is 2.1 grams pecr

cubic centimeter, and it too is be-
lieved to have a metallic and rocky core.
Around the core there may be a “mag-
ma” of water with ammonia dissolved in
it. The crust may be ordinary ice with
considerable amounts of methane
trapped in it. If the atmosphere is deep,
the ice crust could melt to leave a layer
of liquid methane floating on the water-
ammonia solution. Titan is a body unlike
any other we know of. It is neither like
one of the inner planets nor like one of
the giant outer planets but is a kind of
hybrid. Its close exploration cannot fail
to be highly rewarding.




British Columbia,Canada

These pictures are just a sample of what is waiting for you in British Columbia.
1. Fort Steele, once a gold rush boom town, growing old gracefully in the East
Kootenays. 2. Downtown Vancouver as it looks from Kitsilano Beach (great fish
and chips at the beach). 3. A fast fleet of ferries links the British Columbia
mainland to Vancouver Island and the Gulf Islands. 4. One of the intriguing
shops to be found throughout the Province—browse for treasures till teatime.
For a lot more information write: British Columbia Department of Travel
Industry, 1019 Wharf Street, Victoria, British Columbia V8W 2Z2. Or call
your local travel agent.
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For the autumn of a lifetime.
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The Smaller Bodies of the Solar System

They range in size from meteoroids no larger than a grain of sand

to moons biggerthan the planet Mercury. Many of them appear to be

fragments resulting from collisions between growing planetesimals

ost people are surprised to learn
M how many planetlike objects

, there are in the solar system. It
harbors four bodies whose diameters are
probably greater than the diameter of
Mercury and yet are not listed among the
nine planets. Eleven other nonplanets
are probably larger than any asteroid.
These 15 bodies are the satellites of vari-
ous planets. All told there are 33 satel-
lites, shared by six of the nine planets;
they range in diameter from a few kilo-
meters to about 6,000 kilometers. There
are in addition some 2,000 sizable aster-
oids with fairly well-known orbits; the
largest of them is 955 kilometers in di-
ameter. Many more thousands of small
asteroids, a kilometer or less in diameter,
follow paths around the sun that are less
well known. Furthermore, billions of
comets, their diameters measurable in
tens of kilometers, are believed to travel
in orbit beyond the outer planets. Here
we shall consider how all the lesser
bodies are related: the satellites, the
various groups of asteroids, including
meteoritic rubble ranging down to the
size of a grain of sand, the icy comets,
such odd debris as the reflective chunks
that make up the rings of Saturn and
even the dust grains that condensed
before the planets began to grow.

Until a few years ago the smaller
bodies of the solar system received little
attention. That attitude is changing rap-
idly. The amount of research that has
been published on the subject has in-
creased by a factor of 10 since 1960.

by William K. Hartmann

Early in the 1970’s entire sessions of vari-
ous astronomical meetings were devoted
to papers about the physical nature, the
origin and the surface properties of the
lesser bodies. In 1971 a five-day confer-
ence at the University of Arizona dealt
with the asteroids, and in 1974 satellites
were the topic of a three-day symposium
at Cornell University.

The reasons for the trend are not hard
to find. Many of the lesser bodies were
discovered more than a century ago, but
the telescopes and spectrographs of the
time were not sensitive enough to enable
the observers to learn much more about
them than their orbits. During the first
half of this century the burning astro-
nomical issues were nonplanetary: the
origin of the energy of the stars, the
structure of the galaxy and the nature of
the universe as a whole. Why be con-
cerned about a few cold little worlds in
our backyard?

During World War II the technology
of infrared spectroscopy advanced rap-
idly, making possible the study of that
part of the electromagnetic spectrum
where the absorption bands of many
cool gases appear. In the same region one
can observe subtle spectral features that
arise from the mineralogical properties
of rocks on extraterrestrial bodies. It was
this development that enabled Gerard
P. Kuiper of the University of Chicago
to discover in 1944 the first nonplanetary
atmosphere in the solar system: the man-
tle of methane gas that envelops Titan,
the largest moon of Saturn. For many

ASTEROIDLIKE BODY seen in the photograph on the opposite page is the larger moon
of Mars, Phobos. Measuring 20 by 23 by 28 kilometers, it has been cratered by numerous
collisions with smaller bodies. Neither Phobos nor its companion, Deimos, is in the kind of
orbit around Mars that would be expected of a captured asteroid. The two satellites may be
the remains of a shattered larger satellite that was destroyed by impacts of the kind that have
scarred Mars. The photograph was made from Mariner 9 while it was in orbit around Mars.
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years thereafter, however, the applica-
tion of even the best instruments led to
findings that were hardly earthshaking:
some of the lesser bodies were pinker
than others, and so on. Exciting progress
began when interest and financial sup-
port, particularly on the part of the
National Aeronautics and Space Admin-
istration in the 1960’s, led to the devel-
opment of a number of improved instru-
ments and new ways of utilizing them.

Preparation for the Apollo program
led to intensive studies of the moon and
moon-related problems. Geochemical
laboratories that were eventually to an-
alyze lunar rock samples practiced on
meteorites, the only rocks from inter-
planetary space that were then available.
Studies both before and after the Apollo
landings led to a burgeoning of interest
in all moons. Astronomers undertook so-
phisticated observations of the spectral
properties of planetary satellites and en-
gaged in new investigations into the ori-
gin of satellites, asteroids and comets.

In 1971 interplanetary probes relayed
to the earth closeup observations of the
two tiny satellites of Mars. More distant
views of Jupiter’s giant moons were ob-
tained in 1973. Two probes have passed
through the asteroid belt, and the
manned spacecraft have brought sam-
ples from the moon for laboratory analy-
sis. As Paul D. Lowman, Jr., a NASA
geologist, has noted, in all of geology’s
200-year history as a science the most in-
tensively studied specimens are not ter-
restrial rocks but lunar ones.

One result of all this research is a
growing recognition of two largely un-
anticipated findings. First, the lesser
bodies of the solar system provide im-
portant informational links between the
present and the past. Second, the data
establish connections between two hith-
erto largely separate disciplines: plan-
etary science and astrophysics. Some of
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those linkages will be discussed here.
Starting with an inventory of facts about
the lesser bodies, considered in order
outward from the sun, I shall attempt
some systematization of the data by ex-
amining the distribution of mass among
all the bodies in the solar system. Final-
ly, I shall suggest how smaller bodies
might have originated and evolved in
the kind of cloud that gave rise to the
rest of the solar system.

he first bodies outward from the

sun are Mercury and Venus. Neither
planet has any satellites, but there is a
good reason for mentioning them here.
The craters on their surface show that
many bodies as large as 100 kilometers
in diameter have collided with them. At
present only a few small comets and as-
teroids with highly eccentric orbits visit
that innermost part of the solar system.
Are those occasional visitors remnants of
a larger population of planetesimals that
inhabited the inner solar system long
ago? Does the cratering indicate that
collisions like these were an important
factor in the evolution of the solar sys-
tem?

Recent studies of our own satellite,
the moon, have begun to provide affirm-
ative answers to these questions. Lunar
science is reviewed in detail elsewhere
in this issue [see “The Moon,” by John A.
Wood, page 921, but let us list some key
facts here. The moon is unusually large
compared with its planet. It is made of
materials that somewhat resemble the
materials of the earth’s surface layers but
differ from the materials of its interior.
This composition has never been ade-
quately explained. D. R. Davis and I
have recently proposed that the impact
of a huge body may have knocked loose
from the outer layer of the earth much
of the present lunar mass. Initial heating
of the moon led to partial melting and
the formation of a primeval crust. In the
first few hundred million years of its
existence that crust was intensely bom-
barded by planetesimals, some of them
more than 100 kilometers in diameter; as
a result huge craters crowded the lunar
surface. The intense bombardment de-
clined about four billion years ago.
Thereafter some parts of the moon’s
cratered primeval crust were melted by
further heating and other parts were in-
undated by lava flows. Since then the
moon has been further bombarded, but
the bombardment, although relatively
constant, has been low in intensity.

Small bodies still bombard the inner
planets. For example, one short-lived
group continues to cross the orbit of the
earth, leaving open the possibility that
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one or another of them may one day
crater the earth or the moon. These are
the Apollo asteroids, a group that was
named after one of its members. James
Williams, Brian G. Marsden, Eugene M.
Shoemaker and Fred L. Whipple are
among those who are studying and tabu-
lating the asteroids of this group. A
recent listing includes 19 Apollos that
range in diameter from about 200 me-
ters to as much as six kilometers. Ob-
servers believe many more remain to be
discovered. The risk to the inner planets
is not confined to the Apollos. There is a
great reservoir of other asteroids, and a
greater reservoir of comets, that could
at any time be deflected into orbits in-
tersecting the orbit of the earth.

The Apollo asteroids have been stud-
ied in many different ways. Two of them,
Eros and Icarus, have been probed by
radar. In January of this year the former
astronaut Brian O’Leary directed a novel
Apollo-asteroid project. On the night of
January 23, according to calculations
that were completed only two hours be-
fore the event, Eros was to eclipse a
third-magnitude star in the constellation
Gemini, and the asteroid’s shadow would
sweep across Connecticut in the general
vicinity of New Britain. Armed with pre-
dictions of the shadow path, teams of
observers raced to various sites along the
path and timed the three-second occul-
tation of the star. Eight positive observa-
tions, and several negative ones from
points outside the shadow path, made it
possible to recalculate the size and shape
of Eros: it is a slab that measures about
seven by 19 by 30 kilometers.

The Apollo asteroids have proved to
be related to a much more familiar
group of lesser bodies that intersect the
earth’s orbit: the meteorites. The simi-
larity of the orbits of both groups has
been noted for some time. Comparisons
of spectral characteristics have recently
provided a second similarity. Clark R.
Chapman, Thomas B. McCord and their
associates recently undertook spectro-
photometric studies of many different
asteroids and compared their results with
the laboratory spectra of five separate
classes of meteorites. They found a num-
ber of good matches; the closest match
was between the Apollo asteroid Toro
and the class of meteorites known as
L-type chondrites. Perhaps some of the
L-type chondrites in museums around
the world are pieces knocked loose from
Toro. And perhaps as such studies con-
tinue it will be possible to identify other
individual asteroids as the source of spe-
cific kinds of meteorites.

As for the meteorites themselves (or
meteoroids, as they are called while they
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are still in space), they exist in abun-
dance but are detected only when they
graze the earth’s atmosphere, burn up
in it or survive to reach the ground. Fist-
size meteoroids are so common that
several strike the earth every year. To-
day meteoroid data are sometimes col-
lected by Air Force monitoring devices
that are designed to detect long-range
missiles in flight, but most such informa-
tion is kept secret. A widely observed in-
cident in 1972, however, provides an ex-
ample. On April 10 of that year both
Air Force satellites and people on the
ground observed the passage of a me-
teoroid at an altitude of 60 kilometers
over the state of Montana. The meteor-
oid, which according to one estimate
weighed perhaps 1,000 tons, skipped
off the earth’s atmosphere back out into
space. If such a body had been a few
kilometers lower, it might have crashed
in Alberta, producing a tremendous ex-
plosion and a crater perhaps 100 meters
in diameter. It is not known how often
there are such major near-misses or even
direct hits. Some analysts have suggested
that the rate is about one collision with
a body considerably larger than the
Montana meteoroid per century. (It is a
comforting thought that three in four
large meteorites on a collision course
with the earth would fall in the oceans
rather than on land.) One such collision,
probably with a comet, took place in
Siberia in 1908; it was observed by a
few stunned witnesses. If the same body
had hit New York, the scorched area
would have reached beyond Jersey City,
people could have been knocked uncon-
scious all the way from Philadelphia to
Hartford and the “deafening bang” re-
ported by Siberian witnesses might have
been heard from Washington to Boston
and possibly as far away as Pittsburgh.
Meteoroids and Apollo asteroids are not
entirely academic concerns.

Continuing outward from the sun,
Mars is found to be attended by two
peculiar moons that are no larger than
modest-sized asteroids. The remarkable
photographs made by Mariner 9 provide
further evidence of interplanetary colli-
sions. Both chunky moons are liberally
cratered. Phobos is 20 by 23 by 28 kilo-
meters and Deimos is only 10 by 12 by
16. Their circular orbits around Mars
are not of the kind one would expect if
they were true asteroids, gravitationally
captured by the planet from the main
asteroid belt nearby. Several of my col-
leagues and I have therefore proposed
that they may be the shattered and per-
haps partially reconstituted remains of
an earlier single large satellite of Mars.

The main asteroid belt, a collection
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ASTEROIDS circle the sun in a wide variety of orbits. Some repre-
sentative orbits are seen here in a view from above the plane of
the solar system. Most of the asteroids are in a belt (gray) between
Mars and Jupiter; variations in their concentration are illustrated
on the next page. The Apollos, 19 small asteroids that are named
after one member of the family, follow unusual orbits that carry
some of them inside the orbit of Mercury; three such orbits are
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shown (color). A family of perhaps 1,000 asteroids, known as the
Trojans, lies in the orbit of Jupiter (black). Twice as many aster-
oids lie at the Lagrangian point 60 degrees ahead of Jupiter as lie
60 degrees behind. The most eccentric of all asteroids is Hidalgo
(light color) ; at its farthest from sun Hidalgo approaches orbit of
Saturn. Also shown are orbits of other small bodies (broken lines):
a comet and a meteoroid that grazed earth’s atmosphere in 1965.
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of thousands of rocky bodies, lies be-
tween Mars and Jupiter. The majority of
the asteroids are closer to Mars than to
Jupiter, which accords with Bode’s law
of planetary spacing. They are probably
bodies that never accumulated into a
planet. The largest asteroid is Ceres, 955
kilometers in diameter. It has been cal-
culated that the combined mass of all
the other main-belt asteroids would be
close to the mass of Ceres.

Recent spectrographic studies show
that the asteroids are divisible into dis-
tinct classes [see “The Nature of Aster-
oids,” by Clark R. Chapman; ScIENTIFIC
AMERICAN, January]. Nearly 200 large
asteroids have now been examined spec-
trophotometrically. Roughly 10 percent
show spectra that resemble the labora-
tory spectra of the meteorites classed as
stony irons. Asteroids of this class are
generally 100 to 200 kilometers in di-
ameter and are concentrated in the part
of the asteroid belt nearest Mars. The
spectra of some 80 percent, however, re-
semble the spectra of the most primitive
meteorites known: the carbonaceous
chondrites. It now seems firmly estab-
lished that carbonaceous chondrites con-
tain minerals representative of the an-
cient materials that formed when the
nebula that gave birth to the sun began
to cool. They are the least heated and
least metamorphosed of all the meteor-
ites and still contain abundant water in
various chemical combinations.

How are these asteroid-meteorite re-
semblances to be interpreted? The
asteroids that resemble carbonaceous
chondrites may be those that were never
fragmented by collisions or were never
big enough to get very hot inside. Hence
they have retained their primitive min-
eral surface. The asteroids that resemble
the stony irons may be the remnants of
the metallic cores that formed inside
larger bodies when heating and melting
led to the segregation of light and heavy
materials. What we now see is widely be-
lieved to be the end product of cata-
strophic collisions that chipped away the
larger bodies’ outer mantle of light sili-
cates. Ceres, which is nearly twice the
diameter of the second-largest asteroid,
Pallas, may be a more advanced plan-

ASTEROID BELT (left), a region that starts
about 2.2 astronomical units away from the
sun, displays an unevenness in distribution
of bodies. The seven major depressions in
the graph between 2.2 and 3.3 A.U., known
as the Kirkwood gaps, are spaces where
few asteroids are present because of pertur-
bations due to Jupiter’s gravitational field.
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etesimal, one that had begun to ap-
proach planetary dimensions just as the
main formative processes in the solar
system came to an end.

Still other asteroids lie beyond the
main belt, locked into stable positions
along the orbit of Jupiter 60 degrees
ahead of the giant planet and 60 degrees
behind it. The two clusters are called the
Trojan asteroids, and about 1,000 Tro-
jans are now known. They occupy the
two points in the sun-Jupiter system
where Joseph Louis Lagrange showed
that small bodies might accumulate. (It
was not until 1905, almost a century
after Lagrange’s death, that Achilles,
the first of the Trojan asteroids, was dis-
covered.) Spectral studies show that as
a group the Trojans are the darkest of
all the asteroids. They may be composed
of debris left over after the formation
of Jupiter, or they may be accretions of
interplanetary material gravitationally
attracted toward the giant planet. Re-
cent studies by Tom Gehrels of the Uni-
versity of Arizona show that for some
unknown reason there are at least twice
as many Trojans at the Lagrangian point
ahead of Jupiter as there are at the point
behind it.

Jupiter itself has more satellites than
any other planet in the solar system.
The total is now 13, the 13th having
been found only last year by Charles T.
Kowal of the California Institute of
Technology. Jupiter’s satellites fall into
three groups. The innermost group num-
bers five. The closest to the planet is a
small moon, Amalthea. Then come the
four large moons Galileo discovered; in
outward order they are Io, Europa,
Ganymede and Callisto. Amalthea is so
small, perhaps only 150 kilometers in
diameter, that little is known about it.
The orbits of all five inner moons are
circular and lie in the plane of Jupiter’s
equator.

Io, a good-sized body with a diameter
of 3,640 kilometers, displays some of the
most bizarre phenomena found in the
solar system. At the turn of the century
an astute observer, Edward Emerson
Barnard of the Yerkes Observatory, re-
ported the first of them: the poles of Io
have reddish caps. Barnard’s finding has
now been documented in color photo-
graphs by R. B. Minton of the Univer-
sity of Arizona. Further peculiarities
were reported in the 1960’s by A. B.
Binder and Dale P. Cruikshank, who
were then at the University of Arizona.
They found that Io, which frequently
enters Jupiter’s vast shadow, is at least
a few percent brighter than usual for 15
minutes or so after it emerges. Binder



and Cruikshank suggested that Io might |

have an atmosphere and that during the
cold, dark eclipse clouds or frost might
condense, to dissipate when the moon
emerged into the sunlight.

Since then many more eclipses of Io
have been observed. It has been found
that the brightening takes place only
about half of the time. Why that is so
remains a mystery. Recent evidence sug-
gests, however, that the phenomenon
may be due not to clouds or frost but to
the alteration of colored materials on the
surface of Io, perhaps compounds of
sulfur, by low temperatures during the
eclipse.

Another strange thing about Io was
noted in the 1960’s by the radio astrono-
mer E. K. Bigg, who observed a strong
correlation between the position of Io
in its orbit and bursts of radio noise from
Jupiter. Apparently the radio noise is
generated when Io disturbs the mag-
netic field of Jupiter in its swing around
the planet.

In 1973, during the approach of the
spacecraft Pioneer 10 to Jupiter, Arvy-
das J. Kliore and his colleagues at the
Jet Propulsion Laboratory of the Cali-
fornia Institute of Technology detected
a layer of ionized particles about 100
kilometers above the surface of Io. The
observation means that the satellite
has an atmosphere, albeit an extremely
sparse one. Its surface pressure is esti-
mated to be as low as one billionth the
atmospheric pressure at the surface of
the earth. In 1974 Robert Brown of
Harvard University added to the list of
oddities. He discovered that Io was sur-
rounded by a yellow glow: the D-line
emission characteristic of sodium. The
glow extends outward from Io for sev-
eral diameters. It is caused by the reso-
nance scattering of sunlight by sodium
atoms on the surface of the satellite.

Brown’s discovery represents a pleas-
ing convergence of theory and observa-
tion. Some time ago Fraser P. Fanale, a
planetary chemist at the Jet Propulsion
Laboratory, proposed that Io was cov-
ered by sodium-rich evaporite salts. If To
had been heated and its water had been
driven off, Fanale reasoned, the salts
formerly dissolved in the water would
have been left behind on the surface.
When all these observations are put to-
gether, the model that best fits Io’s
peculiar properties is a reddish brown
world, covered with evaporite crystals
(perhaps crystals of common salt), with
darker reddish sulfur deposits at the
poles and a sky often aglow with a yel-
low aurora. Overhead, on the side of Io
facing Jupiter, the disk of the planet
would measure 18 degrees from side to
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Martin Gardner Motivates.
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biggest problem is motivating your students. You know
there’s more to the subject than just proving theorems, solv-
ing equations, or memorizing multiplication tables. But
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side (about the same width as the Big
Dipper).

The other three Galilean satellites of
Jupiter have surfaces covered in vary-
ing degrees not so much by salt and
sulfur as by gravelly soil and frost. Eu-
ropa, 3,100 kilometers in diameter, is
smaller than Io. Ganymede, 5,270 kilo-
meters in diameter, is one of the largest
satellites in the solar system and Callisto,
at 5,000 kilometers, is only a little small-
er, Callisto is also darker than the others,
apparently because more rocky material
is exposed. The chemical differences be-
tween the four satellites remain the sub-
ject of current research.

Next outward from Jupiter is a group
of four satellites ranging from 18 to 60
kilometers in diameter. They travel in
orbits inclined at an angle of about 28
degrees to the planet’s equatorial plane
and about 11.6 million kilometers from
the planet. One of the four is Kowal’s
1974 discovery, satellite No. 13.

The outermost group of Jupiter’s sat-
ellites also numbers four. All are small:
they range from about 16 to 22 kilome-
ters in diameter. The four are about 22
million kilometers from Jupiter and are
notable because, unlike the other nine
satellites, they circle it in a retrograde
direction. Their orbits are inclined at an
angle of about 25 degrees to the planet’s
equatorial plane.

The two groups are puzzling. The
clustering of orbits in each group, the
high inclination of those orbits and the
retrograde revolution of the outer group
all indicate that these satellites are un-
like the miniature solar system formed
by Jupiter and the five inner satellites.
Perhaps the two outer groups are plane-
tesimals captured by special processes
that favored each new captive’s joining
either one group or the other. Or per-
haps, as the Russian worker Z. A. Aite-
keeva suggests, the two groups are the
clustered fragments of two larger satel-
lites that were shattered by collisions
with comets or with errant Trojan as-
teroids. Here it is worth remembering
that close interactions and catastrophic
collisions were probably rather common
events during the early days of the solar
system, when planetesimals were much
more abundant.

Saturn, the second-largest planet, also

has the second-largest collection of
satellites: a total of 10. The 10th was
discovered in 1966 by the French as-
tronomer Audouin Dollfus; it is Janus,
the innermost of Saturn’s moons, some
200 kilometers in diameter. Outward
from the planet we find five more small-
ish moons before reaching the orbit of

NUMBER OF BODIES
S
=]

great Titan. The five range in diameter
from 400 to 1,600 kilometers. They are
probably icy bodies; their estimated
densities fall between one gram and 1.5
grams per cubic centimeter. (The den-
sity of water ice is one gram per cc.)

In the years since Kuiper discovered
Titan’s atmosphere it has produced a
string of surprises. The satellite has long
been notable for its size. Early this year,

however, Joseph F. Veverka and his as-
sociates at Cornell recalculated the di-
ameter of Titan; they put it at about
5,800 kilometers. That places it among
the three largest satellites in the solar
system; perhaps it is the largest.
Veverka’s group and other observers
have found that what one sees through
the telescope is not Titan’s unobscured
surface but a blanket of reddish brown
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DISTRIBUTION OF MASS among the bodies of the solar system is plotted in this logarith-
mic graph. At the small-mass end of the graph (left) there is uncertainty about the number
of bodies in the system; the broken line shows the effect of including comets. The parts of
the curve at the center and the right are based on actual counts. It is evident that a dispro-
portionate share of the total mass is possessed by the planets and their satellites. This sug-

gests that the larger bodies grew by sweeping up most of the initial supply of small
planetesimals. Those planetesimals that were not incorporated into larger bodies are very
numerous. When compared with the planets, however, the leftover planetesimals are small.
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clouds that conceals the ground, some-
times partially and sometimes totally.
The atmosphere of Titan has also proved
to be much denser than was once
thought: it is primarily methane and
hydrogen in about equal abundance.
Studies by James B. Pollack of the
Ames Research Center of the National
Aeronautics and Space Administration
indicate that the atmospheric pressure at
the surface of Titan is between .1 and
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one terrestrial atmosphere (the pressure
of air at the earth’s surface). The surface
conditions on Titan, however, are un-
earthly. The surface itself may be ice.
The temperature is about 125 degrees
Kelvin, or 234 degrees below zero Fahr-
enheit. It may be, however, that Titan
is not as unearthly as it might seem.
Most geochemists believe the original
atmosphere of the earth was rich in
methane and hydrogen. If there is geo-
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thermal or volcanic activity on Titan,
could not temporary pools of warm wa-
ter exist? Under such circumstances the
formation of complex organic molecules
would be possible; conditions like these
are precisely the ones that result in the
synthesis of amino acids in the labora-
tory. Remote Titan thus holds some bio-
chemical interest, although life there re-
mains unlikely.

Two of the three satellites of Saturn
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EVOLUTION OF SMALL BODIES from the nebular condensates
in three stellar systems is traced in a sequence of schematic size-
distribution diagrams. At first (1) dust grains that have formed in
the three systems are all micron-size. The abundance of the grains
differs, however; System A4 contains the least dust, System C the
most and System B is intermediate. Gravitational accumulation
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(2) produces multikilometer planetesimals in all three systems;
they tend to be larger in System B and System C than in System
A. Once the planetesimals are formed competition begins (3) be-
tween accretion and destructive collision; all three systems begin
to lose any collision fragments less than a centimeter in diame-
ter. Meanwhile low-speed collisions that increase mass and gravita-
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that lie outside the orbit of Titan are
unusual. Phoebe, the outermost, is a
small moon that measures perhaps 250
kilometers in diameter. Its orbit, both
retrograde and inclined, is reminiscent
of the outer moons of Jupiter.

Phoebe’s neighbor, Iapetus, has a
most unusual appearance: one of its
sides is six times brighter than the other.
The leading hemisphere of Iapetus re-
flects only about 4 percent of the sun-
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light that reaches it; such low reflec-
tivity means that it is darker than a
blackboard. The trailing hemisphere,
however, is highly reflective: it is about
as bright as snow. A number of expla-
nations have been offered. Did a major
impact throw out fine bright dust (like
the pulverized material blasted from
large craters on the moon) that came to
rest only on one part of the satellite? Did
a swarm of meteorites pepper one part
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of Iapetus only, leaving a reflective ice
surface undisturbed elsewhere? A par-
ticularly plausible hypothesis was pro-
posed last year by Steven Soter of Cor-
nell. He pointed out that the Poynting-
Robertson effect (a net inward motion of
small orbiting particles that are exposed
to radiation) would make any fine dust
that was eroded from Phoebe spiral in-
ward toward Saturn. Like Phoebe itself,
the dust particles would travel in a direc-
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tional attraction lead to the development of larger bodies (4) in
System B and System C. In System A4, however, none of the plan-
etesimals is large enough to continue growing, and collision over-
balances accretion. In due course (5), although accretion has pro-
duced planet-size bodies in System B and System C, the planetesi-
mals in System A are all smaller than kilometer-size. In System C

all the kilometer-size bodies and almost all the smaller collisional
debris have been swept up by the growing planets (6). Because
planets did not grow in all parts of System B, many kilometer-size
planetesimals were not swept up, and smaller collisional debris is
also plentiful. The small-body populations in System B resemble
the asteroids and the other, lesser debris found in the solar system.
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EARTH MERCURY
12,756 KM. 4,880 KM.

MOON
3,476 KM.

CERES PALLAS HYGEIA PSYCHE
955 KM. 560 KM. 380 KM. 240 KM.

GANYMEDE CALLISTO EUROPA AMALTHEA
5,270 KM. 5,000 KM. 3,640 KM. 3,100 KM. 150 KM.

TITAN RHEA TETHYS MIMAS
5,800 KM. 1,600 KM. 1,000 KM. 400 KM.
TITANIA OBERON ARIEL UMBRIEL MIRANDA

1,800 KM. 1,600 KM. 1,500 KM. 1,000 KM. 550 KM.

TRITON NEREID
6,000 KM. 500 KM.

SELECTED SMALLER BODIES are compared with the earth, which is shown only in part
(top left), and Mercury (top right). Assuming that the diameters of Triton, one of the
moons of Neptune, and Titan, one of the moons of Saturn, are correctly estimated, four
moons are larger than Mercury. Ceres, the largest asteroid, is larger than several of the
smaller satellites. For example, Amalthea (color), innermost of the 13 satellites of Jupiter,
is estimated to be 150 kilometers in diameter. Not shown are 16 satellites: eight satellites of
Jupiter, six of Saturn and two of Mars; if drawn to this scale, some would be merely dots.
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tion opposite to the motion of Iapetus,
so that those intersecting the orbit of
Iapetus would strike the leading hemi-
sphere at high speeds. Soter suggests
that this unique circumstance may be
the source of Iapetus’ unique visual
asymmetry: perhaps the rain of particles
causes abnormal erosion or dust accumu-
lation or both.

Saturn is best known, of course, not
for the curious properties of its satellites
but for its spectacular rings. A backyard
telescope makes the rings look like a
solid disk around the planet, but as early
as 1859 James Clerk Maxwell offered
theoretical proof that the disk could
not be solid, and in 1895 an American
astronomer, James Keeler, confirmed
Maxwell’s prediction by means of spec-
troscopic observations. The rings are
composed of innumerable thousands of
satellite particles. A recent review of
ring observations by Pollack suggests
that the particles are typically a few cen-
timeters in diameter.

The rings are divided by gaps that
were probably created by dynamic in-
teractions with the nearby satellites
of Saturn. The rings are about 270,000
kilometers in total width but are only a
few kilometers thick. A spacecraft pass-
ing through the plane of the ring system
at a modest angle would encounter the
ring particles for no longer than a few
hundredths of a second.

Theorists are still struggling to ex-
plain the origin of Saturn’s rings. Spec-
troscopic studies by Carl Pilcher and
others show that the ring particles are
composed of or covered with water ice.
They may have condensed where they
are during the formation of the solar
system or they may be the fragments of
pulverized satellites. Some explanatory
models propose that the fine particles
rarely collide today. Other models sug-
gest that the rings are still evolving as a
result of continuing collisions and that
they do not necessarily date back to the
origin of the solar system. From either
viewpoint Saturn’s rings are a natural
laboratory for the study of swarms of
small bodies in space.

In view of the oddities we have en-
countered so far, what is one to expect
of the satellites of Uranus and Neptune?
Because they are so distant very little is
known about them. Uranus has five sat-
ellites; Neptune has two, one of which
may be the largest satellite in the solar
system. The five satellites of Uranus
travel around the planet in the plane of
its equator. The orientation is normal
enough, except that Uranus itself is
tipped at an angle of roughly 90 de-
grees to the plane of the planet’s orbit
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“In the Air Force, a doctor can find time
to do more. With his family. In a clinical way.
In research. Or in pursuing his hobbies’’

“I still happen to think
doctors become doctors
for more reasons than
money.Sure,money’sa big
part of becoming a physi-
cian. The cost of medical
education and of setting
up professional practice
isn’'t peanuts.

“Financial rewardisim-
portant, too. And de-
served. But when that’s
what dictates a sixty-
hour week, I have to
wonder.

“Let’s face it, you can
talk about a $35,000 or
$45,000 year — but your
gross is nothing if it isn’'t
$70,000 — because what
youre going to take home

Dr. Richard S. Fixott, Colonel (RET) USAF.
Graduated University of Oregon in 1934, En-
tered military service in 1934 with a Reserve
Commission. Served in China, Burma, India
Theatre, Panama and the Azores. He also
served two tours in Viet Nam as a civilian
physician under the AMA Volunteer Physi-
cians for Viet Nam program. He is Board cer-
tified in Ophthalmology and Aerospace Medi-
cine and a member of the Colorado Medical
Society, the AMA and the American Academy
of Ophthalmology and Otolaryngology. He is
now practicing in Colorado Springs as
an ophthalmologist on the staff of Penrose
and Memorial Hospitals.

Aol 0,

Like when I was in China
during a cholera out-
break.I went to their local
hospital and worked with
them. Saw how they took
care — did acceptable
medicine with far less
than acceptable equip-
ment. In other words, im-
provising.

“I had the same kind of
experience in Calcutta...
only there it was small-
poX.

“Outside of special
cases, I worked with the
latest. The equipment in
an Air Force hospital was
usually equivalent to, or
better than, that in the
average hospital of the

is about half.

“In other words, your overhead runs
you 40 percent —to hire the help, pay the
rent, buy the equipment and like that.
So you've got 60 percent. But that 60 per-
cent is what youre paying income tax on.

“And look, out in civilian life, if youre
not heavily insured —paying those pre-
miums —youd beup the creek if you were
permanently disabled. In the Air Force,
youd be cared for—and if unable to prac-
tice, retired with an income.

“The Air Force took care of my money
headaches. But more. And more impor-
tant. The Air Force gave me job satisfac-
tion. When I stretched my time to a sixty-
hour work week it was because I wanted
to—to stretch my experience, not my
income.

“And what a varied experience it was.

same size.

“And the technical help was usually
high-grade, too. The senior noncoms in
the medical labs, for instance, showed
real personal interest and pride in their
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jobs. They made sure
their labs were top-notch.

“Of course, all the help
under them might not be
that gung-ho....

“But the fact is that
many Air Force medical
lab technicians and radi-
ologists were so profes-
sional they were often
proselytized right out of

service—by civilian med- ""'------ "

ical labs.

“And—oh, yes—paperwork. I practice
as a civilian now. Let me assure you that
I have as much paperwork now as I ever
did in the Air Force. Maybe more. And
asevery civilian doctor is aware, it affects
your income, too—because if you don't
till out the paperwork, you don't get paid
by the insurance companies.

“So there are many valid reasons to
consider practicing in the Air Force...
including salary. Yes, salary.

“Physicians entering the Air Force are
now eligible to receive up to $13,500 in

annual bonus. This could
bring the salary of a phys-
ician joining the Air
Force, on completion of
residency training, to
over $35,000 — without
overhead. But with bene-
fits and other special pay
provisions for physicians
that make it a more than
substantial starting
salary.

“I enjoyed my Air
Force practice for 30 years. And the ben-
efits—well, I'm enjoying one right now.
My retirement income is worth the in-
terest youd draw if you salted away
$250,000 at 6%. Only I didn’t have to. It's
part of the financial reward you earn as
an Air Force physician.

“Consider it all, if you will”

For the location of the Air Force
Medical Recruiting organization serving
your area, send in the coupon. Or, call
toll free 800-447-4700 (in Illinois call 800-
322-4400).

P. O Box AF
Peoria, IL 61614
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WERE RLL AROUND YOU, MR.FIEDLER.

Arthur Fiedler might not know a lot plane or train uses products made by too. Just as Allegheny Ludlum
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around the sun. Evidently the force that
tilted Uranus, whatever it was, either
shifted the satellites along with the
planet or acted on the planet before it
had acquired satellites. A group of Rus-
sian astronomers and S. Fred Singer
of the University of Virginia have in-
dependently proposed that what tilted
Uranus was a collision with a planet-size
planetesimal. The impact may have trig-
gered the formation of the five satellites.

The inner satellite of Neptune, Triton,

with an estimated diameter of 6,000
kilometers, is another satellite that moves
in a retrograde orbit. This fact may be a
clue to an unresolved puzzle. Pluto, with
an estimated diameter of 5,800 kilome-
ters, is usually given as the ninth planet
in the solar system, even though its
uniquely eccentric orbit sometimes
brings it closer to the sun than Neptune
ever gets. Some theorists, notably Kuiper
and R. A. Lyttleton of the University of
Cambridge, have suggested that Pluto
was once a satellite of Neptune. Their
explanatory models visualize an inter-
action between Triton and Pluto that
was sufficiently forceful both to put Tri-
ton into its retrograde orbit and to eject
Pluto from Neptune’s sphere of influ-
ence. Cited as an objection to the theory
is the fact that in spite of the eccentricity
of its orbit Pluto does not approach Nep-
tune closely today.

Although the orbit of Pluto lies some
40 astronomical units from the sun (40
times the distance from the sun to the
earth), the census of the smaller bodies
of the solar system is still far from com-
plete. Traveling in the outer reaches of
the system, sometimes thousands of as-
tronomical units beyond Pluto, are bil-
lions of icy bodies with estimated di-
ameters that range from 100 kilometers
to a few tens of meters. These are the
comets. Their orbital inclinations are
virtually random. Occasionally one of
them is perturbed by stellar or planetary
forces and enters the inner solar system.
Once a comet comes inside the orbit
of Jupiter the sun’s radiation converts
some of its icy material into the gas that
forms its characteristic halo and tail; the
tail is made up of the particles stream-
ing away from the sun under the pres-
sure of radiation and the solar wind.

Some comets pass so close to the sun
that they lose mass catastrophically and
break into fragments. Others may make
several passages, losing some material
with each approach until they “die,”
probably becoming a residue of stony
material that can no longer evolve
gas. Still other comets may come close
enough to one of the planets to have

ENCKE'S DIVISION
CASSINI'S DIVISION

RING A

RING B
1 RING C

RING D

RINGS OF SATURN, shown schematically in a polar view, are made up of some of the
more enigmatic small bodies in the solar system. Centimeter-size, they are either bits of
ice or particles covered with ice. They are considered by some to be tiny planetesimals that
condensed where they now are at the time the solar system was formed. Others hold them
to be the debris formed by the collisional or tidal fragmentation of larger planetesimals.

their orbit perturbed further until they
end up behaving like one of the Apol-
lo asteroids. Indeed, some investigators
believe certain of the Apollo asteroids
are extinct comets. The vast majority of
comets, however, remain in a reservoir
far beyond the outer planets.

How can one make systematic sense
of the diverse small bodies of the solar
system? Some are large, some small,
some icy, some rocky, some naked and
some shrouded in an atmosphere. One
generalization that can be made is that a
common by-product of the formation of
large bodies in the solar system seems to
have been the formation of associated
small-body systems. The solar system
itself contains one large body, the sun,
and a number of satellites: the inner,
terrestrial planets, the outer Jovian
planets and the irregular comet swarm.
Three of the giant planets are them-
selves miniature solar systems. Jupiter,
Saturn and Uranus suggest the same
pattern: small inner satellites, large in-
termediate satellites and irregular outer
satellites.

A further consensus is developing
with respect to the many interesting dif-
ferences in composition that are evident
among the planets and satellites of the
solar system. Whereas certain other fac-
tors play a part, most of the differences
among the planets can now be explained
in terms of the differences in tempera-
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ture at greater or lesser distances from
the sun and the differences in gravita-
tional fields that are a function of the
different masses of the nine bodies. A
detailed theory of the differences in
composition and density among satel-
lites and asteroids, however, is still lack-
ing.

A basic approach to the question is to
consider the distribution of mass among
the components of the solar system. At
the high-mass end of the scale the dis-
tribution is statistically irregular: the
large bodies are overabundant. The dis-
tribution becomes smoother, however, as
the number of bodies increases, their
mass decreases and their diameters fall
into the range of tens of kilometers. In
fact, the number of small bodies, N,
proves to be related to the mass, m, by a
power law: N is proportional (approxi-
mately) to m raised to the —2/3 power.

Now, this proportional relation of
number to mass happens to be charac-
teristic of solids that broke up as a re-
sult of collisions. Some 15 years ago
Gerald S. Hawkins of Boston University
established the relation with respect to
meteorites and proposed that the colli-
sional fragmentation of asteroids was
the mechanism responsible for it. In the
mid-1960’s Shoemaker pointed out that
the debris blasted out of lunar craters
showed a similar relation, although the
exponent in the power law was closer to
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to produce fine woodcraft, whether you
carve, sculpt, make your own furniture,
or simply do occasional repairs. Garrett
Wade stocks only the best, imported
from all over the world; many are avail-
able nowhere else in the U.S. Painstak-
ingly hand-forged tools hold keen edges
longer, cut wood fibers rather than crush
them — for cleaner, easier, safer work.
SEND TODAY FORFREE CATALOG/
WOODCRAFTING MANUAL

Carving tools, mallets, steel and unique
wood-body planes, saws, workbenches in
various sizes, a full line of accessories
and books; the catalog is a treasure trove
of unique gift ideas—and is packed with
basic information for the beginner arnd
helpful tips for the experienced. There’s
no obligation; send for it now!

Garrett Wade Company, Inc.
Dept.4M, 302 5th Ave.,,N.Y,, N.Y.10001
Please send me The Yankee Woodcrafts-
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1 than to —2/3. I have reviewed the
geological literature and have also con-
ducted experiments aimed at assessing
the relation. I found that it existed in a
wide range of collisional and grinding
processes in nature. As the explosive en-
ergy (or the grinding pressure) is in-
creased, the exponent changes from
about —2/3 to about —1 or —1.2. The
implication is that, at least as far as
bodies with the dimensions of today’s
asteroids are concerned, the small-body
mass distribution is a record of colli-
sions. (Larger bodies, as they grew and
swept up small bodies, established a
different mass distribution.)

The craters that pock the moon, Mer-
cury, Mars, Venus (as detected by radar
probes) and the earth (as revealed by
aerial and orbital photography) are, of
course, direct evidence of the countless
collisions that are characteristic of the
solar system. These targets have been
struck repeatedly by bodies ranging in
size from less than a millimeter to more
than 100 kilometers. The ages of lunar
and terrestrial rocks show that the
bombardment has continued for billions
of years. When one counts and measures
the craters, thereby reconstructing a
record of the number and mass of the
planetesimals responsible for them, the
proportional relation between the two
obeys about the same power law. Me-
teorites too show unmistakable signs of
collisions between parent bodies. With
these observations we can see some of
the small-body history of the solar sys-

tem beginning to emerge.
ln the light of these collisional facts,
combined with current theories of
planet formation, it is informative to
trace the evolutionary history of the
small-body populations in three hypo-
thetical stellar systems. The starting
point should be when in each system a
newly formed sun is surrounded by a
hot but cooling nebula. In what we
shall call System A the number of dust
grains that initially condense in the neb-
ula is relatively small; in System C the
number is relatively large. System B,
where the number is intermediate, is
representative of the solar system. Ini-
tially the newly condensed planetesimals
are roughly micron-size and their chem-
istry is determined by the chemistry and
temperature of the cooling nebula.

The next evolutionary stage is based
on a model of planetesimal accumula-
tion proposed recently by Peter Gold-
reich of Cal Tech and William R. Ward
of Harvard. Three quite different bell
curves emerge. In System A, where the
initial number of planetesimals was the

© 1975 SCIENTIFIC AMERICAN, INC

smallest, the micron-size particles have
joined together under the force of mu-
tual gravitational attraction until their
average diameter has increased to per-
haps a kilometer. In System B, with an
intermediate number of initial planetesi-
mals, the process of mutual attraction
has produced about the same number of
enlarged bodies, but their average diam-
eter is substantially greater than one kil-
ometer. In System C the planetesimals
are not only more numerous but also
larger than they are in the other two
systems. The future histories of the three
hypothetical systems will depend here-
after on the rate (and the violence) of
the collisions between the enlarged
bodies.

Before outlining the next steps it is
worth noting that there is agreement
between the hypothetical processes and
the actual astrophysical observations.
Frank J. Low of the University of Ari-
zona and other observers have found
young stars surrounded by infrared-
radiating dusty nebulas that closely re-
semble the condensation models pre-
sented here. The dust or smoke, at a
temperature of only a few hundred de-
grees Kelvin, obscures or partially ob-
scures the central stars. Other young
stars that can be dimly seen shining
through their nebulas may represent
systems where the dust grains have co-
alesced into asteroidlike bodies. Such
star-and-nebula combinations may well
be planetary systems in the making.

What happens next in the three
hypothetical systems? The asteroidlike
bodies sometimes collide with each oth-
er. Close approaches alter orbits, and
particles with different relative velocities
soon begin to interact. In the high-
velocity collisions that follow, fragmen-
tation begins to compete with the proc-
ess of continued growth. The bell-shaped
curve representing size variations is
skewed because a succession of pulver-
izing collisions gives rise to large quan-
tities of small-scale debris. The distribu-
tion of mass now reflects the power law
applicable to fragmented masses.

The collision products steadily de-
crease in size as they collide and frag-
ment. The submillimeter-size soil par-
ticles that accumulated on the moon
during repeated cratering are examples.
Much of this fine dust is probably swept
out of each of the three systems, ejected
into interstellar space by the pressure
of radiation or the stellar wind, Larger,
centimeter-size fragments may spiral in
toward the central star, propelled by the
Poynting-Robertson effect. At this point
another connection between hypothesis
and observation appears. For many years



Pocket CB

An exciting new era dawns
with man’s first pocket-sized
communications link with
the outside world.

The Dick Tracy wrist watch may no
longer be a dream! American technology has
produced the world’s first pocket trans-
ceiver—the PocketCom, a new personal
communications system that fits in your
pocket and becomes your new link with the
outside world.

MANY BUSINESS USES

Imagine the possibilities! An executive can
now talk with anybody at his office, his
factory or job site. The housewife can locate
her children at a busy shopping center. The
doctor can keep in close contact with his
office. The salesman, the construction fore-
man, the traveler, the sportsman, the hobby-
ist—everybody can communicate with the
PocketCom.

Use your unit as a personal paging system,
an intercom, a telephone or even a security
device. On the road, use the PocketCom as an
emergency communications system, to get
directions, or simply to talk to truckers and
other citizens band enthusiasts.

FIVE MILE RANGE

A new breakthrough in the development of
the integrated circuit—the same solid-state
device that brought us the pocket calcula-
tor—made the PocketCom possible. It has a
range of up to five miles between units,
although it can receive signals as far as 25
miles from stronger base stations. And no
FCC license is required to operate it.

Note: The range depends on the type and
number of metal or reinforced concrete
obstructions between units. The distances
quoted above are optimum line-of-sight
conditions on a clear channel.

AMAZINGLY SIMPLE OPERATION

Turn it on and select either one of the
unit’s two crystal-controlled channels. Then
press a red button to transmit, and release it
to listen. Channel 14 is installed in each unit
and all units are tuned to this same frequen-
cy. To use the second channel, plug in any
one of 22 matched optional crystals and slide
the channel selector switch to position 2.
Each crystal set has a high frequency stability
of less than 0.005% assuring you of undistort-
ed reception. The crystal costs $3.95, and
each channel requires two crystals per unit.
The second set of crystals can only be ordered
after receipt of your unit.

BEEP-TONE PAGING SYSTEM

Each unit comes complete with a beep-tone
paging system. Simply keep your unit in its
standby mode. The person calling you presses
the PocketCom'’s call button on his unit and a
beep-tone will sound on your unit. Then take
it out of your pocket and talk. And you can
carry your unit silently in the standby mode
for weeks without draining the batteries.

MULTIPLEX INTERCOM

The PocketCom was also designed as a
multiplex intercom. Each unit has one com-
mon channel (Channel 14). The second
channel can be divided into separate receiving
and transmitting channels. Up to 22 separate
stations, can be individually paged on the
receiving channel.

Each person at any of the 22 stations can
talk back in relative privacy using a different
yet common transmitting channel since only
the base station will receive the signal. In
short, using a multi-channel citizens band base
station and the PocketCom’s multiplex
intercom capability, you have the most
inexpensive and advanced personal commun-
ications system in the world.

Note: Detailed instructions on the crystals
and multiple channel usage are included
with each unit.

The PocketCom replaces several pounds of
electronic components, and it replaces sys-
tems twenty times its size—yet the Pocket-
Com is a dramatically more efficient system
of radio communications.

PocketCom

B

call batt

channel

-
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The PocketCom incorporates a paging system
circuit that beeps you when you’re being
called but also lets you talk with your party.
It’s like having your own portable telephone.

Here are just some of the advanced features
of the PocketCom made possible by this new
electronic breakthrough: 1) Incoming signals
are amplified several million times compared
to only 100,000 times on comparable con-
ventional systems. 2) Even with a 60 decibel
difference in signal strength, the unit’s auto-
matic gain control will bring up each incom-
ing signal to a maximum uniform level. 3) A
high squelch sensitivity (0.7 microvolts)
permits noiseless operation without squelch-
ing weak signals. 4) Harmonic distortion is so
low that it far exceeds EIA (Electronic
Industries Association) standards whereas
most comparable systems don’t even meet
EIA specifications. 5) The receiver has
better than one microvolt sensitivity.

A MAJOR ELECTRONIC BREAKTHROUGH
The PocketCom with its electronic circuitry
represents the most important major break-
through in communications since the advent
of the transistor. Its quality and features
compare with systems that cost several
hundred dollars, yet no unit can compare
with its size and convenience.

EXTRA LONG BATTERY LIFE

The PocketCom comes complete with
standard batteries and a light-emitting diode
low-battery indicator that tells you when
your batteries require replacement. The
integrated circuit requires such low power
that the batteries, with average use, will last
weeks without running down.

The PocketCom is manufactured exclusive-
ly for JS&A by MEGA—the nation’s first
company to perfect the linear integrated
transceiver circuit. JS&A is America’s largest
single source of electronic calculators, digital
watches, and other space-age products—
further assurance that your modest invest-
ment is well protected.

© 1975 SCIENTIFIC AMERICAN, INC

The PocketCom measures approximately %”
x 1% x 6%” and easily fits into your shirt
pocket. The unit can be used as a paging
system, intercom or pocket-sized communi-
cations link for business or pleasure.

The PocketCom should give you years of
trouble-free service. But, should service
ever be required, simply slip your 5 ounce
PocketCom into its handy mailer and send it
to JS&A's prompt service-by-mail center. It's
just that easy.

GIVE IT A REAL WORKOUT

The PocketCom may at first sound too
good to be true. That is why we offer a ten
day free trial period. We recommend that you
purchase just two units on a trial basis. Then
really test them! Test the range, the battery
life, the sensitivity, the convenience. Test
them under your everyday conditions and
compare the PocketCom with larger units that
sell for several hundred dollars.

After you are absolutely convinced that the
PocketCom is the major breakthrough that we
claim it is, order your additional units,
crystals or accessories on a priority basis as
one of our established customers. If, however,
it doesn’'t meet every one of the claims we
make or it doesn’t suit your particular re-
quirements perfectly—fine! Return your units
within ten days for a prompt and courteous
refund. You can’t lose!

Every PocketCom comes complete with
batteries, high performance Channel 14
crystals for one channel, complete instruc-
tions, and a 90 day parts and labor warranty.
To order by mail, simply mail your check for
$39.95 per unit (or $79.90 for two) plus
$2.50 per order for postage, insurance and
handling to the address shown below. (lllinois
residents add 5% sales tax). Credit card buyers
may call our toll-free number below.

The era of personal communications is the
future of communications. Join the revolu-
tion! Order your PocketCom at no obligation

NATIONAL
INTREODUCTORY

today!
53995 PRIC

Allow at least six weeks for delivery.

0 NATIONAL
O SALES
GROUP

DEPT.SA 4200 DUNDEE ROAD
NORTHBROOK, ILLINOIS 60062
CALL TOLL-FREE.... 800 323-6400

In llinoiscall ........ (312) 498-6900
© JS&A Group, Inc., 1975
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Invest in a Leica CL and get the finest
compact camera in the world.

Although small in size and relatively small in price, the
CL should not be confused with other compact cameras. It is the
first compact to offer through-the-lens metering and interchangeable
lenses. Moreover, it is a Leica; and everything you expect a Leicato be.
A superbly engineered camera of unexcelled mechanical precision and
optical quality.
The CL shares another feature with every Leica ever built:
its ability tohold value better than any other camera.
For the franchised dealer nearest you,
call toll-free: 800-325-6400 (in Mo. 800-342-6600.)
E. Leitz, Inc., Rockleigh, N.J. 07647.

A great camera can be a great investment.

SATELLITE
COMMUNICATIONS
ENGINEERING

Edited by Kenichi MIYA, Dr. of
Engineering, director of Kokusai
Denshin Denwa Co., Ltd.

5x7%. 405pp. with 244 figs., 18
photos, 63 tables and 4 charts.
Cloth. Tokyo, 1975

uUs$ 32.50

The truth U
behind the myths.

Graveyard for doomed
ships or ecological phe-
nomenon? The Sargasso
Sea may be a bit of both.
Now marine biologist

John Teal and his wife
Mildred clear up the myths
surrounding the vast
“desert” that lies in the
midst of the Atlantic Ocean.
It's a true tale shedding
light on one of earth’s most
fascinating mysteries.

An Alternate of the Natural
Science Book Club.

This is the most up-to-date and
comprehensive reference book for
satellite communications engineering
ever published. Arranging system-
atically the satellite communication
technique, this book is useful for the
engineers and students to operate and

design earth station in the world.

Four charts for overlays to be placed

on the world map provide the approxi-

mate values of the azimuth, elevation

SARGASSO
SEA

Drawings by
Leslie

and range to a geostationary satellite

as viewed from a desired point on the

earth.

LATTICE CO. Publisher

Ushigome P.0.Box 101
TOKYO 162, JAPAN

$10.00
ATLANTIC-LITTLE, BROWN
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the origin of interstellar dust or smoke,
which reveals itself by reddening the
light of distant stars, has been a puzzle.
The particles could not have coalesced
in interstellar space; not enough atoms
are present to have formed them. A few
years ago George H. Herbig of the Lick
Observatory and I independently pro-
posed that the dust was protoplanetary
matter entering interstellar space from
the nebulas surrounding newly formed

| stars. Two processes might be involved.

First, some of the original nebular dust
would be expelled into space under

| the pressure of radiation and the stellar

wind. Later on colliding planetesimals
would provide a continuing supply of
dust for expulsion into space.

Returning to the hypothetical stellar
systems, the planetesimals could be
fragmented to the point of literal disap-
pearance if collision velocities are high.
By the same token, if a few planetesi-
mals grow to a substantial size during
the initial period of low-velocity colli-
sions, they can now continue to grow.
The larger the body, the less likely it
is that any subsequent collision would
shatter it or knock off much of its mass.
Moreover, the larger the body, the
greater would be its gravitational field
and its ability to capture passing parti-
cles. Thus once the growing bodies were
past a certain threshold size they would
have rapidly grown to planetary dimen-
sions. That is why a mass-distribution di-
agram of our solar system shows an over-
abundance of mass allocated among a
few large bodies.

In planetesimal-poor System A none
of the accumulations become large
enough even to approach the planetary
threshold. Fragmentation overbalances
accumulation until finally the only plan-
etesimals in orbit around the star are in
the subcentimeter to subkilometer range.
This planetary system contains only
asteroids. In System C the supply of
planetesimals is large enough for bodies
growing in all parts of the system to pass
the planetary threshold. In the end the
process of accumulation sweeps up al-
most all the planetesimals of subcenti-
meter to subkilometer size. Systems such
as this might contain no asteroids at all;
they might also grade into systems with
two or more suns. About half of all stars
are thought to belong to such systems.

Our solar system resembles the hy-

pothetical System B. Why are some
of our leftover planetesimals asteroids
and others comets? It seems likely that
the perturbing effects of massive Jupiter
are responsible. Years ago Ernst (jpik
demonstrated that Jupiter’s perturba-



The real

The lifeblood of our technological
civilization is energy from fossil fuels. .
But easily accessible domestic

reserves continue to diminish as
demand steadily increases.

Man must perfect techniques to extract
from nature’s abundance greater
quantities of supplemental energy.
Perhaps giant satellite solar cells;
perhaps proven safe atomic fission.

Or perhaps he will be encouraged

to seek greater yield from known natural
reserves and synthetics without disturb-
ing either the ecology or the economy.

Whatever the answers, they must be
found while we still have the energy to

The ideal

A practical way to harness the pure, find them
clean force of the sun, source of every
artist. lippold The Metropohitan Museum of Art energy form man has ever known AtlanticRichfieldCompany £
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to light the homes of Philadelphia for a year.

Chlorine is chlorine, and for the
most part, one supplier’s chlorine
is just as good as the next guy's.

So since everybody’s chlorine is
basically created equal, Diamond
Shamrock found a better way to

make it.
Chlorine is manufactured by
supplying salt brine and large

amounts of electricity to electrolytic
cells. At Diamond Shamrock, we

design cells which utilize a
Dimensionally Stable Anode
(DSA*) made of exotic metals

rather than a graphite anode. This

Diamond Shamrock innovation

allows the manufacturer of chlorine
a 15% to 20% reduction in power

consumption.
In fact, its use by the North

American chlorine industry saves
2/ billion kilowatt-hours per year —

more than enough electricity to
light the homes of Philadelphia
for a year.

At present, only 50% of the
chlorine manufacturers use the
diaphragm cell with an energy-

saving Dimensionally Stable Anode.

But if everyone did, think of the

diaphragm cell to make
chlorine, not only is electricity
saved, but the environment

is helped.

The needto openup a
Dimensionally Stable Anode
Cell for cleaning is less
frequent because it aperates
cleaner than other cells.
Therefore, less contaminants
are emitted to the
atmosphere. Also,

The way we make
chlorine saves 2%
billion kilowatt-hours

The additional
caustic soda will
be used for the
manufacture of
drugs and dyes,
food processing
chemicals, petroleum
refining, soaps and
detergents, and the
manufacture of
“aluminum.

Diamond Shamrock

chlorinated organic waste of electricity. produces both liquid

is reduced 90%. Other
disposable materials used up in
the cells are less than half of what
was expected in the past.

Since we make chlorine the way

we do, it costs less.

Because many U.S. industries
depend on Diamond Shamrock
for their supply of chlorine and its
co-product, caustic soda, Diamond
Shamrock recently started up a
1200 ton per day chlorine/caustic
soda plant near Houston, Texas —
increasing our overall capacity
approximately 50%.

This means availability of more
chlorine for the manufacture of

electricity you plastics,

would save. synthetic

With the energy detergents,
situation being § == drugs, dyes,
what it is, the We can keep it lit for a year. refrigerants, insec-

electricity saved will have an impact

on our entire national economy.
The way we make chlorine
saves more than electricity.

By using the Diamond Shamrock

ticides, weed Killers, solvents, as
a bleaching agent for paper and
textiles, and for killing bacteria
in water purification and sewage
treatment.

and dry caustic, in

various forms and grades.

For information about
how we make chlorine and
caustic soda, or about Diamond
Shamrock, the international
corporation that’s turningindustries
around with chemistry and energy,
write: Diamond Shamrock,
1100 Superior Avenue, Cleveland,
Ohio 44114.

After all, it doesn’t take much
energy to write.

The way we make chlorine also helps
the environment.

*“DSA is a registered trademark of Electronor Corporation.

Diamond Shamrock
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tions could scatter and eject nearby
planetesimals into the far reaches of the
outer solar system. If the ejection took
place early in the evolution of the solar
system, when there was an abundance
of small icy bodies in the cold outer solar
system, then Jupiter’s scattering effect
would have created a deep-frozen res-
ervoir of planetesimals: the comets. Thus
both System B and System C could be
expected to contain comets. William M.
Kaula, George W. Wetherill and S. J.
Weidenschilling have independently an-
alyzed a second effect of Jupiter’s per-
turbations. Not only were planetesimals
scattered outward but also many would
have been scattered into the asteroid
belt and the inner solar system in highly
energetic orbits. Interaction with these |
planetesimals may have prevented the
evolution of the rocky asteroid popula- |
tion into a single moon-size body in orbit |
between Mars and Jupiter. |

Other planetesimals became neither
interstellar dust nor comets or asteroids
but were scattered into elliptical orbits
by interaction with nearby planets and
finally collided with some planet or one
of the planetary satellites. The largest
of these collisions may have been key
events in the establishment of present
satellite and ring-system configurations.
The smaller ones made craters.

Because we can compare crater densi-
ties on the moon with the ages of differ-
ent moon rocks, the lunar cratering se-
quence during the past four billion years |
can be reconstructed in some detail. |
When the oldest-known moon rocks |
were formed, about four billion years
ago, the rate of cratering was roughly |
1,000 times higher than it is today. Half '
a billion years later, at the time when
lava flowed over large areas of the moon,
the supply of planetesimals (and hence
the rate of cratering) had diminished to
near its present level.

These interpretations are also of sig-
nificance to the geology of the earth.
The earliest cratering scars are no long-
er visible on the earth’s eroded and
churned surface but not all the terres-
trial impact record has been destroyed.
Michael R. Dence and other workers in
Canada have identified a number of fos-
sil craters on the Canadian shield, where
the bedrock is roughly a billion years
old. Taking into account the difference
between the gravitational field of the
earth and that of the moon, the rate of
recent terrestrial cratering is found to be
roughly consistent with the lunar rate.
Thus the actions of some of the smaller
bodies in the solar system have enabled
us to write a few words on some hereto-
fore blank pages of earth history.

1. Your view of America’s future:
in words, on film, or on tape. On the
occasion of the Bicentennial, Wells
Fargo Bank is asking all Americans
to consider the critical issues facing
our nation in its third century, and to
express thoughtfully and creatively
their ideas and recommendations for
shaping an even better future. The
Smithsonian Institution will cooperate
in judging the entries, which should
dealwith America’s third century in
terms of one ofthe following themes:
1. Individual Freedoms in our Society
2. American Arts and Culture
3. Science, Technology, Energy and

the Environment
4. Family Life, Work and Leisure
5. The United States and the World

2. Categories of Entries by Indi-
viduals or Groups. (1) Essays by
those under 18; (2) Essays by persons
18 or older; (3) Films or tapes by
persons of any age.

3. All entries must relate to
America’s future and contain ideas
concerning it. Any resident of the
United States or its territories may
enter. Written essays must be no more
than 3,500 words with a maximum of
three photos or illustrations, if any.
Film (8mm or 16mm only) and tapes,
15 minutes maximum. Include name,
age, and address. Group projects
should be submitted under one name.
Entries must be postmarked no later
than January 31, 1976. Mail all entries
or inquiries to:

Sponsored by Wells Fargo
in coopepration with %Ihe Smithsonian Institution

A BICENTENNIAL AWARDS*PROGRAM

Bank

#$100000 IN AWARDS

“Toward our Third Century”

P.O. Box 44076
San Francisco, California 94144

Entries must be the original work of
the entrant, and entrants under 18
must include the signature of a parent
or guardian. Entries become the
property of the sponsor, all rights
reserved. For return of materials,
include a stamped, self-addressed
return envelope. The sponsor reserves
the right to rule on all matters related to
the competition. Employees of Wells
Fargo Bank, the Smithsonian Insti-
tution, and agencies connected with
this program, and their families, are
not eligible to enter.

4. $100,000 in Cash Awards.
Category (1): First award $10,000;
Second —$5,000; Third—$3,000; plus
17 Fourth awards of $1,000 each.
Category (2): First $10,000; Second —
$5,000; Third— $3,000; and 22 Fourth
awards of $1,000 each. Category (3):
First $10,000; Second —$5,000; Third
—$3,000; plus 7 Fourth awards of
$1,000 each.

5. Final judging will be by a panel
of nine distinguished Americans
selected by the Smithsonian Insti-
tution. Judging of entries at all stages
will be based primarily upon imagi-
nativeness, creativity and effectiveness
of expression. The judges will allow
the widest latitude for freedom
of thought and expression. Winners
of the Awards will be announced
nationally on July 4, 1976.
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Interplanetary Particles and Fields

A “wind” of charged particles blows out from the sun,

punctuated by energetic bursts. These particlesinteract

with the magnetic fields of the planetsinintricate ways

he medium through which the
I earth moves in its orbit around the
sun contains on the average 10
particles of matter per cubic centimeter:
five positive ions (mostly protons) and
five electrons. In comparison there are
some 27,000,000,000,000,000,000 mole-
cules in a cubic centimeter of the earth’s
atmosphere at sea level. By terrestrial
laboratory standards, then, the inter-
planetary medium is virtually a perfect
vacuum. It might be thought that such
a tenuous gas would have a negligible
potential for producing physical phe-
nomena. Yet a surprisingly rich variety
of effects results from the interaction of
the magnetic fields of the solar system
and this “wind” of charged particles
streaming outward from the sun. In the
immediate vicinity of the earth, for ex-
ample, solar-wind particles are captured
by the earth’s magnetic field and forced
into a system of radiation belts that gir-
dle the earth and are in turn enclosed
within an elongated region called the
magnetosphere. Such familiar geophysi-
cal phenomena as the polar auroras and
the communications-disrupting iono-
spheric disturbances associated with
“magnetic storms” owe their existence to
the complex interplay between the solar
wind and the earth’s magnetosphere.

by James A. Van Allen

Since the advent of advanced radio-
astronomical techniques and interplane-
tary spacecraft it has been found that
other planets, most notably Jupiter, also
have magnetospheres. The latest data in
fact suggest that at least some of the
energetic particles formerly classified as
galactic cosmic rays are actually ions of
the solar wind that have been acceler-
ated to high energies in planetary mag-
netospheres.

Gases that are partly or fully ionized

(in other words, gases in which
some or all of the atoms are stripped
of their electrons) are called plasmas.
Since a plasma by definition consists of
charged particles, it can conduct elec-
tricity and hence can sustain its own
“entrained” magnetic field. In addition
electrostatic fluctuations and other in-
stabilities within a plasma can gener-
ate electromagnetic waves. Plasmas are
sometimes regarded as constituting a
fourth state of matter, since their physi-
cal properties differ so markedly from
those of matter in the solid, liquid and
neutral-gaseous states. The theoretical
and experimental study of plasmas is
one of the most active branches of con-
temporary physics. Major engineering
efforts are under way to exploit plasmas

AURORA BOREALIS, or “northern lights,” seen from above in this extraordinary photo-
graph made recently by a U.S. Air Force Weather Service satellite, is a particularly strik-
ing manifestation of the complex way in which matter from space interacts with the earth’s
magnetic field. The diaphanous auroral arc, an oval-shaped structure with characteristic
eddylike folds every few hundred kilometers, covers much of central Canada in this view;
the lights of Chicago and other cities of the northern U.S. can be seen near the bottom. It

is now widely believed the fluorescent light of the polar auroras results from collisions be-
tween the atoms and molecules of the upper atmosphere and energetic charged particles
from the sun that enter the atmosphere after being accelerated in the earth’s magneto-
sphere. The incoming particles (mainly protons and electrons) are guided downward by
the geomagnetic lines of force, which terminate in the earth’s polar regions. The photo-
graph was supplied by Ernest H. Rogers and David F. Nelson of the Aerospace Corporation.
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for practical purposes, most notably in
attempts to develop nuclear-fusion de-
vices for the generation of electric pow-
er. The obstacles to building a successful
fusion reactor are in fact primarily prob-
lems of plasma physics, not of nuclear
physics.

Similarly, the role of plasmas in large-
scale natural systems is at the forefront
of space physics. Although the two dis-
ciplines deal with particles and fields on
vastly different physical scales, there is
a great deal in common in our under-
standing of them.

The concept of “corpuscular” radia-
tion from the sun was invoked by vari-
ous investigators in the late 19th and
early 20th centuries to account for polar
auroras and magnetic storms. At that
time it was supposed that the corpuscles
were energetic electrons emitted by ac-
tive regions on the sun’s surface. Later
F. A. Lindemann suggested that the
corpuscular radiation is a gas that con-
sists of electrons and positive ions but is
electrically neutral in bulk. The speed of
these neutral “blobs” of gas was inferred
from the observed time delay between a
solar flare and the occurrence of a geo-
magnetic disturbance or an unusually
bright auroral display. A delay of two
days, for example, corresponds to an av-
erage speed of 870 kilometers per sec-
ond over the mean distance of 150 mil-
lion kilometers from the sun to the earth
(or one astronomical unit).

During the period from 1900 to 1940
many workers, including Olaf K. Birke-
land, Carl Stormer, Sydney Chapman,
V. C. A. Ferraro, Julius Bartels and
Hannes Alfvén, made noteworthy con-
tributions to our understanding of the
geophysical effects of the impact of a
fast-moving plasma on the magnetic
field of the earth. Alfvén in particular
was the first to recognize the important
role played by the magnetic field en-
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trained in the plasma in the generation
of auroral phenomena. The corpuscular
streams came to be visualized as having
their roots in active regions on the sun,
with the bulk velocity of elements of the
stream being radially outward from the
center of the sun. By virtue of the sun’s
rotation, however, the geometric form of
such streams in a nonrotating coordinate
system would be an Archimedean spiral,
resembling the form of a stream of water
from a garden hose whose nozzle is ro-
tated around an axis perpendicular to
the outflowing stream [see illustration
below]. In this picture a particular

stream would sweep past the earth at
intervals of about 27 days, correspond-
ing to the apparent rotational period of
the sun as it is viewed from the earth.
This feature provided a persuasive ex-
planation for the 27-day period that had
been observed for certain disturbances
of the geomagnetic field.

It had been recognized before the
1950’s that the tail of a comet contains
dust and neutral (un-ionized) gas. Ob-
servational evidence now indicated that
it contained ionized gas as well. This led
Ludwig F. Biermann to suggest that the
outflowing solar gas was a continuous,

ORBIT OF EARTH

although perhaps variable, feature of
the interplanetary medium.

Then in 1958 an experiment I had de-
signed for the first successful American
earth satellite Explorer 1 revealed the
existence of large numbers of energetic
electrons and protons trapped in a pair
of radiation belts by the magnetic field
of the earth. I attributed the existence of
these particles to the entry of solar plas-
ma, followed by an acceleration process
of then unknown nature. The discovery
of these remarkable geophysical features
(later named Van Allen belts) led to the
formation of a major new branch of

GARDEN-HOSE MODEL of the solar wind regards the outward
stream of charged particles from the rotating sun as having the
same geometric form as a stream of water from a rotating hose noz-
zle. In this idealized view an individual stream of particles emerg-
ing from an active region on the sun is represented by its projection
on the sun’s equatorial plane (as it would be seen by a stationary
observer high above the sun’s north pole). The boundaries of the
stream in this perspective are Archimedean spirals. The velocity of
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ORBIT OF JUPITER

each element of the stream (colored arrows) is radially outward
from the sun. For the purpose of the diagram this velocity was tak-
en to be 350 kilometers per second and was assumed to be inde-
pendent of time and distance from the sun. The “entrained” mag-
netic field set up by the stream is everywhere parallel to the spiral,
with its overall direction being either outward or inward with re-
spect to the sun. Model has been found to yield a good first-order
approximation of observations that have been made by spacecraft.
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for an encore.

A total, in fact, of 7 days, 6 nights, including a
delightful mini-cruise boat trip or short flight
between them. Or a total of 9 days, or 11 days. And
the longer you stay, the more you save, on our Com-
bination Vacation at Caneel Bay and Little Dix Bay.
(Available April 15-November 1.)

All meals are included. So are water skiing, and use
of snorkeling equipment, sailboats, and water taxis
at Little Dix and many extras at Caneel. Tennis is
included at both resorts. And the cost? Just $525 for
two people, double, for the 7 day, 6 night vacation,

$660 for the 9-day, $795 for the 11-day one.

Both resorts are gems. Caneel on the U.S. Virgin
Island of St. John with its beautiful peninsula and
seven famous beaches, spacious, secluded and se-
rene. Little Dix with its gorgeous blue reef-protected
bay, on Virgin Gorda, in the British Virgin Islands.

Details? Reservations? See your travel agent, or call
the Loews Reservations Office in your city. In New
York call (212) 586-4459.

Gacaweec BaY RPLanNTatIioON
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space physics, now called magnetospher-
ic physics. In the same year E. N. Parker
published an important theoretical pa-
per on the emission of hot ionized plas-
ma from the solar corona. He named
this outflowing gas the solar wind. He
also put forward the idea that the mag-
netic field of the active solar region
where the plasma had originated would
be “frozen” into the plasma and would
be drawn out into space in the average
form of the Archimedean spiral. The
magnetization of the ionized gas in this
view can be visualized as an effect re-
sulting from the persistent flow of a sys-
tem of electric currents through the gas.

T he first direct measurements of the

solar wind were rather brief ones
made in 1959 with a plasma detector
aboard the Russian spacecraft Luna 3;
two years later an American group made
similar measurements with Explorer 10.
The most extensive (and persuasive) of
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SOLAR WIND

EARTH

EARTH’S MAGNETOSPHERE, an elongated cavity hollowed out
of the solar wind by the geomagnetic field, has been probed by a
number of U.S. spacecraft, beginning with the early Explorer se-
ries, which in the late 1950’s detected the comparatively nearby
system of radiation belts that bear the author’s name. Detailed ob-
servations of the magnetic field in the vicinity of the bow-shaped
shock wave separating the magnetosphere from the solar wind are
currently being conducted by the author’s group at the University
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the early observations of the solar wind
were made in 1962 with an electrostatic
analyzer carried by Mariner 2 as it tra-
versed interplanetary space en route to
Venus. These observations confirmed
the continuous flow of the solar wind and
established its basic properties: It con-
sisted largely of ionized hydrogen (in
other words protons and electrons); its
bulk flow was radially outward from the
sun and was quite variable in velocity
but generally in the range from 350 to
800 kilometers per second; it had an
average density of 5.4 ions per cubic
centimeter and an ion temperature of
about 160,000 degrees Kelvin.

An earlier series of interplanetary
magnetic-field measurements made by
the space probe Pioneer 2 were con-
firmed and greatly extended by the
Mariner 2 measurements. The average
strength of the magnetic field was found
to be about six gammas (six hundred-
thousandths of a gauss); moreover, the

MﬁGNETOPAUSF

VAN ALLEN
H?D!AﬂUN BELTS
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direction of the lines of force in the mag-
netic field, although quite variable, re-
sembled the garden-hose model. Later
work has emphasized the sectored struc-
ture of the interplanetary magnetic field,
the discontinuous transitions from out-
ward- to inward-directed magnetic-field
vectors at the boundaries of such sectors
and the persistence of a sectored struc-
ture through many rotations of the sun.
The last feature provides a clear con-
nection between interplanetary magnet-
ic conditions and those localized in the
sun’s atmosphere, where there are usu-
ally only a few major sectors.

More detailed measurements of the
solar wind have since been made by
many workers, and several experiments
are in progress. The most illuminating of
the current series involves the two latest
Pioneer spacecraft. Pioneer 10 flew by
Jupiter in December, 1973, and is on
a hyperbolic escape trajectory from the
solar system. Pioneer 11 flew by Jupiter
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of Iowa, using a sensitive magnetometer carried aboard the artifi-
cial earth satellite Hawkeye 1. The orbit of this spacecraft (broken
colored ellipse) is in a plane at right angles to the equatorial plane
of the earth, with its apogee, or highest point, over the North Pole
at a radial distance of 21 earth radii (more than 83,000 miles). Re-
cent measurements of the direction of the interplanetary magnetic
field outside the earth’s magnetosphere, which are derived from the
Hawkeye 1 data, confirm the garden-hose model of the solar wind.



Performance news from Westinghouse

World's most advanced
radar family

Westinghouse builds the most cost-effec-
tive ground radar systems available today
for air defense and traffic control. We
have a complete line of tactical and fixed
air surveillance radars, ranging from our
military AN/TPS-43 to our civil air
traffic control ARSR-3.

P

New high-performance radar — We
are nearing completion of the prototype
phase of the AN/TPS-63, a new-genera-
tion tactical radar for the U.S. Marine
Corps. This highly mobile radar has the
performance necessary to remove, in
most cases, the effects of radar ground

State-of-the-art radar—The FAA has
ordered 14 new long-range, fixed-site,
air route surveillance radar (ARSR-3)
systems, with an option to order an addi-
tional eight. Fully compatible with the
latest automated control systems,
ARSR-3 will have a range in excess of
230 nmi and a MTBF of 750 hours in
the full diplex mode. This state-of-the-art
radar will reliably detect small private
and large commercial aircraft, since false
alarms from ground and weather clutter
will be virtually eliminated. ARSR-3
systems modularity will also make site
installation easier. Digital circuitry and
solid-state electronics will make ARSR-3
more reliable than any ground radar sta-
tion now in use.

clutter. It can see through the weather
that normally might be expected through-
out any site in the world. With this clarity
of presentation, and the system reliability
associated with modern solid-state com-
ponents, the AN/TPS-63 will be a very
effective air-defense radar.

Tactical 3D radar — The USAF has

awarded Westinghouse a contract for
the production of 23 new-generation
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AN/TPS-43E radars. This radar can be
erected in one hour, disassembled in 30
minutes, and moved readily by truck,
helicopter, or aircraft. The latest in our
family of long-range stacked-beam
radars, AN/TPS-43E gives coverage up
to 240 nmi with simultaneous height,
range, and azimuth data on all aircraft
within this coverage. Developed origi-
nally for the USAF, AN/TPS-43 also
serves the air forces of six other
countries. It is recognized as one of
the most cost-effective systems available
today and can be supplied for fixed-
station operation.

Complete air control — Westinghouse
radars, when coupled with our opera-
tions and communications centers, pro-
vide complete air-defense/ traffic-control
systems. These systems can operate
equally well from a mobile, fixed, or
semipermanent installation. All major
systems equipment is built to U.S.
Government specifications, and is suit-
able for use around the world.

Revolutionary
underseas vehicles

Our work in low-drag technology has
led to a hydrodynamic breakthrough.
The result is a family of vehicle shapes
that may revolutionize underseas move-
ment within a wide range of vehicle
size and type. Low-drag bodies will be
faster, lighter, and quieter than today’s
conventionally shaped vehicles, and will
require only a fraction of their propul-
sive power.

Westinghouse
Defense
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a year later and is now on its way to an
encounter with Saturn in September,
1979 [see illustration on page 169]. The
special interest of these interplanetary
measurements lies in the extension of
knowledge to very great distances from
the sun. Pioneer 10 is already more than
eight astronomical units from the sun
and is moving out of the solar system
with an escape velocity of 2.4 astro-
nomical units per year. It is a reason-
able hope that data can be received
from a radial distance as great as 20 as-
tronomical units, a milestone that will
be reached in October, 1979.

In spite of substantial theoretical con-
jecture to the contrary the properties
of the solar wind have been found to
change with distance from the sun in an
essentially simple and continuous way.
The average direction of the magnetic
field continues to follow the garden-
hose model. At five astronomical units
the magnetic-field lines lie approximate-
ly in the central plane of the solar sys-
tem but are nearly at right angles to a
line connecting the observing spacecraft
and the sun. (An alternative way of
viewing the matter is to suppose that
the magnitude of the radial component
of the magnetic field has declined as the
inverse square of the distance from the
sun whereas the magnitude of the azi-
muthal component has declined as the
inverse first power,) There continue to
be fluctuations in magnetic-field strength
similar to those observed in the vicinity
of the earth’s orbit out to a distance of
at least five astronomical units.

Simultaneous measurements of the
solar wind are being made by the Pio-
neer spacecraft using an elaborate plas-

COSMIC-RAY INTENSITY has been ob-
served to vary over an ll-year period in
approximate synchrony with the long-estab-
lished 11-year sunspot cycle, with the maxi-
mum value of cosmic-ray intensity coming
at the time of minimum solar activity and
vice versa. This inverse relation, originally
discovered as a result of ground-based ob-
servations, has now been confirmed by satel-
lite-borne detectors. The first curve at left
gives the variation in solar activity for the
period from 1750 to 1975. The second curve
shows the results of a six-year study by the
author of the intensity of high-energy cos-
mic-ray protons in the interplanetary me-
dium at a distance from the sun of about one
astronomical unit. Detector used to make
measurements is on lunar-orbiting space-
craft Explorer 35. Overall shape of curve
represents variation of the cosmic rays; the
numerous “spikes” are caused by energetic
particles from the sun. Note that the cosmic-
ray intensity has a minimum value in 1969-
1970 near time of maximum solar activity.
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Problems canbe
opportunities in disguise.

The twin dilemmas of energy and the
environment may, in the long run, provide man with
his best chance to reassess some old assumptions and
reorder his priorities for a safer, more pleasant life.

Even before these problems reached crisis
proportions, Chiyoda—Japan’s leading engineering
firm—was developing technology that will help ensure
both environmental integrity and efficient energy
production.

For example, to minimize air pollution and
alleviate the shortage of low-sulfur fuels, Chiyoda has
built about half the fuel oil desulfurizers in Japan.
We've developed Chiyoda Fume Cleaner to collect
the most harmful fume, consisting of particles of less
than 3.0 microns. And we've introduced the Chiyoda
THOROUGHBRED series of pollution control systems:
new processes for flue gas desulfurization, the
simultaneous removal of sulfur dioxide and nitrogen
oxides, and waste water treatment.

These days “technology assessment” has become
a fashionable expression. In our fields, we’ve been
practicing it for years.

RESPONSIBLE, GLOBAL ENGINEERING

CHIYOD CHEMICAL ENGINEERING
& CONSTRUCTION CO..LTD.

Yokohama,  Japan. Telex:  CHIYO J4a7726

Overseas Offices: U.S.A.: Chiyoda International Corporation 1300 Park Place Building, 1200 6th Ave., Seattle, Wash. 98101 England: Chiyoda Representative
Office 16th Floor, St. Alphage House, Fore Street, London E.C. 2 Singapore: Chiyoda Singapore (Pte.) Ltd. 8-E, Chia Ping Road, Jurong Town, Singapore 22
fran: Chiyoda Iran Co. (Private) No. 56 Takhte Jamshid Avenue, Teheran
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ma analyzer that determines the bulk
velocity, the ion temperature, the ionic
composition and the density of the ions.
The average velocity of the solar wind
changes imperceptibly over the range
from one astronomical unit to five astro-
nomical units, but the range of fluctua-
tions diminishes markedly. The latter
feature appears to be caused by interac-
tions between fast and slow ion streams,
producing a tendency toward uniform-
ity. The average ion temperature has
dropped by about a factor of two and
the average ion density has declined
in approximate accord with the inverse
square of the distance from the sun. The
latter result corresponds to a spherically
symmetrical radial flow, although the
random fluctuations are so large that
they preclude an accurate test of the in-
verse-square law.

Meanwhile the German-American
spacecraft Helios has been sampling the
solar wind and the interplanetary mag-
netic field inside the earth’s orbit; this
vehicle came closest to the sun in mid-
March, 1975, at a point less than a third
of an astronomical unit from the sun’s
center. An experiment of special interest
on Helios is one aimed at measuring
radio noise generated within the inter-
planetary medium itself. This noise, in
the frequency range from 10 to 100,000
hertz (cycles per second), is a revealing
measure of plasma instabilities and of
the mechanisms by which energy is ex-

PIONEER 10

ECLIPTIC PLANE

TWO LATEST PIONEER MISSIONS have extended the investiga-
tion of the solar wind to very great distances from the sun. This
three-dimensional diagram shows the trajectories of Pioneer 10
(launched on March 3, 1972) and Pioneer 11 (launched on April 6,
1973) in relation to the ecliptic (the plane of the earth’s orbit).
The black dots represent the positions of the spacecraft at the be-

changed between protons and electrons
in a hot plasma.

Every direct measurement of the solar
wind so far has been made within
less than nine degrees from the plane
of the sun’s equator, which is inclined
to the ecliptic (the plane of the earth’s
orbit) by seven degrees. There are two
reasons for this. First, the “slingshot”
effect of the earth’s orbital velocity (30
kilometers per second) is a central fea-
ture of the launch dynamics of any in-
terplanetary spacecraft. In fact, for a
circular orbit with a radius of one as-
tronomical unit an orbital inclination to
the ecliptic of 20 degrees is the practical
upper limit of existing launch-vehicle
capability. Second, measurements of the
solar wind have been made in most cases
by multipurpose spacecraft that are tar-
geted for close planetary encounters,
thus requiring orbits in planes only
slightly inclined to the ecliptic. Impor-
tant but less quantitative data on the
properties of the solar wind at higher
solar latitudes are being obtained by
other methods, such as the observation
of comet tails and the analysis of “scin-
tillations” induced in radio signals from
stellar sources by irregularities in the in-
terplanetary plasma.

Ground-based observations of the
sun’s disk show that solar activity is not
spherically symmetrical but rather de-
pends strongly on solar latitude. Because

VERNAL EQUINOX

i

DISTANCE (ASTRONOMICAL UNITS)

© 1975 SCIENTIFIC AMERICAN, INC

of this fact many investigators feel a
compelling need for direct observations
at the higher solar latitudes. An out-of-
the-ecliptic mission can be achieved by
a spacecraft that “flies by” Jupiter in
such a way that its subsequent trajectory
is inclined at 90 degrees to the ecliptic
and passes over the pole of the sun at a
distance of one astronomical unit. An-
other possibility is to gradually tilt the
orbital plane of a spacecraft circling the
sun at one astronomical unit to an in-
clination of about 40 degrees by the
technique of solar electric propulsion.
That technique utilizes sunlight collect-
ed by solar cells to generate electricity,
which in turn is used to power an “ion
gun” for auxiliary propulsion. The thrust
resulting from the ejection of energetic
ions would be directed at right angles to
the path of the spacecraft.

An out-of-the-ecliptic mission would
for the first time enable investigators
to study the interplanetary medium in
three dimensions. Such a mission would
also make it possible to obtain good ob-
servations of the polar regions of the sun
itself. Meanwhile the best data available
will be those gathered by Pioneer 11,
which will reach a maximum solar lati-
tude of 20 degrees at a distance of about
five astronomical units in early 1977 as
it travels on an arc across the solar sys-
tem en route to Saturn.

The outward flow of the solar wind
is presumably arrested at some point by

ginning of each month with respect to a heliocentric coordinate
system, with longitude measured counterclockwise from the vernal
equinox. The discontinuities in the trajectories of the two space-
craft were caused by close encounters with the planet Jupiter on
December 4, 1973 (Pioneer 10), and December 3, 1974 (Pioneer
11). The solar apex indicates the direction of the sun’s motion.
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CLUES TO PROPERTIES OF THE SOLAR WIND can be obtained from the study of
comet tails, which have been known for some time to have two distinct components: one
consisting of dust and neutral (un-ionized) gas and the other consisting of ionized gas. In
most comet photographs the dust tail (which generally lags behind the ionized-gas tail)
is the more prominent component. In this photograph of Comet Mrkos, which was made on
August 23, 1957, with the 48-inch Schmidt telescope on Palomar Mountain, the two types of
tail can be distinguished with unusual clarity. The highly structured tail of ionized gas,
driven radially outward from the sun by the solar wind, precedes the diffuse, comparatively
featureless dust tail across the sky. (The motion of the comet is toward the upper left in
photograph.) Comet Mrkos had made its closest approach to the sun at a distance of .355
astronomical unit on August 1; at the time photograph was made the comet was outward
bound at a point .76 astronomical unit from sun and 1.21 astronomical units from the earth.
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its encounter with the interstellar gas,
which is estimated to have a density of
less than one atom per cubic centime-
ter in the general vicinity of the solar
system, This hypothetical boundary has
been called the heliopause. The velocity
of the solar system with respect to neigh-
boring stars is about 20 kilometers per
second toward a point in the sky called
the solar apex. On the assumption that
the nearby interstellar gas is at rest in
this reference system, the distance to
the heliopause is presumably least in the
direction of the solarapex because of the
opposing velocity of the interstellar gas
in that direction. Theoretical estimates
of that distance have ranged anywhere
from five to 300 astronomical units. In-
struments on Pioneer 10 have shown no
evidence for such a transition boundary
out to eight astronomical units; unfortu-
nately the spacecraft is now receding
from the sun in a direction nearly oppo-
site the solar apex.

So much for the properties of the solar

wind itself. What about its proper-
ties as a medium through which charged
particles of much greater energies trav-
el? Collisions between particles are for
the most part of minor interest here,
since the mean free path for such colli-
sions is on the order of 100 astronomi-
cal units. Energetic charged particles
interact with the interplanetary medium
mainly through “kinks,” or irregularities,
in the entrained magnetic field. Any
charged particle moving through a uni-
form magnetic field is forced into a heli-
cal orbit with the axis of the helix along
the lines of force in the magnetic field.
The radius of the helix is directly pro-
portional to the momentum of the par-
ticle and inversely proportional to the
strength of the magnetic field. A parti-
cle with an orbital radius substantially
less than the radius of curvature of a
kink in the local magnetic field moves
along a helical path whose center of
curvature, or guiding center, approxi-
mately follows the line of magnetic
force. A particle with an orbital radi-
us substantially greater than the kink’s
curvature has its direction of motion
only slightly affected and moves in a
path corresponding to the larger-scale
features of the magnetic field. A parti-
cle with an orbital radius comparable
to the curvature of the field, however,
will often have its trajectory drastically
changed. The latter process is called
scattering by a magnetic irregularity.
Recent measurements of the magnetic
field in the interplanetary medium, in
addition to showing the average tenden-
cy toward the garden-hose model, in-



dicate many local irregularities in both
the direction and the magnitude of the
magnetic field.

In 1954 Scott E. Forbush published
the results of a long series of ground-
based observations showing that the in-
tensity of the secondary products of ga-
lactic cosmic rays exhibits an 1l-year
periodicity that is approximately syn-
chronized with the 11-year cycle of so-
lar activity. The maximum value of cos-
mic-ray intensity comes at the time of
minimum solar activity and vice versa.
This effect can be explained as follows:
Cosmic rays from distant sources ap-
proach the solar system from all direc-
tions more or less uniformly. As they
enter the solar system they are scattered
by magnetic irregularities in the inter-
planetary medium. By virtue of the out-
ward radial motion of such irregularities
the collisions give a small but generally
outward component to the velocity of
the scattered particle. This effect tends
to diminish the intensity of the cosmic
rays within the solar system, the magni-
tude of the effect being greater during
periods of maximum solar activity and
hence of maximum average solar-wind
velocity and magnetic turbulence. The
total intensity of the galactic cosmic
radiation at the earth’s orbit is roughly
twice as great during a “solar minimum”
as it is during a “solar maximum.” This
modulation factor is greatest at the low-
er energies and is negligible at energies
above 10! electron volts. Presumably
the intensity of galactic cosmic rays in
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the vicinity of the solar system but far
enough from the sun to be unaffected by
the interplanetary magnetic field re-
mains constant over periods of perhaps
millions of years, and certainly over pe-
riods far greater than 11 years. There-
fore a necessary corollary of the ob-
served temporal variation of galactic
cosmic rays must be a radial gradient of
intensity directed outward from the sun.

In principle both effects should be
calculable from the observed incidence
of magnetic irregularities and from an
assumed form of the energy spectrum of
the galactic cosmic radiation in inter-
stellar space. Theoretical efforts to solve
this difficult convection-diffusion prob-
lem have been illuminating but so far
largely unsuccessful. The direct mea-
surements of total cosmic-ray intensity
with Pioneer 10 and Pioneer 11 show
an essentially zero gradient between one
astronomical unit and eight astronomical
units from the sun, whereas the prevail-
ing theory predicts an increase on the
order of 60 percent over this range.
These results suggest that the helio-
pause is much more remote from the
sun than eight astronomical units.

Xlother major class of energetic par-
£\ ticles in the solar system comprises
the particles emitted in solar flares. The
first clear example of this phenomenon
was observed by Forbush and others in
1942 with ground-levelionization cham-
bers. For a number of years thereafter
only a few further cases were observed.
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High-altitude balloons, rockets, earth
satellites and interplanetary spacecraft
have now enormously expanded obser-
vational knowledge of these energetic
solar particles. The energy range of the
particles (which at one time were inap-
propriately called solar cosmic rays) ex-
tends from a few thousand electron volts
to hundreds of millions of electron volts.

Among the particles that have been
identified so far are electrons, protons
and the nuclei of helium, carbon, nitro-
gen, oxygen and heavier atoms, all of
which are present in the sun’s atmo-
sphere. Protons and electrons are the
dominant species, as might be expected
considering that hydrogen is the most
abundant element in the sun’s atmo-
sphere and electrons are a universal con-
stituent of matter. These particles are
accelerated in the early “flash” phase of
solar flares, escape from the sun and dif-
fuse outward through the interplanetary
magnetic field. Electrons, by virtue of
their higher velocity, usually exhibit a
fairly smooth profile of intensity with re-
spect to time, as one might expect for
diffusion through a static medium of
scattering centers. The same is true
of protons with energies on the order
of 100 million electron volts and more.
Lower-energy protons and heavier ions,
however, exhibit very complex intensity-
time profiles, and “spikes” of proton in-
tensity are often associated with shock
waves and other discontinuities in the
interplanetary medium.

This qualitative difference is made in-

THE HELIOSPHERE, an elongated region resembling the earth’s
magnetosphere, is believed to enclose the entire solar system on its
journey through interstellar space. (The solar system moves with
respect to the neighboring stars at a velocity of about 20 kilometers
per second toward the solar apex.) The hypothetical boundary
where the outward flow of the solar wind is arrested by its en-
counter with the much more tenuous interstellar medium is called

the heliopause. Because of the opposing (relative) velocity of the
interstellar gas from the direction of the solar apex the distance
to the heliopause is presumably least in that direction. Theoretical
estimates of this distance have ranged from five to 300 astronomical
units; to date Pioneer 10 has found no evidence of such a transi-
tion out to eight astronomical units. Here heliopause is arbitrarily
drawn at 75 astronomical units. Black ellipses are planetary orbits.
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How a “Free”
Checking Account
can actually lose
you $500 a year

Announce expansion of only bank plan
in U.S. that allows both checks and
top interest at same time

Millions of Americans today consider them-
selves lucky to have a so-called ‘‘free’”
checking account. But what they don’t
realize is that many are actually letting
$100, $300, even $500 or more in hard
cash slip through their fingers every year.
This is because, although the checks are
free, their account isn’t earning them one
cent in interest.

But now there’s a unique bank plan, the
only nationwide plan of its kind, that not
only gives you free checks but pays you
maximum rate interest on all the money
now lying idle in your checkbook. Account-
holders can write free checks on credit
against the entire account while the interest
is compounded daily.

Like a free checking account that
pays highest savings account inter-

est. There are no check or service charges,
and because of a free repayment period, the
account can be used just like a completely
free checking account with no minimum
balance required.

The accounts are exclusive to Citizens
Bank & Trust Co. in suburban Chicago, a
bank in the quarter-billion-dollar class
with exceptional reserves and F.D.I.C.
insurance. All transactions are by postage-
free mail.

A bank spokesman reports that people
with “United Security Accounts’” earn as
much as $100, $500 or more extra interest
every year, even though they can still
write checks up to their full balance. One
confidential bank account does the work
of both savings and checking.

Although “U.S.A.” accounts are now
held by 80,000 depositors, new accounts
have only been available at limited inter-
vals, mainly to persons recommended by
present accountholders. Now the bank
says it will release a block of new accounts
without recommendation.

During this limited application period,
anyone interested is invited to send, with-
out obligation, for a free booklet describing
the special advantages of these accounts.
The convenient coupon below should be
sent without delay.

p= === mmme=a FREE BOOKLET COUPON = = = = = = = = ==

Howard S. Hadley, U.S.A. Director

iTi

I Citizens Bank & Trust Co., Dept. SA-1 SN - 1

1 (Park Ridge) Chicago, Ill. 60666 1
Please mail me my free booklet with full information on -

1 how I can use a ‘““United Security Account” like a free

1 checking account that pays highest savings account interest.
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J. ROBERT OPPENHEIMER
RESEARCH FELLOWSHIPS

The Los Alamos Scientific Laboratory is
proud to announce the third annual
competition for the J. Robert
Oppenheimer Research Fellowships.

Candidates should be recent recipients of
a doctorate in the physical sciences,
natural sciences, mathematics, or
engineering, who have demonstrated the
ability to perform research of the highest
degree of excellence.

The one to three year appointments carry
an annual salary of $22,500.00.

Closing date for the competition is
November 3, 1975.

Inquiries should be directed to:
R. Lynn Wilson, Recruiting Supervisor

Division E =
Los Alamos Scientific Laboratory
P. O. Box 1663

Los Alamos, New Mexico 87545

] los
: alamos

SCIENTIFIC LABORATORY
OF THE UNIVERSITY OF CALIFORNIA.

AN AFFIRMATIVE ACTION/EQUAL
OPPORTUNITY EMPLOYER
U.S. CITIZENSHIP REQUIRED
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telligible by noting that the velocity of

a proton with a kinetic energy of 300,000

electron volts (a typical value) is only 20

times greater than the solar-wind veloc-

ity. In contrast, the velocity of a typical
| electron with a kinetic energy of 30,000
|electron volts is more than 250 times

greater than the solar-wind velocity. The
| result is that the motion of the lower-
| energy ions is strongly influenced by
convective effects caused by the outward
motion of the magnetic scattering cen-
ters. In addition the energies of these
particles are changed by encounters with
interplanetary shock waves and other
moving discontinuities.

Hundreds of distinct energetic-solar-
particle events have been observed in
great detail by spacecraft-borne instru-
ments. Many events have been observed
by two or more spacecraft at widely
separated points. Each event is different
in detailed characteristics. Observations
are commonly made of energy spectra,
the abundance of electrons, the abun-
dances of nuclei of various elements and
the distribution of each constituent with
respect to angle and intensity over a pe-
riod of time. The gross features of the
intensity-time curves for electrons are
roughly understood in terms of diffusion
in the interplanetary magnetic field,
but the intensity-time curves for ions
' (particularly low-energy ions) are much
| more complex and reflect convective-
transport effects and local acceleration
processes as well as diffusional effects.
At times the convective processes are
dominant enough to establish a positive
radial gradient of intensity late in an
event; diffusive flow is then inward
toward the sun rather than outward
from the original source, as is the case
early in the event. Particle intensities as
great as half a million protons per square
centimeter per second have been ob-
served at energies greater than 300,
000 electron volts. Particularly intense
events last for several days and may
present a significant radiation hazard to
long manned space missions. Most of
these energetic-particle events are con-
clusively identified with observed solar
flares. Those that are not can reasonably
be attributed to “back side” flares on the
unobserved hemisphere of the sun.

The process by which particles are
accelerated in solar flares is thought to
be associated with the collapse of a mag-
netic field at the site of the flare. The
relative intensities of the various ionic
species have a rough resemblance to the
relative abundances of corresponding
atoms in the sun’s atmosphere as deter-
mined by traditional spectroscopic meth-
ods. It has been suggested that by study-




ing the relative abundances of the vari- |

ous species of energetic solar ions one

might derive a good estimate of the rela- |

tive abundances of elements in the sun.
Unfortunately the observed relative ion
intensities vary with energy, vary from
event to event and vary with time dur-
ing individual events. It appears that
differential effects occur during the ac-
celeration process and during the inter-
planetary propagation. Such variations
are more pronounced at the lower en-
crgies.

From all the above it is clear that the

sun is the major performer in pro-
ducing phenomena involving particles |
and fields in interplanetary space. None-
theless, the magnetospheres of the earth
and Jupiter are microcosms of such phe-
nomena. Moreover, in these microcosms
both large-scale and fluctuating electric
fields also play a central role. The mag-
netospheres of both the earth and Jupi-
ter are now known to be weak emitters
of energetic particles.

If the heliosphere is as large as sev-
eral hundred astronomical units, it is not
altogether unreasonable to consider the
possibility, as Alfvén has long done, that
a significant fraction of the “galactic”
cosmic radiation (particles with an en-
ergy of less than, say, 10" electron
volts) originates within the solar system.
This possibility, however, is contrary to
the prevailing view, which attributes the
origin of all cosmic rays to remote stellar
and interstellar processes, such as those
that are thought to take place in super-
novas.

The interplanetary medium is tra-
versed by all kinds of electromagnetic
waves, originating in the sun, the plan-
ets and sources outside the solar system.
Electromagnetic waves whose frequency
is less than the local plasma frequency in
the interplanetary medium are absorbed
near the source and cannot propagate.
This cutoff frequency is proportional to
the square root of the local electron den-
sity. At a distance of one astronomical
unit from the sun, for example, the cut-
off frequency is 20,000 hertz; as a result
no electromagnetic wave of lower fre-
quency can reach the vicinity of the
earth. Above that frequency the propa-
gation of electromagnetic waves is af-
fected in various ways, but the influence
of the interplanetary medium progres-
sively diminishes with increasing fre-
quency and is usually negligible at fre-
quencies greater than 100 million hertz.
It is this relative transparency of the in-
terplanetary medium to electromagnetic
waves that makes possible the subject of
astronomy.

Providinu
thermoset plastics ior
the needs of mdusiry
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Plenco produces diversified
thermoset resins and molding
materials with a wide range of
properties.

Phenolic, melamine-phenolic
and alkyd compounds of different
formulations in each of these
generic classes meet a world of
varied and demanding
requirements:

Heat, impact and corrosion
resistance. Flame retardancy.
Track resistance and x-ray
shielding. Electrical resistance.
Wet-dry conditions. Close
tolerances and dimensional
stability.
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This broad selection permits
designer and manufacturer to
optimize the best approach to
problem and cost.

More than likely Plenco can
provide a thermoset suitable for
your particular application as
well as molding method —
transfer, compression or screw
injection. Just call us.

PLENCO

THERMOSET PLASTICS

PLASTICS ENGINEERING COMPANY
Sheboygan, WI 53081
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MATHEMATICAL GAMES

Dr. Matrix finds numerological

wonders in the King James Bible

by Martin Gardner

hen I turned on the mechanism
that records incoming tele-
phone calls (I had been out of

town), I was surprised to hear Iva’s fa-
miliar voice. Readers may remember
that Iva and her father, the infamous
numerologist Dr. Matrix, had last been
seen near Pyramid Lake, Nev., before
they allegedly entered one of their pyra-
mid models and teleported themselves to
Tibet.

Iva’s message was cryptic: “Isaiah 50,
verse 2, sentence 1.” This was followed
by a telephone number. I checked the
reference in my King James Version and
read: “Wherefore, when I came, was
there no man? when I called, was there
none to answer?”

I returned the call and listened in-
credulously while Iva told me about her
father’s latest exploit. It seems that the
monastery in Tibet, where the two had
been living for more than a year, was not
(as I had supposed) Buddhist. It was run
by an obscure American sect of Protes-
tant Fundamentalists called the Church
of the True Word. For six months Dr.
Matrix had occupied himself by writing
a 13-volume commentary on the King
James Version.

This massive set of books, Iva in-
formed me, had been privately printed in
Switzerland, in English, and translations
were now under way for French, Ger-
man and Russian editions. Her father
was supervising the translations and
handling the European sales of the En-
glish edition from his present residence
in Paris. She was in New York for a con-
ference with Doubleday, which had ex-
pressed interest in taking over the set’s
distribution in the U.S.

Dr. Matrix wanted me to have a com-
plimentary copy of his great work, and
of course I was almost as happy to accept
it as I was to see Iva again. Unfortunate-
ly it is impossible to give an adequate
review of this monumental commentary
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here. One would sooner review Mortimer
J. Adler’s new edition of the Encyclo-
padia Britannica. Nevertheless, I shall
do my best.

The set’s title is The King James Bible,
with Commentary and Critical Notes by
Irving Joshua Matrix, D.N. The Apoc-
rypha are not included. Each volume is
11 by eight inches, two and a half inches
thick and weighs four pounds. The paper
is thin but of excellent quality. Through-
out the work every cardinal number
mentioned in the text proper is printed
in green and every ordinal number is in
blue. Passages referring in any way to
mathematics appear in dark maroon ink.
Passages containing material of combi-
natorial interest, with respect to letters
or words, are printed in purple.

A quotation from Job 14:16, “Thou
numberest my steps,” appears on the title
page. The 10 volumes devoted to the
Old Testament are preceded by the quo-
tation, “Teach us to number our days
(Pss. 90:12). “The very hairs of your
head are all numbered” (Matt. 10:30)
introduces the three volumes on the New
Testament.

Dr. Matrix’ commentary has little in
common with the kind of numerology
practiced by the Cabalists of old Judea
(who assigned numbers to each of the
22 letters in the Hebrew alphabet) or by
Leonard Bernstein (who adopted the
same technique when he composed the
score for Jerome Robbins’ 1974 ballet
The Dybbuk). Nor is Dr. Matrix con-
cerned with the medieval Christian tech-

“nique of number juggling based on the

numerical values of Greek letters. Oc-
casionally Dr. Matrix refers to this enor-
mous literature of Hebrew and Christian
number mysticism, but for the most part
he is concerned solely with the King
James text, exploring its combinatorial
patterns from the standpoint of the mod-
ern kind of numerology that he himself
pioneered.

Consider Dr. Matrix’ observation, in
his introduction, on the number of books
in the Old Testament and the New
Testament. “Old” has three letters, “tes-
tament” has nine. Put the two digits side
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by side and you have 39, the number of
Old Testament books. Similarly, “new”
has three letters. The product of 3 and 9
is 27, the number of New Testament
books.

Dr. Matrix’ long note on Gen. 4:14-15
will surprise many readers. This is the
passage where Cain expresses his fear
that everyone he meets will want to slay
him. Since Cain and Abel were the first-
born of Adam and Eve, the world’s pop-
ulation must have consisted of no more
than Cain and his parents and perhaps a
few sisters. Who, then, would have tried
to kill him?

Dr. Matrix finds the answer in Saint
Augustine’s The City of God, Book 15
(a work, by the way, that Augustine di-
vided, says Dr. Matrix, into 22 parts to
parallel the 22 letters of the Hebrew
alphabet). We know from the chronology
supplied in Genesis 4 and 5 that Abel
was murdered about the year 129, and
we know from 5:4 that Adam “begat
sons and daughters.” Is it not reasonable,
asks Dr. Matrix, to assume that Adam
and Eve had a child each year? By the
year 129 there would have been 129 off-
spring. Assume that the sexes were
equally divided, that there were no
deaths before Abel was murdered and
that brothers and sisters married and had
one child per year from the age of, say,
18 on. It is easy to calculate that at the
time Cain killed his brother, Adam and
Eve would have had more than 3,000
grandchildren and more than 90,000
great-grandchildren. Adding to this the
great?-, great3- and greatt-grandchil-
dren, Dr. Matrix estimates that the
world’s population at the time of the
murder was about half a million.

On the ages of the Patriarchs, Dr.
Matrix has many curious observations.
Methuselah’s age of 969 (Gen. 5:27) is
obviously a palindrome. It can be ex-
pressed as the difference between the
squares of two numbers, each less than
500, in just four different ways. Turn
969 upside down and you get the palin-
drome 696, which also can be expressed
as a difference between two squares,
with roots less than 500, in just four dif-
ferent ways. Moreover, 969 is the 17th
tetrahedral number. With 969 cannon-
balls one could build a tetrahedral pyra-
mid having 17 balls to the edge. Me-
thuselah’s father, Enoch, also had an un-
usual life span. He lived 365 years (Gen.
5:23), or one year for each day in a year
before he was translated (Gen. 5:24,
Heb. 11:5).

Dr. Matrix proves that Methuselah
died in the very year of the Flood. He
was 187 when Lamech was born (Gen.



5:25), Lamech was 182 when Noah was
born (5:28) and Noah was 600 when the
Flood started (7:6). The sum of 187, 182
and 600 is 969. “Certain it is that Me-
thuselah did not survive the flood, but
died in the very year it occurred,” wrote
Augustine (The City of God, Book 15,
section 11). Noah’s father died five years
before the Flood. Did Methuselah die
just before the rains began? Or did he
perish in the Flood itself, as H. S. M.
Coxeter speculates in a note on “An
Ancient Tragedy,” cited by Dr. Matrix
as having appeared in The Mathematical
Gazette (Vol. 55, 1971, page 312)?

From the thousands of notes Dr. Ma-
trix has on individual numbers I shall
mention only a few that caught my at-
tention. The “two hundred thousand
thousand” (200,000,000) horsemen in
Rev. 9:16 is identified as the largest in-
teger explicitly mentioned in the Bible.
The first integer to be mentioned is also
the smallest, the ordinal 1 (“first day”)
of Gen. 1:5. The smallest integer not
mentioned in the Bible, Dr. Matrix as-
serts in the same note, is 43.

On the 153 fishes caught in the un-
broken net (John 21:11) Dr. Matrix first
repeats Augustine’s analysis in Tractates
on the Gospel of Saint John. We take 10
(10 commandments) as a symbol of the
old dispensation and 7 (seven gifts of the
spirit) as a symbol of the new. They add
to 17, and the sum of the integers 1
through 17 is 153. Dr. Matrix points out
that 17 is the seventh (holiest) prime.
Moreover, 153 is the sum of the cubes of
its own three digits, and when it is writ-
ten in binary (10011001), it is palin-
dromic. On the 276 shipwrecked souls
(Acts 27:37) Dr. Matrix observes that
276 is the sum of the fifth powers of 1,
2 and 3.

The number 490—the “seventy times
seven” that Jesus told Peter was the num-
ber of times one should forgive a broth-
er’s sins (Matt. 18:22)—is, Dr. Matrix
tells us, the number of ways 19 can be
partitioned into positive integers that
add to 19. It appears in Dan. 9:24 as
“seventy weeks.” If one exceeds 490 sins
by committing a 491st (the basis of Vil-
got Sjoman’s 1965 film titled 49I), the
ordinal number of that unforgivable sin
is a prime. Moreover, it is the sum of
the squares of the primes 3, 11 and 19,
and is the difference between the squares
of consecutive numbers 245 and 246.

I had not known until I looked over
Dr. Matrix’ commentary that 666, the
number of the beast in Rev. 13:18, had
appeared twice earlier in the Old Testa-
ment: in 1 Kings 10:14 as the number
of gold talents given to Solomon in one

year and in Ezra 2:13 as the number of
children of Adonikam, a name meaning
“lord of enemies.” Nor had I realized
that Revelation is the 66th book of the
Bible and that 18, the verse that men-
tions 666, is the product of 6 and 3. Since
Dr. Matrix devotes more than 50 pages
to the history of interpretations of 666, I
shall make no attempt here to summarize
his comments. One paragraph, however,
struck me as being of unusual interest.
Medieval numerologists made much of
the number 1,480, obtained by summing
the values assigned to the Greek letters
of “Christos.” Dr. Matrix describes a
curious way in which this number is
linked to 666. Construct a square of side
1,480. Its diagonal (ignoring the frac-
tion) is 2,093. Now construct a circle with
a circumference of 2,093. The circle’s
diameter, again ignoring the fraction, is
666!

Another curious linkage, between 666
and =, is provided by a splendid cryp-

tarithm that Dr. Matrix credits to an
expert composer of such puzzles, Alan
Wayne of Holiday, Fla.:

SIX + SIX + SIX = NINE + NINE

Eachletter represents only one digit,and
different letters represent different dig-
its. The solution is unique. If the reader
can find it, he will see two ways in which
™ creeps into the pattern.

The biblical approximation of = is
given in 1 Kings 7:23 and is repeated in
2 Chron. 4:2. Both verses speak of a cir-
cular “molten sea” with a diameter of
10 cubits and a circumference of 30. One
might suppose the Old Testament writ-
ers had no better estimate of 7 than 3,
but Dr. Matrix thinks otherwise. Con-
sider the verse in which 7 is first men-
tioned, 1 Kings 7:23. The initial 1, taken
from the terminal 23, gives the ratio
7 : 22, and 22 divided by 7 is 3.14+4, a
fair approximation of =. For a still better

Did Methuselah die in the Flood? (Engraving by Gustave Doré)
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value, twice 7 is 14, half of 2 is 1, and
twice 3 is 6. This gives 1416, the first
four decimals of an excellent approxi-
mation of 7.

Dr. Matrix reminds his readers that on
the basis of the third book of the Old
Testament, 14th chapter, 16th verse, he
had predicted in 1966 (see my New
Mathematical Diversions, page 100) that
the millionth digit of = would prove to
be 5. This was verified last year, when =
was computed in Paris to a million deci-
mal digits. (The millionth decimal digit,
excluding the initial 3, is 1) The Bible’s
poor estimate of 7, says Dr. Matrix, may
be due to a temporary destruction of the
“tables” by Moses (Exod. 32:19).

The most mysterious number in mod-
ern physics, the fine-structure constant,
is not overlooked by Dr. Matrix. If the
elementary charge, e, is squared and is
then divided by the product of ¢ (ve-
locity of light) and h (the quantum
constant), the result is 1/137, the fine-

structure constant. This number is “di-
mensionless” in the sense that it is inde-
pendent of the measuring system in
which the three values are expressed.
Dr. Matrix finds 137 first mentioned in
the Bible as the age of Ishmael (Gen.
25:17), later as the age of Levi (Exod.
6:16) and the age of Amram (Exod.
6:20). Dr. Matrix apologizes for not giv-
ing his own theory of how 137 can be
derived from these three names and how
the names are connected with relativity
theory and quantum mechanics. (He
says he is writing a monograph on it.)
He does, however, repeat the anecdote
about how the physicist Wolfgang Pauli,
after he had died, asked God why he had
picked 137. God handed him some pa-
pers covered with formulas and said,
“It’s all here.” Pauli studied the formulas
carefully, frowned, looked up and said,
“Das ist falsch.”

There are three passages in Revela-
tion (7:4, 14:1 and 14.3) that speak of

W hat was the population of the world when Cain killed Abel?
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144,000 redeemed saints standing before
God’s throne, singing a new song, with
God’s name written on their foreheads.
As Revelation 7 makes clear, they repre-
sent 12,000 saints from each of the 12
tribes of Israel (see also Matt. 19:28).
Dr. Matrix devotes several pages to the
history of how this has been interpreted
by biblical commentators, from Origen
to such contemporary Adventist sects as
Jehovah’s Witnesses and the Seventh-
Day Adventists. The Witnesses believe
an invisible resurrection began in 1918
and that exactly 144,000 saints eventu-
ally will be rewarded with eternal life.
The Adventists believe it is the number
of saints who will experience the “rap-
ture” (translation into heaven) on the
day of the Second Coming,

Drawing on his extensive knowledge
of early Adventist literature (his father
was a Seventh-Day Adventist missionary
at Kagoshima in Japan), Dr. Matrix
quotes an amusing passage from an early
prophetic vision of Mrs. Ellen Gould
White, the remarkable woman who
founded the Adventist movement. Mrs.
White, in a trance, saw the 144,000
saints standing on a sea of glass in “a
perfect square.” She failed to realize,
writes Dr. Matrix, that the square root of
144,000 is not 120 or 1,200 but the irra-
tional number 379.4733+.

Although Dr. Matrix makes no men-
tion of Hal Lindsey’s latest best-seller,
There’s a New World Coming (Bantam),
I think it may be amusing to add that
according to Lindsey’s commentary on
the Apocalypse the 144,000 saints will
be converted Jewish evangelists who will
preach the gospel during the world’s
seven years of great tribulation. Lindsey
is now second only to Herbert Armstrong
and Garner Ted Armstrong as the coun-
try’s leading explicator of biblical proph-
ecy. He currently teaches at a Funda-
mentalist training center in California
called the J. C. Light and Power Com-
pany.

One of the most amazing of all the
number patterns found in the Bible by
Dr. Matrix has to do with the number
of chapters in the four gospels. Taking
them in sequence, Matthew, Mark, Luke
and John have respectively 28, 16, 24
and 21 chapters. Keeping this sequence,
we form the complex fraction (28 / 16) /
(24 / 21). Now reverse the order of these
four numbers to get (21/24) /(16 /
28). Each common fraction has been
changed to its reciprocal, and the nu-
merator and denominator of the complex
fraction have also switched places. In
spite of this transformation, believe it or
not, the value of the entire expression re-
mainsunchanged. Itis 1.53125. The first
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three digits, notes Dr. Matrix, are the
number of fishes in the unbroken net.
The last three decimal digits are ob-
tained from the first two (5, 3) by rais-
ing 5 to the power of 3.

To appreciate how remarkable it is
that a complex fraction of four numbers
would remain the same after this radical
kind of transformation, the reader is
asked to search for four other integers,
all different, that will form a complex
fraction having the same property. The
solution will be given next month.

Rev. 7:9 speaks of the total number
of the saved as “a great multitude, which
no man could number.” If no man can
number them, reasons Dr. Matrix, then
the saved must form an uncountable in-
finite set. Since the number of human
beings that will have lived on the earth
must necessarily be a finite number, we
must conclude that an uncountable num-
ber of planets in the universe bear intel-
ligent life. If the number of such planets
were countable, the number of souls on
all of them, at any given moment of cos-
mic history, would also be countable,
thus contradicting Rev. 7:9.

Dr. Matrix finds a lively interest in
mathematics throughout the Old Testa-
ment. Acknowledging his debt to G. J. S.
Ross, a mathematician at the University
of Cambridge, Dr. Matrix points out that
“men began to multiply” (Gen. 6:1) as
soon as they were created and continued
to do so in New Testament times (2 Pet.
1:2, 2 Cor. 9:10). They performed divi-
sion (Gen. 15:10, Num. 31:27), addition
(2 Pet. 1:5) and subtraction (Gen. 18:28).
They learned how to extract “the roots
thereof” (Ezek. 17:9) and how to wrestle
“against powers” (Eph. 6:12).

As for geometry, great rulers were
brought down (Ps. 136:17), and from
Syracuse they “fetched a compass™ (Acts
28:13). Noah constructed an ark. The
ancient Hebrews were familiar with
“axes” (1 Sam. 13:21), and David refused
to accept something until he had “proved
it” (1 Sam. 17:39). Paul knew all about
four-dimensional geometry (Eph. 3:18),
and Joshua continued an ark along a
Jordan path (Josh. 3).

Abstract algebra also was not un-
known to the Patriarchs. Opening a ma-
trix is mentioned several times (Exod.
13:12, 15; 34:19; Num. 3:12, 18:15).
Ezekiel thought “rings” were “dreadful”
(Ezek. 1:18). Jeremiah complained of
“abominations” in “the fields” (Jer.
13:27). Peter was troubled by “four
quaternions” (Acts 12:4), and Jesus had
a low opinion of those who “seeketh after
asign” (Matt. 16:4).

Dr. Matrix credits his friend Dmitri
Borgmann, a world expert on recrea-

tional linguistics, for supplying much of
the information in his notes on word and
letter oddities. “Jesus wept” (John 11:35)
is identified as the Bible’s shortest verse,
and “Eber, Peleg, Reu” (1 Chron. 1:25)
is cited as the shortest verse in the Old
Testament. The Bible’s longest verse is
Esther 8:9. The longest word in the Bi-
ble, according to Dr. Matrix, is the 18-
letter name Maher—shalal-hash-baz of
Isa. 8:1. The tallest man in the Bible is
not Goliath (six cubitsand a span, 1 Sam.
17:4), because we are told that Og, King
of Bashan, slept in an iron bed that was
nine cubits long (Deut. 3:11). The short-
est man in the Bible is Job’s friend Bil-
dad the Shuhite (Job 8:1). The smallest
animals in the Bible are the widow’s
mite (Mark 12:42) and the “wicked flee”
(Prov. 28:1).

Accepting the terminology of David
L. Silverman, Dr. Matrix defines a homo-
literal passage as one in which every pair
of adjacent words has at least one letter
in common. The longest such passage,
he maintains, is Matt. 1:11-16, a 58-
word sequence beginning “to Babylon”
and ending with “begat Joseph the hus-
band.” Dr. Matrix attributes the 1973
discovery of this passage to Andrew
Griscom of Menlo Park, Calif. When ev-
ery adjacent pair of words has no letter
in common, the sequence is called het-
eroliteral. The longest passage of this
kind known was discovered in 1975 by
Tom Pulliam of Somerset, N.J. It is a
sequence of 18 words from Pss. 62:1-2,
starting with “my salvation” and ending
with “I shall not be.”

In my first interview with Dr. Matrix
in 1960 he called my attention to the
incredible appearance of Shakespeare’s
name in Psalm 46, but it is worth men-
tioning again. Shakespeare was 46 when
the King James translation was com-
pleted in 1610. The 46th word of Psalm
46 is “shake,” and the 46th word from
the end (the terminal “Selah” is not part
of the psalm) is “spear.” It is Dr. Matrix’
belief that Shakespeare helped in the
translating and deliberately arranged to
conceal his name in the psalm.

The practice of “consulting” the Bible
for help in solving a personal problem
was common throughout the Middle
Ages. The ritual varied, but those who
took it seriously usually spent several
days in prayer and fasting before open-
ing the Bible at random, then reading
the first passage that caught their eye.
Similar practices were common in non-
Christian cultures. The Greeks consulted
Homer, the Romans consulted Virgil, the
Moors consulted the Koran and so on.
Although from time to time the Church
issued decrees forbidding the practice,
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Rebekah lighted off the camel

medieval history is filled with stories
about how lives were dramatically al-
tered by it. Dr. Matrix identifies many
biblical verses that played such roles,
notably Rom. 13:13, 14, to which Au-
gustine attributes his conversion. As Au-
gustine tells it in his Confessions, Book 8,
he was sitting under a fig tree, greatly
agitated, when he heard a child’s voice
singing “Tolle lege, tolle lege” (“Take up
and read”). He picked up a copy of
Paul’s epistles, opened it at random and
read the passage that transformed his
life.

I had not been aware until I saw Dr.
Matrix’ comments on Proverbs, chapter
11, that the chapter, with its 31 verses,
was widely used in medieval fortune-
telling. One simply consults the verse
corresponding to the day of the month
on which one was born, then interprets
the verse as an omen. Dr. Matrix’ exam-
ple is the birth date of Richard M. Nix-
on, January 9, for which the appropriate
verse is: “An hypocrite with his mouth
destroyeth his neighbour: but through
knowledge shall the just be delivered.”
One could take this as an indictment of
Nixon’s role in Watergate, but Dr. Ma-
trix adds that according to a friend of
Nixon’s the passage describes the per-
secution of Nixon by his enemies and
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A heptomino-and-square tessellation

predicts the ex-president’s eventual vin-
dication.

Hundreds of Dr. Matrix’ notes give
anagrams on biblical names and phrases.
“Naomi” (Ruth 1), widowed and bereft
of her sons, becomes “I moan.” For “ten
commandments” the anagram is “Can’t
mend most men.” For “silver and gold”

(Deut. 17:17) it is “grand old evils.” For
“The wages of sin is death” (Rom. 6:23)
it is “High fees owed Satanist.”

There are even notes on puns. “And
he spake to his sons, saying, Saddle me
the ass. And they saddled him” (1 Kings
13:27). Dr. Matrix professes to find a de-
fense of cigarette smoking in “Rebekah

How the Penrose polyiamond tiles the plane
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lifted up her eyes, and when she saw
Isaac, she lighted off the camel” (Gen.
24:64). We all know that when Jesus
changed Simon’s name to Peter and said,
“Upon this rock I will build my church”
(Matt. 16:18), he was aware that Peter
meant rock in Greek. But how many
know that some of Jesus’ sayings, in the
Aramaic dialect that he spoke, contain
witty wordplay? Dr. Matrix points out
that when Jesus warned against the hy-
pocrisy of straining at a gnat and swal-
lowing a camel (Matt. 23:24), the Ara-
maic words for gnat and camel are re-
spectively galma and gamla.

Occasionally, in commenting on the
first mention of biblical personages, Dr.
Matrix inserts old enigmas and rebuses
that have attained classic status. I shall
cite only three. Readers may enjoy iden-
tifying the three individuals before I give
the solutions next month.

1. Five hundred begins it.
Five hundred ends it.
Five in the middle is seen.
The first of all letters,
the first of all numbers,
Have taken their places between.
And if you correctly this medley
can spell,
The name of an eminent king
it will tell.

2. A Bible character without a name,
Whose body never to corruption
came.
Who died a death that none
had died before.
Whose shroud is sold in every
grocery store.

; |

" he solution to last month’s problem
of tessellating the plane with replicas
of a certain heptomino and a 3-by-3
square is shown in the top illustration
on this page. The pattern for tiling the
plane with 12 replicas of Roger Penrose’s
“loaded wheelbarrow” polyiamond with
each polyiamond in a different orienta-
tion is shown in the bottom illustration.
(The colored tiles are mirror images of
the other six.) Replicas of the hexagonal
region clearly will tile the plane peri-
odically in the manner of the familiar
beehive pattern of regular hexagons.

A correction: In June, when readers
who sent an alternate proof of the three-
circle problem were listed, the name of
David B. Shear, a biochemist at the Uni-
versity of Missouri-Columbia, was in-
correctly spelled.



Batch is a bitch.

Batch may beanadequate waytoprocess
your dataif all you're doing are conventional jobs
like payroll or cost accounting.

But whenyou get into operational jobs like
product distribution and manufacturing control,
i’s going to present some problems. Because batch
processing produces reports periodically. Soit tells
youthe waythings used to be, not the way they are
right now. Instead of givingthe specificinformation
youneed, it gives you reams of printout that you
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Whichis why World Tableware International
decidedtopull out its batchcomputer and bring
inaData General computer.

Eachdepartment works directly with our
computer. Andit works directly forthemprocess-
ing orders, inventory, billings and receivablesinline,
asthebusiness activity flows.

Andbecausethe computer participatesinthe
work each department does, the datainthe
computeris always up-to-date. Soit always puts
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DataGeneral

Andanytime they wanttoknowthe status of a
specificjob, they canjust ask the computer. Instead
of making them searchthroughreams of printout,
ittellsthemjust what they want to know.

World Tablewarefound our computer not
only easier touse, but alsoableto payforitself
withintwo years.

A Midwest automotive parts distributor
brought inaData General computer so it could
get up-to-the-minuteinventory control and
promptly cut its inventory carrying costs by 40%.

A member of the New York Stock Exchange
installed one of our computers toinstantly analyze
and comparethe quality of thousands of bonds.
And during the first week of operation our com-
puter helped make a sale that completely paid for
the computer.

(Notall ourinstallations pay off like that, but
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Over 15,000 Data General computers are
beingusedto directly support operations. Sixteen
examples can befoundinour brochure,

“The Sensible Wayto Use Computers.’ &'&Se’fc;,;"“:,m

Writeforit. /

Andstopall that batching.
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Data General Europe, 15 Rue Le Sueur, Panis 75116, France. Data General Australia, Melbourne (03) 82-1361/Sydney (02) 908-1366.
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Conducted by C. L. Stong

hen an amateur builds a seis-
mometer, he is most likely to
choose an instrument of the

electromagnetic type developed in 1906
by Boris Borisovich Golitsyn, a physicist
who was also a prince of the Russian Em-
pire. A seismometer of this type picks up
earthquake waves with a pendulum that
supports a coil of insulated wire between
the poles of a magnet rigidly linked to
the earth. The relative motion between
the magnet and the coil caused by trem-
ors in the earth generates corresponding
electric currents in the coil. The currents
can be amplified to operate a pen re-
corder.

One unfortunate characteristic of the
apparatus limits its performance. The
electrical output of the coil is diminished
by a factor of 1,000 for each factor of 10
by which the vibrations in the earth are
below the frequency to which the pen-
dulum is resonant. Ideally the period
of the pendulum’s resonant frequency
should exceed 60 seconds. To be reso-
nant at this frequency a simple pendu-
lum would require a length of almost
900 meters.

The problem of improving the low-
frequency response of the electromag-
netic seismometer has defied all attempt-
ed solutions. Now, however, it has been
sidestepped by Barry Shackleford and
Jim Gundersen, who are electronics en-
gineers with the Hughes Aircraft Com-
pany in Culver City, Calif. They make
a hobby of seismology. Shackleford
(7815 Kittyhawk Avenue, Los Angeles,
Calif. 90045) explains how he and Gun-
dersen developed a seismometer that not
only performs much better than an in-
strument of the Golitsyn type but also is
cheaper and easier to build.

“Jim suggested that instead of fighting
the pendulum’s extreme lack of sensitiv-
ity below its natural period we should
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Electronic stratagems are the key

tomaking a sensitive seismometer

live with it and use electronics to com-
pensate for the ‘roll-off” of the pendulum.
After six months of experimenting at
home we succeeded in devising a seis-
mometer that not only behaves as though
the resonant period of the pendulum ex-
ceeds 60 seconds but also dispenses with
the coil and magnet and replaces vac-
uum tubes with solid-state circuits [see
illustration on opposite page].

“The instrument consists essentially of
nine components. An oscillator generates
high-frequency current that energizes an
antenna in the form of a copper plate,
which functions as the bob of the pen-
dulum. Signals from the antenna are
picked up by two adjacent fixed plates.
They are coupled rigidly to the earth.

“A detector converts the received sig-
nals into direct currents. The amplitude
of the currents varies with the displace-
ment of the pendulum from the vertical.
The currents are combined in a sum-
ming amplifier and passed along to a sig-
nal-processing device known as an a.c.-
coupled integrator.

“Essentially the integrator functions as
the ‘electronics’ to which Jim referred
during our first conversation about the
instrument. It compensates for the roll-
off of the pendulum. After additional
amplification the output of the integrator
can be employed to drive a pen recorder.
Advice on building two appropriate pen
motors has been given in ‘The Amateur
Scientist’ [March, 1972, and January,
1975].

“The performance of the system is
determined primarily by the integrator.
This device includes four resistors, four
diodes and three capacitors, and an oper-
ational amplifier in the form of an inte-
grated-circuit ‘chip.” The combination of
one capacitor and one resistor causes the
gain of the amplifier to vary inversely
with the frequency of the input signal.
For example, if the amplitude of the in-
put remains constant and the frequency
is doubled, the amplitude of the output
is halved.

“Moreover, if direct current (a signal
of zero frequency) of constant amplitude
is applied to the input of the integrator,
the output increases steadily as a func-
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tion of time. This accumulative property
of integrators is the bane of people who
try to design them. A constant voltage,
however slight, applied to the input ter-
minals of the integrator will in time cause
the maximum voltage the amplifier can
develop to appear across the output ter-
minals. When the amplifier is in this
state, it is said to be saturated. Alternat-
ing-current signals do not cause satura-
tion.

“The integrator can be protected from
external sources of direct current by
feeding seismic signals into the device
through a capacitor. Capacitors transmit
alternating current but not direct cur-
rent. When the input terminal of the in-
tegrator is coupled to the signal source
through a capacitor and a resistor con-
nected in series, the lower frequency at
which the response begins to drop off is
equal to the reciprocal of the product of
6.28 multiplied by the resistance (in
ohms) of the resistor and by the capac-
itance of the capacitor (in microfarads).
For example, if the resistance of the in-
put resistor is 10,000 ohms and the ca-
pacitance is 1,000 microfarads, the am-
plifier’s response would begin to drop
offat1 /(6.28 X 10,000 x .001) = .016
hertz, a frequency that corresponds to a
period of 62.5 seconds.

“The active element of the assembly
is an integrated circuit known as the
Type 741 operational amplifier. This de-
vice imposes a very small direct potential
across its own input terminals, causing
it to saturate automatically. The effect
must be nullified by feeding some of the
output current back to the negative input
terminal of the 741 through a resistor.
The amplifier, thus stabilized, is con-
verted into an integrator by also con-
necting a capacitor between the output
and the input.

“The gain of the integrator is deter-
mined by the ratio of the input resistor
to the gain of the feedback resistor. De-
vices of the 741 type tend to be noisy
when they have feedback resistors larger
than 100,000 ohms. By fitting the inte-
grator with an input resistor of 10,000
ohms, a feedback resistor of 100,000
ohms and a feedback capacitor of 100



microfarads, the circuit attains a gain of
10 at .016 hertz.

“The copper plate that serves as the
bob of the seismometer pendulum is two
inches square. It is made of circuit
board, which consists of sheet plastic
whose sides are coated with copper foil.
(The material is normally used in the
construction of printed circuits.) We re-
fer to this plate as the transmitting an-
tenna. It is free to vibrate between the
two adjacent fixed plates, which are of
the same size and construction. Essen-
tially the combination constitutes a dif-
ferential capacitor. Alternating current
at a frequency of five megahertz is fed
to the transmitting antenna by a solid-
state, crystal-controlled oscillator mount-
ed on the lower part of the pendulum
arm. Although the oscillator is small and
comparatively light, it adds mass to the
pendulum (as does a permanent magnet
that, in combination with a solenoid, is
used for damping the pendulum).

“When the seismometer is in opera-
tion, the vibrations of the earth cause the
frame of the pendulum assembly (and
therefore the receiving antennas) to os-
cillate. The pendulum stands relatively
still, as does the transmitting antenna.
Hence one receiving antenna moves
closer to the transmitting antenna and
picks up more energy. The other receiv-
ing antenna moves away from the trans-
mitting antenna and receives less energy.
After detection the amplitude of the total
potential difference across the receiving
antennas varies with the displacement
of the pendulum and therefore with the
displacement of the earth’s surface.

“Each receiving antenna is connected
to a tuned circuit and a simple diode de-
tector. One detector produces a positive
voltage, the other a negative voltage.
The outputs of the diode detectors are
connected to the summing amplifier. A
displacement of the pendulum of less
than .01 inch can cause the output of the
amplifier to change from +15 volts to
—15 volts, a total change in potential of
30 volts.

“The oscillator is conventional. Its fre-
quency is not critical. Almost any quartz
crystal ground for 160 kilohertz or more
will be satisfactory.

“The 2N2222 transistor should be fit-
ted with a heat sink. Not having any
heat sinks on hand I soldered a penny to
the top of the case. The soldering should
be done quickly and with care to avoid
damaging the device.

“My technique, which proved success-
ful on the first try, was to sand both the
penny and the transistor until they were
shiny bright. I melted enough solder in
the center of the penny to form a small
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mound. A similar mound was applied to
the top of the transistor case. I reheated
the mound on the penny and thrust the
transistor into the center, keeping the tip
of the iron off to one side. As soon as the
solder solidified I cooled it with water.
Notwithstanding my success in this im-

provisation, I strongly recommend the
purchase of a heat sink specially de-
signed for the TO-18 case.

“The construction of the pendulum is
left to the ingenuity of the experimenter.
Gundersen and I use a vertical suspen-
sion that consists of a small metal shim
that is attached to both the frame and
the pendulum by metal clamps. Not hav-
ing any shim stock on hand I put in a
piece of stainless-steel erasing shield.
Aluminum foil is too flimsy, but a piece
of metal from a frozen-food pie tin
would do. I built the oscillator in a small
box made of copper-clad circuit board,
supporting the components with tiny
standoff insulators. The radiator plate is
soldered to feed-through insulators at
the bottom of the box.

“In making the receiving plates of cir-
cuit board I arranged matters so that one
side of the board served as a receiving
antenna and the other side was the
ground. The experimenter should keep
in mind that 1/16-inch dual-sided cir-
cuit board has a capacity of 19 pico-
farads per square inch. This capacity will
affect the frequency of the tuned circuit.
A two-inch-square plate will have a ca-
pacity of 76 picofarads and so will re-
quire an inductor of approximately 13.4
microhenries to resonate at five mega-
hertz. It is good practice to tune the cir-

OSCILLATOR

PENDULUM ]

DETECTORS

vy

. C.

SUMMING AMP.

P INTEGRATOR

rTARIABLE—GAIN
BVUFFER

INPUT AMP. |—
I
POWER AM P. >t 6v
L S
POWER SVUPPLY tov
; I
LPEN MOTOR Jroun
Jround

single-point ground at power supply

ﬁr pen- mot;m
eol

Arrangement of components of the seismometer

184

© 1975 SCIENTIFIC AMERICAN, INC

cuit to resonance with a variable in-
ductor.

“To tune the receiving circuit, cover
the transmitting antenna with cellophane
tape to prevent the output of the oscilla-
tor from coupling directly into the re-
ceiving plate. Then wedge the transmit-
ting antenna against one of the receiving
plates and adjust the inductors for peak
output of the diode detector. Repeat the
process for the other plate. I start with
both receiving plates about a quarter of
an inch apart and then adjust for the de-
sired sensitivity, I was able to find the
inductor I needed at a store selling tele-
vision parts. It was part of a 4.5-mega-
hertz ‘sound trap.” The inductor had a
75-picofarad capacitor in parallel with it,
which I removed.

“If a variable inductor is not available,
use a 10-microhenry fixed inductor and
add a trimmer capacitor (variable from
eight to 33 picofarads) across the induc-
tor to tune the circuit. The resonant fre-
quency of a parallel LC circuit is f =
10 / 6.28 X (LC)'/2, where f is frequen-
cy in kilohertz, L is inductance in micro-
henries and C is capacitance in pico-
farads. If L is 10 microhenries and C
is 101 picofarads, 10%/6.28 X (10 X
101)172 =106 / 199 = 5,025 kilohertz.
The difference between the capacitance
of the circuit board and the capacitance
required for the circuit to resonate at the
desired frequency is supplied by adjust-
ing the variable trimmer capacitor.

“The entire pendulum assembly in-
cluding the oscillator was mounted on a
piece of aluminum half an inch thick,
about five inches wide and one foot long
that I bought from a scrap dealer for a
dollar. Any sturdy metal frame can be
substituted. Wood should be avoided
because of its tendency to warp with
changes in temperature and humidity.
An enclosure is essential to protect the
pendulum from air currents. I put a
grounded metal enclosure around the
metal base to eliminate the radiation of
stray radio interference.

“The damping device on the pendu-
lum is needed to suppress free oscilla-
tions. I made the damping mechanism
by cementing one end of a bar magnet
to the lower part of the pendulum arm.
The magnet was partly surrounded by a
solenoid, which was mounted on the sup-
porting frame of the pendulum. The
solenoid is a coil of 1,000 or so turns of
fine magnet wire that I salvaged from
a miniature synchronous motor. The coil
is connected to the output of the sum-
ming amplifier through a 500-ohm rheo-
stat in series with a 50-microfarad capac-
itor. If the pendulum starts to oscillate
when power is applied, reverse the sole-
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noid connections. Push the pendulum
slightly and then adjust the rheostat to
the point where the swing is damped out
within about two vibrations.

“The output of the summing amplifier
is coupled to the integrator through a
1,000-microfarad capacitor and a 10-
kilohm resistor in series to the input ter-

lead control (see note)

minal of the integrator. In addition to
compensating for roll-off of the pendu-
lum the integrator transforms the output
signal so that its amplitude varies with
the pendulum’s velocity rather than with
its displacement. When we were de-
bugging this instrument, we found that,
at least for amateurs, a seismometer
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based on a velocity response is more con-
venient than one based on a displace-
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serving station and the epicenter of the

carthquake increases, the waves of high- |

er frequency are attenuated more than
the waves of lower frequency. If a signal
that varies with the pendulum’s displace-
ment is desired, the gain of the seis-
mometer must be large to resoive the
high-frequency pressure waves. If the
frequency response extends down to .01
hertz or so, the amplitude of the long
waves (which is not attenuated as se-
vercly as the amplitude of the higher-
frequency pressure and shear waves) will
saturate the instrument. If velocity out-
put is the basis of operation, the ampli-
tudes of the various sets of waves will be
more or less comparable.

“Another practical consideration for
an amateur, who is unlikely to have an
inderground room where he can mount
his seismometer far from sources of man-
made vibrations, is the thermal noise of
the building where the sensor is located.
This noise is easily identified because it
can be correlated on a 24-hour cycle, al-
though the timing of the noise varies
from structure to structure. The cause of
thermal noise is the expansion, contrac-
tion, tilting and so on that result from
the uneven heating and cooling of the
structure over a period of 24 hours. The
noise can show up as a series of sharp
spikes indicating sudden small releases
of stress or as slow, rolling one-minute
waves from five to 10 times larger in
amplitude than the ever present six-
second microseismic waves that are re-
corded during ‘quiet periods.”

“I previously operated a Golitsyn sen-
sor with a resonant frequency of about
cight seconds. Therefore I had not en-
countered the phenomenon of thermal
noise until my new sensor reduced the
frequency response to the one-minute
range. If a second integrator were added
to the new circuit, the output wou'd vary
in amplitude with the displacement of
the pendulum. The thermal noise would
be enough to saturate an instrument that
had been made sufficiently sensitive to
record the microseisms of higher fre-
quency.

“Gundersen and I used electrolytic ca-
pacitors to couple our alternating-cur-
rent circuits. Because the capacitors are
polarized, two would normally be con-
nected back to back to make a nonpo-
larized unit appropriate for alternating
polarity. This scheme, however, would
cut the capacity in half. Here we resort-
ed to a little trick. We adjusted the tilt
of the scismometer to the point where
positive potential appeared and re-
mained at the output terminal. It was
then possible to connect the sensor buf-
fer to the integrator with a single po-
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larized electrolytic capacitor. A tilt that
generates an output of about 45 volts is
adequate. The integrator is likewise bi-
ased by a source of reference voltage (a
Zener diode), so that one polarized feed-
back capacitor and one polarized cou-
pling capacitor to the output buffer stage
will suffice in the circuit.

“Because of the extreme sensitivity of
the instrument a fine leveling adjust-
ment is required. I used a machine screw
with 72 threads per inch. To support the
screw I soldered two nuts onto two small
pieces of brass that I cemented with
epoxy to opposite sides of a piece of 1/8-
inch aluminum.

“The entire assembly was attached to
the bottom of the baseplate and pro-
vided with a shaft and knob so that ad-
justments could be made easily. The
screw rests in the lubricated drill dimple
in the bearing plate. One full turn of the
screw raises or lowers the end of the
platform approximately 350 microns.

“Assuming a base length of about a
foot between the rear leveling screws
and the front adjustment screw, the tilt
of 350 microns corresponds to an angle
of about 1,150 microradians. (A com-
plete rotation amounts to 6.25 radians;
one second of arc is equivalent to about
five microradians.) Less than one full
turn of the adjustment screw will drive
the output buffer (which has a gain of
10) from negative saturation to positive
saturation. This amount corresponds toa
tilt sensitivity of less than 30 microra-
dians, or six seconds of arc, per volt of
output from the buffer.

“Experience showed us not only that
the pendulum must be shielded by a
housing from air currents in the room
but also that the free space inside the
housing must be filled with a thermally
inert material such as Styrofoam. The
idea is to minimize the effective mass of
free air within the enclosure. The con-
vective movement of the trupped air
will otherwise be communicated to the
pendulum and will appear in the output
signal as noise of significant amplitude
ataverv low frequency.

“All of this leads up to a final chal-
lenge to amateurs who build the instru-
ment: the measurcment of tides in the
solid earth. From what I have read I
gather that such tides typically cause a
tilt of less than .1 microradian. I suspect
that the measurement will not be easy
because few of us are specially equipped
to solve problems of thermal noise, man-
made noise, temperature drift of the
electronic components and so on. On the
other hand, it is just these annovances
that make amateur seismology so much
fun.”
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‘This system is simple, straight forward and quick — but it works.
Do it right and you can have the highest earnings of your career!’

I’'ve got something that can help you
earn a great new living and perhaps even
make you rich!

Now, I know this seems hard to be-
lieve, but I can also prove it to you!

I say this because I’ve got letters from
thousands of satisfied customers, . . . .
and a product which has been praised by
150 leading media!

What’s more, at $10, it’s an incredible
bargain, and I'll even give it to you
without asking you to risk one penny!

However, first let me tell you what I
have.

I’'ve got a copyrighted job changing
system that you can use to move up in
your field, or out to another field, but
at significantly higher earnings.

It took myself and five other profes-
sionals two years and $250,000 to de-
velop—but it works!

Furthermore, it doesn’t require “gen-
ius” and it doesn’t require “luck.” All
you have to do is put it into action.

The reason we developed it was be-
cause with 84 million employed, and
15 million circulating resumes each year,
this area was ready for some revolution-
ary ideas.

We knew more people than ever
owned prestige cars & yachts, summer
homes and international retreats, as well
as having securities, real estate holdings
and lots of cash in the bank.

In short, many people in the U.S. are
living good lives!

At the same time, however, the great
majority have no excess cash, little job
security, and are frequently restless,
bored with their jobs, commuting long
hours, and harrassed by inflation!

We asked ourselves how do people get
to live the “good life”?

Well, we found that most successful
people were there because they never
wasted time in dead-end situations!

What these people did was to make
crucial job changes, and parlay their
higher earnings into small fortunes!

Take a look at the economics!

Do you realize that if you were to
change jobs every 4 years, at an average
annual increase of $4,000, and then put
the increases in the bank at 6%,—that in
20 years you’d accumulate an extra half
million dollars!

Getting raises is one thing, but get-
ting significant increases because of job
changes is a very important source for
wealth!

The next question then, is how can
you easily change jobs? This is where the
unique system we’ve developed fits in.

Our system can work for anyone
from $8,000 to $80,000. Do it right and
you’ll gain higher earnings, lifelong job
security, but most of all, everlasting self
confidence!

This is because once you’ve used it,
you’ll know you can always get a new
job,—quickly and predictably.

Perhaps you’re wondering why our
system works? Well, it works because it’s
a completely different approach, based
on totally new concepts.

But, also because it’s simple, practical,
and self-tailoring. You could start next
week—and do it without strain, confu-
sion or worry.

But, there is one catch! You won’t be
a success if you use old methods for
dealing with recruiters & agencies, for
answering ads & sending out letters, for
handling interviews & negotiating salary

To make more money without ahassle,
you’ll have to be willing to change. You’ll
also have to follow our system, have an
open mind & have faith in yourself.

However, do this and a better life will
be yours!

With our system, whatever you seek—
a better job, a new career, higher pay,
more satisfaction,—/ believe nothing can
stop your success!

Not age, sex, education, or even low
earnings or past working history.

Personnel Magazine said we have a
“breakthrough.”

Business Week devoted a full page
article and called it “‘indispensable.”

The National Public Accountant even
said it was “capable of catapulting any
average person into a position offering
much greater rewards.”

However, your best proof of our sys-
tem is that we’ve already received thou-
sands of letters from grateful customers.

Letters like one from a gentleman in
California who wrote: “In 4 weeks [
changed jobs and raised my salary 33%!
I wish I had it 10 years ago!”’

Another man from New York said ‘7
used one of your letters, sent 24 out,
and got 13 interviews and 3 job offers!”

Still another from California said “In
just 11 days I received an offer of $7,000
more!”’

I know this sounds almost too easy
and I can’t promise that you will do as
well. But, then again you may do better!

Even the largest business magazine in
the U.S., Nation’s Business, said our
materials were “‘incredibly effective.”

Now, if you’re serious about wanting
to move up, then I know that our system
is something you’ve got to have!

In fact, I’'m so convinced that you’ll
agree that it’s worth hundreds of times
the cost, that I’ll make sure you have
nothing to lose.

First of all, when your order arrives,
we’ll ship within 24 hours. No delays!

Secondly, you can examine our sys-
tem for 10 days.

Third,if at the end of that time you are
dissatisfied, return it, & I personally guar-
antee your 100%refund will be mailed in
3 working days—with noquestions asked!

To let me prove everything I’ve said,
and to take advantage of this nothing-to-
lose offer, just fill in and mail me the

Performance Dynamics Inc.

Attn: Mr. Robert Jameson, President
17 Grove Avenue

Verona, New Jersey 07044

Dear Mr. Jameson:

Your offer sounds great! Please rush me
your Professional Job Changing System
right away, but on one condition. | under-
stand | may examine it for 10 days, & if at
the end of that time | return it, you will
mail my full refund within 3 working days,
with no questions asked. On that basis,
here's my $10, plus .50 for postage and
handling.

O enclosed is my check or money order
O cha. Bank Amer. (] Chg. Amer, Expr.
O cng. Master chg. [J chg. Diners Club.
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by Philip Morrison

HILDREN OF S1Xx CULTURES: A Psy-
C cHO-CULTURAL ANALYSsIS, by Bea-

trice B. Whiting and John W. M.
Whiting in collaboration with Richard
Longabaugh. Harvard University Press
($10). Strictly speaking, science is not
built solely on experiment: meticulous
observation of the remote sky was the
founding science and the first successful
campaign of post-Renaissance modern
science as well. More than five decades
of close watching of animals undisturbed
in their natural setting has construct-
ed the science of ethology. This small
book—which reports a 20-year sociologi-
cal project—transfers the techniques of
detailed silent observation and sophisti-
cated number-crunching from the cool
unfolding of an ephemeris to the heated
complexities of child rearing and sex
roles.

The principal authors, man and wife,
are professors of anthropology at Har-
vard University. Their aim has been to
ask whether children brought up in dif-
fering societies differ radically from one
another. They have sought the answer—
with the aid of half a dozen field teams,
many code-punch operators and ad-
vanced statistical analysis—in an aus-
terely quantitative way, amid conceptual
pitfalls and limited data.

Six communities spread around the
world provided the setting. All were
groups of a few hundred individuals.
Five communities were subsistence-
farming villages, and the sixth was a
neighborhood of wage-earning fathers
and their families (“predominantly
members of a Baptist Church group”)
in a New England town of 5,000. The
individual children sampled were care-
fully chosen from census data forwarded
by the field teams to avoid personal in-
fluence on the observers. They were 67
girls and 67 boys between three and 11
years old, roughly the same number—
about 20—in each setting. Their homes
are far-flung both in space and in kind.
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BOOKS

A calculus of children, a national atlas,

Gustave Liffel’s tower and other matters

Two villages lived by paddy rice, one
on Okinawa and one on Luzon; another
was a Mixtecan Indian barrio in a Span-
ish-speaking town in Oaxaca, amid fields
of maize; one more village lay on the
northern Ganges plain, its courtyards
shadowed behind mud walls as the bul-
locks plowed the wheat; the last was a
polygynous settlement in the Kenyan
highlands, where the women worked
in the maize and bean fields while the
traditional herdsmen, with land inade-
quate for their dwindled herds, idled
their time or worked as tea-plantation
hands.

This is the ninth book from the Pproj-
ect. The first was its “field guide,” the
early design and instructions for the
field teams; six others were individual
ethnographic volumes, and one was a
report on the mothers based on inter-
views. In this summary volume the
flavor of the places remains strong,
Maps, descriptions and photographs ac-
company the statistical tables. The de-
light of the two Okinawan children car-
rying a water bucket on a pole between
them is poignant. So is the loneliness of
the new Rajput bride, her sari pulled
over her face as she sits for a few after-
noons “on display” without a word, a
“silent figure huddled in the midst of
the chattering women.”

The field teams (with a bilingual as-
sistant) learned the routine of the day
for boys and for girls in two age groups.
Then they found each sample child and
recorded every instance of social inter-
action. The circumstances—place, the
people present and so on—were carefully
noted. For exactly five minutes the ob-
servers recorded all behavior and tran-
scribed all verbal material. Each child
was observed 15 or 20 times over the

test period (which extended from a few

months to a year) but no more often
than once a day. The yield sent to head-
quarters was a paragraph for each five-
minute sample of behavior. “Child ob-
served: Osamu, 5-year-old boy.... Lane
in front of a friend’s house.... Osamu
and Hitoshi are playing with a large ball.
Osamu throws the ball to Hitoshi, who
misses it.... Laughing each time, Hito-
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shi hits Osamu’s head with the ball three
times.”

Two thousand such little accounts ac-
cumulated in Cambridge. Three-fourths
of the five-minute samples were taken in
a home or a yard (except in Okinawa,
where the observers “found it awkward
to observe in the Tairan houses”). Most
of the periods involved either play or
casual social interaction with adults pres-
ent (again except in Taira). The early
hope of fairly sampling not only children
but also the time they spent in various
activities over the daily round was aban-
doned as being impractical. So far the
study was rich, anecdotal and recorded
still in the common tongue.

Now theory enters. The protocols
were read and coded. Each child sam-
pled was followed sequentially and his
or her every action was described in a
phrase. A uniform coding scheme was
developed inductively, by first omitting
all solitary play or work and then, step
by step, dropping classes of activity
that were seen infrequently, until the
entire sample was coded into only 12
types of social action (called “acts”),
from “Seeks help” to “Assaults.” Ten
thousand of these acts were recorded.
“Acts sociably” was listed about 3,000
times; “Assaults” was the least common,
fewer than 300 instances. Horseplay
(“Assaults sociably”) was twice as com-
mon as serious slapping or striking.
Touching socially was about as frequent
as assault; insult (symbolic aggression)
was the second-commonest act of all.

An elaborate statistical analysis (mul-
tidimensional scaling, explained here
only by citation, with one important ci-
tation missing in error) yielded a simpler
result: there was inherent redundancy.
The 12 types of social behavior could be
grouped into two almost uncorrelated
scores, one of them a dimension ranging
from nurturant to dependent, the other
an independent dimension ranging from
intimacy to aggression. (For example,
the first score summed the act “Offers
help” with “Offers support” but sub-
tracted “Seeks help” and similar acts.
The second score summed “Acts socia-
bly” with “Touches” and “Assaults so-
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ciably” but subtracted “Assaults” and
“Reprimands.”)

Which children are the more nurtur-
ant-responsible, as they phrase it? They
are the children of the three simplest
cultures, in which most children worked.
In Kenya, for example, the children
fetched water and wood, ground grain,
gardened and herded; in New England
nearly all of them helped to clean and
sweep but worked at little else. In the
simpler cultures children helped in in-
fant care as well. Cultural complexity
alone was a good predictor of this score
dimension. (Complex cultures are ob-
jectively defined by having specialized
occupations and buildings, several social
classes and the like.) Which children are
more authoritarian-aggressive, that is,
act sociably less often than they engage
in striking or slapping? They are the
children who grow up in extended fam-
ilies, where mother and father do not
eat together and seldom sleep in the
same house, whether in complex Khala-
pur or the simpler village in Kenya.
Household structure determines this di-
mension, not cultural complexity. The
most intimate, and the most dependent-
dominant, are the New England chil-
dren: familial, competitive, living far
from adult work. The most aggressive,
but at the same time the most responsi-
ble, are the Kenyans: economically pro-
ductive children drawing much less in-
timacy from their split and polygynous
family.

What about differences in behavior
by sex and age? For this of course one
does not lump together all the scores by
culture, as in the examples above. The
data are less convincing at this level of
detail because the samples are smaller,
but as far as they go they make some
sense. Except in the Kenyan village,
boys score higher for aggressive behav-
ior than girls at all ages in all cultures
(although the older Kenyan girls scored
as being more aggressive than the boys).
Girls are more nurturant than boys in
the seven-to-11 sample in all six cultures.
How far these differences are innate and
how far they are due to the differing
learning environment of girls and boys
is of course not measured here. Girls are
closer to home, performing chores that
visibly make demands on responsibility
and obedience. Boys are farther away,
learning more from peers than from
adults. The economic role of adult wom-
en appears to depend more on the physi-
cal situation than on mere complexity:
men herd, hunt or plow, whereas the
rice paddy draws both men and women
to work.

What is one to make of this intelli-
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gent, if still rather thin, effort at a cal-
culus of children? It is certainly of inter-
est as a plan and a wide-ranging hope.
The data are hard to get; it is clear that
the study falls short of the ideal by a
long way. Even the Ford Foundation
cannot pay for enough data taking! One
cannot claim any very novel insight from
the study, but it does appear that it can
validate by a more or less objective
count what an insightful visitor might
guess. These scientists know a few small
things, but they know them with a mea-
sured confidence. Their science is not
yet either hedgehog or fox. How it will
evolve is not yet plain.

This physicist is impressed but dis-
satisfied. Where is the test? Surely the
design ought to have included two
more villages, their protocols to be omit-
ted from the investigation until its com-
pletion and then used as a check on the
correlations obtained from the other six.
Why any such prediction was avoided is
the simple question one would most like
to ask the experimenters.

HE NATIONAL ATLAS OF THE UNITED

STATES oF AMERICA, United States
Department of the Interior. Geological
Survey, Reston, Va. 22092 ($100). Crisp
and open in look and feel in spite of its
ponderous size, this 12-pound book has
become a standard reference since its
publication five years ago. (It is distrib-
uted directly by the Geological Survey,
not by the Government Printing Office.)
It is our first national atlas, prepared by
the Geological Survey in the 1960’s with
the resources of “84 agencies and bu-
reaus” and much aid from the private
cartographic community.

The atlas has about 330 large map
pages and an index-gazetteer. Nearly
all the maps show the U.S. on one of
four scales; the largest scale presents,
on more than 40 big pages, an attrac-
tive political map of the entire country
at a scale of about 30 miles to the inch,
comparable in detail to the much less
beautiful (and much cheaper) standard
road maps. No world atlas, of course,
covers the country as well. A couple of
dozen city maps are included. Most un-
usual is the careful mapping of the out-
lying holdings, such as American Sa-
moa, including the location of the two
dozen Pacific atolls whose ownership
we still dispute with the United King-
dom or with New Zealand. Physical
maps follow. A fine shaded relief map
by Richard Edes Harrison, without any
lettering, is outstanding. It is given spe-
cial interest by the provision of trans-
parent overlays, carefully made to fit the
same scale; one bears the names and
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outlines of all the counties of the coun-
try and another gives the names of physi-
cal features. The overlays may be placed
on many of the maps, with great effec-
tiveness. A page of useful geomagnetic
maps, a beautiful geological map in rich
color, a map of soil types (whose taxo-
nomic nomenclature is as barbarous as
it is pseudoclassical) and one of “poten-
tial natural vegetation” are among the
physical maps given here. Climate is
very thoroughly treated: sunshine, dew
point, storm tracks, seasonal winds,
heating and cooling degree-days and
much more. History comes next. You can
find the sites of the early Eastern fluted-
point hunters, the Massachuset Indians
or the Makah out in the farthest North-
west. The explorers by sea and land are
all tracked, from Bjarne Herjulfsson to
the Alaska Telegraph Survey. The states
grow, and here is a map of the battle-
fields that marked the growth, the sites
of seven wars and a few insurrections.
The presidential elections are mapped
strikingly on a two-page spread, from
Washington to Nixon’s first term. The
color waves advance and recede as
party fortunes ebb and flow; 1936 is all
green, with a red Maine and Vermont;
1964 leaves the old South out of John-
son’s green majority. (The 1972 fiasco,
with tiny Massachusetts as the Lone
Star State, will have to await the next
edition.) The historic sites and land-
marks are mapped, from the Saugus
Iron Works and Old North Church to
the room in the chemistry building at
Berkeley where plutonium was discov-
ered. Agriculture and forests and eco-
nomic and demographic data are pre-
sented very fully, usually on a smaller
scale. Maps of median age by county,
tobacco production, police per capita by
county, church denominations and a
big sheet marking all institutions of
higher education suggest the variety and
interest of the thematic maps. Adminis-
trative maps include zip codes and Con-
gressional districts, plus the divisions
and headquarters of a phalanx of Fed-
eral agencies, from the Secret Service
to the Federal Deposit Insurance Cor-
poration.

A unique section—almost an advertis-
ing inclusion—lists and describes, with
colorful samples, the varied charts and
maps available from Federal carto-
graphic services of every kind. Jet navi-
gation charts, small-craft charts, ocean-
bottom charts and maps of states, parks,
forests, cities and public land are all in-
cluded, along with maps of soils, ge-
ology and hydrology. This is a com-
pendious section, offering easier access
to rich resources indeed. A few world
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maps look at trade and at the Foreign
Service to complete the volume.

The atlas is full of interest even if one
is not seeking any special goal. Five
highways of the interstate system con-
nect the coasts; the flow of transconti-
nental traffic (most of the economic sta-

| tistics pertain to the late 1960’s) is great-

est along Interstate 40 and Interstate 80,
through Albuquerque and Cheyenne:
roughly 6,000 vehicles per average day.
The far-flung service of the Department
of State has a consul in Fiji. A Lutheran
majority in one East Texas county marks
the old German settlement there. The
origin of most in-migrants to California
as of 1960 was the Corn Belt, as novel-
ists have told us. St. Joseph, Mo., is as
interior a port of entry as anyone can
expect; its foreign trade comes through
the third dimension. The historical
earthquake record shows that the re-
gion near Cairo, Ill, is about as seismic
as any other part of the country in the
long run.

This book sums up to a first-class
work, although it does not yet reach the
comprehensiveness that gives some ref-
erence books a special air of plenitude
and indispensability. There is no decent
chart of the sea bottom, even on our
continental shelf; nowhere can you find
the Baltimore Canyon, for example. The
fisheries are represented by port of sale,
not by fishing ground, and there is not
much about shipping, coastwise or over-
seas. The Department of Defense is a
little coy: Eglin Air Force Base and Fort
Bragg, say, are marked on the ordinary
political map clearly enough, but the
only map summing up defense installa-
tions presents the dozen or two main
headquarters sites. A national map of all
their facilities, let alone a worldwide
one, would have considerable interest.
Telecommunications enter only in one
rather odd-looking map of television
stations and another of the districts of
the Federal Communications Commis-
sion. The entire telecommunications
structure would benefit from a critical
modernizing look, which may come with
future editions.

HE NATURE OF THE STRATIGRAPHI-
caL Recorp, by Derek V. Ager.
Halsted Press Division of John Wiley &
Sons ($9.50). RecenT EarTH HisTORY,

I by Claudio Vita-Finzi. Halsted Press Di-

vision of John Wiley & Sons ($7.95).
Brief, cheerful, iconoclastic and com-
pelling, these two books resemble each
other very much, although apparently
they are as independent in origin as they
are distinct in subject matter. Two Brit-
ish geologists, staying close to the evi-
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dence but far from the clichés of the
textbooks, lay—each in his own domain—
heavy siege to the commonplaces of
school geology. Ager takes for his prov-
ince the entire record of the rocks, his
vivid photographs ranging from the De-
vonian in Australia to the Miocene near
Barcelona. He writes eight personal, crit-
ical chapters on how strata form and
how geologists have divided them; for
each chapter he draws a moral, put into
an aphorism in uppercase type. Make no
mistake: his lighthearted tone is helpful
to his purpose; he is no simpleminded
tyro but an expert, making a telling point
with every example. Two of these points
are enough to sample; the book is so
agreeable to read that every student
of strata will want to savor the lessons,
even if it is to dispute them.

The geologists have obscured geolo-
gy: some special sediments have per-
sisted over considerable periods and
“vast areas of the earth’s surface.” The
late Cretaceous chalk seen in the cliffs
of Dover bears strange names and holds
a curious list of fossils when it is found
in Turkey or Egypt or Texas or Western
Australia. It is all the same stuff, how-
ever, and even has the same fauna—but
each example is described by different
workers, each anxious to split off some
minor local uniqueness!

A long time went by between dam-
aging plate collisions, during which the
tropical seas were extensive and uni-
form. Such epochs may be common-
place; what we know depends not only
on the formation of seabeds but also on
their subsequent preservation. Are we
to think, then, of the classical slow,
steady deposition of strata, an unending
drizzle of kilometers of sediment, grain
by grain? It is just the contrary; “we
are only kidding ourselves” to imagine
such continuity. For every tiny part of
a column we fondly classify as complete
and unbroken there is somewhere else
the same stratum built a hundred or a
thousand times thicker. The gaps are
more important than the record. And
the fragmentary record is not generally
uniform. Rather it is built mainly by the
occasional unusual tsunami, hurricane
or flood. Examples are manifold: the
Lake Missoula glacial dam broke, and a
huge flood lasting for two weeks coursed
800 feet deep through the gap to carve
the Grand Coulee, hundreds of miles
away. Individual landslides account for
a major part of the wearing down of
mountain chains. A hurricane passes
over any particular point on the Gulf
of Mexico shore once every 3,000 years
on the average, with a probability of 95
percent; it rearranges in a day a layer
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attic, even in your bathtub — anywhere
within 300 feet of your home. Receive
calls or dial out.

EASY TO INSTALL
Your Portaphone operates in conjunction
with all regularly installed telephone
equipment you already have. Installation
takes 30 seconds and you do it yourself
easily and without tools.

100% SOLID-STATE RELIABILITY
Portaphone is manufactured with 100%
space-age solid-state circuitry. No moving
parts to wear out. No tubes to replace.

SATISFACTION GUARANTEED
OR MONEY BACK

EAST AND MIDWEST ORDERS
SHIPPED BY AIR

For years of trouble-free Performance. je--eeeeceemeecmemmccemccemeemceeemeeeeccemneaennnennns
Send check or money order to:

Guaranteed for 1 year.
REAL COST IS $2.00 PER MONTH
AND IT PAYS FOR ITSELF

If you divide the purchase price by the
estimated 15-year useful life of the Porta-
phone, the cost is only $24.00 per year, !
or only $2.00 per month. It pays for:
itself by replacing an existing extensionf
phone and eliminating another extension. !

JLR

16200 Ventura Blvd.

Corp.
(213) 986-4271

Encino, CA 91436

Please send me

Cordless Portaphones @

$395 each, plus postage, handling & ins, $5.50,
California residents add 6% sales tax.

Name

Address

¢ City

State Zip

YOu ARE INVITED
to send for a
free, illustrated
brochure which
explains how
your book can
be published,
promoted and
marketed,

Tothe

althor
Insearch of
a publisher

Whether your subject is fiction,
non-fiction or poetry, scientific,
scholarly, specialized (even con-
troversial) this handsome 52-
page brochure will show you how

to arrange
publica-
tion,
/
7
/ Unpublished
\\/ authors, espe-
T 7/
\ ;/ this booklet val-
i uable and in-
information, write to:
Vantage Press, Inc., Dept. F-53

for prompt
/4
cially, will find
formative. For your free copy, or more
516 W. 34 St.,, New York, N.Y, 10001
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“A remarkable job

in peeling away the

layers of secrecy...
The academy’s hiases

and weaknesses are
exposed in stark form”

—Washington Post Book World

THE BRAIN BANK
OF AMERICA

An Inquiry Into the Politics of Science

by Philip Boffey
Introduction by Ralph Nader

“Now the academicians of science
have finally come under rigorous
—and embarrassing—public
scrutiny. A carefully documented
book.” —Time

“Meticulously analyzed...creates
a yardstick...an important con-
tribution to the science policy
literature.” —Science

“Boffey has had to proceed in L.F.
Stone’s manner...A system lies
most nakedly exposed.”

—N.Y. Times Book Review

s10.95 Wil
he
McGraw-Hill Book Company |51l
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deeper than the layer that was depos-
ited throughout the entire quiet period.
The stratigraphic column records ex-
tremes, not means, even with a climate
no different from the climate of today. It
is catastrophes that are uniform over
long periods of time. “Nothing is world-
wide, but everything is episodic....The
history of any one part of the earth, like
the life of a soldier, consists of long
periods of boredom and short periods of
terror.”

The Vita-Finzi book, similarly witty
and nimble-footed, is concerned with
the past 20,000 years or so. The thesis is
simple: All the means of dating (mark-
ing strata or varves or growth rings,
seeking shorelines, recognizing pollen or
ash or oxygen content in cored samples,
sifting river deposits and cave infill) that
are so significant for our detailed knowl-
edge of recent earth history are at best
doubtful first approximations to the real
measurement of time. Dates based on
radioactive decay and perhaps the his-
torical record must come to form the
basis of our knowledge. No other inde-
pendent variable except time in years
will do; no other physical events serve
to measure time as unambiguously as
the random disintegrations of the un-
moved nuclei do. The curves presented
in this book (it has no photographs be-
cause its focus is analytical) exhibit the
argument graphically. Here are rates of
sedimentation; they vary from .1 micro-
meter per year for the slow deposition of
deep-sea clay through a dozen processes
up to the widening of ocean ridges at a
centimeter per year. At Harpers Ferry
one meter of riverbed was laid down
during the Civil War years. A hundred
layers could be counted within the de-
posit—but the historical record made it
clear that a few floods, each lasting a
few days, had built up the entire se-
quence! Episodes of warming and the
presence of woolly-mammoth bones
should not be used to date cave floors;
rather we need to begin using carbon-14
dating to study the local climates and
the migrations of the mammals. It is not
good enough to assume that “every yodel
in the Alps had its echo on the coast”;

| it is time for Quaternary science to ma-
| ture. The situation is hopeful, not least

because such clear and candid books

appear.

THE TALLEST TOWER: EIFFEL AND THE

BeLLE EroQuE, by Joseph Harriss.
Houghton Mifflin Company ($10). The
unique tower of wrought iron rose 300.5
meters (it is 20 meters higher nowadays,
with the obligatory television antenna)
beside the Seine. Prefabricated of riv-



eted structural iron (steel was still too
costly and seemed too elastic when the
design was studied, whereas cast iron
was obviously unsuitable in tension), it
has been a visual, symbolic and com-
mercial success from the start. It was,
of course, the most enduring structure
of the great Paris Exposition of 1889.
The “thousand-foot tower” was con-
ceived by the chief of research of Eiffel
and Company, Maurice Koechlin. Gus-
tave Eiffel and the firm he headed were
masters of iron construction; their bridg-
es and railroad stations already dotted
the world from Lisbon to Indochina. Not
one ever collapsed. The Eiffel Tower
itself was built from more than 5,000
reasoned and calculated drawings, with
ingenious internal hydraulic jacks and
creeper cranes to fine-tune the final as-
sembly. The work was smooth, barring
some strike delays as the workers came
to realize that the exposition opening set
a deadline. (The highest pay was about
20 cents per hour, real value unstated.)
The tower topped out in 26 months, on
time, at the cost of one life (a worker
who fell while “apparently showing off
for his girl friend” after the official close
of the workday). It cost 6 percent less
than the initial budget and it earned its
way from the first. Eiffel built it on
speculation: the government subsidized
him to the extent of a fifth of the cost
but with a 20-year franchise, after which
ownership would revert to the city of
Paris.

The voids in the open structure, which
reduce lateral wind load, are as impor-
tant to the design as the metal is. No
structural part weighs more than three
tons; the average weight is some 500
kilograms. Only the elevators were the
work of subcontractors, the best of them
being those of the American firm of
Otis; they were Eiffel’s biggest worry,
but they all turned out well.

This volume is a delightful illustrated I
social history of the tower, touching the
technical problems rather lightly but
telling the full story of the structure, so
intricately twined with contemporary
history. Here is a picture of Hitler with
the tower in the background; the eleva-
tors had been sabotaged, and so he chose
not to go up. Here are photographs of |
the tower growing out of a Paris that had
no tower—almost beyond living memory.
Here is the tower as a great illuminated
thermometer, as a fireworks display and
in paintings by the cubist Robert De-
launay, who did 50-odd canvases of it.
Here is the Protestation by de Maupas-
sant, Bouguereau, Dumas fils and Gou- |
nod against building it in the first place,
and here are admiring reflections on it

L&, Government palent pending

In times like these when nothing lasts,
Polyveldt'is revolutionary. It lasts.

Clarks has invented a wholly new kind of shoe that’s made to be
more comfortable, more durable, than any shoe ever worn by man or
woman before. It’s called Polyveldt, and only Clarks of England can
make it.

We think you've had enough of shoes that wear out too fast. Poly-
veldt puts an end to all that. In abrasion tests, the Polyveldt sole has
outlasted leather, rubber and crepe. Poly- vester _  crome Rabber
veldt shoes we've tested showed barely a e
change in the sole after a year and a half of
constant wear. Polyveldt is lighter, so |
it doesn’t cause the kind of fatigue other ‘g
shoes doand flexible, so it moves the way your foot does.

But the most important characteristic of Polyveldt is its comfort.
In a regular shoe, if you stepped on a sharp rock,
you'd feel the point through the sole. In a Polyveldt,

the sole accommodates the unevenness, acts as a
shock absorber, and keeps your foot evenly
cushioned.
The upper form of the shoe is made of the
highest quality leather, carefully treated | et
and prepared by experts in leather craft
before it qualifiesfor the Polyveldt shoe. Thick /
cut and carefully molded, it rounds out the &
total comfort and quality of the Polyveldt. .

Polyveldt is revolutionizing footwear, setting a standard that all
manufacturers should try to meet.

Come in and see for yourself. We've told you as much as we can,
your feet will tell you the rest.

Polyveldt for men and women. Made only by Clarks of England.

OF ENGLAND
Made by skilled hands the world over.

Available in dark brown and workboot yellow. High and low cut.
Women’s about $35.00. Men’s about $36.00. For the store nearest you write to
Clarks, Box 161, FDR Station, N.Y,, N.Y. 10022, Dept. 9PSA
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“What's new in quantum

mechanics...archaeology...

the lives of wild cats...
radio astronomy...our
thinking about early man
...applied mathematics.

To keep up with every-
thing that’s happening in
every scientific area that
interests you: take any

3 books (values to $56.45)
all for only $3.95..

as a member of
The Library of Science.

if you join now and agree to accept only 3 more books
— all at member discount — over the next 12 months.

The Library of Science 22A8
Riverside, New Jersey 08075

Please accept my application for membership and send me the three
volumes indicated, billing me only $3.95 for all three. I agree to pur-
chase at least three additional Selections or Alterates during the first
12 months | am a member, under the club plan described in this ad.
Savings range up to 30% and occasionally even more. My membership
is cancelable any time after I buy these three books. A shipping and
handling charge is added to all shipments. Send no money. Members
are billed when books arrive.

3 books for $3.95 Indicate by number the 3 books you want.

[ | I | S

Afew expensive books (noted in book descriptions) count as 2 choices.

Name

Address

City__ _  State____Zip_
Book selections purchased for professional purposes may be a tax-

deductible expense. (Offer good in Continental U.S. and Canada
only. Prices slightly higher in Canada.)
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(Publisher’s Prices shown)

84790. THE THRESHOLD OF
CIVILIZATION. Walker A.
Fairservis, Jr. One of the deans
of America’s anthropologists
presents a fascinating new the-
ory demonstrating that prehis-
toric cultures are important
clues to the character of modern
civilizations. $9.95

34310. ARCHAEOLOGY
BENEATH THE SEA. George
F. Bass. Exciting account of how
the underwater exploration of a
Syrian trading ship which sank
off the coast of Turkey in 1200
B.C. paved the way for the
science of underwater archae-
ology. $12.50

44861. THE ENCYCLOPEDIA
OF CHEMISTRY. Third Edi-
(lon. Edzted lg Clifford A.

Hampel and Gessner G. Hawley.
Completely revised and greatly
expanded new edition of a clas-
sic. Over 1200 pages, invaluable
charts, diagrams, and illustra-
tions. Counts as 2 of your 3
books. 50

81820. SYMMETRY IN SCI-
ENCE AND ART. A.V. Shub-
nikov and V.A. Koptsik. This
new edition of a classic work on
symmetry explores every facet
of the subject. Countsas 2 of
your 3 books. $35.00

67190. THE PATH TO THE
DOUBLE HELIX. Robert Olby.
A captivating history of twen-
tieth century experimental bio-
chemistry and a highly readable
account of the physical and
chemical nature of the gene.
Counts as 2 of your 3 books.

41610. DATA ANALYSIS FOR
SCIENTISTS AND ENGIN-
EERS. Stuart L. Meyer. Incred-
ibly useful book covering all the
statistical methods, concepts
and analysis techniques that any
experimenter will {Jrobably ever
need. 513 pages. $16.95




87195. WILD CATS OF THE
WORLD.C.A. W, Gugglsberg
Comprehensive look into the
lives of some 37 species of wild
cats—all their vitality, speed,
agility, cunning and erocny.
their myths, their mystery, and
their endless fascination. $15.95

68690. THE PHILOSOPHY OF
QUANTUM MECHANICS.
MaxJammer. This 500-page
volume explores virtually all of
the major interpretations— from
semi-classical through the
hidden variable theories, to the
modern stochastic and statistical
interpretations. Counts as 2 of
your 3 books. $19.95

50220. THE GENTLE
TASADAY.John Nance. A
veteran journalist’s first-hand
account of how these primitive
food-gathering people were
found, what scientists have dis-
covered about their culture,
and what the future holds for
them. $15.00

34720. ATLAS OF ANCIENT
ARCHAEOLOGY. Edited by
Jacquetta Hawkes. First source-
book pinpointing the world’s
major archaeological sites, with
50’ maps, site plans and draw-
ings. The combined work of
almost two dozen internationally
renowned archaeologists.
Coguglés as 2 of your 3 books.

62630. THE MILKY WAY.
Fourth Edition. Bart Bok and
Priscilla Bok.

Updated and expanded outsized
volume, filled with over 125
pictures, charts and diagrams,
includes the latest scientific
research in wonderfully elegant
style. $15.00

73330. A RANDOM WALK IN
SCIENCE. Compiled by Robert
L. Weberand Eric Mendoza. A
collection of jokes, short essays
and poems on humor and
humanity in f sics and related
sciences. $1

67640. PEKING MAN.Dr.
Harry L. Shapiro. Fascinating
account of the discovery, disap-
pearance and m?'stery of a
priceless scientific treasure. At
once an anthropological detec-
tive story and a solid account of
man’s evolution. $7.95

50555. GRAVITATION AND
COSMOLOGY. Steven Wein-
berg. A wide-ranging yet
penetrating examination of the
principles and applications of
the general theory of relativity.
“Anyone seriously interested
in modern cosmology will want
to own a copy of this book?”
—Science. Counts as 2 of your 3
books. $22.00

2190. HANDBOOK OF
APPLI MATHEMATICS.
Edited by Carl Pearson. Over
1,000 pages of vital and practi-
cal techniques for scientists and
engineers who use mathematics
as a tool. Counts as 2ofyour 3
books. $37.50

73190. QUEUlNG SYSTEMS
VOLUME I: Theory. Leonard
Kleinrock. Kleinrock’s long
awaited work. “If you stud

risch, Editor-in-Chief of
Networks, Counts as 2 of your 3
books. $19.95

52650. THE HERITAGE OF
COPERNICUS. Edited by Jerzy
Neyman. Sponsored bg the
National Academy of Sciences
— 25 highly readable essays on
the quasr&opermcan revolu-
tions in the past five centuries.
Contributions by 27 leading
scientists. Counts as 2 of your
3 books. $30.00

68735. PHYSICS OF THE
EARTH AND PLANETS. Alan
H. Cook. “A well-written
volume on the application of
basic physics to the study of
the earth and planets.’ —Cho:ce
Counts as 2 of your 3 books.
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gueues. own this book.”—Ivan T.

32730. AMERICAN CAVES
ND CAVING. William R.
Halhda y. Down-to-earth tipson
all aspects of s;faelunkmg from
how caves are formed, to ways
to explore, to rib- tlckllng tales
about the great— and not so

great—spelunkers. $10.00

48470. FIELDBOOK OF
NATURAL HISTORY. E.
Laurence Palmer and H. Sey-
mour Fowler. Most authorita-
tive and comprehensive guide to
natural history available. Over
2,000 illustrations. Counts as 2
of your 3 books. $19.95

44941. THE ENCYCLOPEDIA
OF PHYSICS. Second Edition.
Edited by Robert M. Besancon.
Updated and expanded edition
of amodern classic. Over 300
distinguished authorities offer
incisive, authoritative informa-
tion on every topic in physics
today. Countsas 2 of your 3
books. $37.50

46500. THE EVOLUTION OF
RADIO ASTRONOMY.J.S.
Hey. One of the pioneers of
radio astronomy offers an
absorbing history of this power-
ful technique’s remarkable
development. $10.00

40680. COSMIC CONNEC-
TION. Carl Sagan. Introduc-
tion to exobiology—the science
dedicated to the study of extra-
terrestrial life. $7.95

HOW THE CLUB OPERATES

® The Book Club News, describing the coming Main
and Alternate Selections, will be sent to you 15 times a
year at three to four week intervals. o [f you wish to
purchase the Main Selection, do nothing and it will be
shipped to you automatically. ¢ If you prefer one of the
Alternates, or no book at all, simply indicate your de-
cision on the reply form always enclosed with the News
and mail it so we receive it by the date specified. ® The
News is mailed in time to allow you at least 10 days to
decide if you want the coming Main Selection. If, be-
cause of late mail delivery of the News, you should ever
receive a Main Selection without having had the 10-day
consideration period, that Selection may be returned at
Club expense. ® After completing your trial membership
you will be entitled to take advantage of our bonus plan.
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Cnergy

WHERE WOULD WE BE WITHOUT IT?

The energy problem is without doubt, the major socio-economic, political
puzzle which must be solved. BCC offers over 20 energy-related research
studies to help evaluate technical or business situations. The following is

a sample of our many studies:

E-018 Energy Transmission and Transportation — The new economic
picture may force users and producers to utilize the best ways of shipping
energy. Major means of shipment are covered, with market evaluations.
77 pages, 42tables. May 1975. .. ... ... ... ... e 425.00
E-016 The Electric Vehicle: Why Not? — Study outlines what will happen
to markets and technology, including the delivery van, car substitute, indus-
trial truck and more. 85 pages, 46 tables. April 1975 $425.00

E-021 Total Energy Systems: Potential Markets — Is it sensible for the
consumer to generate his own electricity? With rising utility rates, the answer
seems to be yes. Report develops economics for alternative systems which
heat, cool and provide hot water and electricity. August 1975........ $425.00
E-017 Future for Energy Storage Systems — Technology, economics, op-
portunities, old markets for new mechanical, chemical, electrochemical and
thermal systems are analyzed. August 1975 $425.00

.......... July 1975 $425.00
Jan. 1975 $425.00
Oct. 1974 $400.00
Jan. 1974 $400.00
Nov. 1974 $400.00
May 1975 $425.00
..... May 1975 $425.00
Sept. 1974 $400.00

E-020 The Heat Pump: Commercial Forecasts
E-015 Solar Energy: A Realistic Source of Power
E-007 Alternate Energy Sources
E-002 Hydrogen as a Fuel
E-004 Future for Coal as a Fuel and Chemical
E-010 Equipment & Supplies for Fuel Exploration
G-024 Business Opportunities in Ocean Engineering
E-003 Future Utility Requirements

Introducing . . . energy, A NEW INTERDISCIPLINARY MAGAZINE
analyzes and interprets the energy puzzle that has become a web of political
and economic supply & demand. Quarterly, starting Fall 1975 ....... $35./yr.

BCC also offers studies in other areas, including plastics, chemical, food
and beverages, communications and electronics, e.g. . . .

GA-014 Aquaculture: Food from the Sea and Waterways .. May 1975 $425.00

P-037 Rigid Oriented Plastics. . ....................... Aug. 1975 $425.00
G-009 Data-Telecommunications .................... March 1974 $400.00
P-007 Plastics as a Metal Substitute: How Much? ... . ... June 1975 $420.00
P-035 Plastics in the Middle East: A Special Report ... ... April 1975 $850.00

“WHAT CAN BUSINESS DO TO HELP SOLVE THE WORLD FOOD
PROBLEM?’ BCC first annual Food Conference proceedings. (Confer-
ence held March 1975)..............oiiiiiii ittt iiinennnnn $35.00

Cut Here

° l .,I ._l BUSINESS COMMUNICATIONS COMPANY,

Business Communications Co, Inc
471 Glenbrook Rosd [ ]

471 Glenbrook Road, Stamford, Ct. 06906
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Amt. enclosed $.........ccouuuen. (Add 7% tax in Conn.) (For advance payment deduct 5%).
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| more recently by Roland Barthes; René
Clair, Jean Giraudoux, Guillaume Apol-
linaire and Jean Cocteau.

It is still the tallest tower, although
there are television antennas and office
buildings that are much higher. (Toron-
to boasts the tallest free-standing struc-
ture, a television mast 550 meters high.)
Eiffel lived to become a patriarch, proud
and a little jealous of his tower. About
three million tourists—mostly foreigners
and most of them Americans—pay to as-
cend it yearly, well ahead of the count of
visitors to the Washington Monument or
to any other monument in France. The
city has always leased the tower to a cor-
poration, which has paid steady divi-
dends (suspended in 1974 for the first
time!) and turns over 18 percent of its

| gross to the city. The color is now a gray
beige, modulating to lighter tones
toward the top. It is brush-painted with
55 tons of paint during the spring and
fall of two years, every seventh year.
(The paint job is in progress this year
and next.) It is elaborately inspected,
rivet by rivet; a partial replacement of
corroding vertical columns above the
second platform is under way. It will
stand a long time yet (unless a whimsical
city sells it overseas), a foamy iron land-
mark with a bulk density only five or 10
times that of the open air.

NERGY PRIMER: SorLAR, WATER,
WiND, AND BrorugLs. Portola Insti-
tute, Menlo Park, Calif. ($4.50). The
Whole Earth Catalog began not only a
style but also an institution. This open,
readable, comprehensive, fairly techni-
cal large-format paperback continues
both. Its publisher is the nonprofit “edu-
cational risk-taker,” the institute funded
out of the deserved success of that first
public display of the intellectual and
instrumental strength of our countercul-
ture.

This multiauthor work represents the
specialization of concern that goes with
any serious act of new construction. The
philosophical attitudes are refreshingly
unchanged, along with many of the con-
tributors, but the wilder metaphysics is
gone, as are the cheerfully shocking sex
manual and the drug ethnobotany. Here
the target is much narrower: usable en-
ergy from renewable sources. About a
fourth of the space is given over to
shrewd annotations about a wide range
of printed references and sources of
hardware and drawings, all concerning
ways to realize energy on a household
or small-group scale. The bulk of the
book is a series of engineering chapters
written for attentive beginners but un-
sparing in the presentation of quantita-
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UCING POPUI
AGAZINE TO EXPLAIN THE N

AR ASTRONOMY
YSTERIES OF THE UNIVERSE

If gazing into a star-filled sky—and realizing
man has begun to explore space—leaves you
in awe, you're not alone.

Aside from the smattering of information in
the news magazines and the technical
treatises in the scientific press, there are few
places you can turn for information on
astronomy today.

How to stay up on man'’s greatest
exploration.

Popular Astronomy promises to fill the
information void on astronomical develop-
ments.

Popular Astronomy will be written for you
and other intelligent people who are curious
about the world around them and the
worlds beyond.

It will be written by experts—practicing
scientists and professionals in astronomy
and space technology.

Most important, it will be written to be
understood.

Still, Popular Astronomy will challenge you
to participate in the exploration of our

What you'll learn in Popular Astronomy.

With our distinguished contributors, you'll world.

explore the facts and theories that explain
the past and present of our universe—and
predict its future.

The Sun: As dependable as day and night
now, but what of the future? Will it
explode . .. or turn into a cold cinder as it
uses its atomic fuels?

We'll tell you not to miss celestial events.
And provide you with up-to-the-minute
reminders of eclipses, meteor showers and
other astronomical events you can view
from your own home,

The Jovian Planets: Jupiter, Saturn,
Neptune. Strange worlds where air and earth
have no meaning. Will man ever set foot on
their "'surface’’?

The Earth: Is our 24-hour day stable? Will
the moon always be in the Earth’s sky?
Some scientists say no to both questions.
Find out why.

The Universe: Did it begin with a “'big
bang” and will it end that way? Or, can we
assume it will always exist?

MOON"

YOURS ABSOLUTELY FREE!

The Historic Sounds of Man’s first Lunar Landing.

You can now receive the historic record album "‘Man on the Moon’
free when you become a Charter Subscriber to Popular Astronomy.

Recorded during the lunar landing and narrated by Walter Cronkite,
this timeless record is sure to become a sought-after collectors’ item.

It is not available in stores and cannot be purchased. It is available
only to our Charter Subscribers and only while the supply lasts.

Send your Charter Subscription coupon today and receive your free
copy of “Man on the Moon’ and the Premier lIssue of Popular
Astronomy.

How to participate in the exploration.

We'll challenge you to build your own
telescope. And give you easy-to-follow
instructions on how to do it.

We'll challenge you to view the complexities
of the galaxies. And provide you with
detailed maps to guide you.

See the heavens as the astronomers do.

Popular Astronomy will be as beautiful as
the heavens it explores. It will be produced
on high-quality, coated paper with an
abundance of full-color sections.

In our pages, you'll see first-hand the

panoramas viewed through the world’s
largest photographic telescopes, and you'll
see brilliant, scientifically-accurate
illustrations of the still-unseen vistas as
interpreted by scientists via radio telescopes.

Plus, many issues of Popular Astronomy will
contain full-color center spreads you'll find
suitable for framing.

A special offer for Charter Subscribers.

If you've ever gazed at a star-studded sky
and wished you knew more about its
mysteries, subscribe to Popular Astronomy.
Now, while Charter subscription benefits are
in effect.

Fill in and return the coupon below and
we'll send you the Premier Issue of Popular
Astronomy (sure to become a collectors’
item), and enter a one-year subscription in
your name for just $10.

Book Club benefits included free.

Few have access to refracting or radio
telescopes, and fewer still will travel as
astronauts in our lifetime.

As a bonus, you will receive free member-
ship in the Popular Astronomy Book Club, a
no-obligation club that enables you to
purchase astronomy-related books and
equipment at substantial savings.

Send in the Charter Subscription coupon
today and join Popular Astronomy's
scientists/contributors as they explore man's
last frontier —space!

YES D Please enroll me as a Charter Subscriber to Popular

Astronomy and start my subscription with the Premier Issue. |
understand that, as a Charter Subscriber, membership in the
no-obligation Popular Astronomy Book Club is included free. |
enclose my payment of $10 for one year, a $5.00 savings from
the regular $15.00 rate.

name

address

city state

account no. [JBank Americard [JMaster Charge

D Please also send me, FREE, my copy of the historicrecord of
man’s first lunar landing, "Man on the Moon,"
Walter Cronkite.

POPULAR ASTRONOMY

270 Madison Avenue New York,N.Y. 10016
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Hubert Entrop, who achieved this superlative photograph of
the deep-sky object M8 with his Questar 3'2, helped us
develop our smooth-tracking Starguide that now makes such
photography possible for all Questar owners.

M8 was taken at Table Mountain in central Washington. It

is a one hour twenty-five minute exposure at f/12.2. The
high-speed printing process cannot reproduce here the delicate
detail that is so beautiful on the original photograph.

A LETTER TO QUESTAR ON PERFORMANCE

Recently we received the following letter from Questar owner, Dick McCarrick, who lives
in Arizona:

“It has been a little over a year since | received my Questar, so | thought I'd send you this note
on its performance.

"My home is one of the poorest observing sites in the State. The city of Phoenix lies four
miles to the west; Tempe, with 50,000 inhabitants, is two miles due south. Immediately to the
north is Scottsdale, population 80,000, while eight miles to the east is Mesa, 70,000.
You can then understand why artificial skyglow is such a problem, and when smog sets in
the situation is much worse.

""Considering these handicaps the Questar has performed remarkably well. My favorite
objects are deep-sky clusters and nebulae: despite the light sky | have managed to view forty
Messier objects, with the dimmest being tenth-magnitude M100. The hours before dawn, when
ground lights and smog are ot a minimum, are the best time for this sort of observing.

""Whenever the opportunity arises, | take the Questar with me to observe in really dark skies.
On one trout fishing trip | viewed M42 and was amazed to see the faint trailing nebulosity
run off the field of view in the 24-mm. eyepiece. On another trip, to Mexico, | saw Omega
Centauri in brilliant splendor.

The moon and planets are usually good sights, even here. My favorite is Saturn.
On one particularlly steady night | boosted the magnification to 400x with no loss of detail.

“To sum up, the Questar’s obviously excellent optics, combined with its astounding portability
(essential to me with such poor sky conditions here) make it the ‘scope you claim it is.
Keep up the fine craftsmanship.”

Ever since we first brought the Questar telescope to the market, back in 1954, we have
stressed the point that in anything less than perfect seeing conditions, Nature favors the
small aperture, particularly when a set of optics is as fine as the hand of man can make it.
The letters that have come to us over the years, even from those living in the glare, haze and
smog of large cities, confirm this over and over. We think you would enjoy a photovisual
Questar whatever your location, and for whatever purpose you wish to use it. In fact a Questar
need never be idle; you can take it along with you for terrestrial viewing or solar observation by
day, then turn it on the skies at night. With many people it is an inseparable companion.

© Questar Corporation, 1975. All rights reserved.

QUESTAR, THE WORLD’S FINEST, MOST VERSATILE
TELESCOPE IS PRICED FROM $865. SEND FOR OUR
BOOKLET IN FULL COLOR WITH 150 PHOTOGRAPHS
BY QUESTAR OWNERS. $1 COVERS MAILING ON THIS
CONTINENT; BY AIR, TO SOUTH AMERICA, $2.50;
EUROPE AND NORTH AFRICA, $3: ELSEWHERE, $3.50.

QUESTAR
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tive tables and graphs for the specifica-
tion and broad design of a variety of en-
ergy sources, from solar water heaters
and ovens to fishponds, windmill gener-
ators, methane from sewage and wood-
burning stoves. The entire book is a first
text on the subject. Here and there it is
detailed enough to enable a savvy reader
to get to work at once with hands and
tools; throughout it is a superior intro-
duction to general problems, first design
and specific solutions. The intimacy of
the reviews of books and the notices of
purveyors of every type of related hard-
ware lifts it above an ordinary textbook
to the level of a knowing adviser skilled
in the contemporary art. Libraries can-
not afford to be without it. Among many
entrants in the general field it is the rich-
est and most reliable.

A few tidbits: The bulky World War
II gasogene devices enabled Swedish
and Japanese buses to run without gaso-
line by burning wood chips; 10 gallons
of gas could be replaced by 200 or 300
pounds of chips. Here are 15 gasogene
references dating from wartime days,
with notes and an up-to-date letter from
a scientific attaché of the Swedish Em-
bassy. Where else could you locate a
hydraulic-ram manufacturer who plugs
wares produced “with faith and bor-
rowed money” and expresses the hope
to be “out of debt by 1975 and off food
stamps by 1976”? (He will give a lower-
quality ram free to anyone who has need
of itl)

There are tables of the energy costs of
food raising, of power consumption by a
wide variety of home and farm electrical
equipment, of pipe roughness, sunshine
geometry, ethanol yields from farm
crops, heat capacities of storage medi-
ums and a good deal more. From the
New Alchemists to the United Nations,
just about all levels are here, almost all
sensibly appraised. One paragraph even
tells you very practically how to check
The Wall Street Journal economic col-
umns as you walk by the newsstand, so
that “if a headline grabs you,” you can
buy the paper. The book is not starry-
eyed. The introduction makes it plain
that the exaggerated needs to which we
are now habituated cannot be supplied

| by renewable small-scale resources; the

need is to minimize needs. There is even
one iconoclast cited (an English social
critic) who recognizes that “magic tech-
nology” is a dream; all technology re-
quires conflict and trade-offs. Serious
readers, and everyone who wants to act
on his own, will find in this work value.
A bargain microfiche version that sells
for $2 ought to tempt people on the

| move who own a good magnifier.
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LQ. of 145
and Cant
Remember?

A noted publisher reports there is a
simple technique for acquiring a
powerful memory which can pay you
real dividends in both business and |
social advancement and works like
magic to give you added poise, neces-
sary self-confidence and greater popu-
larity.

According to this publisher, many
people do not realize how much they
could influence others simply by
remembering accurately everything
theysee,hear,orread. Whether in busi-
ness, at social functions or even in
casual conversations with new acquain-
tances, there are ways in which you can
dominate each situation by your ability |
to remember.

To acquaint the readers of this publi-
cation with the easy-to-follow rules for
developing skill in remembering any-
thing you choose to remember, the pub-
lishers have printed full detailsof their
self-training method in a new booklet,
“Adventures in Memory,” which will be
mailed free to anyone who requests it.
No obligation. Send your name,
address, and zip code to: Division of
Career Institute, Dept. 858-04, Dan-
bury, Conn. 06816. Postcard will do.

Peace

can only be achieved by understanding.
—Albert Einstein.
You will treasure this first edition original
lithograph of Peace, limited to 5,000. Seri-
ally numbered; personally hand signed by
celebrated American sculptor Elizabeth N.

Weistrop. Lithographed in gold bronze
tones on museum quality CARRARA kid-
skin paper, 17 x 22 inches. $20 cost in-
cludes all charges. Satisfaction guaranteed.
Immediate delivery. Published by U.S. Med-
als, 505 Dolores, Half Moon Bay, California

U.S.M., Box 248-A, Half Moon Bay, Calif.
94019. $20 full payment enclosed. Please
ship my lithograph Peace immediately.

name

address

city, state, zip

These large aperture binoculars
are superb. Perfect for neo-
phyte or seasoned professional
astronomers, and now available
at unprecedented popular
prices. Nebulae, clusters and
star clouds are seen with
breathtaking three-dimensional
realism. In the daytime, try
birdwatching. The larger objec-
tives yield more intense colors
with greater resolution. Easily
hand held.

Si’ECTACUI.AR FOR COMETS
10x70 binoculars with case ...$119.95

11x80 binoculars with case ... 149.95
20x80 binoculars with case ... 159.95
Tripod adapter .............. 5.95

Please add $5.00 postage and handling. Astro-
nomical telescopes also available. Truly the
finest for less. Please send .25 for information.

ESSENTIAL OPTICS
Box 1552-SA, Big Bear Lake, CA. 92315

AN INVITATION TO JOIN THE.. .
AMERICAN LITTORAL
SOCIERY 4.

a2 2 .'._ 17 il
e To learn about what lives in coastal
waters, marshes, and estuaries.
To support coastal zone conserva-
tion.
To receive Society publications —a
quarterly journal, newsletters, con-
servation alerts.

e To take part in Society activities —
fish tagging, field trips, seminars,
dive/study expeditions.

Annual dues are $10 ($7.50 for stu-

dents).

AMERICAN LITTORAL SOCIETY
HIGHLANDS, NEW JERSEY 07732
Please enroll me in the American Lit-
toral Society. Enclosed is my check for

$__ for first-year dues.

NAME

ADDRESS

CITY .

P

Dues are tax deductible.

CTATE

A
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MATERIALS
RESEARCH
CENTER
REPORTS...

On Lanthanum Beryllate-
A New Laser Host Material.

A new rare-earth-ion laser host has been invented* at Allied
Chemical Corporation by C.F. Cline and R. C. Morris. Energy
storage about 2.5X larger than for yttrium aluminum garnet rods
has been observed with this material together with 60% larger
conversion efficiency (slope).

In studies of host materials, the monotectic compound
La203¢2BeO was found to be of particular interest. Its structure
consists of low symmetry La3* sites embedded in a 3-dimensional
network of corner-sharing BeO, tetrahedra; the large La3+ site is
thus available for rare earth doping. The large atomic weight of
La is offset by the high mole fraction and low atomic weight of
Be resulting in a low average atomic weight which contributes to
good mechanical and thermal transport properties.

At the same time ease and economy of crystal growth is
achieved due to the low (1365°C) melting point and the large
distribution coefficients for rare earth substitution on La3* sites.
Single crystal LazBezOs : Nd 3+ boules can be grown “core-free"
permitting larger finished laser rods and/or higher rod yields from
the boule.

Room temperature lasing in Q-switched and pulse modes has
been achieved with lanthanum beryllate at 1.070 and 1.079 microns
depending on the orientation; plus cw operation at 1.070 microns.
The output radiation is linearly polarized.

Allied Chemical Corporation/Materials Research Center
P.O. Box 1057R, Morristown, New Jersey 07960

*U.S. Patent No. 3,866,142
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CLASSIFY YOUR OWN COLLECTION OF
ARROWHEAOS ANO PROJECTILE POINTS

Big 8% x 11-inch book shows you how. 50 full-size photo-
graphs of rare fluted points from North America. 31 fig-
ures, 30 tables, 3 full-page photographs. Many sketches
and drawings of projectile points showing their primary
characteristics. Traces evolution of spear, dart, and arrow.
Atlatl test data, penetration tests, bow strength, arrow
range, use of computer for classifying. 250 pages, top
quality, including an LBl edition. Order NOW for first

edition.
Book Prices Classification Aids
Soft Cover: $14.50 30 x 40" chart (rolled): $3.00
Cloth Cover: $17.50 30 x 40" chart (folded): $2.25
Buckram Editinn: $20.00 Worksheets (50): $2.00
Binder (personalized):  $3.75
Handbook: $4.25

California residents add 6% sales tax.
Shipping: 80 ¢ per book and 30¢ per aid.

Send check or money order to:
Arrowhead Publishing Company

P.D. Box 1467, Dept. SA-16
Garden Grove, California 92642

INTRODUCTION
TO HIGH FIDELITY

One of the best short courses in Hi-Fi is Pioneer
Electronics’ 92-page book — UNDERSTANDING HIGH
FIDELITY. Covering all high fidelity components, it
discusses in easy-to-understand language every-
thing you need to know and look for when assem-
bling a stereo or quadraphonic system. Learn what
specifications mean, how to evaluate them, how
much to spend for each compo-
nent, and much more. Includes a
glossary of audio terms.

Your free copy is waiting for
you. Send $1.00 to cover postage
and handling to: Donald L. Kobes,
U. S. Pioneer Electronics Corp.,
Dept. SA, P.0. Box P76, Wood-
ridge, N.J. 07075.

W PIONEER

when you want something better
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People all over the world
talk the same language about the DC-10:

“Ilikeit?

Chicago.. Rome.. Copenhagen..
“1like it “Veramente fantastico.” “Dener skon.”

31

Frankfurt.. Dakar... New York.. Tokyo.. Paris.. Hong Kong... Carac

“Ein phantastisches “J'adore.” “1like it X Tt h “J'aime beaucoup.” g “Me gu\.l;n.“
Flugzeug.”

If you've already enjoyed flying on a DC-10, you've shared a pleasant experience with millions of
other people. Each day. more than 75,000 travelers fly a DC-10 to more than 120 cities in 67 countries. In many
languages, they say they like the spacious, quiet comfort of the DC-10. So, ask your favorite airline
or travel agent to book you aboard the DC-10.

DC-10 the choice of 34 airlines
7/
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It we don’t wash our wastewater
he may have to drink it.

Every day, a million people
living in a typical American city
generate approximately 500,000
tons of wastewater.

Sewage systems in many
cities cannot cope with these
amounts. So wastewater 1sn’t

cleaned thoroughly before it’s dis-

charged into rivers and lakes, and
contributes to their pollution.
The same rivers and lakes we rely
upon for our drinking water.

Union Carbide has devel-
oped a wastewater treatment sys-
tem called UNOX. It cleans the
dirty water of towns and cities
faster, cheaper, and uses less en-
ergy and space than any system
devised before it.

The Unox System uses
high-purity oxygen instead of air.
The oxygen is forced into a series
of closed treatment tanks where it
increases the efficiency of the
microorganisms that feed on pol-
lution and improve water quality.

Nearly 100 cities are now
using or installing the Unox
System. As the population of
America grows, so does our need for
clean water. And if we don’t clean
our dirty water, no one is going to
do it for us.

UNION
CARBIDE

Today, something we do
will touch your life.
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Give the sterling silver calculator

A Parker 75 ball pen in solid sterling
silver subtracts, multiplies, divides beautifully
Adds prestige. But what it does best is
write smoothly year after year after year
Parker gift pens and sets from $5 to $500.

PARKER 75

A gift of immediate and lasting value.

© 1975 The Parke' Pen Company, Janesville, Wisconsin, U.S.A
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