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- astronauts took this photo soon aftgr ‘ / . lunarsamples and terrestrial meteorite
leaving their lunar orbit. Terminator 3 , craters for more than 10 years. The'
line at left runs atiabout 5 degrees e g - geologist manages NASA's programs
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' ' | o IR material while continuing work on
L ,, | ancient meteorite craters. In 1973, Dr.
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~ . Flgure 1. The New Explorer. Framed by the mountains ‘ . !
. “Bround the Moon's Littrow Valley, Abol/o 17 geologis!- .

- astronaut H&rrison H. Schmitt sweeps with a special rake to

... size. The chips were returned to Earth for analysis.

- '- Flgun 2.( The Sampling of the Moon, Arrows indicate the locations from
e

- ’

.

In 1969 over half a billion people lo probe the interior of the Moon.

witnessed the “impossible” goming , They coltected hundreds of pounds
true as the first men walked, on the of lunar rock and soil, thus beginning
surface of the Moon. For the next - the first attempt 1o detipher the origin
three years, people of many nationali-  * and-geological history of another
ties watched as one of the great world from actual samples of its
explorations of human history was « crust. (Figure 1).
displayed on their television screens.. The inttial excitement of new suc-
Between 1969 and 1972, sup- _cess and discovery has passed. The
ported by thousands of scientists and - TV sets no longer show astronauts
engineers back on Earth, 12 astro- " moving across the sunlit lunar land-
nauts explored the surface of the ' . scape, But here on Earth,'scientists
Moon. Protected against the arrless- are only now beginning to under-

ness and the kiling heat of the lunar - stand the mmense Ireasure of new-
environment, they stayed on the ' o

Moon for days and some of them S
travelled for miles across its surface

in Lunar Rovers. They made scientific  «
observatidns and se! up instruments

a4

L4

L‘ . N

_ collect lunar samples. As it passes through the lunar soll, the
 rake sieves and collects rock chips 1 to 2cm (72 to one inch) in

»

which Junar samples have been returned to the Earth for scientific study.
The “A" symbols mark the landing siteg of the Apollo 11 through Apollg 17
missions. (The Apollo 13 mission did not land. Enroute to the Moon, an
oxygen tank exploded; the crew returned safely to Earth.) The “L" symbols .
_indicate the sites near the eastern edge of the Moon from which Russid's
automated landers, Luna-16 and Luna-20, returned small samples of lunar soil.

N 'I(v‘ ’
knowledge retyred by the Apollo
astronauts. | = e
The Apollo Program has left us with
a large and pnceless legacy of lunar
materials and data. We now hale
Moon rocks collected from exght aif-

ferent places on the Moon (Figure 2). -

The six Apollo landings returned a col-
”Eion weighing 382 kilograms (843
unds) and consisting of more than

© 2,000 séparate samples. Two aulo-

mated Soviet spacecraft named

3
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Lung-16 and Luna-20 returned small

but.ifyportant samples. totaling about |

- 130 grams (five ounces).

Inslruments placed on the Moon by
the Apollo astronauts as long ago as
-1969 are still detecting moonquakes |
. and metearile impacts, measurihg
the Moon's motions, and recording
the heat flowing out from the inside oT

~ the Moon. The Apollo Program also |
“‘carried out a major effort of photo- ,
graphmg and analyzing the surtace/
of the Moon. Cameras on the ‘Apoll
spacecraft obtained so many accu-
rate photographs that we no% have
better maps of parts of the Moon !
“than we do for some areas on Earth.
Special detectors near the cameras
measured the weak X-rays and radio-
activity given off by the funar surface.
From these measurements, we have
-Been gble to determinie the chemical
.comp smon of about one-quarter of
‘the Moon ' surface, anea the size
Jof he United States and Mexico

combined. By comparing the flight

data with analyses of returned Moon

we can draw conclusi .
t?i utithe chemical compositign and
tur, of the entire Moon.

hus, in less, than a décade, sci-
ence and the Anollo Program have
¢hanged our Moon from an unknown

and unreachable object into a familiar -

-world. ‘ ,

' WHAT HAS THE APOLLO -

., PROGRAM TOLD US

ABOUT THE MQON? W

Whal have we gained from all this,
exploratnon” Before the Ianqu of
Apolio 11 on July 20, 1969 the

* nature and origin of the Moon were

!

.scientific study.

};‘(1) Is there life on the Moon?

‘Despite careful searching, neither{hv-
"ing organisms nor fossil life have \
“been found in any lunar sariples.

.1 The lunar rqcks were so barren of life

still mystenes. Now, as a result of the

Apotlo Program, we can arswer
uestions thabremamed unsolved

?unng centuriés of speculation and

\ 4

that the quarantine period for re-

turned astronauts was éropped after *

the third Apollo landing.
The Moon has no water of any

kind. either free or chjﬁlcallycﬁm-

-bined in the rocks. Walgr is a sub
stance that 1§ necessdry- for life, and *

it is therefore unlikely that'life Could
ever have orginated on-lhe Moon.
Furthermore, lunar rocks contain only

“ting amourys of the carbon and car-

1 »

. §

bon compounds out ot which life 1s
built, and most of this carbon Is not

‘nhnve to the Moon but is brought to
the lunar surface in ‘met&ontes and
as atoms blasted out of the Sun.

» , -

(2) What is the‘Moon made of?

Before the first Moon rocks were
collected, we could analyze only two
types 8f'bodies in out sol8 system:
our own planet Earth and the, meteo-
, ntes that occasnonally fall 1o Earth
frorn oyter space. Now we have
learned-that the Moon is-chemically
differ nt from both of these, but L 1s
like the Earth.
A The Moon is made of Reks. The
" Moon rocks are so much ife Earth-
“rocks in their appearance that we
can use the same terms to descfibe
both. The rocks are all igneous,
Ayhich means that they formed by the
. cogling of molten lava. (No sedimen-
tary rocks, like imestpne or shale,
which are.deposited in watej, have
.+ €ver been found on the Mgon.).
The dark regions (called "maria”’)
" that form the}atures of “The Man iny

v
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the Moon™ are low. level areas cov- /
ered with layers ol basalt lava (Figure
3): a rqck similar 10 the lavas thal
erup! fromHerresinal volcanoes in
Hawaii, Iceland, and elsewhere The.
light-colored parts of the Néoon
(called "highlands”) are*Higher, more
rugged regions that are older than
the matia. These areas are made up
of several different kinds of rocks that
cooled slowly deep within the Moon

, (Figure 4). Again using lerresinal -
terms, we call these rocks gabbro, .
norite, and anorthosite. v

Despite these simijarities. Moon ~

. .
‘ Figure 3. Frozen Lava from the Lunar Seas. This chunk of

¢ () lunar lava returned by the Apollo 15 astronauts still preserves
.bubbles produced as the lava poured out onto the surface of

the Moon more than 3 billion yeggs ago. The lava solidifred so
quickly that the bubbles, formed"by escaping gas, were

trapped in the solid rock. Because the Moon rocks contain no
water, some other Jas must have formed the bubbles.

Passible gases are carbon dioxide, sullur-dioxide, or hydro- ™
chioric acid. The specimen is about 14 centimeters (6 inches)
acrdss. ‘e : / \

+
Figure 4. The ancient crust of the Moon. A small rack
fragment, collected by the Apollo 17 astignauts, holds the key
fo the earhest history of the Moon. The roCk, called a troctolite, /
is composed mainly of two minerals, yellow-brown olivine ang
gray leldspar. The age of this specimen is measured at 46 '~
bilion years. It may have been some of the first material to
solicify when the Moon was formed. .

/
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rocks and Earnh rocks are basically
difterent, and 1t 1s easy to tell them
apart by analyzing their chenustry or
by examining them under a micro
scope (Pigure 5) The most obvious
ditference 1s that Moon rocks hive no
water at all while almost all terrestral
rocks contam at |L‘db| a percent or
two of water The Moon rocks are

 therelore very well-preserved, be-

cause they never were able 1o react
with water to form clay mmeralstor

1
{ .

’

Figure 5. The Fabric of the Moon. Undes ar'
aptical microscope, the crystal structures of an
+ Apolio 12 lunar basalt are revealed by shimng
polarized hight through a polished sice of rock
only a few hundiedths of a millimeter thick

The rock contains crystais of three minerals:
yellow-brown pyroxene:clear white feldspar,

“and black dmemte The intergrown character

\

of the crystals 1s typical of molten lava that
has Soligiléd quickly The largest crystals are
abaut a miimeter long

' Figure 6. Metal from the Moon. Faceted iike

gems, inncrystals ol iron metal nesthng mL;
cavity in & lunar rock are illurminated in this
picture taken with a scanning electron micro-
scope. The crystals. only a few thousandths of
a rmilhmeter in size, were probably deposited

" more than 3 billion years ago by a hot vapor

that contained no Iree oxygen and no water
These fragile crysta/s have been preserved un-
changed on the dry, airless Moon for bilhions. of

years, on Earth, they ‘would be quickly destroyed

by exposure tg air and water if they were not

\careful/y stored inadry, mtrugen atmosphefe

. N
\ .

\

\

rust A 2 billion year old
looks fresher than water bean
[ust erapted rom a terrestial vol
GO

Anqther nnpurl it difference s hat
the Moon rocks fonmed whiete there
wits almost no froe oxygen As
result, some of the ron n N 1ocks
wiis not oxidized when the-lunar
lavas formed and stiloccurs as small
crystals of metallic ron (Figure 6)

Because Moon rocks have never

been exposed 1o water or oxygen,
any contact with the Earth's atmos
phete could “rust” them badly For

Cples are caretylly stored

s reason - the retumed

phere ol dry mitrogen
-

the nar matef=han necessary

exposed o the Liboratory atmos,

phere while the sgmples are being

analysed
The Meorfocks are muade of the
same chemical elements that migke

‘up Earth rocks, although the propor

hons dare different Mn'()n 10CksS con
tain more ol the commion clements

Ci)l(]lllm, alurminurm. and ttanm than

olHo Sam
Van atmon
1l no mone of




do most Earth rocks Raror elemonts
like’ hatrium and 2ircomum, which
have high melting ponts, ar also
- mMore blenmul in lunar tocks How
over, other elements ko sodium and
pditassium, which have low melting
points, are scarce in lungy matenal
Because Moon rocks are richer i
high-tempgggture elements and con-

in less BW-temperature elements,
cientists believe 1hat the matenal
hat formed the Moon was once,
healed to much higher temperalures
than matenal that formed the Earth

The chermical composition of the
Moon also is duffererztp\n ctferent
places. Soon after the Moon lormed,
various elegnents sorted themselves
out to form different kinds ol rock
The light-colored highlands are rch
in calcium and aluminum, while the

dark colored mdana contain less of
those eluments and morg hl‘l‘mun.
ron, and magnesium

(3) What Is the Inside of the Moon
like? ’

Sensdive Nstiuments placed gn the
lunile sudicenby the Apollo aste
nauts are sl recording the hiny vibra
tons caused By meteonte mpacty on
the surlace.ol the Moon and by small
“moonquakes” deep within it Theso
vibrations provide: theata from
which scientists: determime what the
insicie ol the Moon 1s ke

About 3,000 moonquakes are de:
lecteq each year All of them are very
weak by terrestnal standards The'
average moonquake releases about
as much energy as a hrecracker, and
the whole Moon releases less tham
one-ten-bilbonth of the earthquake |
‘energy of the Earth The moonquakes
occur about 600 to 800 kilometers
(370 to 500 milgs) deep nside the
Moon. much deeper than almost al

“the quakes on our own planet. Cer-

o

— s

o
J

l.u'n,kuult; ol moonquakes oceur al -
About the Same g overy month,
suggosting that they ant tnggored by |
ropeated tdal SIeang as the Moon
movers in s ot around the Earth

A pricture ol the inside ol the Mogh
has slowly been’ppt togother lrom
the recards of thousands of moon-
quitkes, meteonte Mpacts, and the
dehberate impacts ol discarded
Ap()llo rocket stages onto the Moon
.The' Moon © not unitorm inside, but 18
divided it a senes of layors just as

»

. Y
the Earthis, although the layers ol

the Earth and Moon are ditferont, The
outermost part of the Moon 1s & arust
about 60 kilometers (37 miles) 1hick,
probably composed of calcum. ;
aluminum nch rocks like thos ,
i the highlands  Beneath this crust 1s

v .
’ P‘ v -
- .
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a thick layer of denser rock (the
mantie) whiah bxtends down 10 more
than 800 kilomaters (500 mulys)
(Figure 7). - 4

The deep interior of the Moon 14
still unknown The Moon may contin
a small iron coro al 119 conler, and
there 1s some evidence that the Moon
may be hot and even paflly molten
nside .

The Moon doas not now hive &
‘magnilic held ke the Eanh s, and; s
the most batfing and unexpected

'

( +— Earth

Figure 7. A Siice Through the Moon. I
interior of the Moon Can now Dechyikd it

" layers as sCanhsts interpret data stil being

“ERIC

relurnqg from nstruments onthe lundr sitface
The Moon hag an ouler crust dnnner ihantie
anct an innermast 2one which may still he
partly moften qunnmn;mn(,vm( wtzone aboul
2200 kiforneters [ 1400 mues L in drameter hore:
may exist a smaller melaitc core (dashedt
pircle) Most moonquakes (bl squares!
occur deep withim the Moon
The iunar suglate angirust are nol uniform
The Earth-1acing siae 1S relatively sSmooth ard
shows large accumulations otliva  black
The lar side 1s Much ITEFTiGgen s has a
Wucker crust ang almost no lava ; The i gram
iS Not to Scale and the ruggedness of e '
Moon's far sk has been exaggerale!
Adapted from data provided by A M-Dainty
N R Gops andM N Toksaz)

)
+
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Aruitoxt provided by Eic:

et of thee Apolln Program wae the
tiscovery of preservesd thagnehsinan
maany of thee ol unar 1ockes One

oxpilanabion s that the Moon bad an -

ancient magnelic eld ihat somehow
chisappeared after the nlhl e 1ochky
Parcd tormend '

One reason we have been able th
learn o mneh aboat the Moo s
mtenor s that the nstruiiments placoed

‘

on the Moon by the Apollo astronauts

haver openated midch longer than ax

pocleg - Some ol the nstraimenty
ongimally desagned for unu‘yu.n
Welime, Rave Boen operating since
1969 gndd 1970 This long Opetation
has provided intormation that we
could ngt have oblained trom shorter
rocords '

The long Mehme of the heal Now

¥
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thrrd the amount. of heat now’ comrng . the Moon'in 1975. The detection of

put of thé inside. of the Earth. Asa ®  such event§ T giving scientists new

‘result, we can now produce better - ideas about the distribufon of-meteo-
" models of what the insidg of the . rites and cosmic dust in the solar

coQ

( .

Figure 8 The Smallest of Craters. The bombardment of the /unar surface -
" by cosmic particles of all sizes is graphically illustrated by Frgures 8and 9.

Frgure 8 (left) shows a cratered spherule of lunar glass less than a
mr//rrnerer (1125 inch) in diameter.’ The spherule, collected from the lunar
soil, was once struck and shattered by an even smaller pamc/e of cosmic

L dusl that blasted'a crater in the g/ass surface.

L

exberiments set' up by the Apolio 15 vrbrattons caused by the impacts ot

.and 17 rnrssrons has made it possi- . - smaII meteorites onto the lunar ? sur-

" ble to determine more accurately the - - ;face We now have long-term records
‘amount of heat comrng out-of the .~ of how often meteontes strike the
Moory, This heat flow is a basic . " Moon, and wé have learned that°
indicator of the temperature. and these impacts do not always eccur at..
composition of the insideloffhe .~ random. Some' small meteorites seem
Moon The new value, about two- - to travel in grou_ps. Several such
" thirds. of.the value calcuiated from *~ swarms, composed of meteorites .
earlier data, is equal t about one- - - weighing a few pounds each, struck

Moon is'like. . . i : system
 As thiey probed the lunar interior, .+ The long lifetinie.of the Apollo
the Apollo instruments have provided . instruments has also made several
information about the space environ- ™ cooperative projects possible. For ex-
ment near the Moon. For example, . ample, eur.instruments were still
~the sensitive devices used to detect ~ making magnetic measurements at
- moonquakes have also recorded the several Apollo Iandrng sites when,
: . * ' elsewhere onhe moon the. Russians
. v . landed similar instruments attached
' to their two automated Junar roving
, y o " . vehicles (Lunokhods), By making sl s‘r
- L : multaneous measurements and ex-

(4) What is- the Moon's surface fike?

“Long before-the Apollo Program sci-

entists could see that the Moon's

~ surface was complex. Earth-based

telescopes:coild distinguish the level
maria and the/ rugged highlands. We
could reeognjze countless crrcular

“craters, rugged mountain ranges,

and deep wuhdrng canyons or rilles:
Because Of the Apollo exploratrons
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the."lunér soil," although it contains -

, duo water, or organic. material, and itis

otally different from soils formed on
Earth by the action of wind, water,
“andlife. ¢ F ~ a
- The lunar SOJ\ is something entlreiy
have Ween formed oh the surface of
-an airless body like the Moon. The
soil has been built up over, billions of
years by the continuous bbmbard—
ment of the unprotected. Moork by
large and small meteo_nes most of
which would have burned up if they
. ad entered the Earth s atmosphere.
These meleorites form craters
-when they hit the Moen/ Tiny parti-
cles of cosmic dust produce micro-
scopic craters perhaps 1/1000 of a

~ millimeter (1/25,000 inch) across,

.~ while the rare impact of a large body

" may blast-opt a crater many kilome-

< ters, or miles, in diameter (Figureg 8
"and 9). Each of these impacts shjal-
ters the-solid rock, scatters matefial

- soil is a well-mixed sample of aflarge

Jlection site. |,

" rock. It'is the boundary layerfbe- + -

“cosmic.dust and high-energy atomic -

*huge, whirling, disk-shaped cloud of
-~ gas and dust. Gradually the cloud
collapsed inward. The central part
became massive and hot, forml g
the Sun. Aroundt the Sun, the dust’
formed small objects that rapidly col-
lected together to form the lar
planets-and satellites that we see

h

°

around the crater, and stirs and
mixss the soil. As aresult the Iynar

area of the Moon, and emgle sam-
ples of lunar soil have yielded fock
fr; ragments whose source was today.

hundreds:of kilometers from the col- By carefully measurmg the adioac-
' - live elements found in rocks, scien-

'tlsts can,determine how old the racks
are. Measuremen,ls on metegrites in--
dicate that the formation of the solar:
system occurred 4.6 billion years
aga. There is chemical evidence in |
both lunar and terrestnal rocks that /

! <
Howgver, the lunar soil iSsr

tween the Moon and out&r space,
and it absorbs the matter and energy
that strike' the Moon from the Sun and
the rest of'the universe. Tiryy bits of

particles that would be stappéd high .
in the Earth's protective ajmosphere 7
rain continually onto the s rface of I
the Moon °

Figure 9. The Largest of Craters. Th/s is the mammoth nnged bull's-eye of
B Mére Orientale as first seen by.the U.S. Lunan*Orbiter 4 in early 1968. The
stfucture, about 750 kilometers in diameter, records the catastrophlc effect

/r
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the Earth and Moon also formed at

~ "% that time. However, the gldest know‘n_‘ ;

rocks on-Earth are only 3.8 billion -

' years old, and scientiststhink that the

“older rocks haye been destroyed by.
‘the Earth’s continuing volcanism, -
mountain-building, and erosion.

‘The Moon rocks fill isome of this

~ gap in time between theEarth’s old-
est preserved rogks and the forma-
tion of the.solar system. The lavas

from the dark maria are the Mdon's .

youngest rocks, but they are as old.
as the oldest rocks found on Earth,
with ages of 3.1 to 3.8 billion years.
“Rocks from the ithar ,highlands are
‘even older. Most hlghland samples
have ages of 4.0 to 4.3 billion years,

Some Moon rocks«preserve traces of-
even older Itnar events. Studies of
[ these rocks mdlcate that wxdespread
'meltmg and ohemlcal separation .’

,were going on within thé Mobn abgut

. 4.4 bilior years ago, or not long after .

the Moon had fokmed:

~ One of the teehniques used to
-establish this earIy part-of lunar his-
tory is a new age- dating method .
(involving the elements neodymlum

~and samafium) that was: not even

possible when the first Apollo sam-
.ples were returned jn 1 969 The
combmatlon of new instryments and
careful protection of the linar sam-

ples from contamipiation thus make it
- possible to understand better the:

early history of the Moon.
Even more exciting is the discovery
that a few lunar rocks seem to record

~ the actual formation of the Moon .
- Some tiny green rock fragments col-
- lected by the Apbolio 17 astronauts.

4

" have yielded an apparent age of 4.6 -
* billion years; the time at which scien-

tists think that the Moon and the golar-
‘system formed. Early in 1976, scien-
lisls identified another Apollo 17 crys-
talline rock with the same anment
age. These pieces may be some of

. the furst material that solidified from
" the once -molten Mpon. *

(6) What is the history of the Moon?

The first few hundred million years of -
the Moon'’s lifetime were so violent -

. that few traces of this time remain.

Almost immediately after the Moon
formed, its outer part was completely

“ melted to a depth of several huntred

.kiiometers While this molten layer
gradually cooled and solidified into
dlfferent k:nds of focks, the Moon _

] ¢

Y
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was bombarded by.puge asteroids -
", ang|smaller bodies. Some of these,
" astefoids were the size of small,
states, like Rhode Island or Delaware,
.. and thelr collisions with the Moon

o created huge basins hundreds of

i ‘krlorneters across. - ‘

Thls catastrophrc bombardment
died away about 4 billion years ago.
leaving the lunar highlands covered
with huge overlapping craters and a -
© deep layer of shaltered and broken

- rock (Flgure 10). As the bombard-

" ‘ment subsided, heat pfoduced by

the decay of radioactive elements _
began to melt the inside of the Moon
at depths of about 200 kilometers.

{125 miles) below it surface. Then,

for the next half billion ears, from
about 3 81031 brllron Years'ago,

[ ]
#lgure 10. The Rubble of Ages This fragile white, fe/dspar rch
[unar rock, coflected by the Apollo 16 astronauts, s a sampleof the
- Imatenal that covers the hght-colored highland regions of the Moon
-This unusua specimen. called a breccia, 1s composed of numerous
preces of many kinds of rock with different sizes. shapes. colors,
i and compositions The mixture of broken and crushed rocks in this
| specimen records the continuous bombardment of the Moon by

i

\)‘U‘\

I large cosmic fodies more than 4 billon years ago. an event that lelt ”
the Moon’s surface covered with a thick layer of shattered rubbie
The specrmen 15 about 10 centimeters (4 inches) across

. ! |
~, [
‘r

great floods of Iava rose. from inside -

the Moon and poured out over it$ sur-
face, fiting in the Iarge impact basins
to form the dark parts of the Moon that .
wéTsee today. * ¢ .

As far as we now know, the Moon |

has been quiet since the last Javas
erupted more than 3;billion"years
ago. Since then, the’Moons surface’
has been altered only by rare- large
meteorite impacts and by ‘atomioypar-
ticles from the Sun and the stars. The

~

‘Mopn has preserved features formed

15
aimost -4 billion years ago. and it men

had landed on the Moon a billion - . '

- years ago, it would have looked very

muchr as it does now. The surface of
the Moon now changes so slowly that
the footprrnts left by the Apollo astro-
nauts. will remain clear and sharp for
millions of years.

“This preserved ancient hislory of
the Moon is in sharp Conlrast ta the

- changing Earth. The Earth still be-

! : ’ Y
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- : . o . ABOUT THE EARTH?
haves like a,young. planet Its mternal and that it had formed sordewhere It might seem that the active, inhab-
" heat is active, and volcanic eruptions »else and been captured by the Earth. . ited Earth has nothing in common
- and mountain-building have gone on ‘Scientists still cannot decide be- *  with the quiet, lifeless Moon. Never-
" -continuously asfar back ag we can  ” tween these three theories. However,  theless, the scientific discoveries of
b -decipher the rocks. According to new  we have learned that the Moon the Apollo.Program have provuded q
, geologtcal theories, even the present . férmed as & part of our solar system new, and unexpected. look into the ¢
"+ - ocean basins are less than about 200 * and'that it has existed as an irdivid- = eably history of our own planet. Scien-
o \ million years old, having fofmed by  * ual body for 4.6 billion years. Separa tists think that alt the planets formed
. the slow separation of huge moving .~ “tion from the Earth is now cansideréd  in the samé way, by the rapid accu-
Lo "plates that rnake up the Earth's crust.  less likely because there are many™  , mulation of small bodies into larger
R basic differences in chemical compo- ~ ones abeut 4.6 bilion years ago. The”™ -
oy mWhere did the Moon °°"ﬂ° from?  ition between the two bodies, such ~ Moon's rocks contain the traces of. -~
Before we explored the Maory there as the absence of water on the - this process of planetary creation.’
. were three main suggestions to ex- Moon. But the other two theories are The same catastrophic impacts and
Jplain its existence: that it had formed - still evenly matched in their strengths ~ widespread melting that we rgcog-
»-near the Earth as a separate body, ~ and weaknesses..We will need more nize on the Moon must also have
that it had separated from the 'Earfh; data and perhaps some new theories -dommated the Earth dunng its early
. : o ‘before’the origin of the Moonis | T,
, settled. - | ' o L ( '
. ) e ! L) f
\ v
[} ’ -
e I . '
. " . . "
, ’ . . o Figure 11. An Anclint Impact Scar on the Earth
o o : . . Viewed from-ap: de of 500 mifes, the circular
- Manlcouagan stiliclute in Quebeg, Canada, $tands
out Clearly in this pigture taken frofit NASA's Land- -
‘ sat-1 satellite. Geological studies have shown that
— » lite. Geological h
' ~ this structure, formgd-aboyt 200 mifiion years ago b
s the impact of a large ast8rord, was once a crater
, ‘ . : about 80 kilometers (50 miles) in giameler, about the
s ‘ - S - . size of many large lunar craters. Although déeply -
. : ‘ - eroded sincé-jt formed, the central region (sut-
v ) - . ’ : o . rounded by the biack- -appearing waters of ayeser-
v o AP o : voir) sl preserves rocks that were shattered and -
g s , . \ [ . melted by the catastrophic force of the impact. .
.. SRR : ot ' v e o . :
¢ L _ - | % & 4 '
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“years,; and about 4 billion years’ago
the Earth may have looked much the
~same as'the Moon does now.
The two worlds then took different
paths. The Moon became quiet whtle.

the Earth confinued to generate -+,

0unta|ns volcanoes, oceans, an at- .
mosphere, and life. The Moon pre-

_ served its ancient rocks while the

'Earth's older rocks were continually olh the Earth and Moon. » * “ -
destroyed an created as nger Lunar science4s also makirig other

ones.

*The Earth's oldest preserved rocks,
3.310.3.8 bilion years old, occur as
small remnants i Greehland, Minne-

" sota, and Africa. These rocks are not
_ -like the lunar lava flows ofthe same

age. The Earth s most ancient rocks

. ‘are granites and sediments, and they

, tell us that the Earth already had
mountain-building, running wate(
oceans, and life at a time when
last lava flows were pauring out
across the Moon.

In the same way, &ll traces of any -

. " intense garly bombardment of the-

" Earthfhave been destroyed. The

v structures that have been recognized
.on the Earth jn'recent years. Some-of
these sHuctures are the de

.as those of the Moon (Figure tt) and

sEanh. The new techniques devel: v
~.apedg to analyze lunar samplestare

WHAT HAS THE
) ' MOON TOLD US
L - "~ ABOUT THE SUN?
One of the most exciting results of
the Apollo Program is that, by.going
to the Moon, we have also been able -
to collect samples of the Sun.
ly \ The surface of the Moon js coptin-
large ually exposed to the sdlar wind, a
stream of atoms boiled into space/
from the ®un's atmosphere. Since the
Moon formed, the lunar soil has trap-
‘ped billions of tons. of these atoms
ejected from the Sun. The soil also
.- contains traces of cosmic rays pro-
-duced outside our own solar system..
_ These high-energy atoms, probably .
- produced inside distant stars, leave
permanent tracks when they strike
- farticles in the lunar soil (Figure 12),
By-arialyzing the soit samples re-
turned from the Moon, we have been.
able to determine the chemical com-
position of the.matter ejected by the

recard-of later impacts remains, how-
ever, in nearly 100 ancient impact

eroded remnants of crater

theyfgive us a way to study on Earth
the’process that once dominated .

/

contrlbutlons to the study of the

now emg applied o terrestrial rocks.
Cherhical analyses can now be made
6n samples weighing only 0.001
gram (3/100,000 ounce) and the

ages of terrestrial rocks can ngw be
measured far more accurately than
before. Apollo. These new techniqu'es
are already helping us to better un-

'~ derstand the ofigin of terrestrial vol-

canic rocks! 1o identify Aew occur- , o
rences of the Earth's oldest rocks, ‘ S . ,
and to probe further into the origin of - ' -
terrestrial life more than 3 bilion ™

years ago. =

[ ut
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Sun and thus lear moré about how " .,
the Sun operates. A major surprise «™. B
was the discovery that the material in, ~

in the Syn itself. The ratio of hydro-:
gén to helium atoms in the solar wind
" I'that reaches the Moon is about 20 to

the solafind is not the same ds that

1. But the ratio of these atoms inthe -

Sun, as measured with Earth-based
§instruments, is only 10 to 1. Some
unexplained process in the Sun's
outer atmosphere apparently oper-
ates to eject the lighter hyd,r\oge_n
atoms in preference to the heavier
helium atoms. LN
_ Even,mere important is the fact -
that the lunar soil still preserves’ma-

A

terial ejected by the Sun in the past.

vy \
O

. Figure 12, The Tracks of the Stars. Sport
tracks made over millipns of years by fast-
moving charged atomic particles that were
shot out of the Sun and other stars to
eventually strike the surface of the Moon .
Crisscross a tiny crystal collected from,the

.’

lunar soil. The piclure shows an area.abouta

tenth of a millimeter across. The tracks, made
visible by etching the crystal, are only a few
hundredths of a milimeter long: Such grains,
which may have trapped atomic particles for
milions of years, preserve among other things,

a unique record of the past activity of our Sun.

(Photograph courtesy of Dr. R. L Fleischer,

from Science, v. 167, p. 569, 30 January 1970

V) The American Association for the
«Advartcement of Science. Used by perm:ssion()
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We now have a unique opportunity 1o
study the past behavior of. the Sun.
C%:Jr very existence depends on the
Sun’s activity, and by understanding
the Sun’s past history, we,can hope
lo pre_dicl better its future behavior.

- These studies of the. lunar soil are
only béginning, but what we have

. learned about the Sun s0 far is
* reasguring. Such chemical features

as the ratio of hydrogen to helium

" and the amount of iron in sol

material show no change for(at le

the past few Mundregythousand

yedts® The lunar Samples are telling
-us that the-Sun, in the recent past,

,has behaved very much-as it does -

today making us oplimistic that the
- Sun will remain the same for lhe :

foreseeable future. '

« As far as the ancient history. of the

Sun is concerned, the most exciting
"Junar samples have not yet been fully

- * examined. During the Apollo 15, 16,

L

and 17 missions, three long cores of
lunar. soil were obtained by drilling
hollow tubes into the soif layer. These

" core tubes penetrated as much as

three meters (10 feet) deep. The-
layers of*sbil in these cores contain a
well-preserved history of the Moon
andithe Sun that may extend-as far
back s one and a half billion years. -
No single terrestrial’sample contains ,
such a long record, and no one
knows how much can be learned
when all the cores are carefully

/

" opened and studied. Certainly we will

!

~

: Galaxy

learn more about the ancient history

'WHAT ELSE

of the Sdﬂancllx/loon. We may even

find traces of the movement of the
Sun and the solar system through
difterent tegions of our Milky Way .

e P
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CAN THE MOON
TELL US?

Although the Apollo Program officially
ended in 1972, the active study of
the Moon goes on. More than 125
teams of scientists: are studying the
returned lunar samples and’ analyzing -
the information that continues to

“come from the inslrumenis onthe ..
. Moon. Less than 10 per

ent of the -
lunar sample material has yet been
studied in detail, and more results wil
emerge as new'rocks and soil sam-,
ples are examined.

The scientifie results of the Apollo

Program have spread far beyond the

Moon itself. By studying the Moon, .
we have learned how to go about the
business of explorlng'olher planets.
The Apollo Program proved that we
could apply to anothér world the
methods'that we have used lo learn
about the Earth. Now the knowledge
gained from the Moon is being used
with the photographs relurnedf?
Marjpers 9 and 10 to understarid lhe
higlz:ies of Mercury and Mars and to
interpret the dala returned by the
Viking mission to Mars.

The Moon has thus become an



s
importannke to dolving several fun-
amental pu tions about the other
anets: “'

(1) What Is the arly history of
planbts? :

The fnrst haif b|l||om years of the
Moon s lifetime were dominated by

" intense and W|desp ead melting; by
catastrophld meteorite impacts, and.
by great e?uptlons of\lava Now
close-up pictures of the planefs Mer-
cury and Mars show heavily-crajered
regions and definite vélcanic struc-

tures, indicating that these planets - "
+ also have been affected by the same .

., processes that shaped the Moon
when it was young. Such episodes of
- early bombardment and volcanic -
eruption seem to*be part of the fife
"stdry of planets. Our own Earth must
- have had a similar history, even
*.though the traces of these primordial
gvents have been removed by Iater
changes

(2) How do planets develop mag-
netic fields?

_ We have known for centuries that the
+ Earth has a strong magnetic- field.

However, we still do not know exactly

how the Earth's field formed why its

~

strength valies, or why It réverses
itself every [ew hundred thousand
years or so.

One way‘to learn about the Ear
magnetic figld is to study the
netic field of other planets. | his .

respect, the iMoon is surprising. It has

no magnetic"field today. but its rocks
suggest thatm had a strong magnetic

field in the past If-the Moon did-have |

an ancient magnenc field that some-

years ago, th
the Moon-ma

n continued study of
help us learn how

‘how “swncheg off” about 3 billion

magnetic fields are produced in other

planels, includ\ng Qur own. )

(3) How did I|fé originate? -
Even the hfeless lunarjc;ﬂ contams

simple molecules formef by reaction .

between the soil particlés #hd atoms
of carbon. oxygen, and nitfogen that
come from the Syn. In a more favora-
ble environment, these simple mole-
cules might react further, forming the
more complex molecules ("building

‘blocks"') needed for {he development

of life. The sterile Moon thus sug-
gests tharthe basic ingredients for
life are common in the universe, and,

futher study of theJunar soil will tell -
us about the cherr?xilreacuons ihat

“occur in space beforeMife develops.

™
'ﬁ

'WHAT MYSTERIES

REMAIN ABOUT o
THE MOON?

Despite the great scientific return 21
" from the Apollo Program, there are

still many unanswered questions

- about the Moon: o ~

(1) What is the chemical composi-
tion of the whole Moon?

We have sampled only eight places
oh the Moon, with six Apollo and two
Luna landings. The chemical analy-
ses made from orbit cover only about
a quarter of the Mbon's surface. We
still know little about the far-side of
the.Moon and nothing whatever |
about the Moon's polar regions.

' '(2) Why is the Moon uneven?

Orbiting Apollo spacecraft used a
laser device to medsure accurately
the heights of peaks and valleys over

“much of the lunar $urface. From .

these careful measurements, scien-
tists have Iearned that the Moon is

‘not a perfect: sphere. It is slightly egg-

shaped with the small end of the

egg pointing toward the Earth and ~ , =~

the larger end facing away from it.
There are o§her major differences ,

. N
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22 between the two sides of the Moon

!

ﬁw front (Earth-facing side). which is
fthe small end of the egg. is covered
"with large dark areas which were
produced by great eruptions of ba-
salt Igva hetween 3 and 4 billion -
years aga. However, the far side of

the Moon 1s almost entirely com-
‘posed ot light-colored, rugged, and

Reavily cratered terrain jdentical to
the highland regions on the front
side, and there are only a few .
‘patches of dark lava-like material.
Furthermore, the Moon's upper Iayer
(the crust), is also uneven. On the -
tront side. Where the maria are, the

* lunar crust is about 60 kilometers (37 -

miles) thick. On the back side, it is
over 100 kilometers (62 miles) lhlck
(Figure 7).

e still do not know enough to
explain these different observanons
Perhaps the Moon points its small

end Joward lhe Earth because of tidal

oy .

fcgces that have kept it trapped In
that position for billions of years.
Perhaps lava-erupted only on the
front’side because the crust was
thinner there. These differences could
tell us muchrabout the early years of.
the Moon, 1f we could understand

~ them.

' k ‘ ' . “;

-make more measurements of jhe
magnehs?n on the lunar surface, we .
may find a definite Yinswer 10 the
bafflmg question. o e
3 L 5
{5) How old are the youngest lunar

rocks?

wJThe youngest rocks coIIected from

(3) Is the Moon now molten inside? .

We know that there were -great vol-
canic eruptions on the Moon billions
of years ago, but we do not know
how long they continted. To under-
stand the Moon's history completely,
we need 1o find out if the inside of¢
the Moon is still hot and partly mol-:
ten. More informatign about the healt

“Hlow coming out of the Moon may-*

help provide an answer.

(4) D&s the Moon have an iron
core like the Earth? \
This question is éntical to solving lhe
puzzle of ancient lunar magnetism. At
the - momenl we-have: so-little-data—
that we can neithgr rule out the
pOSSIble existencelof.a small iron
core nor prove {fiay-one 1 present. If
we can determing’more accurately
the nature of the Moon's mterm\rand

. ../
e

s

the Moon were formed 3.1 bnlhog)w .
years ago. We cannot determine’how

" the Moon heated up and then cooled

\

P

again until we know whether these
eruptions-were the fast-or whethes
volcanic activity continued on the
Moon for a much longer time. . -

(6)ds the Moon now really.“dead?

Unéxplained occurrences of reddish, ' .
glows. clouds. and mists have-been
reported @nthe Moon's surface for
over 300 years. These “lunar tran-
sient events,” as they are called. are
gl not explaned. It 15 mportant to.
determine what they are, because

. they may indicate regions where

- gases-and-other-malenals-are-stll--
coming to the surface ?rom |n5|de the °
Moon. \ '
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~ For all we have learnéd-about the
‘Moon, the exploration of our nearest
" neighbor world has only just begun.
Much of the returned lunar sample
material remains 1o be studied, and
we will continue o analyze the data
from the instruments on the Moo as
" long as they operate. *
From what we have learned, we
/ caminow conhdently plan ways to use
the Moon 16 help us understand
- better the behavior of our own planet.
* One such project ipvolves using sev-
. eral reflectors that werg placed on *
the Moen by Apollo astronauts. By
~ bouncing a laser beam off these
reflectors and back to Earth. we can
measure variations in thefarth-Moon
distance (gffout 400,000 kilometers or
250,000 nfiles) with an accuracy of a
few cennmqters (a few mches.\:3 one
part in 10 billion). Contnnued
urement of the Earth-Moon distance
.. asthe Moon moves inits orbit. *_ ~
around us will make it possible to
““recognize tiny variations that exist m——

the Moon's motipns. These variatiens .

2 occur because the Moon is not quite
a uniform.sphere, and. these minoy ‘

‘movemenls contaln important clues
about what the inside. of the Moon :s
like.

The laser reflectors, which need no*
power. will last on the Moon for more

than a centuly before being covered .

with slow-moving lunar dust. Long "

before'that, continuous measure-

ments shguld make It possible to
understand the internal structure of
Cthe’ Mqon It may even be possnble to
> use the Moon to measure the slow
“movements of the Earth's continents

and oceans ag they converge and

separate.

To further explore the Moon' |tse|f

. we can send machines in place of

men. An unmanned spacecfafl could,
ircle the Moon from pale'# pale,

: aeaéunng its chemical co{nposition,
radioactivity, grawy, and magnetism.
This mission would carry on the tasks
begun by the Apollo Program and
would produce physical and chemi-
cal maps of the whole Moon. Such -

~an orbuter could also serve as a
prototype for later spacecraft and
Instruments o be put into orbit *

~ around Mars or Mercury to map and
study those planets as we have
mapped and explored the Moon. -

KN ' .
. . .

Other. spatecrat, Iiké the Russian ', 23
Luna-16 and Luna-20 |agders, could -

“retum small samples Yrom locatipns

never before visited: the far side, the:
poles, or the sites of the puzzhng
transient events. Because of the
Apollo Program. we now know how to
analyze such small samples and how

"o lntﬁrprel correctly the data-we

_Each landing and sample . -
;eturn' would have a double purpgae: *
to teach us more about the Mopn,
and to-help Us design the machlnes
that might réturn samplés from the

-"surfaces of Mars, Mercury, or the
moons of Jupiter: .

Finally. we may see man return to . - .
the"Moon, not as a passmg visitor but '
as a long-term f&8idlent, building g
bases from whiato explore the
Moon and erecting astronomical’ in-

. “struments that use'the Moon as a

platorm from which 1o see deeper
into the myslerious universe that sur-
rounds us.

=
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. SUGGESTIONS
" FOR FURTHER -
'READING -

'LeWts RobertS (1974) The Voyages
. of Apollp: The Exploration of the .
.Moon. ew, York, Quadrangle (The

i+ " New York Times Book Co.), 308 p.,

\
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Mekpnee& Q&A biographical . e

13

“price $12.50. A history of the entire

Apollo program and the screntﬁ'tc dis- -

. coveries made about the Moon, from
the first steps of Apollo 11 to the -
,-,, 3‘ splashdown of ApoIIo 17.

Collins, Michael 1974). Carrymg the :
Fire: An AstrOnaut’sJourneys New.
York Ballantine Books, 488p., paper-

~ memoir by an Apalio 1 1 astronagt;
" describing hig-progress from test pilot
through the Gemini and Apollo-

. missions. Aruentertaining presentation .

_."ofthe personalrttes and technicalities;
>_|nvofved in gmng‘fo the Moon’

-« Taylor,S. R. {1975). Lunar Sclence A
. Post-Apolio View. New York, Perga
moh Press, 372 P . paperback,- price

~ $9.50. An extensive textbook that de-

~ scribes in- detarl the screntrfrc resutts

from the ApoIIo program and the state. . -

of present knowledge abput the na-
ture, origin, and history of the Moon.
For scientists and advanced science

" students. - x
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For sale by tho Sqnnntondont of Documents u.S. Goverprnent Pnntrng Office

Washington, D.C. 20402 - Prica 70 cents* o
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. King, EldertA. (1976) Space |
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 Short, Ntcholas M (1970 Planetal'y
Geology Englewood Clifts, N.J.,
Prentice-Hall, Inc., 361 p”, price

. $17.95. A college-level text'b.o'ok that.

-summarizes the application of terres-*
‘trial geoIogy to lunar studies, the scien-
tific results from the Apollo program,
and the new knowledge obtained
about other pIanets by ; automated
spacecratt

Geology. New York, Johr Wileyand

+_..Sons.Inc. 349 p.. price $16.95. A-

- textfor the advanced geology student

* this book present$ in detartour\current

knowledge about the geology of the

solar system without discussing the,
. history and technical details-of space

‘exploratién. The chapters on mete-

orites, impact craters, the moon, Mars,

s
4

and the asteroids are excellent e

summaries of the exciting.scientific
“discoveries that have been made in
“the Iast lew years. .

(SP 350) Apollo Expedrtrons to the
Moon. ‘Washington, D.C.,

- Superintendent of Documents, U. S.
Goverhment Printing Otfice, 326 p. &
price $8.90. Stogk Number

033-000-00630-6. A history.of Apollo

as told by the' ApoIIo astronauts and
key NASA personnel. Four coIor
rIIustrattons

. ;

NOTEFOR. -
SCIENTISTS AND'-
'EDUCATORS.

‘The Lunar Science Institute in Hous-
ton Texas can provide further infor-
‘mation about lunar scrence and'.
about data resources ‘that aresavaila-
ble. for scientific- and educational pur-
poses. In particular, the Institute
maintains lists of available books,
articles, photographs, maps, and .

-+ other materials dealing with the Moon-

,and the Apollo missions. For turther
_information, ¢ontact:

Lunar Scrence Instttute

...Datd Center,Code '

3303 NASA Road #1.
Houston, TX 77058
Phone (713) 488 5200

Inqurrtes about partrcrpatron in NASA .
.Supported programs of research on
lunar samples and gther"aspects of

. Iunar screnoe should be addressed to:

Deputy Director , o
Lunar-and Planetary Programs Ottr@e
Code SL+ - : '
NASA Headquarters

Washrngton DC 20546

Phone (202) 755 -3730. .

[
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Earthrlse Photograph oy‘Apol/o 12 crew
captured a crescent Earth nsing above

-~ the lunar nonzorr

.
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