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Open for Inspection. Apollo 10 
astronauts took this photo soor, after 
leaving their lunar orbit. Terminator 
line at left runs at about 5 degrees 
west longitude. Sea of Tranquility IS 

large dark area near center of photo. 
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BEVAN M FRENCH has studied 
lunar samplzs and terrestrial meteor~te 
craters for more than 10 years. The 
geologist manages NASA's programs 
for research on lunar samples, 
meteorites, and other extraterrestrial 
mateaal while continuing work on 
ancient meteorite craters. ;n 1973, Dr. 
French helped discover a Brazll~an 
impact crater 25 miles In diameter and 
150 million years old. 





In 1969 over half a billion people to p r o k  the ~nterior o! the Moon. knowledge returned by the Apollo 
witnessed the "~mpossrbb" corning They collected hundreds of pounds asrronauts. 
true as the first men walked on the of Eunar rwk and soil, lhus beginning The ApoIlo Program has left us with 
surface of the Moon. For Ihe next the f~rst attempt to dec~pher the ongin a large and priceless legacy of lunar 
three years, people of many nationali- and geologcal history of another mazertals and data. We now have 
tles watched as one of the great world from actual samples of rs Moon rocks Colfected from elghl dll- 
erplorar~ons of human hrstory was crust. [Frgure 1). ferent places on the Moon (Figure 2). 
displayed on thetr televrston screens. The tn~t~al excitement ol new suc- The six Apotlo landings returned a col- 
Between 1969 and 1972, sup- cess and discovery has passed. The lection weighing 382 kilograms (803 

ported by thousands of scienttsts and TV sets no longer show astronauts pounds) and consisting ~f more than 
engineers back on Earth, 12 astro- rnovlng across the sunl~t lunar land- 2,000 separate samples. Two auto- 
nauts explored the surface of the scape. But here on Earth, sctentrsts mated Savtet spacecrafl named 
Moon. Protected against the a~rless- are only now beginning to under- 
ness and the killing heat of the lunar stand !he immense treasure of new 
envrronment. they stayed on the 
Moon bc days and some of them 
travelled for miles across ~ts surface 
n Lunar Rovers. They made scient~fic 
observations and set up lnstrumenls 

F/wm t. Thr Mn* Ex*. Framed by the mountains 
around the Moon's Ltflrow Valley, ADO!& 7 7 geolagrst- 
astronaut Herrrson H Schmltf sweeps with a specla1 rake lo 
collect lunar samples As rt p8sses !hmugh the lunar so11, ihe 
rake sleves and coflecls rock chtps I lo ? cm ( ' ,2 [o one rnchj n 
ore. The chips were returned lo Earth le: anafysrs 

Rgum 2. T h  Slmflm af M. Moon. Arrows indrcate the locallons from 
whrch I m r  samples have been returned to lne Earth for screnfrhc Study. 
The "A" symbols mark the landrng srles d the Apollo I f  ihrough Apollil 17 
mrssrans. (The Apollo 13 mrsston d ~ d  not !and Ewoure to [he Moon, an 
oxygen lank exploded. [he crew returned safely fu Eaffb The "L' symbols 
mdlcsle the srIes near Ibe eastern edge of the Mcon imp whch Russrq's 
aorornargd landers, Luna-16 snd Luna-20. returned small samples ol lunarsorl. 



4 Luna-16 and Luna-20 returned small 
but important samples totalling about 
130 grams (five ounces). 

Instruments placed on the Moon by 
the Apollo astronaut? as long ago as 
1969 are still detectii,d moonquakes 
and meteorite impacts, measuring 
the Moon's motions, and recording 
the heat flowing out from the inside of 
the Moon. The Apollo Program also 
carried out a major effort of photo- 
graphing and analyz~ng the surface 
of the Moon. Cameras on the Apollo 
spacecraft obtained so many accu- 
rate photographs that we now 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 lunar surface. 
From these measurements, we have 
been able to determine the chem~cal 
composition of about one-quarter of 
the Moon's surface, an area the slze 
of the United States and Mexico 
combined. By comparing the flight 
data with analyses of returned Moon 
rocks, we can draw conclusions 
about the chemical composition and 
nature of the entire Moon. 

Thus, in less than a decade, sci- 
ence and the Apollo Program have 
changed our Moon from an unknown 
an6 unreachable object into a famillar 
world. 

WHAT HAS THE APOLLO 
PROGRAM TOLD US 
ABOUT THE MOON? 

What have we gained from all this 
exploration? Before the landing of 
Apollo 11 on July 20, 1969, the 
nature and origin of the. Moon were 
still mysteries. Now, as a result of the 
Apollo Program, we can answer 
questions tha! remained unsolved 
during centuries of speculation and 
scientific study: 

(1) Is there life on the Moon? 
Despite careful search~ng, neither IIV- 
ing organisms nor foss~l life have 
been found In any lunar samples. 
The lunar rocks were so barren of life 
that the quarantme period for re- 
turned astronauts was dropped after 
the th~rd Apollo landing. 

The Moon has no water of any 
kind, either free or chem~cally com- 
bined in the rocks. Water is a sub- 
stance that is necessary for I~fe, and 
it is therefore unlikely that life could 
ever have or~g~nated on the Moon. 
Furthermore, lunar rocks contain only 
tiny amounts of the carbon and car- 

bon compounds out of which life is 
built, and most of this carbon IS not 
native to the Moon but is brought to 
the lunar surface in meteorites and 
as atoms blasted out of the Sun. 

(2) What is the Moon mado of? 
Before the first Moon rocks were 
collected, we could analyze only two 
types of bodies In our solar system: 
our own planet Earth and the meteo- 
rites that occasionally fall to Earth 
from outer space. Now we have 
learned that the Moon is chemically 
d~fferent from both of these, but ~t is 
most like !;te Earth. 

The Moon is made of rocks. The 
Moon rocks are so much like Earth 
rocks in the~r appearance that we 
can use the same terms to describe 
both The rocks are all igneous, 
which means that they formed by the 
cool~ng of molten lava. (No sed~men- 
tary rocks, like limestone or shale, 
which are deposited in water, have 
ever been found on the Moon.). 

The dark regions (called "maria") 
that form the features of "The Man In 



the Moon" are low, level areas cov- 
ered wlln layers of basalt lava (Figure 
3). a rock slmllar to the lavas that 
erupt from terrestrial volcanoes In 
Hawall, Iceland, and elsewhere. The 
I~ght-colored pans of the Moon 
(called "htghlands'" are h~gher, more 
rugged regions that are older than 
the maria These areas are made up 
of several dtfferent k~nds of rocks that 
cooled slowly deep wfthn the Moon 
(F~gure 4). Agaln using terrestrral 
terms, we call these rocks gabbro, 
norrte, and anorthosite. 

Desplre these slmllarrt~es. Moon 

Flgum 5. Fronn Lam rmm t h  krnrr Slrr. Thrs chunk 01 
lunar lava returned by the Apotlo t5 astronauts smtr preserves 
bubbbs produced as the lava pourerr our onto the surface of 
Ihe ~Wmn more than 3 brlltO17 years ago The lava solrd~l~ed so 
qu~ckly thaf the bulbles. Iormed by escaprng gas, were 
trapped m the sobd n)Ck Because the Moon tacks tsc!arn no 
water. some orher gas mus? have formed Ine bubbles 
Possibie gases are carbon d~oxfde, sultwr d~oxrde. or hyuro- 
chtofrc acrd The specmen IS about 14 cenrrrnerers (6 inches) 

F i p ~  4. anehnt C R n t  of ihr h n .  A small rock 
;fagment. coNected 3y !he Aporjo 17 astronauts, hofds !he key 
to thd eadesr h~story of the Moon The rack, called a Iroc!oltte. 
IS Composed rnarniy of !we m~nerals, yebw-brown ohvine and 
gray Udspar The age ol t4?1s specrmerr rs measored at 4 6 
brlt~on years 11 may have been some of the brst matenal tfi 
sobdffy when the Moon was formed 





racks and Earth rmks are basically 
I drfferent, and I! is easy to tell them 
I apart by analyzing their chemntry or 

by examining them under a micro- 

scope (Figure 5). The most obvlous 
I d~fference is that Moon rocks have no 

water at all, while almost all terres!rial 
rocks contain at least a percent or 
two of water. The Mwn rocks are 
therefore very well-preserved. be- 
cause they never were able to react 
wrlh water to form clay mlnerals or 

Wun 5. Tha Fabric d Ihr h. Under an 
oprrcal mrcrascope, IhP crvsral structures of an 
Apollo 12 hnar basall are revealed by shrnrng 
potarlzed irghr Ihrough a pobshed slrce of rock 
only a few hundfeelhs or a mrlbmeter lhrck 
The rock confarrrs crystals ot three mlnerats 
yellow-brown pyroxene, ctar wh~te feldspar. 
and black ~Imenile The inrergrown character 
ot rhe cryz:ais rs Iyprcal at molten lava lhar 
has so!tdhfied quickiy The largest crysrals are 
about a rnrll~meter Img 

Fhun 6. Mllrl horn the Mmn. Faceted lrke 
gems, !my crystals of jron merat nestl~ng m a 
cavrfr In a lunar rock are ~~lum~nared ln thls 
plclure laken wrth a scannmg eteclron mlero- 
scope. The crystals, only a rew thousandlhs of 
a mfll~metef m srze, were probably deposrled 
more than 3 brNfon years ago by a hot vapor 
that mnlained na free oxygen and no walrf 
These hagrle crystals have been preserved un- 
changed on Ihe dry, a~rless Moon lor b1111ons of 
yeafs. on Ewth, they would be qurckly destroyed 
by exposure Sd arr and water if !hey were not 
carelully shored m a dry nrlrogen atmosphere 

rust. A 3th-billion-year-old Moon rock 
looks kesher than water-bear~ng lava 
lust erupted from a terrestrial vol- 
cano. 

Another important difference rs [hat 
the Moon rocks formed where there 
was almost no free oxygen, As a 
result, some of the Iron In lunar rocks 
was not ox~d~zed when Zhe lunar 
lavas formed and st~ll occurs as small 
crystals of metalttc iron (Rgcre 6.) 

Because Moon rocks nave never 
been exposed to water or oxygen, 
any contact W I S ~  the Earth's atmos- 
phere could "rust*' them badly. For 

thrs reason, the returned Apotlo Sam- 7 
ples are carefully stored In an atmos- 
phere of dry nitrogen, and no more of 
the lunar mater~al than necessary 1s 
exposed to the laboratory atmos- 
phere while the samples are being 
analyzed. 

The Moon rocks are made of the 
same chemrcal elements that make 
up Earth rocks, although the propor- 
tons are d~fferent. Moon rocks con- 
taln more of the common elemenzs 
calc~urn, aluminum, and trtan~um than 



8 do most Earth rocks. Rarer elements 
like hafnium and zirconium, whrch 
have high melting points, are also 
more plentiful in lunar rocks. How- 
ever, other elements like sodium and 
potassium, which have low melting 
points, are scarce in lunar material. 
Because Moon rocks are richer in 
high-temperature elements and con- 
tain less low-temperature elements, 
scientists believe that the material 
that formed the Moon was once 
heated to much higher temperatures 
than material that formed the Earth. 

The chemical composition of the 
Moon also is different in different 
places. Soon after the Moon formed, 
various elements sorted themselves 
out to form different kinds of rock. 
The I~ght-colored highlands are rich 
in calcium and aluminum, while the 

dark-colored maria contain less of 
those elements and more titanium, 
iron, and magnesium. 

(3) What is the inside of the Moon 
like? 
Sensitrve instruments placed on the 
lunar surface by the Apollo astro- 
nauts are strll recording the tiny vibra- 
tions caused by meteorite impacts on 
the surface of the Moon and by small 
"moonquakes" deep withrn ~t .  These 
v~brations provide the data from 
which scientists determine what the 
inside of the Moon is like. 

About 3,000 moonquakes are de- 
tected each year. All of them are very 
weak by terrestrial standards. The 
average moonquake releases about 
as much energy as a firecracker, and 
the whole Moon releases less than 
one-ten-billionth of the earthquake 
energy of the Earth. The moonquakes 
occur about 600 to A00 kilometers 
(370 to 500 miles) deep inside the 
Moon, much deeper than almost all 
the quakes on our own planet. Cer- 

tain kinds of moonquakes occur at 
about the same tlme every month, 
suggesting that they are triggered by 
repeated tidal strains as the Moon 
moves in its orbit around the Earth. 

A picture of the inside of the Moon 
has slowly been put together from 
the records of thousands of moon- 
quakes, meteorrte impacts, and the 
deliberate impac!s of d~scarded 
Apollo rocket stages onto the Moon. 
The Moon is not uniform rns~de, but is 
divided into a series of layers just as 
the Earth is, although the layers of 
the Earth and Moon are different. The 
outermost part of the Moon is a crust 
about 60 k~lometers (37 milesj thick, 
probably composed of calcrum- and 
aluminum-rich rocks like those found 
in the highlands. Beneath this crust is 



a thick layer of denser raCk (the 
mantle) which extends down to more 
than 800 kilometers (5QO miles). 

I (Figure 7). 

I f he deep interior of the Moon is 
still unknown. The Moon may contain 
a sma" :wn core at its center, and 
there 1s some evidence that the Moon 
may be hot and even partly molten 
inside. 

The Moon does not now have a 
magnetic ffdd l~ke the Earths, and so 
the most baffling and unexpected 

result of the Apollo Program was the 
dtscovery of preserved rnagnetrsm In 
many of the old lunar rocks. One 
explanation is that the Moon had an 
anclent magnetic held that somehow 
disappeared after the old lunar rocks 
had tormed. 

One reason we have been able lo 
learn so much about the Moon's 
~cter~or is that the ~nstruments placed 

on the Mcon by the Apollo astronauts 9 
have operated much longer than ex- 
pected. Some of the instruments 
or~glnally des~gned tor a one-year 
I~fetlme, have been operating slnce 
1969 and 1970. This long operation 
has provtded ~nformatton that we 
could nor have abta~ned from shorter 
records. 

The long Cfettme of the heat flow 

Mare [Basalt Lava) 

Deep Moon Quake 

-Earth 

F I ~ 7 . A S l l m ~ I h a N k W L T h e  
m:enorfl!he Moon can now&drvrdedrnto 
layem as scren~tsts mnrerprel dara srrll berng 
returned C om tnslmmenls on Ihe lunar surface 
The Moon has an ouler crusl, an Inner mantle 
and an ~rtnermosl mw whrCh may slrll be 
panly mollen Wllhtn lhrs inerrnos! zone 3bovl 
2200 krlo.neters ( l4QO mrks]ln drsmeler. Itere 
mayexrst a smalier melaLC c o ~  (dashed 
orcle] Mas! moonquakes [black squares1 
mcur deep wrlh~n rhe Moon 

The lunar surlaCe and crust are mi unlfwm 
he Earrh-tmng srde IS relarrwly s m t h  and 
shows large accumulartons of lava (black) 
The tar a IS much mow rum. has a 
Ih~cker uusr and a i m i  m lava (The drwmm 
rs rot lo mfe and lhe ruggedness of Ihe 
Mmn s lars~de has m n  e fwerared  

A d a m  Irorndarapmwdfff by  A Id mnty 
N R Gotns and M N Toksoz j 





experiments set up by the Apollo 15 
and 17 m~sslons has made it possi- 
ble to determine more accurately the 
amount of heat comlng out of the 
Moon. This heat flow is a basic 
indicator of the temperature and 
composition of the Inside of the 
Moon. The new value, about two- 
thirds of tho value calculated from 
earlier data, is equal to about one- 
thlrd the amount of heat now comlng 
out of the irisir~e of the Earth. As a 
result, we ca,i now produce better 
models of what the inside of the 
Moon IS like. 

As they probed the lunar Interlor, 
the Apollo instruments have provided 
information about the space envlron- 
ment near the Moon. For example, 
the sensitive devlces used to detect 
moonquakes have also recorded the 

vibrat~ons caused by the impacts of 
small meteorites onto the lunar sur- 
face. We now have long-term records 
of how often meteor~tes str~ke the 
Moon, and we have learned that 
these impacts do not always occur at 
random. Some small meteorites seem 
to travel in groups. Several such 
swarms, composed of meteor~tes 
welghlng a few pounds each, struck 
the Moon In 1975. The detection of 
such events IS glvlng sclentlsts new 
ideas about the distribution of meteo- 
rites and cosmic dust in the solar 
system. 

The long 11fet1me of the Apollo 
instruments has also made several 
cooperative projects possible. For ex- 
ample, our instruments were still 
making magiletlc measurements at 
several Apollo landlng sltes when, 
elsewhere on the moon, the Russians 
landed similar instruments attached 
to their two automated lunar rovlng 
vehicles (Lunokhods). By making SI- 

multaneous measurements and ex- 

Flgun 8. Thr Smrlkrl 01 Cr-. The bombardment of the lunar surface 
by cosmrc partrcles of all srzes IS graphrcally iIlus6rated by Frgures 8 and 9 
figure 8 (left) shows a cratered spherule of lunar glass less than r? 

mrllrmeler ( 1  125 rnch) m d~ameler The spherule, collected hom the lunar 
sorl, was once struck and shattered by an even smaller partrcle of cosmrc 
dust that blasted a crater rn the glal-s surface. 

changlng data. Amerlcan and Rus- 11 
sian scientists have not only prov~ded 
a small example of international co- 
operation in space, b l l t  they have 
jointly obtalned a better picture of the 
magnet~c prcperties of the Moon and 
the space around ~ t .  

(4) What ir the Moon'r rurfaca like? 
Long before the Apollo Program SCI- 

entists could see that the Moon's 
surface was complex Earth-based 
telescopes could distlngulsh the level 
marla and the rugged h~~hlands. We 
could recognize countless c~rcular 
craters, rugged mountain ranges, 
and deep wlndlng canyons or rllles. 

Because of the Apollo ex~!orat~onr 
we have now learned that ail these 
lunar landscapes are covered by a 
layer of flne broken-up powder and 
rubble about I to 20 rreters (3 to 60 
feet) deep. Thls layer IS usually called 



12 the "lunar soil," although it contains 
no water or organic material, and it is 
totally different trom soils formed on 
Earth by the action of wind, water, 
and life. 

The lunar soil IS sometning ent~rely 
new to sc~entists, for it could only 
have been formed on the surface of 
an airless body llke the Moon. The 
so11 has been 5u1lt up over billlons of 
years by the continuous bombard- 
ment of ,ne unprotected hloon b l  
large and small meteorltes, most of 
which would have burned up 11 they 
had entercd the Earth's atmosphere. 

These meteorltes form craters 
when they h~ t  the Moon. Tlny partl- 
cles of cosmlc dust produce mlcro- 
scoplc craters perhaps 1/1000 of a 
millimeter (1/25,000 Inch) across, 
while the rare Impact of a large ~ o d y  
may blast out a crater many k~lome- 

terr, or m~les, in dlameter (Figures 8 
and 9). Each of these Impacts shat- 
ters the solld rock, scatters material 
around the crster, and stlrs and 
mlxes the soil. As a result, the lunar 
so11 is a well-m~xed sample of a large 
area of the Moon, and single Sam- 
ples of lunar so11 have yielded rock 
fragments whose source was 
hundreds of kllometsrs from the col- 
lect~on site. 

However, ihe iundr so11 1s more 
than ground-up and reworked lunar 
rock. It IS the boundary layer be- 
tweec the Moon and outer space. 
and ~t absorbs the matter and energy 
that strlke t h ~  Moon from the SUP and 
the rest of the universe. Tiny D I ~ S  of 
cosrnlc dust and h~gh-energy atom~c 
particles that would be stopped hlgh 
In the Earth's pro!ectlve atmosphere 
rain crntlnually ontc; tne surface of 
ths Moon. 

huge, whlrl~ng, dlsk-shaped cloud of 
gas and dust. Graduallv the cloud 
collapsed Inward The central part 
became massive and hot, formlng 
the Surr. Around the Sun, the dust 
formed small objects that rapldly col- 
lected together to form the large 
planets ancl satellites that we see 
today. 

By carefully measuring the rad~oac. 
tlve elements iound In rocks, SCI j.1- 

tls,s can determine how old the rocks 
are. Measurements on meteor~tes In- 
d~cate that the formation of the solar 
system occurred 4.6 bllllon years 
ago. There IS chemlcal ev~dence In 
both lunar and terrestrial rocks that 

(5) How OM ia tho Moon? 
Sclent!sts now think that the solar 
system f~tst came into being as a 

RpRoDUc-m- '%lCniAl, PAGE g 

Fbun 0. Thr L.rg.rt of C n t m .  T?:: 1s the mammoth rrnged bull's-eye of 
Mare Orlentale as krst seen by the !/ Lunar Orbrter 4 rn early 1968 The 
structure, about 750 krlcmoters m drameter, records the catastrophrc elfect 
of an ast8ro.d some 25 I;rlometers (15 mles) In drameter that rmpacted 
about 4 brll~on years ago 





, I4 the Earth and Moon also formed at 
that time. However, the oldest known 

+ rocks on Earth are only 3.8 billion 
years old, and scientists think that the 
oldrr rocks have been destroyed by 
the Earth's continuing volcanism, 
mountain-building, and erosion. 

The Moon rocks fill in some of this 
gap in time between the Earth's old- 
est preserved rocks and the forma- 
tion of the solar system. The lavas 
from the dark maria are the Moon'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 lunar highlands are 
even older. Most highland samples 
have ages of 4.0 to 4.3 billion years. 

Some Moon rocks preserve traces of 
even older lunar events. Studies of 
these rocks indicate that widespread 
melting and chemical separation 
were going on within the Moon about 
4.4 billion years ago, or not long after 
the Moon had formed. 

One of the techniques used to 
establish this early part of lunar his- 
tory is a new age-dating method 
(involving the elements neodymium 
and samarium) that was not even 
possible when the first Apollo sam- 
ples were returned in 1969. The 
combination of new instruments and 
careful protect~on of the lunar sam- 
ples from contamination 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 Apollo 17 ast~;, lauts 

have yielded an apparent age of 4.6 
billion years, the time at whlch scien- 
tists think that the Moon and the solar 
system formed. Early in 1976, scicrl- 
tists identified another Apollo 17 crys- 
talllne rock with the same ancient 
age. These pieces may be some of 
the first material that solidified from 
the once-molten Moon. 

(6) What is the history of the Moon? 
The first few hundred million years of 
the Moon's l~fetime were so violent 
that few traces of this tlme remain. 
Almost ~mmed~ately after the Moon 
formed, its outer part was completely 
melted to a depth of several hundred 
kilometers. While th~s molten layer 
gradually cooled and solidified !nto 
different kinds of rocks, the Moon 



was bombarded by huge asteroids 
and smsller bodies. Some of these 
asteroids were the srze of small 
states, lrke Rhode lsrand or Delaware, 
and thelr coll~s~ons w~th the Moon 
created huge basins hundreds of 
kilometers across. 

Thls cat as trophic bombardment 
died away about 4 blll~on years ago, 
leaving the lunar hrghlands covered 
w~th huge overlapping craters and a 
deep layer of shattered and broken 
rock (Figure lo)+ As the bombard- 

great ! I d s  of lava rose from inside 
[he Moon and poured out over its sur- 
face, filt!ng in the large Impact basrns 
ta form the dark parts of the Moon that 
we see today. 

As far as we now know. the Mmn 
has been queZ since the last laws 
erupted mere than 3 billion years 
ago. Slnce then, the Mwn's surface 
has been altered only by rare large 
metear~te impacts and by atomlc par- 
ticles from the Sun arld the star;. The 

men! swbslded, heat produced by 
the decay of rad~oactlve elements 
began to melt the lnsrde of the Moon 
at depths of about 200 kilometers 

I 
(1 25 miles) betow its surface. Then, 
for the next half billron years, from 
about 3.8 to 3.1 b~ll~on years age, 

Ftpm to, Rubbk of m. Thrs f r a g l  wh::e. 
lunar rock. callecred bv fhe A~or lo  16 astronaurs. 1s 
narerral met covers thk l,ght+colored h~Qn/and regnons o! the Moon 
Thfs unusual sptifmen, called a breccra 1s cornpis 
pieces of many L,mds 01 rock wrlh drtferent srzes. 5 
and COn?DOSrbOnS Ths rn~xlure of broken and c.'usn 
sgecrmn records the conrrnuous bornbardmerr 01 

fefckpar-trch 
a samole ot the 

ed or numerous 
kapes. cir!~rs. 
ed rocks rn lhrs 
me Moon bv 

large cosm,c bodjes more lnan d bdben years ago, an even1 lhd! jet 
the Moons surface covered wrrh a Ihrck layer of shatreted rubble 

WA- : k ~ P r t -  
-iv."2 

T h e  sPecrmen rs aboul 10 cenlrmerers rd mches) acrcss 
* 

mGE-&Np 4 

Moon has preserved features formed 15 
almost 4 bllllon years ago, and ~f men 
had landed on the Moon a bllllon 
years ago, 11 wourd have looked very 
much as ~t does now The surface of 
the i400n now changes so slowly that 
the footprints left by the Apollo astro- 
nauts will rernaln clear and sharp for 
rnlll~ons of years. 

Thls preserved ancient hrstary of 
the Mwn 1s In sharp contrast to the 
changing Earth. The Earth still be- 



WHAT HAS THE 
MOON TOLD US 
ABOUT THE EARTH? 

haves like a young planet. Its internal 
heat is active, and volcanic eruptions 
and mountain-building have gone on 
continuously as far back as we can 
decipher the rocks. According to new 
geological theories, even the present 
ocean basins are less than about 200 
million years old, having formed by 
the slow separation of huge moving 
platcs that r,;si:,? un tlie E?rth's crust. 

~I)Whsrrdidthe~comrIrom? 
Before we explored the Moor', there 
were tnrm main scigy6stior;s :o ex- 
pla!n its existence: that it hc;d iormed 
near the Ezrth ss o soparate M y :  
that it had separated frorn the Earth; 

and that it had formed somewhere 
else and been captured by the Earth. 

Scientists still cannot decide be- 
tween these three theories. However, 
we have learned that the Moon 
formed as a part of our solar system 
and that it has existed as an individ- 
ual body for 4.6 billion years. Separa- 
tion from the Earth is now considered 
less likely because there are many 
basic differences in chemical compo- 
s:tsr? between !he two bodies, such 
as ;he absence of water on ths 
Moon. But the otker two thcor~es are 
stlli evenly matched in thelr strengths 
and weaknosszs. We will need more 
data anb perhaps some new theories 
before the origin of the Moon IS 
settled. 

It might seem that the active, inhab- 
ited Earth has nothing in common 
with the quiet, lifeless Moon. Never- 
theless, the scientific discoveries of 
the Apollo Program have provlded a 
new and unexpected look into the 
early history of our own planet. Scien- 
tists think that all the planets formed 
in the same way, by the rap~d accu- 
mulation of small bodies into larger 
ones about 4.6 billion years ago. The 
Moon's rocks contain the traces of 
this process of planetary creation. 
The same catastrophic impacts and 
widespread melting that we recog- 
nize on the Moon must also have 
dominated the Earth durlng 11s early 

F i g u n  11. An Anchnt Imp8ct Scar on th. Earth. 
Viewed from an altitirde of 500 miles, the circular 
Manicouagan structure m Quebec, Canada, stands 
out clearly rn this picture taken from NASA's Land- 
sat-1 satellite. Geologrcal studies have shown that 
thrs structure, formed about 200 millron years ago by 
the impact of a large asterold, was once a crater 
about 80 kilometers (50 mrles) in drameter, about the 
srze of many large lunar craters. Although deeply 
eroded srnce rt formed, the central region (sw- 
rounded by the black-appearing waters of a reser- 
vorr) still preserves rocks that were shattered and 
melted by the catastrophrc force of the rmpact. 





WHAT HAS THE 
MOON TOLD US 
ABOUT' THE SUN? 

18 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 while 
the Earth continued to generate 
mountains, volcanoes, oceans, an at- 
mosphere, and life. The Moon pre- 
served its ancient rocks, while the 
Earth's older rocks were continually 
destroyed and recreated as younger 
ones. 

The Earth's oldest preserved rocks, 
3.3 to 3.8 billion years old, occur as 
small remnants in Greenland, Minne- 
sota, and Africa. These rocks are not 
like the lunar lava flows of the same 
age. The Earth's most ancient rocks 
are granites and sediments, and they 
tell us that the Earth already had 
mountain-building, running water, 
oceans, and life at a time when the 
last lava flows were pouring out 
across the Moon. 

In the same way, all traces of any 
intense early bombardment of the 
Earth have been destroyed. The 

record of later impacts remains, how- 
ever, in nearly t00 ancient impact 
structures that have been recognized 
on the Earth in recent years. Some of 
these structures are the deeply 
croded remnants of craters as large 
as those of the Moon (Figure 11) and 
they give us a way to study on Earth 
the process that once dominated 
both the Earth and Moon. 

Lunar scienc~ I ,  also making other 
contributions to tne study of the 
Earth. The new techniques devel- 
oped to analyze lunar samples are 
now being applied to terrestrial rocks. 
Chemlcal analyses can now be made 
on samples weighing only 0.001 
gram (31 100,000 ounce) and the 
ages of terrestrial rocks can now be 
measured far more accurately than 
before Apollo. These new techniques 
are already helping us to better un- 
derstand the origin of terrestrial vol- 
canic rocks, to identify new occur- 
rences of the Earth's oldest rocks, 
and to probe further ~nto the origln of 
terrestrial life more than 3 billion 
years ago. 

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. 

The surface of the Moon is contln- 
ually exposed to the solar wind, a 
stream of atoms boiled into space 
from the Sun's atmosphere. Since the 
Moon formed, the lunar soil has trap- 
ped billions of tons ot these atoms 
ejected from the Sun. Thd 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 
particles In the lunar soil (Figure 12). 

By analyzing the soil samples re- 
turned from the Moon, we have been 
able to determine the chemical com- 
position of the matter ejected by the 





. 20 We now have a unique opportunity to 
study the past behavior of the Sun. 
Our very existence depends on the 
Sun's activity, and by understanding 
the Sun's past history, we can hope 
to predict better its future behavior. 

These studies of the lunar so11 are 
only beginning, but what we have 
learned about the Sun so far is 
reassuring. Such chemical features 
as the ratio of hydrogen to helium 
and the amount of iron in solar 
material show no change for at least 
the past few hundred thousand 
years. The lunar samples are telling 
us that the Sun, in the recent past, 
has behaved very much as it does 
today, making us optim~stic that the 
Sun will remain the same for the 
foreseeable future. 

As far as the ancient history of the 
Sun is concerned, the most exciting 
lunar samples have not yet been fully 
examined. During the Apollo 15, 16, 

and 17 missions, three long cores of 
lunar soil were obtained by drilling 
hollow tubes into the soil layer. These 
core tubes penetrated as much as 
three meters (10 feet) deep. The 
layers of soil in these cores contain a 
well-preserved history of the Moon 
and the Sun that may extend as far 
back as one and a half billion years. 
No single terrestrial csr??le contains 
such a long record, and no one 
knows how much can be learned 
when all the cores are carefully 
opened and studied. Cenainly we will 
learn more about the ancient history 
of the Sun and Moon. We may even 
find traces of the movement of the 
Sun and the solar system through 
different regions of our Milky Way 
Galaxy. 

WHAT ELSE 
CAN THE MOON 
E L L  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 i~formation that continues to 
come from the instruments on the 
Moon. Less thin 10 per cent of the 
lunar sample inaterial has yet been 
studied in detail, and more results will 
emerge as new rocks and soil sam- 
ples are examined. 

The scientific results of the Apollo 
Program have spread far beyond the 
Moon itself. By study~ng the Moon, 
we have learned how to go ab0llt the 
busi~iess of exploring other planets. 
The Apollo Program proved that we 
cou!d apoly to another world the 
methods that we have used to learn 
about the Earth. Now the knowledge 
gained from the Moon is being used 
with the photographs returned by 
Mariners 9 and 10 to understand the 
histories of Mercury and Mars and to 
interpret the data returned by the 
Viking mission to Mars. 

The Moon has thus become an 



important key to solving several fun- 
damental questions about the other 
planets: 

(1) What is tha early history of 
other planets? 
The first half-billion years of the 
Moon's lifetime were dominated by 
intense and widespread melting, by 
catastrophic meteorite impacts, and 
by great eruptions of lava. Now 
close-up pictures of the planets Mer- 
cury and Mars show heavily-cratered 
regions and definite volcanic 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 life 
story of planets. Our own Earth must 
have had a similar history even 
though the traces of these primordial 
events have been removed by later 
changes. 

(2) How do planets develop mag= 
netk 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 varies, or why it reverses 
itself every few hundred thousand 
years or so. 

One way to learn about the Earth's 
magnetic field is to study the mag- 
netic field of other planets. In this 
respect, the Moon is surprising. It has 
no magnetic field todaj., but its rocks 
suggest that it had a strong magnetic 
field in the past. 11 the Moon did have 
an ancient magnetic field that some- 
how "switched o f f  about 3 billion 
years ago, then conttnued study of 
the Moon may help us learn how 
magnetic fields are produced in other 
planets, including our own. 

(3) How did life originate? 
Even the lifeless lunar soil contains 
simple molecules formed by reaction 
between the soil particles and atoms 
of cal5on, oxygen, and nitrogen that 
come f r c ~  the Sun. In a more favora- 
ble env~ronment, these simple mole- 
cules might react further, forming the 
more complex molecules ("building 
blocks") needed for the development 
of life. The sterile Moon thus sug- 
gests that the basic ingredients for 
life are common in the universe, and 
further study of the lunar soil will tell 
us about the chemical reactions that 
occur in space before life develops. 

RIiPRODUCIBI1,~~Y OF d 
ORIGINAL PAGE IS 

WHAT MYSTERIES 
REMAIN ABOUT 
THE MOON? 

Despite the great scientific roturn 2 1 
from the Apollo Program, there are 
still many unanswered questions 
about the Moon: 

(1) What is the chemical composi- 
tion of the whole Moon? 
We have sampled only eight places 
on the Moon, with six Apollo and two 
Luna landings. The chemical analy- 
ses made from orbit cover only about 
a quarter of the Moon'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 measure accurately 
the hetghts of peaks and valleys over 
much of the lunar surface. From 
these careful measurements, scien- 
tists have learned 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 other major differences 



22 between the two sides of the Moon. 
The front (Earth-facing side), which is 
the small end of the egg, is covered 
with large dark areas which were 
produced by great eruptions of ba- 
salt lava between 3 and 4 billion 
years ago. However, the far side of 
the Moon is almost entirely com- 
posed of light-colored, rugged, and 
heavily cratered terrain identical to 
the highland regions on the fronr 
side, and there are only a few 
patches of dark lava-like material. 
Furthermore, the Moon's upper layer 
(the crust), is also uneven. On the 
front 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) thick 
(Figure 7). 

We still do not know enough to 
explain these difterent observations. 
Perhaps the Moon points its small 
end toward the Earth because of tidal 

forces 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 much about the early years of 
the Moon, if we could understand 
them. 

(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 
hr.1~ long they continued. To under- 
stand the Moon's history completely, 
we need to find out if the inside of 
the Moon is still hot and partly mol- 
:en. More information about the heat 
flow coming out of the Moon may 
help provide an answer. 

(4) Does the Moon have an Iron 
con Ilke the Earth? 
This question is critical to solving the 
puzzle of ancient lunar magnetism. At 
the moment, we have so little data 
that we can neither rule out the 
possible existence of a small iron 
core nor prove that one IS present. If 
we can determine more accurately 
the nature of the Moon's interior and 

make more measurements of the 
magnetism on the lunar surface, we 
may find a definite answer to the 
bafiling question. 

(5) How dd a n  the youngest lunar 
rocks? 
The youngest rocks collected fron~ 
the Moon were formed 3.1 billion 
years ago. We cannot determine how 
the Moon heated up and then cooled 
again until we know whether these 
eruptions were the last or whether 
volcanic actlvity continued on the 
Moon for a much longer time. 

(6) Is the Moon now really "dead? 
Unexplained occurrences of reddish 
glcws, clouds, and mists have been 
reported on the Moon's surface for 
over 300 years. These "li~nar tran- 
sient events," as they are called, are 
still not explained. It is important to 
determine what they are, because 
they may indlcate regions where 
gases and other materials are still 
coming to the surface from inside the 
Moon. 



WHAT DO 
WE DO NOW? 

For all we have learned about the 
Moon, the exploration of our nearest 
neighbor world has only just begun. 
Much of the returned lunar sample 
material remains to be studied, and 
we will continue to analyze the data 
from the instruments on the Moon as 
long as they operate. 

From what we have learned, we 
can now conflden!ly plan ways to use 
the Moon to help us understand 
better the behavlor of our own planet. 
One such project involves using sev- 
eral reflectors that were placed on 
the Moon by .4pollo astronauts. By 
bounclng a laser beam off these 
reflectors and back to Earth, we can 
measure varlatlons in the Earth-Moon 
distance (about 400,000 kilometers or 
250,000 miles) with an accuracy of a 
few centimeters (a few inches, or one 
part in 10 billion). Continued meas- 
urement of the Earth-Moon dlstance 
as the Moon rnoves in its orblt 
around us will make ~t posalble to 
recognize tiny vanations that exist in 
tht: Moon's motions. These variations 
occur because the Moon is not qulte 
a uniform sphere, and lhese mlnor 

movements contain important clues 
about what the inside of the Moon is 
Ilke. 

The laser reflectors, which need no 
power, will last on the Moon for more 
than a century before being covered 
with slow-moving lunar dust. Long 
before that, continuous measure- 
ments should make it possible to 
understand the internal structure of 
the Moon. It may even be possible to 
use the Moon to measure the slow 
movements of the Earths continents 
and oceans as they converge and 
separate. 

To further explore the Moon Itself, 
we can send machlnes In place of 
men. An unmanned spacecraft could 
circle the Moon from pole to pole, 
measuring its chemical composit~on, 
radioactivity, gravlty, and magnet~sm. 
Th~s m~ssion would carry on the tasks 
begun by the Apollo Program and 
would produce physical and chemi- 
cal maps of the whole Moon Such 
an orbiter could also serve as a 
prototype for later spacecraft and 
instruments to be put Into orbit 
around Mars or Mercury to map and 
study those planets as we have 
mapped and explored the Moon. 

Other spacecraft, like the Russian 23 
Luna-16 and Luna-20 landers, could 
return small samples from locations 
never before visited: the far side, the 
poles, or the sites of the puzzllng 
transient events. Because of the 
Apollo Program, we now know how to 
analyze such small samples and how 
to interpret correctly the d a t ~  we 
obtain. Each landlng and sample 
return would have a double purpose, 
to teach us more about the Moon. 
and to help us design the machines 
that might return samples from the 
surfaces of Mzrs, Mercury, or the 
moons of Juplter. 

Finally, we may see man return to 
the Moon, not as a passlng vlsitor but 
as a long-term resident, bulldlng 
bases from whlch to explore the 
Moon and erectlng astronomical In- 
struments that use the Moor1 as a 
platform from which to see deeper 
into the mysterious universe that sur- 
rounds us. 
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SUGGESTIONS 
FOR FURTHER 
READING 

24 Lewis, Robert S. (1974). The Voyages 
of Apollo: The Exploration of the 
Moon. New York, Quadrangle (The 
New York Times Book Co.), 308 p , 
price $12.50. A history of the entlre 
Apollo program and the sc~entific dis- 
coveries made about the Moon, from 
the first steps of Apc!!o 11 to the 
splashdown of Apollo 17. 

Colllns. Mlchael(1974) Carrying the 
Fire: An Astronaut's Journeys. New 
York, Ballantine Books, 488 p., 2aper- 
back, price $1 95 A blographlcal 
memoir by an Apollo 1 1 astronaut, 
describing his progress from test pilot 
through the Gemir~~ and Apollo 
missions. An entertaining presentation 
of the personal~t~es and technlcallt~es 
involved in going to the Moon. 

Taylor, S. R. (1975). Lunar Science: A 
Port-Apollo View. New York, Perga- 
mon Press, 372 p , paperback, prlce 
$9.50. An extensive textbook that de- 
scribes in detail the scientific results 
from the Apollo program and the state 
of present knowledge about the na- 
ture, origln, and h~story of the Moon. 
For scientists and advanced science 
students. 

Short, Nicholas M. (1975). Planetary 
Ckology. Englewood Cliffs, N.J., 
Prentice-Hall, Inc., 361 p., prlce 
$17.95. A college-level textbook that 
slrmmarizes the appltcat~on of terres- 
trial geology to lunar studies, the scien- 
tific results from the Apollo program, 
and the new knowledge obtalned 
about other planets by automated 
spacecraft. 

King, Elbert A (1 976). Space 
Geology. New York. John Wiley and 
Sons. Inc., 349 p . prlce $16 95 A 
text for the advanced geology student, 
this book presents In detall our current 
knowledge about the geology of the 
solar system without d~scussing the 
history and technical details of space 
explorat~on The chaptcjrs on mete- 
orites, ~mcact craters, tl9e moon. Mars. 
and the asteroids are excellent 
summaries of the excitlng scientific 
discover~es that have been made In 
the last few years 

(SP 350) Apollo Expoditions to the 
Moon. Washlngton, D C., 
Superntendent of Documents. U.S. 
Government Prlntlng Offlce, 326 p., 
prlce $8.90. Stock Number 
033-000-00630-6. A hlstory of Apollo 
ds told by the Apollo astronauts and 
key NASA personnel. Four-color 
~llustratlons. 

NOTE FOR 
SCIENTISTS AND 
EDUCATORS. 

The Lunar Science lnst~tute In Hous- 
ton, Texas can prov~de further Infor- 
matlon abo~~t  Il~nar sclence and 
about data resources that are ava~la- 
ble for sc~ent~flc and educational pur- 
poses In particular, the Institute 
malntalns llsts of available books, 
articles, photographs, maps, and 
other mater~als deallng w~th the Moon 
and the Apollo mlsslons For further 
~nformat~on, contact 

Lunar Sc~ence lnst~tute 
Data Center, Code L 
3303 NASA Road #1 
Houston, TX 77058 
Phone (71 3) 488-5200 

lnquir~es about particlpat~on .n NASA- 
supported programs of research on 
lunar samples and other aspects of 
lunar science should be addressed to 
Deputy D~rector 
Lunar and Planetary Programs Offlce 
Code SL 
NASA Headquarters 
Washlngton, DC 20546 
Phone (202) 755-3730, 

ElHiWlre. Phorograph by Apollo 12 crew 
captured a crescenf Earth nslng above 
fhe lunar horrzon 
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