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FOREWORD 
"THE EARTH - love it or leave i t , " is a pop u l a r  s l og an 
evo lv i ng from our  recog n i t ion  of the per il s  of a n  exp lod­
i ng popu la t ion ,  a po l l uted envi ronment ,  a nd the l i m i ted 
natura l resources of an a l ready p l undered p l a net . E ffec­
tive so lu t ions  to our societa l prob lems demand an effec­
tive knowledg e  of the ear th  on wh ich  we l ive . 

The ob ject of th i s  book i s  to i ntroduce the earth: i ts  
re lat ion  to the rest of the un iverse , the rocks and  m i nera l s  
o f  wh ich  i t  i s  made u p ,  t h e  forces that shape i t ,  and  t h e  5 
b il l ion  year s of h i story that have g iven it i t s  present for m .  
Many top ics  that a re d i scussed i n  the book have a very 
pract i ca l and u rgent  s ig n ificance for our soc iety, th i ng s  
such a s  water supp ly, i ndustr ia l  m i nera l s ,  o re depos i ts ,  
and  fue l s .  Others a re of i m portance i n  l ong er p l a n n i ng 
and  deve lopment ,  such as earthquake effects , mar ine  
eros ion ,  l a nds l ides ,  a r id  reg ions ,  a nd so on .  The ear th  
provides the u l t i mate bas i s  of our  present society: the a i r  
w e  breathe ,  t h e  water w e  d r i n k ,  t h e  food w e  eat ,  the 
mater ia l s  we use.  Al l  ar e the products of our  p l a net .  

The s tudy of the earth opens  our  eyes to a vast  sca le  
of t ime that  provides us  with new d i mens ions ,  mea n i ng s , 
and  perspect ives . And it revea l s  the order of the ear th ,  
i t s  dyna m i c  i nterdependence and  i t s  structured beauty. 

I a m  most gr atefu l to Sharon Sanford , who typed the 
manuscr i pt of the revised ed i t io n .  

F . H . T. R . 
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Volca n i c  erupt ion in Kapoho, Hawa i i .  Many i s l ands  in the Pac i fic a re 
volcan i c  in or ig i n . 

GEOLOGY AND OURSELVES 

Geology is the study of the earth . As a science, it is a 
newcomer in comparison with , say, astronomy. Whereas 
geology i s  only about 200 years old, astronomy was 
active ly studied by the Egyptians  as long as  4, 000 years 
ago. Yet specu lat ion about the earth and its activities must 
be as old as the human race . Sure ly, pr imitive people were 
fami l ia r  with such natural disasters as earthquakes and 
volcan ic  eruptions .  

Gradua l ly, human society became more dependent 
upon the earth i n  i ncreasingly complex ways . Today, 
beh ind the insu lat ion of our modern l iv ing condit ions,  civi ­
l i zat ion rema ins  basica l ly dependent upon our knowledge 
of the earth . Al l  our m i nera l s  come from the earth's crust . 
Water supply, agricu lture, and land use a l so depend upon 
sound geo logic  information .  

Geology stimu lates the mind . It makes use  of  a l most a l l  
other sciences a n d  g ives much to them i n  return . I t  i s  the 
basis of modern society. 
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T H E  BRAN C H  OF G E O LOGY emphasized here is phys ica l  
geology. Other Golden Guides of th i s  ser ies ,  Rocks and 
Minerals and Fossils, dea l with the branches of m i nera logy, 
petro logy, and paleonto logy. 

PH Y S I C AL G EO LO G Y  is t h e  
o v e r a l l  s t u d y  o f  t h e  e a r t h ,  
embrac ing most other branches 
o f  g e o l o g y  b u t  s t r e s s i n g  t h e  
dynamic  a n d  structura l aspects . 
It i nc l udes a study of landscape 
deve lopment ,  the earth's i n te­
r ior, the nature of mounta in s ,  
and the  compos i t ion of rocks  and 
m i nera l s .  

H I STORIC AL GEOLOGY i s  the 
study of the h i story of earth and 
its inhabitants .  I t  traces anc ient 
geographies and the evo lut ion of 
l i fe . 

ECONOMIC GEOLOG Y is geol ­
ogy app l ied to the search for and 
explo itat ion of m i nera l  resources 
such as meta l l i c  ores, fue l s ,  and 
water. 

STRUCTUR AL GEOLOGY (tec­
tonics) i s  the study of earth struc­
tures and the i r  relat ionship to the 
f o r c e s  t h a t  p r o d u c e  t h e  
structures . 

GEOPH YS ICS is the study of the 
ea r t h ' s  phys i c a l  p roper t i e s .  I t  
i nc l udes the study of earthquakes 
(seismology) and methods of m i n ­
e ra l  and  o i l  explorat ion .  

PH YSIC AL OCE ANOGRAPH Y i s  
c losely re lated to geo logy and i s  
concerned w i t h  t h e  seas ,  major  
ocean bas ins ,  seafloors, and the 
crust beneath them . 



T H E  S I ZE A N D  SHAPE OF T H E  EARTH were not always 
calculated accurately. Most ancient peoples thought the 
earth was flat, but there are many s imple proofs that the 
earth i s  a sphere . For instance, as a sh ip  a pproaches from 
over the hor izon, masts or funnels are vis i ble . As the sh ip  
comes closer, more of i t s  lower parts come i nto view. F i nal 
proof, of course, was provided by c i rcumnavigating the 
g lobe a nd by photographs taken from spacecraft . 

The Greek geographer and astronomer E ratosthenes 
was probably the first (about 225 B . C . )  to measure suc­
cessfully the c i rcumference of the earth . The basis for h i s  
calcu lat ions was the measurement of the e levat ion of the 
sun from two d ifferent points on the globe . Two s imultane­
ous observations were made, one from Alexandria , Egypt 
(Po int B ,  p. 7), and the other from a s ite on the N ile near 
the present Aswan Dam (Point A) . At the latter point, a 
good vertical s ight ing could be made, as the sun was known 
to shine d i rectly down a well at noon on the longest day 
(June 23)  of the year. 

E ratosthenes reasoned that if the earth were round, the 
noonday sun could not a ppear in the same posit ion in the 
sky as  seen by two widely separated observers .  He  com­
pared the angular d isplacement of the sun (Y ) with the 
distance between the two ground sites, A and B .  
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R EC EN T  D AT A  f r o m  o r b i t i n g  
earth sate l l i tes have confirmed 
that the earth i s  actua l ly  s l i ght ly 
flattened at the poles .  I t  i s  an  
oblate sphero id,  t he  po la r  c i r­
cumference be ing 27 mi les less 

than at the equator. The fol low­
i ng measurements are current ly 
accepted: 
Avg . d iameter 
Avg . radius 
Avg . c i rcumference 

7 , 9 1 8 m i .  
3 , 959 m i .  

24, 900 m i .  

LAR G E  AS T H E  EARTH I S ,  i t  i s  m inute i n  comparison with 
the un iverse, where d istances a re measured i n  l ight yea rs­
the d i stance light ,  moving at 1 80, 000 m iles per second , 
travels i n  a year. This is a bout 6 billion m i les or 1 0  mi llion ,  
m i llion  kilometers .  Us ing these un its of  measurements, the 
moon i s  1 . 25 light  seconds from the earth , the sun i s  Slight  
minutes from the earth , and the nearest star i s  4 l ight years 
from the earth . Our galaxy is 80, 000 l ight years i n  d iam­
eter. The  most  d i stant galaxies a re 8 billion  light  years 
from earth . I t  i s  estimated that there a re at  least 400 
m illion galaxies "vis ible" from earth us ing rad io telescopes 
and s im ilar means of detection .  Galaxies a re either ellip­
tical or  sp i ral i n  shape . 

E RATOSTHE NES measured the 
d i stance (X) between Po ints  A and 
B a s  5 , 000 stad ia (about 575 
m i l e s ) .  Al though the observer at 
Po int  A saw the sun d i rectly over­
head at  noon,  the observer at B 
found the sun  was i nc l i ned at a n  
ang le of 7° 1 2' (Y) to the vert ica l .  
S i nce a read i ng o f  7 °  1 2' corre­
sponds to one-fift ieth of a ful l  c i r ­
c l e  ( 3 6 0 ° ) , Er a t o s t h e n e s  
r e a s o n e d  t h a t  t h e  m e a s u r e d  
ground d i stance of 5 ,000 stad ia  
mus t  represent one-fift ieth of t he  
earth's c i rcumference . He ca lcu­
lated the ent i re c i rcumference to 
be about 28 , 750 m i les .  



T H E  EARTH'S S U R FAC E ,  for the purpose of measure­
ments , i s  commonly assumed to be un iform , for mounta ins ,  
va l leys, a nd ocean deeps, g reat as some are,  a re relatively 
ins ign i ficant features i n  comparison with the d iameter of 
the earth . 

But mounta i ns are not ins ignif icant to humans .  They p lay 
a major role i n  contro l l i ng the c l imate of the continents; 
they have profoundly i nfl uenced the patterns of human 
migration and settlement . 

Mounta i n  ranges, with very few except ions,  a re narrow, 
a rcuate belts,  thousands of m i les in length , genera l ly  
deve loped on the marg ins of the ancient cores or sh ie lds of  
the continents . They consist of  great thicknesses of sed i ­
mentary a nd volcanic rocks , many of them of mar ine or i­
g in .  Thei r i ntense fo ld ing and fault ing are evidence of 
enormous compressive forces. 

Mounta ins  a re not l im ited to the land . The ocean floor 
has even more rel ief than the continents . Most of the 
continenta l margins extend as  conti nenta l shelves to a 
depth of about 600 feet below the leve l of the sea , beyond 
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which the seafloor (cont i nenta l s lope) p lunges abruptly 
down (see p .  66) . 

The ocean f loor adjacent to some is lands a nd continents 
has long, deep trenches , the deepest of which, off the 
Ph i l i pp ines,  i s  about 61/2 m i les deep (p. 1 38 ) .  A worldwide 
network of mid-ocean ic  r idges, of mountainous propor­
tions, encircles the earth . Th is  network has geophys ica l  
and geo log ic  character istics that suggest i t  occupies a 
un ique role i n  earth dynamics - that a long these r idges 
new seafloor i s  constantly being created . 

T H E  EARTH'S C R U ST, derived from the denser, under lying 
mant le (pp. 1 28- 1 29),  cons ists of two k inds of rock .  The 
continenta l crust d i ffers from the ocean ic  crust i n  bei ng 
l ighter (2 . 7  g m . /cc .  compared with  3 . 0) ,  th icker (35 km-
70 km versus 6 km) ,  o lder  (up to 3 .5  b i l l ion  years versus a 
maximum of 200 m i l l ion years) ,  chemica l ly d ifferent, and 
much more complex i n  structure . These d i fferences reflect 
the d i fferent modes of formation of the two kinds of crust 
(pp .  1 40- 1 45 ) .  
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e Pluto 

THE EARTH 

RELATIVE 
DISTANCES EARTH is one of n i ne p lanets revo lving i n  
OF PLANETS 1 · 1 ( 11· · I) b" d FROM THE near y c1rcu ar e 1pt1ca or tts aroun our 
SUN star, the sun . Earth is the th ird p lanet out from 

Neptune 

Uranus 

the sun and the fifth la rgest p lanet in our so lar 

PLANETS vary i n  size, composition, and orbit. Mer­
cury, with a diameter of 3 , 1 1 2 miles, is the planet 
nearest to the sun. It orbits the sun in just three earth 
months. Jupiter, about ten times the diameter of Earth 
(88 , 000 miles), is the largest planet and fifth in distance 
from the sun, taking about 1 1 3/• earth years to orbit the 
sun. Pluto, the most distant planet, tokes about 2473/• 
earth years to orbit around the sun. The inner planets 
hove densities, and probably compositions similar to 
Earth's; outer planets ore gaseous, liquid, or frozen 
hydrogen and other gases. 

T HE SU N, on overage-sized star, makes up about 99 
percent of the moss of the solar system. Its size may be 
illustrated by visualizing it as a marble. At this scale, 
the earth would be the size of a small groin of sand one 
yard away. Pluto would be a rather smaller groin 40 
yards away. 

SATELLITES revolve around seven planets. Including the 
earth's moon, there ore 6 1  satellites altogether; Mars 
has 2, Jupiter 1 6 , Saturn 1 8 , Uranus 1 5 , Neptune 8 ,  

Saturn and Pluto 1 . 

Jupiter 

COMETS ore among the oldest members of the solar 
system. They orbit the sun in extremely long, elliptical 
orbits. As comets approach the sun, their toils begin to 
glow from friction with the solar wind. 

e Mars 

Earth Cl e Venus 

Mercury e 



IN SPACE 

system,  having a d iameter of about 7, 9 1 8 
mi les .  It completes one orbit a round the sun i n  
about 365V4 days, t he  length of  t ime that g ives 
us our un i t  of time ca l led a year. 

THE MOON, earth's natural satellite, has about 'I• the 
diameter, 1/a1 the weight, and 3/s the density of our 
planet. The moon completes one orbit around the earth 
every 27113 days. It takes about the same length of time, 
291/2 days, to rotate on its own axis; hence, the same 
side, with an 1 8% variation, always faces us. The 
moon's surface, cratered by meteorite impact, consists 
of dark areas (maria) which are separated by lighter 
mountainous areas (terrae). Terrae are part of the orig­
inal crust, formed about 4 . 5  billion years ago; maria 
are basins, excavated by meteorite falls, filled by ba­
saltic lavas formed from 3 to 4 billon years ago. 

ASTEROIDS, the so-called minor planets, are rocky, 
airless, barren, irregularly shaped objects that range 
from less than a mile to about 480 miles in diameter. 
Most of the asteroids that have been charted travel in 
elongated orbits between Mars and Jupiter. The great 
width of this zone suggests that the asteroids may be 
remnants of a disintegrated planet formerly having 
occupied this space. 

METEORS, loosely called shooting stars, are smaller 
than asteroids, some being the size of grains of dust. 
Millions daily race into the earth's atmosphere, where 
friction heats them to incandescence. Most meteors dis­
integrate to dust, but fragments of larger meteors some­
times reach the earth's surface as "meteorites." About 
30 elements, closely matching those of the earth, have 
been identified in meteorites. 

COMPARATIVE 
SIZES OF THE 
PLANETS 

Pluto e 

Mercury Q 
Mars O 

Venus 

Earth 
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Ti lted ax i s  determ i nes d ifferent posit ions of sun at sunri se, noon, and  
sun set at d ifferent seasons  i n  m i dd l e  north lat i tude.  

THE EARTH'S MOT I O N S  determ ine the dai ly phenomenon 
of day and n ight and the year ly phenomenon of seasona l 
changes.  The earth revo lves around the sun i n  a s l ight ly 
e l l i ptica l orbit  and a l so rotates on its own axis .  S i nce the 
earth's ax is  i s  t i l ted about 231/2° with respect to the p lane 
of the orbit ,  each hemisphere receives more l ight  a nd heat 
from the sun dur ing one half of the year  than dur ing the 
other half. The season in  which a hemisphere i s  most 
d i rect ly t i l ted toward the sun i s  summer. Where the ti lt is 
away from the sun, the season is  winter. 

REL ATIVE MOTIONS OF THE E ARTH 

REVOLUTION i s  earth's mot ion 
about the sun i n  a 600-m i l l ion­
mi le orb i t ,  a s  i t  completes one 
orbit  about every 3651/• days 
trave l i ng  at 66, 000 mph .  

ROTATION i s  a wh i r l i ng motion 
of the earth on i t s  own axis  once 
i n  about every 24 hours at a 
speed of about 1 , 000 m ph at the 
equator. 

NUTAT ION i s  a dai ly c i rcu lar 
mot ion at each of the earth's 
poles a bout 40 f t .  in d iameter. 

1 2  

PRECESS ION i s  a mot ion at the 
poles descr ib ing one complete 
circle every 26, 000 years due to 
axis t i l t ,  caused by gravitat iona l  
act ion of the sun and moon.  

OUR SOLAR SYSTEM revolves 
around the center of our Mi lky 
Way Galaxy. Our port ion of the 
Mi lky Way makes one revo lut ion 
each 200 m i l l ion  year s .  

GALAXIES seem to be reced ing 
from the earth at speeds propor­
t ional to the ir  d i stances .  

N 



THE S U N  is the source of a l most a l l  energy on earth . Solar 
heat creates most wind and a l so causes evaporation from 
the oceans  and other bod ies of water, resu lt ing i n  prec ip i ­
tation .  Ra i n  fi l l s  rivers and reservoirs ,  and makes hydro­
e lectric power poss ib le .  Coa l and petro leum are fossi l 
remains  of p lants and an ima l s  that, when l iv ing , requ i red 
sun l ight .  In one hour the earth receives so lar  energy equiv­
a lent to the energy conta ined i n  more than 20 b i l l ion tons 
of coa l ,  and this i s  only half of one b i l l i onth of the sun's 
tota l radiat ion .  

J ust a star o f  average s ize,  the sun i s  yet s o  vast that i t  
could conta i n  over a m i l l i on  earths .  Its d iameter, 864 , 000 
m i les,  is over 1 00 t imes that of the earth . I t  is a gaseous 
mass with such high temperatures ( 1 1 , 000° F at the sur­
face, perhaps 325 , 000, 000°F at the center) that the gases 
are incandescent. As a huge nuclear furnace, the sun con­
verts hydrogen to hel i um ,  s imu ltaneously chang i ng four 
m i l l ion tons of matter i nto energy each second . 

So lar prom i nences compared with the s i ze  of the earth 



THE M I LKY WAY, l i ke many 
other ga lax ies ,  i s  a wh i r l i ng  
sp ira l  w i th  a centra l lens-shaped 
d i sc that stretches into sp ira l  
arms .  Most of i t s  1 00 b i l l i on  
stars are  l ocated i n  the  d i sc .  
The Mi lky Way's d iameter i s  

a b o u t  8 0 , 000 l i g h t  yea r s ;  i t s  
t h i c k n e s s ,  a b o u t  6 , 5 0 0  l i g h t 
years .  (A l igh t  year is the d istance 
l ight trave l s  i n  one year at a 
velocity of 1 86, 000 m i .  per sec . ,  
o r  a total o f  about 6 t r i l l i on  
m i l es . )  

GALAX I E S  are huge concentrat ions o f  stars. With i n  the 
un iverse, there are innumerable ga laxies,  many resembl ing 
our own Mi lky Way. Sometimes ca l l ed extraga lact ic nebu­
lae or i s land un iverses, these star systems a re most ly vis ib le  
on ly by telescope. Only the g reat sp ira l  nebula Andro­
meda and the two i rregu lar  nebu lae known as  the Magel­
lan ic  C louds can be seen with the naked eye. Telescopic 
i nspect ion revea l s  ga laxies at the furthermost l im its of the 
observable un iverse. A l l  of these g igant ic sp i ra l  systems 
seem to be of comparable s ize and rotat ing rapid ly. 
N ear ly 5 0  percent appear to be iso lated i n  space, but 
many ga laxies belong to mult ip le  systems conta in i ng two 
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or more extraga lactic nebu lae.  Our ga laxy is a member of 
the loca l G roup,  which conta ins  about a dozen o ther 
galaxies .  Some are e l l i ptica l i n  shape, others irregu lar .  
G a laxies may conta in  up to hundreds of b i l l ions of stars 
and have d iameters of up to 1 60, 000 l ight years . G a laxies 
a re separated from one a nother by g reat spaces,  usua l l y  
o f  about 3 m i l l ion l i gh t  years .  

Many ga laxies rotate on the i r  own axes ,  but a l l  ga laxies 
move bod i ly  through space at speeds of u p  to 1 00 m i les a 
second . I n  addit ion to th is ,  the whole un iverse seems to be 
expand ing ,  moving away from us at g reat speeds .  Our 
nearest ga laxy, i n  Andromeda,  i s  2 . 2  m i l l ion l ight years 
away. 

About 1 00 m i l l ion  ga laxies are known, each conta i n ing 
many b i l l ions  of stars .  Others undoubted ly l ie  beyond the 
reach of our telescopes . It  seems very probable that many 
of the stars the ga laxies conta i n  have p lanetary systems 
s im i lar  to our  own . I t  has been est imated that  there may be 
as  many as  1 019 of these . Chances of  l ife occur ing on other 
p lanets wou ld ,  therefore, seem very h igh ,  a lthough it  may 
not bear a n  exact resemblance to l ife on earth . 

WHIRLPOOL NEBULA in Canes 
Venat ic i , showing the re lat ively 
c lose packing of stars i n  the cen­
tra l part 

GREAT SPIRAL NEBULA M31 in  
Andromeda i s  s im i l a r  i n  form but 
twice the s i ze of our awn ga laxy, 
the Mi lky Way. 



T H E  C H EMI CAL ELEME NTS are the s implest components 
of the un iverse and cannot be broken down by chem ica l 
means .  N inety-two occur natura l ly on earth , 70 i n  the sun . 
They deve lop from thermonuclear fusion with in the stars, 
i n  which the e lementary partic les of the l ightest e lements 
(hydrogen a nd he l ium) are transformed i nto heavier 
e lements . / 

T H E  O R I G I N  OF T H E  U N IV E R S E  is unknown , but a l l  the 
bodies in the un iverse seem to be retreat ing from a common 
point,  thei r speeds becoming greater as  they get farther 
away. This gave rise to the expanding-un iverse theory, 
which ho lds that a l l  matter was once concentrated in  a very 
sma l l  a rea . On ly  neutrons could exist in such a compact 
core . Accord ing to th is  theory, at some moment i n  t ime­
at least 5 b i l l ion years ago - expans ion began ,  the chem i ­
ca l e lements were formed , and turbu lent cel l s  of hot  gases 
probably or ig i nated . The latter separated i nto galaxies ,  
with i n  which other turbulent c louds formed , a nd these 
u lt imately condensed to g ive stars .  Proponents refer to th is  
as the "B ig  Bang" theory, a term descriptive of the i n i t ia l 
event, perhaps as long as 1 0- 15 bi l l ion years ago .  

T H E  O R I G I N  O F  TH E SOLAR SYSTEM i s  not  fu l ly under­
stood , but the s im i lar  ages of it s components (Moon ,  
meteor ites, Earth at about 4 .5 -4 . 6  b i l l ion years) and  the 
s im i lar  orbits, rotat ion,  a nd d i rect ion of movement a round 
the sun, al l  suggest a s ingle orig i n .  The theory currently 
most popu lar  suggests that i t  formed from a c loud of cold 
gas,  ice,  and a l i t t le dust, which began s lowly to rotate 
and contract .  Conti nu ing rotat ion and contraction of th is  
d i sc-shaped c loud led to condensation and thermonuclear 
fusion - perhaps tr iggered by a nearby supernova , from 
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which stars such as the sun were formed . Co l l i s ion of 
scattered materia l s  in the d i sc gradua l ly  led to the forma­
tion of bodies - planetisma l s - which became protop la­
nets . The g rowing heat of  the sun probably evaporated off 
the l ight  e lements fr om the i nner p lanets (now represented 
by the dense ,  rocky " te r restr i a l" p l a nets - Mercu ry ,  
Venus,  Earth ,  Mars ,  and the Moon) .  The outer p lanets , 
because of their g reater d i stance from the sun ,  were less 
affected and reta i ned their l ighter hydrogen ,  he l ium ,  and 
water composit ion .  Perhaps they formed from m in i -solar­
planet systems with i n  the larger d isc .  Th is  composit ion may 
wel l  reflect that of the parent gas c loud . 

Each p lanet seems to have had a d i sti nct "geologic" 
h i story. Some, l i ke Earth a nd l o , a moon of J up i ter, a re 
sti l l  active . Others, l i ke Mercury, Mars, and our moon, had 
an ear l ier  active h i story, but are now "dead . "  

Th is  theory, i n  a n  earl ier vers ion,  has a long h i story, 
going back to Immanuel K a nt ,  the ph i losopher, in 1 755,  
and the  French mathematic ian P ierre-Simon de Lap lace 
( 1 796) .  

Arti st's i nterpretat ion of t he  dust·c loud theory 



THE EARTH'S ATMOSPHERE is a gaseous enve lop e  sur­
round ing the earth to a height of 5 00 m i les a nd i s  he ld in 
p lace by the earth's g ravity. Denser gases l i e  with i n  three 
miles of the earth's surface . Here the atmosp here p rovides 
the gases essentia l to l ife: oxygen,  carbon d ioxide, water 
vap or, a nd n itrogen . 

Differences i n  atmosp heric moisture, temp erature, and 
p ressure combined with  the earth's rotat ion a nd geo­
grap hic features p roduce varying movements of the atmo­
sp here across the face of the p la net, and condit ions we 
exp erience as  weather. C l imatic condit ions ( ra i n ,  ice, 
wind , etc . )  a re imp ortant i n  rock weathering; the atmo­
sp here a l so i nf luences chemica l weather ing . 

G ases in the atmosp here act not on ly as a g igantic 
insu lator for the earth by fi lter ing out most of the u l travio let 
and cosmic  radiation but a l so burn up m i l l ions of meteors 
before they reach the earth . 

The atmosp here insu lates the earth agai nst l a rge tem­
p erature changes and makes long- di stance rad io  commu­
nications p oss ib le by reflecti ng rad io  waves from the earth . 
It a l so p robably reflects much interste l la r  "noise" i nto 
space, which wou ld make rad io  and te l evis ion as we know 
them i mp ossib le .  

Compos i t ion of 
a i r  at  a l t i tudes 
up  to about 
45 m i les 

n i trogen 78% 

oxygen 2 1% 

Compos i t ion of 
air at a l t itudes 
a bove 500 m i les 

helium 50% 

hydrogen 50% 

argon0.93% 
carbon d ioxide 0 . 03% 
other gases o.o.! %. _____ __. 

THE RATIO OF GASES in the 
atmosphere is shown i n  the chart 
at left . C louds form i n  the tropo­
sphere ;  the o ve r l y i n g  s t r a to ­
sphere, extending 50 m i les  above 
the earth, is c lear .  The iono­
sphere (50-20 0  m i les) contains 
layers of charged part ic les ( ions)  
that reflect rad io  waves , perm i t­
t ing messages to be transmitted 
over long d i stances . Fa in t  traces 
of atmosphere exist i n  the exo­
sphere to about 500 m i les from 
the earth's surface . 
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Atmospher ic c ircu lat ion i nvolves the cont i nuous  rec ircu lat ion of var ious 
substa nces . 

O U R  P R E S E N T  ATMOSPH E R E  and oceans were probably 
derived by degassing of the semi-molten earth a nd conti n ­
u ing later addit ions from volcanoes and hot  spri ngs .  These 
gases - such as hydrogen , n i trogen,  hydrogen ch lor ides, 
carbon monoxide, carbon dioxide, and water vapor­
probably formed the atmosphere of ear l ier geologic t imes.  
The l ighter gases, such as hydrogen , probably escaped . 
The later development of l iving organisms capab le  of pho­
tosynthesis s lowly added oxygen to the atmosphere, u l t i ­
mately a l lowing the colon ization of the land by provid ing 
free oxygen for resp iration and a l so forming the ozone 
layer, which shields the earth from u l travio let radiation of 
the sun . 

Some evidence for th is sequence in the deve lopment of 
the atmosphere is conta i ned in the sequence of P recam­
br ian  rocks and foss i l s ,  which suggests a transit ion from a 
non-oxygen to free-oxygen envi ronment.  
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THE EARTH'S CRUST: COMPOS IT ION 

We have so far been able to penetrate to on ly very sha l l ow 
depths beneath the surface of the earth. The deepest m i ne 
is on ly about 2 mi les deep,  and the deepest we l l  about 5 
mi les deep. 

But by us ing geophys ica l  methods we can "x-ray" the 
earth. Carefu l trac ing of earthquake waves shows that the 
earth has a d i sti nctly layered structure. Studies of rock 
density and composit ion ,  heat flow, and magnetic and 
gravitationa l  fie lds a l so a id i n  construct ing an  earth  model 
of three layers:  crust, mant le,  and core. Est imates of the 
th ickness of these layers,  and suggested physica l and 
chemica l  characterist ics form an important part  of modern 
theories of the earth {p. 1 26). 

The crust of the earth i s  formed of many d ifferent k inds 
of rocks {p. 92),  each of which i s  an  aggregate of m inera l s ,  
described on pp. 22-3 1. 

Grand Canyon of Co lorado R iver, Ar izona, i s  1 m i l e  deep, but exposes 
on ly  a sma l l  port of upper port ion of earth's crust. 



M I N E RALS are natura l l y  occurr ing substances with a char­
acteri st ic atomic structure and characteristic chemica l and 
phy si ca l  properties . Some minera l s  have a fixed chemica l 
composi ti on; others vary wi thi n  certai n  li m i ts .  It is their 
atomi c  structure that d i st ingui shes mi nera l s  from one 
a nother. 

Some m inera l s  consist of a s ing le e lement, but most 
m inera l s  a re composed of two or more elements . A d ia­
mond , for  i nstance, consi sts on ly of carbon atoms,  but 
quartz i s  a compound of s i li ca and oxygen . Of the 1 05 
elements presently known , n ine make up  more than 99 
percent of the minera l s  and rocks .  
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OXYGEN AND S I L ICON are the 
two most abundant e lements i n  
the earth's crust. Their  presence, 
i n  such enormous quant i t ies ,  i nd i ­
cates that  most  of the m i nera l s  
a r e  s i l i cates (compounds of met­
als with s i l i con and oxygen) or  
a lum i nos i l i cates . Their presence 
i n  rocks i s  also an  i nd icat ion of 
the abundance of quartz (S iO, ,  
s i l icon d ioxide) i n  sandstones and 
gran i tes, a s  wel l  a s  i n  quartz 
veins and geodes . 



The most strik i ng feature of m inera l s  is the i r  crysta l 
form , and th is  is a reflection of the i r  atomic structure. The 
s implest example of th is  i s  rock sa lt ,  or ha l ite (NaC I ,  
sod ium ch lor ide),  i n  which t he  positive ion s  (charged 
atoms) of sod ium are l i nked with negative ly  charged ch lor­
ine ions by their un l i ke e lectrica l charges. We can imagine 
these ions as  spheres, with  the spheres of sod ium having 
about ha l f  the rad ius  of the chlorine ions ( .  98 A as  aga i n st 
1 . 8 A; A i s  a n  A ngstrom U nit ,  which is equiva lent to one 
hundred m i l l ionth of a centimeter, written numerica l l y  a s  
0 . 0000000 1 em or l 0-8 cm) .  The  un i t  i s  named for Anders 
A ngstrom ,  a Swedish physic ist .  

X-RAY STU DIES show that the 
interna l  arrangement of ha l i te i s  
a defi n i te cub ic  pattern ,  i n  wh ich 
i o n s  o f  s od i u m  a l te r n a t e  w i t h  
those o f  ch lor i ne .  Each sod i um 
ion i s  t hu s  he ld i n  t he  center o f  
and at equa l  d i stance f rom six 
symmetr ica l l y  a rranged ch lor ine 
ions ,  and v ice versa . I t  i s  t h i s  
b a s i c  a to m i c  a r r a n g e m e n t  or  
crysta l l i ne  structure that  g ives 
ha l i te i t s  d i stinctive cubic crysta l 
form and i ts  character i s t ic  physi­
cal propert ies . 

Ha l ite crysta l 

SODIUM ATOM jo i n s  CHLORI N E  ATOM 

to form ion i c  crysta l 
sod i u m  ch l or ide 



T H E  ATOM I C  STRUCTU R E  of each m inera l is d i sti nctive 
but most m inera l s  are more compl icated than ha l ite, some 
because they comprise more elements, others because the 
ions a re l i nked together in  more complex ways . A good 
example  of this i s  the difference between d iamond and 
graph ite. Both have an  identica l chemica l composit ion 
(they are both pure carbon) but they have very d i fferent 
phys ica l  properties .  Diamond is the hardest m ineral 
known , and graph ite i s  one of the softest.  Their  d i fferent 
atomic structures reflect their d ifferent geolog ic modes of 
orig i n .  

DIAMOND, t h e  hardest natura l 
substance known, cons i sts of pure 
carbon atoms. Each carbon atom 
i s  l inked with four others by e l ec­
tron-shar ing. The four e lectrons 
in the outer she l l  are shared with 
four ne i g h b o r ing a toms. Each  
atom of carbon then ha s  e ight  
e lectrons i n  i ts  outer she l l .  Th is  
provides a very strong bond. I ts  
crysta l form i s  a reflect ion of i t s  
structure and of the cond i t ions 
under which i t  was formed. D ia­
mond i s  usua l l y  pale ye l low or  
co lor less ,  but i s  found a l so in  
shades of red,  orange,  green ,  
b lue ,  brown,  or b lack. Pure wh i te  
or b lue-white are best  for gems. 
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GRAPHITE, quite d i fferent from 
d iamond , i s  soft and g reasy, and 
widely used as  an industr ia l  l ubr i ­
cant. I n  graph i te ,  carbon atoms 
are arranged in layers ,  g iving the 
m inera l i ts  f laky form. The atoms 
w i t h i n  e a c h  l a y e r  h a v e  v e r y  
strong bonds ,  but those that hold 
succes s i ve  l ayer s  toge t he r  are 
very weak. Some atoms between 
l a y e r s  a r e  h e l d  t o g e t h e r  so  
poorly that they move freely, g iv­
ing the graph i te its soft, s l i ppery, 
lubr icat ing propert ies. Because 
of i ts poor bonding , g raph i te i s  a 
good conductor of e lectr ic i ty. I ts  
b e s t - known  u s e  is  in " l e a d "  
penc i l s. 



CRYSTAL FORM of m inera ls is an important factor in their 
i d e n t i fi ca t i o n . Grown w i t h o u t  o b s t r u c t i o n ,  m i n e r a l s  
develop a character istic crysta l form .  The outer a rrange­
ment of p lane surfaces reflects their i nterna l structure . 
Perfect crysta l s  are rare . Most m inera l s  occur i n  i rregu lar  
masses of  sma l l  crysta l s  because of  restricted g rowth . S i nce 
a l l  crysta l s  a re three-dimensiona l, they may be c lass ified 
on the basis of the i ntersection of the i r  axes . Axes are 
imag inary l i nes passing through the geome tr ic center of a 
crysta l from the middle of its faces and i ntercepti ng i n  a 
s ing le poi nt .  

C U B I C  C RYSTALS have  t h ree  
axe s  of equa l  length meet ing a t  
r ight ang l e s ,  as  i n  ga l ena ,  gar­
net, pyri te, and ha l i te .  

TETRAGONAL CRYSTALS have 
three axes a t  right ang les ,  two of 
equa l  length ,  as  i n  z ircon ,  rut i l e ,  
and scapo l i t e .  

-, 
Quartz Stauro l ite 

MONOCLIN I C CRYSTALS have 
three unequa l axes, two forming  
an ob l ique ang le  and one perpen­
dicu lar, as i n  augite ,  orthoc lase,  
and epidote.  

TRICL IN I C  CRYSTALS have three 
axes of unequal lengths,  none 
form ing a r ight  ang le  with others, 
as i n  p lag ioc lase fe ldspars . 

Galena Zircon 

HEXAGONAL CRYSTALS have 
three equa l hori zontal  axes with 
60° ang les  and one shorter or 
l o n g e r  at r i g h t  a n g l e s ,  as i n  
quartz and tourma l i ne .  

ORTHORHOMB IC C RYSTALS 
have three axes  at r igh t  ang le s ,  
bu t  each  i s  of d i fferent l eng th ,  a s  
i n  barite and  stauro l i te .  

Ep i dote 
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MINERAL IDENTIFICATION i nvolves the use of various 
chemi cal and phys ica l  tests to determine what m i nera l s  a re 
present i n  rock . There are over 2 , 000 m inera l s  known , and 
e laborate l aboratory tests ( such as  X -ray d iffraction) a re 
requ i red to identify some of them . But many of the common 
m inera l s  can be recogn ized after a few s imple tests . S ix  
important phys ica l  properties of m inera l s  (hardness, l us­
ter,  color, specific gravity, c leavage, and fracture) a re 
easi ly determined . A ba lance is needed to fi nd specific  
gravity of crysta l s  or m inera l fragments . For the other 
tests , a hand lens, steel fi le ,  kn ife , and a few other common 
items a re he lpfu l .  Specimens can sometimes be recogn ized 
by taste, tenacity, tarn ish ,  transparency, i r idescence, 
odor, or  the color of the i r  powder streak, espec ia l ly  when 
these observat ions are combined with tests for the other 
phys ica l properties. 

d iamond 

MOHS' 
SCALE OF 
HARDNESS 

HARDNESS i s  the res istance af a 
m inera l surface Ia scratch i ng . Ten 
we l l -known m i nera l s  have been 
arranged i n  a sca l e  af i ncreas ing 
ha rdnes s  (Mohs '  sca l e ) .  Other  
m i nera l s  a re  ass igned compara­
b le numbers from l to l 0 to rep­
r e s e n t  r e l a t i v e  h a r d n e s s .  A 
m i nera l  that scratches orthoc lase 
(6) but is scratched by quartz (7) 
would be ass igned a hardness 
va lue of 6 . 5 . 

LUSTER is the appearance of a 
m i nera l  when l i gh t  i s  reflected 
from its surface . Quartz i s  usua l l y  
g lassy; ga lena ,  meta l l i c .  

Ga lena crysta l s  



SPECIF IC GRAVITY is the rela­
t ive weight  of a m i neral  com­
pared with the we ight  of an equal 
vo lume of water. A balance i s  
norma l ly  u sed to determine the  
two weights .  Same m i nera l s  are  
s im i l a r  superfi c ia l l y  but  d i ffer i n  
d e n s i t y .  Ba r i t e  m a y  r e sem b l e  
quartz,  but quartz has a specific 
g ravity of 2 . 7 ; barite, 4 . 5 .  

COLOR varies i n  some m i nera l s .  
P igments or  impur i t ies  may  be  the 
cause.  Quartz occurs i n  many 
hues but i s  sometimes co lor less .  
Among minera l s  with a constant 
co lor are ga lena ( lead g ray). su l ­
fur (ye l low), azur i te (b l ue). and 
malach i te (g reen) .  A fresh sur­
face i s  used for ident ificat ion ,  a s  
we a t h e r i n g  c h a n g e s  t he  t r u e  
color .  

CLEAVAGE is the tendency of 
some m i nera l s  tq spl it a long cer­
ta in p lanes that are para l l e l  to 
their crysta l faces . A hammer 
blow or  pressure with a kn i fe 
blade can c leave a m i nera l .  Ga l ­
ena and ha l ite have cub i c  c leav­
age. Mica can be separated so 
easi ly that i t  i s  sa id to have per­
fect ba sa l  c l eava g e .  M i n e ra l s  
w i t h o u t  a n  o r d e r l y  i n t e r n a l 
arrangement of atoms have no 
cleavage .  

FRACTURE i s  the way a m i nera l  
breaks other than by c leavage .  
Minera l s  with l i t t le  o r  no c leavage 
are apt to show good fracture 
surfaces when shat tered by a 
hammer blow. Quartz has a she l l ­
l i ke fracture surface . Copper ha s  
a rough, hack ly surface; c lay, a n  
earthy fracture . 

Rhombohedra l 
c leavage: 
ca lc ite 

Concho ida l  fracture: 
obs id ian  

Uneven fractu re: 
arsenopyr i te 
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COMM O N  ROCK-FORM I N G  MI N E RALS i nc l ude carbon­
ates , su l fates , and other compounds . Many mi nera l s  crys­
ta l l i ze from molten rock materia l .  A few form i n  hot spr ings 
and geysers,  and some dur ing metamorphism . Others a re 
formed by preci pitation ,  by the secret ions of organisms,  
by evaporation of sa l i ne  waters , and by the act ion of 
ground water. 

MINERAL CARBONATES, SULFATES, AND OXIDES 

LIMONITE i s  o group nome for 
hydrated ferric oxide m i nera l s ,  
Fe,O,. H,O. I t  i s  on  amorphous 
m i nera l that occurs i n  compact,  
smooth, rounded mosses or i n  
soft, earthy mosses .  No c leav­
age. Earthy fracture . Hardness 
(H) 5 to 5 . 5 ;  Sp .  Gr .  3 . 5  to 4 . 0 .  
Rusty or  b lack i sh  co lor .  Du l l ,  
e a r t h y  l u ste r g i v e s  o ye l l ow ­
brown strea k .  Common weather­
ing product of i ron m i nera l s .  

CALCITE i s  o ca l c i um carbonate, 
CoCO,. I t  has dogtooth or flat 
hexagona l  crysta l s  with exce l lent 
c leavage.  H. 3 ;  Sp. Gr. 2. 72 .  
C o l o r l e s s  o r  wh i te .  I m pu r i t i e s  
show co lors o f  ye l l ow, orange, 

GYPSUM i s  o hydrated ca lc ium 
su lphate, CoS0,. 2H,O.  Tabu lar  
or f ibrous monoc l i n i c  crysta l s ,  or 
mass ive. Good c leavage .  H.  2 .  
S p .  Gr.  2 . 3 .  Color less or  wh i te .  
Vitreous to pear ly luster .  Streaks 
ore white. F lex ib le but no  e last ic  
f lakes. Somet imes fibrous .  Found 
i n  sed imentary evaporites and as  
s i ng le  crysta l s  i n  b lock sha les. 
The compact, mass ive form is 
known as  a labaster. 

brown , and green .  Transparent 
to opaque. Vitreous or dul l lus­
ter. Ma jor const i tuent of l ime­
stone. Common cave and vein 
depos i t .  Reacts strong ly  i n  d i lute 
hydroch loric ac id .  

Ca lc ite 
F i brous Gypsum 



QUARTZ is s i l icon d ioxide, S iO, . 
Massive or pr i smat ic . No c leav­
age. Conchoida l  fracture .  H. 7; 
Sp .  Gr. 2 . 6 5 .  Common ly  color­
less or wh i te .  Vitreous to greasy 
luster. Transparent to opaque . 
Common in ac id igneous ,  meta­
morph ic ,  and c last ic  rocks, vei ns ,  
and geodes .  The most common of 
al l  m i nera l s .  

Quartz 
crysta l  

ROCK-FORMING SILICATE MINERALS 

FELDSPARS a re a l um i na-s i l i cates 
af e i t he r  po ta s s i u m  (KA I S i308 
orthoclase, m icroc l i ne ,  etc . )  ar 
sod ium and ca lc ium (p lag ioc lase 
fe l d s p a r s  NaA I S i ,08 , C a A I , ­
Si,08}. We l l -farmed monoc l i n i c  
ar t r i c l i n i c  crysta l s ,  with good 
c leavage .  H. 6 to 6 . 5 ;  Sp .  Gr. 
2 .  5 to 2.  7 Orthoclase fe ldspars 
are white, g ray, or  pink, v itreous 
to pear ly  l uster, and lack surface 
str iat ions .  P l ag ioc lase feldspars 
are whi te or  g ray, have two good 
cleavages, which produce fi ne 
para l l e l  s tr iat ions on c leavage 
surfaces . Common i n  igneous and 
metamorph ic  rocks, and arkosic 
sandstones . 

MICAS a r e  s i l i c a te m i n e ra l s .  
W h i t e  m i c a  ( m u s c o v i te }  i s  a 
potass ium a l um i no- s i l i cate.  B lack 
mica (b iot i te} i s  a potassi um,  
i ron ,  magne s i u m  a l u m i no - s i l i ­
cate . Both occur i n  th i n ,  mono­
c l i n i c ,  p s e u d o - h e x a g o n a l ,  
sca le l i ke crysta l s .  Superb c leav­
age g ives th i n ,  f lex ib le  f lakes . 
Pear ly  to vitreous l uster. Micas 
are common i n  igneous, meta­
morph i c ,  and sed i mentary rocks .  

B iot i te 
(b lack  m ica )  
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PY ROX E N E S  i n c l u d e  a l a r g e  
g r o u p  o f  s i l i ca te s  o f  c a l c i u m ,  
magnes ium,  and iron . Augite, 
( C a Mgfe A I ),•( AIS i ),06, a n d  
hypers thene ,  ( FeMg )S i03, are  
the  most  common .  Stubby, e ight­
s ided pr ismatic ,  orthorhombic  or 
monoc l i n i c  crysta l s ,  or mass ive.  
Two c leavages meet at 90° (com­
pare amph iboles) ,  but these a re 
not a lways deve loped . Gray or 
green, grading into b lack .  V i tre­
ous to du l l  l uster. H. 5 to 6. Sp .  
Gr. 3 . 2  to 3 . 6 .  Common i n  near ly 
a l l  bas ic igneous and metamor­
phic rocks . Sometimes found in 
meteor ites .  

AMP H I BO L E S  a r e  c o m p l e x  
hydrated si l i ca te s  o f  c a l c i u m ,  
magnes ium,  i ron ,  a n d  a l um i num .  
Hornblende, a common  amph i ­
bo le ,  ha s  l ong ,  s lender, pr i s ­
matic,  s ix-sided orthorhombic or 
monoc l i n i c  crysta l s ;  somet imes  
fib r o u s .  Two g o o d  c l e a v a g e s  
meet ing a t  56° .  H .  5 t o  6 ;  S p .  Gr. 
2 .  9 to 3 . 2 .  B lack or dark g reen . 
Opaque with a vitreous luster. 
Common i n  basic i gneous and 
metamorphic rocks .  Asbestos is 
an amph ibo le .  

OLIV INE i s  a magnes ium-iron 
s i l i c a t e ,  ( FeMg ), S i O, .  S m a l l ,  
g lassy gra i n s .  Often found i n  
large, granu lar  masses .  Crysta l s  
a re  relat ively ra re .  Poor  c leav­
age. Conchoida l fracture.  H. 6 . 5  
t o  7 ;  S p .  Gr. 3 . 2  t o  3 . 6 .  Var ious 
shades of green; somet imes ye l ­
lowi sh .  Transparent or trans lu ­
cent . Vitreous l u ster. Common i n  
bas i c  igneous  and metamorph ic  
rocks .  O l ivine a l ters to a brown 
color .  



C OMMON  OR E MIN E R A L S  

GALENA i s  a lead su lph ide,  PbS .  
Heavy, br i t t l e ,  g ranu la r  masses 
of cubic crysta l s .  Perfect cubic 
c leavage, H. 2 . 5 ;  Sp .  Gr .  7 . 3  to 
7 . 6  S i lver-gray. Meta l l i c  l uster. 
Streaks o re lead-gray. Important 
lead ore .  Common vei n  m i nera l .  
Occurs with z inc ,  copper, and 
s i lver. 

SPHALERITE is a zinc su lphide, 
ZnS .  Cubic crysta l s  or granu lar, 
compact . S ix  perfect c leavages 
at 60° . H. 3 . 5  to 4 ;  Sp. Gr .  3 . 9  
t o  4 . 2 .  Usua l l y  brown i sh ;  some­
t imes yel l ow or black. Trans l ucent 
to opaque .  Res inous l uster. Some 
s p e c i m e n s  a r e  fl u o r e s c e n t .  
Important z inc  ore .  Common vein 
m ineral with ga lena .  

PYRITE i s  a n  i ron su lph ide ,  FeS, . 
C u b i c ,  b r a s s y  c r y s t a l s  w i t h  
str iated faces .  May b e  granu lar .  
No c leavage .  Uneven fracture .  
H .  6 to 6.5 ;  Sp .  Gr. 4 . 9  to 5 . 2 .  
Brassy yel low color .  Meta l l i c  lus­
ter .  Opaque and br i t t le .  A l so 
c a l l e d  fo o l ' s g o l d .  C o m m o n  
source o f  su l fur .  



THE CRUST: EROSION AND DEPOSITION 

The earth's crust is i nfluenced by three g reat processes 
which act together: 

Gradat ion i nc l udes the various surface agencies ( i n  
contrast to  the  two interna l p rocesses below), wh i ch  break 
down the crust (degradation) or bui ld it up  (aggradation) .  
Gradation i s  brought ab9 ut by runn ing water, winds ,  ice 
and the oceans .  Most sed iments a re fina l ly  deposited in the 
seas .  

Diastro p h i s m  i s  the name g iven t o  a l l  movements o f  the 
sol id  crust with respect to other parts (p. 1 06) . Someti mes 
this i nvolves the gentle up l ift of the crust . Ma ny rocks that 
were formed as  marine sed i ments gradua l ly  rose unt i l  they 
now stand thousands of feet above sea leve l . Other dias­
trophic  movements may i nvolve intens ive fo ld i ng a nd frac­
ture of rocks .  

COAS TLIN E S  t he  w o r l d  ove r 
provide evi dence of changes i n  
the earth's unstable crust . The 
photograph shows c l i ffs made of 
rocks that were depos i ted under 
the seas that covered the area 
about 130 m i l l ion  years ago . 
These were up l i fted and fo lded , 
so the i r  or ig ina l  layers now stand 
a lmost vert ica l .  At present they 
are undergo ing eros ion by the 
sea, typified by the form of the 
arch. Eroded mater ia l  i s  being 
re d e p o s i t e d  os a b e a c h .  T h e  
r o c k s  of  w h i c h  coa s t l i n e s  a r e  
formed are themselves t h e  resu l t  
o f  ear l ier gradat iona l events . 

NATURAL ARCH reflects process 
of erosion, wh i l e  deposi t ion  has 
p roduced the bea c h .  D o r s e t ,  
Eng land .  



Erupt ion  of Kapoho, Hawa i i ,  show ing  paths of molten lava 

VU LCAN I S M  i nc l udes a l l  the processes associated with the 
movement of molten rock materia l .  Th is  i nc l udes not on ly  
volcan ic  eruptions but  a l so the deep-seated intrus ion of  
granites a nd other rocks (p .  83). 

These three processes act so that at any t ime the form 
and posit ion of the crust i s  the resu l t  of a dynamic  equ i l i b­
r ium between them , a lways reflecting the c l i mate, season,  
a lt itude, and geologic environment of parti cu lar  areas .  As 
an  end product of degradation ,  the conti nents would be 
reduced to f lat  p la ins ,  but  the ba lance i s  restored a nd the 
processes of erosion counteracted by other forces that tend 
to e levate parts of the earth's crust . These changes reflect 
changes i n  the earth's i nter ior (p. 1 46) .  
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Yosem ite va l ley i s  the resu l t  of i nteract ion of various  types of eros iona l  
processes .  

EROSION i nvo lves the breaking down and remova l of 
mater ia l  by var ious processes or degradation . 

YOSEMITE VALLEY in Ca l i forn ia 
i s  a good example of the complex 
interplay of gradat ional  proc­
esses . A narrow canyon was f irst 
carved by the River Merced . This 
was later deepened and widened 
by g lac iat ion .  Runn ing water i s  
n o w  m o d i fy i n g  t h e  r e s u l t a n t  
hang ing and U-shoped vo l l eys (p .  

58 ) ,  so character ist ic  of g lac ia l  
topography. The level of the main  
vo l ley f loor  l ies  3 , 000 feet  be low 
the up land surface of the Sierras . 
D ifferences in topography ore 
port ly the resu lt  of d i fferences in 
jo int ing and res istance of under­
ly ing granites.  Ha lf Dome and El 
Cap i tan  ore re s i s tan t  g r a n i t i c  
monol i ths l a i d  bore b y  t h i s  d iffer­
e n t i a l  weathe r i n g . The reg i o n  
thus shows t h e  effect of many 
degrodot iono l  processes . But the 
300-ft . -th ick sed iment on the vo l ­
l ey  f loor revea l s  t he  cont inu ing 
aggradat iona l  effects that  ore 
a l so a t  work .  



WEAT H E R I N G  

Weathering i s  the  genera l name for  a l l  the  ways i n  wh ich  a 
rock may be broken down. It takes p lace because m inera l s  
formed i n  a part icu lar way (say at a h igh  temperature i n  
the  case  of a n  igneous rock) a re often unstab le  when 
exposed to the various condit ions affecting the crust of the 
earth . Because weathering i nvolves i nteract ion of the l i tho­
sphere with the atmosphere and hydrosphere ,  i t  varies with 
the c l imate. But al l  k i nds of weathering u l t imately produce 
broken m i neral  a nd rock fragments and other products of 
decomposit ion .  Some of these rema in  in one p lace (clay or 
laterite, for exam ple) wh i le  others are d i ssolved and 
removed by runn ing  water. 

The earth's surface, above the level of the water tab le  
(p .  50) ,  i s  everywhere subject to  weather ing . The weath­
ered cover of loose rock debris (as opposed to so l id  bed­
r o c k )  i s  k n ow n  a s  t h e  rego lith . T h e  t h i c k n e s s  a n d  
d i str ibut ion of the rego l ith depend upon both the rate of 
weathering and the rate of remova l and transportation of 
weathered materia l .  

T H E  EFFECTS o f  weather ing are 
most str i k i ng ly  seen i n  ar id and 
s e m i a r i d  e nv i r onmen t s ,  where 
bare rocks are exposed wi thout  a 
cover of vegetat ion .  Bryce Can· 
yon, Utah ,  shows the effects of 
the bedding and d iffer ing resis· 
lance of rocks i n  producing d i s· 
t i n c t i v e  e r o s i o n a l  l a n d fo r m s . 
Weather ing is of g reat impor· 
lance to humank i nd . Soi ls  are the 
resu l t  of weather ing processes, 
and are enr i ched by the act iv it ies 
o f  a n i m a l s  a n d  p l a n t s . S o m e  
i mportant  economic  resources ,  
such as  our ores of i ron and a lu·  
minum, are the resu l t  of res idua l  
weather ing processes .  



FROST S HATT E RING i s  o f ten  
produced by a l ternate freezing 
and thawing of water in rock 
pores and f issures . Expansion of 
water dur ing freezing causes the 
rock to fracture . 

S P H E ROIDAL WEATH E RING 
o c c u r s  i n  w e l l - j o i n t ed  r o c k s ,  
because weather ing tokes place 
m o r e  r a p i d l y  at c o rne r s  and  
edges (3 and 2 s ides) than on  s in­
gle faces . 

MECHANICAL WEATHERING 
involves the d i s integrat ion of a 
rock by mechanical processes . 
These inc lude freezing and thaw­
ing of water in rock crevices,  d i s ­
r u p t i o n  by p l a n t  r o o t s  o r  
b u r r o w i n g  a n i m a l s ,  and  t h e  
c hange s  i n  v o l u m e  t h a t  r e s u l t  
from chem ica l  weather ing with in 
the rock. Th i s  weather ing i s  espe­
c ia l ly  common in high lat i tudes 
and a l t i tudes, which hove do i l y  
f ree z i ng and t h a w i n g ,  and in  
d e s e r t s ,  w h e r e  t h e r e i s  l i t t l e  
w a t e r  o r  veg e t a t i o n .  R o t h e r  
ang u l a r  r o c k  f o r m s  o r e  p r o ­
duced, and l i t t le  chemica l  change 
in the rock i s  involved . I t  was once 
thought that extreme do i l y  tem­
p e r a t u r e  c h a n g e s  c a u s e d  
mechani ca l  weathering, but th i s  
now seems uncerta in .  

C H E MIC A L  W E AT H E R I NG  
invo lves  t he  decompos i t i on of  
rock  by chem ica l  changes or  so lu ­
t ion .  The ch ie f  processes ore ox i ­
d a t i o n ,  c a r b o n a t i o n  a n d  
hydrat ion,  and so lut ion i n  water 
above and below the surface . 
Many i ron minera l s ,  for example ,  
ore rap id ly  ox id i zed ("rusted") 
and l i m e s tone is d i s s o l ved by 
water conta ining carbon d iox ide .  
Such decomposit ion i s  encour­
aged by worm, wet c l imat ic  con­
d i t i on s  and  i s  m o s t  a c t i ve i n  
tropical  and temperate c l imates . 
B lankets of so i l  or other mater ia l  
o re  produced wh ich ore so th ick 
and extensive that so l id rock i s  
rare ly  seen in the t rop i c s .  Chem­
ical  weathering i s  more wide­
s p r e a d  a n d  c o m m o n t h a n  
mechani ca l  weather ing ,  a l though 
usua l l y  both oct together. 



S O I L  is the most obvious resu lt  of weather ing . It is the 
weathered part of the crust capable of support ing p lant 
l ife . The th ickness and character of soi l  depend upon rock 
type, rel ief, c l imate, and the "age" of a soi l ,  as we l l  as the 
effect of l iving organ i sms .  

Immatu re so i l s  are l i t t le  more than broken rock frag­
ments, grad ing down into so l id  rock . Mature so i l s  i nc lude 
quantit ies of humus,  formed from decayed p lants, so that 
the upper surface (topsoi l )  becomes dark .  Organic ac ids 
and carbon d ioxide released dur ing vegetative decay d i s­
solve l ime ,  i ron,  and other compounds and carry them 
down i nto the l ighter subsoi l .  

Residua l so i l s ,  formed i n  place from the weathering of 
underlying rock,  inc l ude laterites , produced by tropica l 
leaching and oxid iz ing condit ions which consist of iron and 
a l uminum ox ides with  a l most no humus .  Transported soi l s  
have been carried from the parent rocks from which they 
formed ond depos ited e l sewhere. Wind-b lown loess (p .  
77), a l l uvia l deposits (p .  44) , and  g lac ia l  t i l l  (p .  59 )  a re 
common examples of transported so i l s .  

LATE RIT IC SOI L  PROF I LE  

Fr iab le  c lay 
Concret ions  
r ich i n  iron 

and manganese 
ox ides 

Iron-r ich 
c lays 

zone 

serpent ine 

MAT U R E  SO I L  P RO F I L E  

} Humus-r i ch  
c lay  

l C lay  w i th  
l i mestone 
fragments 

Fresh  
l i mestone 
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ROCK FALLS forming ta lus s lopes ore on  
example of mos s  wast ing . The  f iner mater i a l  
tends to  be  concentrated near t he  bose o f  
t he  s lope.  Such  fa l l s  may  be  either sma l l  and  
i rregu lar  or massive and  sudden, caus ing a 
rock ava lanche.  

ion 

MASS WAST I N G  i s  the name g iven to al l  downs lope move­
ments of rego l ith under the predominant i nfl uence of g rav­
ity. Weathered mater ia l  i s  transported from its p lace of 
or ig in  by g ravity, streams, winds, g laciers, and ocean 
currents. Each of these agencies is a deposit i ng , as  we l l  as 
a transport ing agent and,  though they rarely act i nde­
pendent ly, each produces rather different resu l ts .  

The prevention of mass wasting of soi l  i s  of g reat impor­
tance in  a l l  parts of the wor ld . Eng ineering and m in i ng 
activit ies usua l ly requ i re geolog ica l advice on s l ide and 
subsidence dangers . Several trag ic dam fa i l u res have 
resu l ted from s l ides .  The Va iont reservo i r  s l ide i n  Ita ly in  
1 963 c la imed 2 , 600 l ives . Carefu l geologica l s i te  surveys 
can prevent such d i sasters . 

EARTH FLOWS may be s l ow or 
very rapid . Slow movement ( so l i ­
fl u c t i o n )  tokes  p l a c e  i n  a r e a s  
where port o f  t h e  ground i s  per­
manen t l y  f rozen . These  a rea s  
cover about 20 percent of the 
earth . On slopes, the thawed 
upper Ioyer s l ides on the frozen 
g round below i t .  On f lat ground, 
latera l movement g ives stone 
polygons .  Sudden flows may fo l ­
low heavy ra ins .  



SOIL CREEP is the gent le,  down­
h i l l  movement of the rego l i th  that 
occurs even on  rather moderate, 
g r a s s - c o v e r e d  s l o p e s .  I t  c a n  
often b e  seen i n  road cuts .  

SLUMPS are s l i des i n  soft ,  uncon­
s o l i d a ted sed i m e n t .  Some a re  
submar ine i n  o r ig i n .  Foss i l  s l umps  
are recogn izab le  i n  some strata . 
Usua l ly, s l umps are on a rather 
smal l  sca le ,  a s  when sod breaks 
off o stream bank .  

S U B S I D E N C E  i s  d o w n w a r d  
movement o f  the earth's surface 
caused by natura l  means (chem i ­
ca l  w e a t h e r i n g  i n  l i m e s t o n e  
a r e a s )  o r  a r t i fi c i a l  m e t h o d s  
(excessive m i n i ng or  br ine pump­
ing) .  Heavy loading by bu i ld ings  
o r  e ng i n ee r i n g  s t ructures  may 
a l so cause subs idence . 

LAN D S LID E S  a r e  m a s s  move­
ments of ea r t h  or  rock  a long  a 
d e fi n i t e p l a n e .  T h e y  o c c u r  i n  
areas o f  h igh  re l ief where weak 
p lanes-beddi ng ,  jo ints ,  or fau l t s  
( p .  1 1 0 - 1 1 1 ) - a r e  s t e e p l y  
i n c l i n e d ;  w h e r e  w e a k  r o c k s  
u n d e r l i e  m a s s i ve o n e s ;  whe re  
large rocks a re  undercut; and 
where water has  lubr icated s l ide 
planes . 

H i l l  creep affects fences and  trees ,  
a s  we l l  a s  bend ing  of vert i ca l  
strata . 

Typ ica l  l ands l ide topography i n  
Wyom ing shows debr is o f  huge 
bou lders. 

R o c k  g l a c i e r s  i n v o l v e  s l o w  
downs lope movement of "river" of 
rock .  



RUNNING WAT E R  

Runn ing water i s  the most powerfu l agent of eros ion . 
Wind, g laciers,  and ocean waves are a l l  confined to re la­
tive ly l im ited land a reas ,  but  runn ing water acts  a l most 
everywhere , even i n  deserts . One fourth of the 35, 000 
cubic mi les of water fa l l i ng on the conti nents each year runs 
off into r ivers,  carrying away rock fragments with i t .  I n  the 
Un i ted States, th is  eros ion of the land surface takes p lace 
at an  average rate of about one i nch i n  750 years .  Runn ing 
water breaks down the crust by the impact of rock debris it 
carries . 

THE HYDROLOGIC CYCLE is a 
cont inuous change in the state of 
water as it passes through a cycle 
of eva pora t i on ,  condensat ion ,  
and  precipitat ion .  Of  t he  water 
that fa l l s  on the land, up to 90 
percent i s  evaporated . Some is 
absorbed by p lants and subse­
quent ly transpired to the atmo­
sphere , some runs off i n  streams 
and rivers, and some soaks into 
the g round . The re lat ive amounts 

moist a i r  mass > moves to cont inent 

of water fol lowing these paths 
vary cons iderab ly  and depend 
upon the s lope of the g round; the 
character of the soi l a nd rocks; 
the amount ,  rate , and distr ibu­
t ion of rainfa l l ;  the amount and 
type of p lant  cover ;  and the tem­
pera tu r e .  The h y d r o s p h e r e  i s  
estimated t o  i nc l ude over 300 
m i l l i o n  c u b i c  m i l e s  of w a t e r ,  
about 97 percent o f  which i s  i n  
the oceans .  

condensat ion 

pr c i p i tat ion 
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A s ing le shower may i nvolve the downpour of more than 
a bi l l ion tons of water. Each ra i ndrop i n  the shower 
becomes important in  eros ion,  espec ia l ly  in  areas with 
sparse vegetation and unconso l idated sed iments . Runoff 
water rarely trave l s  far as a conti nuous sheet, for it i s  
broken up  i nto rivu lets a nd streams by surface i rregu lar i ­
t ies  i n  rock  type and re l ief .  

Running water carries its load of rock debris part ly in  
suspens ion,  part ly  by ro l l i ng and bounc ing it a long the 
bottom,  and part ly  i n  sol ut ion . The carry ing power of a 
stream is proportiona l  to the square of its ve loc ity, and so 
is enormously increased i n  t ime of flood . 

THE FORM OF RIVERS depends 
upon mony factors .  Water runs 
downh i l l  under the i nfluence of 
gravity, the flow of the water 
be ing cha racter i s t i ca l l y  turbu­
lent ,  with swi r l s  and edd ies .  The 
overa l l  long profi l e  of a r iver va l ­
ley i s  concave upwards, however 
much its g radient (its s lope or  fa l l  
i n  a g iven d i stance) may vary .  The 
ve loc i ty of the stream i ncreases 
w i t h  t h e  g r a d i e n t ,  b u t  a l s o 
depends on other factors, inc lud­
ing the pos i t ion wi th in  the river 
channe l ,  the degree of turbu­
lence, the shape and course of the 
channe l ,  and the stream load 
(transported mater ia l s ) .  

D ENDRITIC DRAINAGE PAT­
T E R N  o f  D i a m a n t i n a  R i v e r ,  
Queens land,  Austra l ia ,  i s  typica l  
of r iver deve lopment i n  areas 
where the under ly ing rocks are 
re lat ive ly  un iform i n  the ir  res is­
tance to eros ion .  Th i s  pattern 
may be modified by cont inued 
downcutt ing of the r iver. 

D iagrammat ic  model of a r iver 
system,  showing cross sect ions  of 
channel  at three points 



Niagara Fa l l s  are formed by res i stant bed of do lom ite. 

R I V E R  PROFILES reflect the varying development of dra in­
age systems .  Dur ing early development, changes a re 
reflected by d i rect ion and shape of stream courses . U lt i ­
mate ly, erosion produces an equ i l ibr ium between the s lope 
and vo lume of the r iver and its eros ional  and deposit iona l  
power. Th i s  resu lts i n  a g raded profi le ,  or profi le  of equ i l i b­
r i um .  F i na l  equ i l ibr ium is never reached because of sea­
sona l  and geologic changes . The downward l im it of erosion 
by a r iver i s  the base leve l ,  below which the river cannot 
downcut a ppreciably because i t  has reached the level of 
the body of water i nto which i t  flows . Sea level is the 
ult imate base level for a l l  r ivers . Larger rivers and lakes 
i nto which rivers flow constitute loca l base leve l s .  

Stages i n  the  cycle of river erosion were once labe led as 
"youth , " "maturity, " and "old age . "  Although these 
stages describe certa i n  characterist ics,  they i mply no par­
ticu lar  age i n  years,  only chang i ng phases i n  development.  
Rivers often show a condit ion of o ld age near thei r mouths,  
but a re mature or youthful i n  their h igher reaches . For that 
reason ,  the terms are rather mis lead ing ,  and a re now 
rarely used . 
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RIVER PROFILES ore i nf luenced 
by geology and structure of their 
d r a i n a g e  a r e a  a n d  t e n d  to 
assume a graded, concave profi le 
as they approach equ i l i br ium . 

IRREGULAR PROFILE-common 
i n upstream port ions of rivers­
shows h igh gradients , waterfa l l s ,  
r a p i d s ,  s t e e p - s i d e d  va l l e y s ,  
i rregu lar courses, few tr ibutar­
ies , and erosion . The Gunn i son 
River i n Colorado is an example . 

longi tud i na l  profi l e  .... 

SMOOTHER STEEP PROFILE i s 
steep, with h igh rel ief, but fewer 
i rregu lar i t ies . Eros ion and trans­
por ta t ion of unde r l y i ng rocks 
g ives wider va l l eys and smoother 
topography. Tr ibutar ies are wel l ­
estab l i shed . The White River of 
s o u t hwe s t e r n  M i s s o u r i  s how s 
these features . 

long i tud i na l  profi l e  .... 

GRADED PROFILE reflects dep­
os i t ion of transported load . The 
river f lows s lugg i sh ly over a wide, 
flat f lood p la i n , with meander ing 
pattern ,  ox-bow lakes , and sand 
bars . Th i s represents a base l i ne 
equ i l ibr ium between erosion by 
the river and deposit ion in the sea 
or lake into which i t flows . The 
lower Miss i ss ippi and Amazon 
ore examples . 

long itud i na l  profi l e  .... 
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REJUVENAT ION or up l i ft may 
i nterrupt the cycle of eros ion at 
any stage to prov ide new energy 
for downcutt ing . The character of 
the stream i s  then often a combi­
n a t i o n  o f  r e c e n t l y  c u t , s t e e p  
g o r g e s  i n  a n  o l d e r  m e a n d e r  
course . Ancient f lood-p la ins  are 
often left "stranded" as terraces .  
Up l ift and warping may be re la­
t ively sudden or s low, frequent or  
rare ,  loca l  or reg iona l  i n  extent .  

Terraces are cut a s  r iver swings f rom one s ide of va l ley to other . 

WAT E R FALLS A N D  RAPI DS are loca l i ncreases in g radient 
i n  the long profi le  of a river. Most are due to unequa l  
erosion of  the stream bed . 

THE FALLS of the Ye l l owstone 
River (the lower of which i s  twice 
as  high as N iagara Fa l l s )  resu l t  
f rom resistant lava flows . N iag­
ara Fal ls i s  he ld up  by an SO-foot­
thick bed of do lom ite, which i s  
more res i s tant to eros ion than the 
u n d e r l y i n g  s h a l e s  a n d  t h i n  
l imestones . 

Other fa l l s  resu l t  from over­
deepen ing of a ma in  va l l ey, often 
by ice, as i n  the Br ida l  Vei l  Fa l l s  
i n  Yosemite, so t ha t  t he  tr i butar­
ies are left "hang ing" (p. 34) . 
Cont i nued eros ion by a stream 
leads to upstream m ig rat ion and 
u l t i m a t e  s m o o t h i n g  o u t  o f  
waterfa l l s .  



U N E Q U A L  E R O S IO N h a s  
a l ready cut N iagara Fa l l s  back 
about 7 m i les from the N iagara 
esca rpment,  s ince i t  began cut­
t ing about 9 , 000 years  ago .  The 
weaker shales below the Lockport 
Do lomite are undercut by the tur­
bulent water i n  the p lunge poo l ,  
s o  that t h e  over lapping do lomi te 
i s  u nder m i n e d ,  and  eventu a l l y  
c o l l a p s e s .  T h e  N i a g a ra R i v e r  
flows i nto Lake Ontar io  from Lake 
E r i e ,  w h i c h  w i l l  u l t i m a t e l y  be 
drai ned by upstream m ig rat ion of 
the fa l l s .  

STREAM PIRACY t a k e s  p l a c e  
w h e n  t h e  t r i b u t a r i e s  o f  o n e  
s t r e a m ( A )  e r o d e  f a s t e r  t h a n  
those o f  another (B )  i n  the same 
area . The headwaters of the less 
a c t i v e  s t r e a m  a r e u l t i m a t e l y  
d iverted or  cut  off . When such 
"beheaded" s t rea m s  abandon  
the i r  path through a r idge,  a wind 
gap resu l t s .  

DELTAS are masses of sed iment 
deposi ted where r ivers lose the ir  
ve loc i ty a s  they enter lakes or 
sea s .  Thick, re lat ively un i form 
layers of sed iment  accumulate on 
the steep outward s lope .  Deltas 
of the Miss i ss ipp i ,  Ganges, and 
Po are thousands of square m i les 
i n  area . Deltas have a character­
i s t i c  s t r a t i fi c a t i o n  i n  t h e i r  
deposits . 
T 

C l i nton 
Li mestone 

---..........__ 
..;. 

and Sha l e  � 
Thoro ld � 

Sandstone / . .. Whir l pool •. 
Sa nd stone 

POTHOLES are c i rcu lar  ho l lows . 
in a stream bed , dr i l led out by 
swi r l i ng currents of water carry­
i n g  g r a v e l  a n d  p e b b l e s .  T h i s  
"hydrau l i c  d r i l l i ng"  i s  a n  impor­
tant method of down - cu t t i n g ,  
even i n  hard rock . 



DENDRITIC dra inage pattern s  
a re  t h o s e  t ha t  s how t r ee l i k e 
branch ing because the bedrock 
has a un iform resistance to ero­
sion and does not i nfluence the 
d i rect ion of stream flow. 

SUPERIMPOSED dra i nage gen­
era l l y  has stream courses that are 
i ndependent of rock structure . A 
s t ream' s  e ro s i o n a l  power may  
have been strong enough to  ma in­
ta in  i t s  a ntecedent course dur ing 

DRAI NAGE 

CONSEQUENT STREAMS flow 
in d i rect ions determined la rge ly 
by the orig ina l  s lope and shape 
o f  t h e  g r o u n d . W h e n  t h e i r  
courses are modified by features 
of the geology, such a s  va l ley cut­
t i ng i n  soft strata , the ad justed 
tr ibutaries a re known as  subse­
quent stream s .  

TRELLIS patterns a r e  character­
i s t i c  of u n i f o r m l y  d i p p i n g  o r  
strongly fo l ded rocks . I n  th i s  rec­
tangu lar  pattern ,  the tr ibutar ies 
are near ly perpend icu lar  to the 
main  strea m .  

up l ift and deve lopment o f  a new 
geologica l structure . Or i t  may 
keep its same course after i t  cuts 
through younger, over ly ing , f lat, 
sed imentary rock to an  older, 
i rregu lar  rock mass .  



PATTERNS 
RADIAL p a t t e r n s  deve l o p  o n  
young mounta i n s ,  such a s  vo lcan­
oes where stream s  radiate from 
the h igh  centra l area . 

Piracy may cause  r iver d i vers ion . Ancestra l Shenandoah River captured 
headwaters of Beaver Dam,  leavi ng an  abandoned water gap . 

MODIF IED DRAINAGE may be 
caused by p i racy (p .  45) as we l l  
as by g lac ia l  o r  volcan ic b lock ing 
of stream courses .  G lac ia l  d iver­
s ian results from overdeepen ing 
of bas ins  and r iver  vo l leys by ice ,  

b l o c k i n g o f  d r a i n a g e  b y  i c e ,  
mora i n i c  deposits ,  and me l twa­
ter, which may produce g lac ia l  
lakes  and new out lets . Changes 
i n  sea level  may a l so  modify 
drainage . 

Great lakes bas ins  were carved by ice from soft strata . Or ig ina l  
dra inage was b locked by ice ,  producing local  c rus ta l  depress ion s .  



E R O S I ONAL LAN D FO RMS are produced by runn ing 
water and other erosiona l agents . Mesas a re flat-topped 
rock mounta i ns ,  which stand as remnants of a once conti n ­
uous  p latea u .  Buttes are sma l ler exa mples of the  same 
th i ng .  Monuments descr ibe any iso lated rock p innac le .  

hogback escarpment 

HOGBACK S  are l o n g  r i d g e s  
formed b y  steeply d ipp ing res is­
tant strata ; cuestas are gent ly 
s lop ing r idges formed i n  gent ly 
d ipp ing strata . 

NATURAL BR IDGES are formed 
of res istant strata , usua l l y  sand­
stone or  l imestone . U nderground 
eros ion has taken place below the 
or ig ina l  stream bed . 

P INNACLES at B ryce Canyon, 
Utah,  show d i fferent ia l  weather­
i ng .  Eros ion has removed the soft­
er, more so lub le rocks. Rocks 
here are of Tert iary ( Eocene) 
age .  



G R O U N DWAT E R  is found a lmost everywhere below the 
earth's surface . Most or ig i nates from ra i n  and snow, but 
sma l l  quantit ies come from water trapped i n  sed i ments 
during their deposit ion (connate water) or from igneous 
magmas ( j uven i le  water) . 

SEPTARIAN NODULE is formed 
f r o m  m i n e r a l s  d e p o s i t ed  b y  
groundwater i n  c lay l i ke rocks .  
G r o u n d w a t e r  i s  on  i m po r t a n t  
agent i n  both deposi t ion o n d  ero­
s ion of surface rocks .  I t  can dis­
s o l v e  o r i g i n a l  c e m e n t i n g  
mater ia l s  and deposit new ones .  
Fo r  examp le ,  i t  produces caves 
and caverns by so lut ion in car­
bonate rocks .  

POROSITY, t he  percentage of  
pore  space  to tota l vo lume of a 
rock, depends upon the gra in  
s ize,  shape, pack ing ,  and cement 
of rock part ic les .  The permeab i l ­
i t y  of a rock ,  or  i ts capacity to  
transm i t  or  y ie ld  water, depends 
upon the s ize of pores, rather 
than the i r  tota l vo lume .  Pores 
sma l ler  than 1 /20 of a m i l l imeter 
w i l l  n o t  a l l o w  w a t e r  t o  fl o w  
through them . 

WELL-SORTED SAND (en larged 
view) with high porosity due to 
sort i ng ,  which has removed fine­
grai ned part ic les  

POO R LY SO R T E D  SAND  h a s  
lower porosity than we l l - sorted 
sand,  because the pore spaces 
are fi l l ed by fine part i c les .  

LIM E S TO N E S g e n e r a l l y  h o l d  
water i n  en larged jo i nts formed 
by so lut ion ;  they lack the "pore 
spoce11 of sandstones .  

-c c 0 
� 
.:0 >-0 -" · -E � " 0 a.. a.. 

0 Gra i n  d i ameter 
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T H E  WAT E R  TABLE depends on the d i str ibution of ground­
water. The open spaces i n  the rocks of the upper part of 
the cr ust a re fi l led main ly  with a i r. Th i s  i s  the zone of 
aerat ion . Water moves downward through th is  zone i nto 
the zone of saturation ,  where open ings ar e fi l led with 
water. The upper surface of th is saturated zone i s  the water 
table .  I n  most a reas, the water table i s  only a few tens of 
feet below the sur face, but in arid reg ions,  i t  i s  much 
deep er. Water-bear ing rocks are rare ly found below 
2 , 000 feet . Rock pores are c losed by pressure at depth , 
and th is determines the lower l im it for g roundwater. Most 
rocks wi l l  g ive off water whenever they i ntersect the water 
tab le .  But the level of the water tab le  fa l l s  after a dry 
season ,  so rock formations must be deep enough to pene­
trate the water table a l l  year round . Sometimes a per ched 
water tab le  resu lts when a p ocket of water i s  held above 
the normal  water table by a saucer of impervious rock .  
Any water-pr oducing rock formation i s  ca l led a n  aqu ifer. 

AR T E S I AN  W E L LS a r e  t h o s e  
where water i s  confi ned t o  a 
permeab le  aqu i fer by impervious 
beds ,  and where the catchment or 
i ntake area (and thus the water 

leve l i n  the aqu i fer)  is h igher 
than the we l l  head . Th i s  a l l ows 
the water to flow toward the 
surface under i t s  own i nternal 
pressure. 



t;'l 'l '/ 
, ,ra i n fa l l  

gran ite 

(after Ho lmes )  

SPRINGS are sources of runn ing water produced by the 
water tab le intersect ing the g round surface . A few of the 
many ways they can be formed are shown i n  the d iagrams 
above . Some spr ings  a re dry at seasons when the  water 
table i s  depressed ; others flow without i nterruption .  

HOT S P RING S  a re g e n e r a l l y  
confined t o  oreos o f  recent vu l ­
c a n i s m  w h e r e  g r o u ndwa te r  i s  
heated at depth by contact with 
igneous magmas .  Such spr ings 
ore we l l  deve loped i n  Ye l l owstone 
Not iona l  Pork and North I s land ,  
New Zea land .  Terrace deposits 
may be produced when hot spr ing 
water deposits d i ssolve m i nera l  
matter .  Mammoth Spr ings of Ye l ­
l o w s t o n e  N o t i o n a l  P o r k  o r e  
fo rmed  o f  c a l c i u m  c a r bo n a t e  
(travert ine) . Geysers, intermit­
tent f o u n to i n l i ke hot s p r i n g s ,  
o f ten  b u i l d  c o n e s  o f  s i l i c e o u s  
geyser i te .  

FUMAROLES ore gent le geysers 
located i n  vo lcan ic  reg ions that 
emit  fumes, usua l l y  i n  the form of 
stea m .  

Hot Spri ngs ,  Thermopo l i s ,  Wyom ing  

Norr is  Geyser Ba s i n ,  Wyom ing  



Pudd ing  Bas i n  Geyser, New Zea­
land shows typ ica l  erupt ion .  

.. 

GEYSERS are  t he rma l  s p r i n g s  
that period i ca l ly d i scharge the i r  
water with explosive v io lence .  Al l  
geysers  have a long na rrow p ipe 
extend ing  down from the ir  vents 
into their reservo i r s .  A bu i ld-up 
and sudden re lease of s team bub­
bles probab ly  re l ieves the pres­
sure on the heated water below 
g round so that i t  bo i l s  and surges 
u p wa r d . T h e  p e r i o d  b e t w e e n  
eruptions var ies from m i nutes to 
m o n t h s  i n  d i f f e r e n t  g e y s e r s ,  
depending upon the structure of 
the geyser, i t s  water supply, and 
i ts heat source.  

OLD FAITHFUL i n  Ye l l owstone 
<1111 National  Park d i scharges o co l ­

umn of water and s team up to 1 70 
feet h igh  approximately every 65 
m i nutes . 

Typica l  geyser structure shows 
c o m p l e x  s y s t e m  of fi s s u r e s  
extend ing  down to reg ions where 
g round water  becomes  super ­
heated and fi na l l y  erupts . 

Geyser ite ( S i nter )  

Temperature Depth 

2 l 2°F I 0 '  

33 ' 

295' 



CAV E S  r e fl e c t  t h e  w o r k  o f  
g roundwater. L i mestone i s  d i s ­
so lved by c i rcu lat ing water i n  
s ubsu r face  j o i n t s  a nd  fi s s u r e s .  
T he  en largement gradua l ly  pro­
duces a cove . Ins ide a cove, dr ip­
p i n g  w a t e r ,  r i c h  in  c a l c i u m  
bicarbonate and CO,, often pro­
duces prec ip itates that form sta­
lagmi tes and sta lact i tes . 

G E O LO G I CAL WO RK OF G R O U N DWAT E R  is important 
i n  solut ion and deposit ion i n  the rocks through which i t  
passes . It  d i sso lves l i mestone and other carbonate rocks to 
form caves and s ink holes . Li mestone a reas are often 
marked by a karst topography of s inks ,  few surface 
streams (they flow underground),  and large spri ngs .  I n  
caves, the deposit ion o f  ca lc ite d i ssolved i n  dr ipp ing 
groundwater produces sta lactites, ic ic le-shaped forma­
tions hanging from the cave cei l i ngs ,  and sta lagmites ,  
formations that bu i ld  up from the cave floor. The ca rryi ng 
away of m i nera l s  i n  solution usua l ly occurs above the water 
tab le .  Be low that leve l ,  deposit ion ,  replacement, and 
cementat ion a re important .  Ba l l - l i ke masses (concretions) ,  
ho l low, g lobu lar bodies (geodes) , and the cement i n  many 
sed imentary rocks are the resu lt  of the act ion of ground­
water at depth . 

geode KARST TOPOGRAPHY 

concret ion 



Cotter Dam supp l i es  water for Austra l i a n  cap ita l c i ty of Canberra . 

T H E  EARTH'S WATE R  S U PPLY is one of its most precious 
natura l resources . Although near ly three quarters of the 
g lobe is  covered by water, over 97 percent of the 326 
m i l l ion  cubic mi les of earth's water i s  locked up i n  the 
ocea ns,  too salty for dr ink ing water or for agr icu l ture . 
Another 2 percent is frozen in g laciers and ice sheets . The 
t iny fraction that i s  ava i lab le  for water supply i s  very 
uneven ly d istributed . One third of the earth's land surface 
is  desert or sem iar id . Even in  humid a reas, water supply 
and conservat ion present major prob lems .  The locat ion 
and deve lopment of new industries depend upon adequate 
water suppl ies .  Wor ld  demand for water i s  expected to 
double in the next twenty years .  It  requ i res 600, 000 ga l ­
lons of  water to  produce one ton  of  synthetic rubber. The 
da i ly  consumption of the average househo ld  i n  the U n ited 
States is 400 ga l lons .  
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About three quarters of the water used in most humid 
i ndustr ia l  a reas comes from surface waters (rivers, lakes ,  
art ific ia l reservoirs ,  etc . ) .  The rest comes from groundwa­
ter. Po l lut ion and waste sti l l  prevent max imum use of sur­
face waters ,  on which we depend . 

Over one fourth of the earth's land surface is desert,  
and dam construction can be vita l i n  these a reas .  The 
Aswan Dam i n  Egypt brought a l most 2 . 5  m i l l ion acres of 
new land i nto cu ltivation and generates 1 0  bi l l ion k i lowatt­
hours of e lectr ic ity each year. Desa l i n i zat ion of sea water, 
a lthough used i n  some arid areas ,  i s  sti l l  too expens ive for 
genera l use . 

Water conservation is a press ing world need si nce sup­
p l ies, a l though they a re never exhausted but are rep len­
ished i n  the water cyc le ,  can never be increased . They can ,  
however, b e  more effic ient ly used and d i str ibuted . Po l l u ­
t ion  of  water suppl ies by domestic and i ndustr ia l  wastes 
can upset the de l icate eco logica l ba lance,  a nd has very 
serious b io log ic ,  economic ,  and recreat ional  effects . 

Arid  and sem iar id reg ions  cover about 1 /3 of the earth's surface . Th i s  
water ho le  i n  Pak i stan i s  typ ica l  of l o ca l  water supp l i e s . 



Lake So l i tude,  Wyom ing ,  a typ ica l  area of recent g lac iat ion 

G LACIERS AND G LACIATION 

We l ive today i n  the twi l ight of a great epi sode of refr ig­
erat ion,  when much of the Northern Hemisphere was cov­
ered by conti nenta l ice sheets, l i ke those that sti l l  cover 
Antarctica and Green land. Although the ice i tse l f  has now 
retreated from most of Europe, Asia ,  and N orth America , 
it has left traces of its i nfl uence across the who le face of 
the landscape in jagged mounta i n  peaks ,  gouged-out 
up land va l leys , swamps,  changed river courses, and bou l ­
der-strewn , table-flat prai ries i n  the lowlands .  

G laciers a re th ick  masses of s low-moving ice .  I n  the 
higher l ands a nd polar reg ions, the annua l  winter snowfa l l  
usua l ly  exceeds the summer loss b y  melti ng .  Permanent 
snow fie lds  bui ld up ,  and thei r lowest boundary i s  the snow 
l i ne ,  the actua l  height of wh ich varies with lat itude and 
c l imate. Bur ied snow recrysta l l izes to form ice, which 
moves s lowly under its own weight .  It  moves most rapid ly 
i n  the midd le  of the g lacier. 
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G LAC IAL E R O S I O N  has a powerful effect upon land that 
has been buried by ice and has done much to shape the 
mounta i n  ranges of our present world . Both va l ley and 
conti nenta l g laciers acqu i re many thousands of bou lders 
and rock fragments, which,  frozen i nto the sole of the 
g lacier, gouge a nd rasp the rocks over which the g laciers 
pass . The rocks are s lowly abraded down to a smooth , 
fl uted , grooved surface . Glac ia l  meltwater, from periods 
of dayl ight or summer thaw, seeps i nto rock fi ssures and 
joints. When it freezes aga in ,  it he lps to shatter the rocks, 
some of which may become frozen i nto the body of the 
g lacier and be carried away as the g lac ier moves down­
slope. Ava lanches and undercutti ng of va l ley s ides add to 
the rock debr i s .  

ROCK SURFACES d i sp lay f lut­
i n g ,  s t r i a t i o n ,  a n d  p o l i s h i n g  
effects o f  g lac ia l  eros ion . The 
f o r m  a n d  d i r e c t i o n  o f  t h e s e  
g rooves c a n  b e  used t o  show the 
d i rection i n  wh ich the ice moved . 

TYPICAL LONGITUDINAL SEC­
TION of a va l l ey  g lac ier shows i t s  
structure and its profi le  of bed­
rock .  Surface ice i s  br i t t le ,  but 
u n d e r l y i n g  i c e  c r y s t a l s  bend , 
shear, and g l ide,  caus ing ice to 
flow by deformat ion . 
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THREE STAGES OF GLACIAL 
EROSION are i l l u strated above, 
s h o w i n g  m o u n t a i n  c o u n t r y  
before, dur ing ,  and after g lac ia­
t ion .  G lac iers cut  U -shaped va l ­
l eys ,  modify ing and deepen ing 
the i nter lock ing pattern of ear l ier  
meander ing r iver eros ion . The 
va l l e y s  a r e  s t r a i g h t e n e d  a n d  
truncated b y  ice flow. Tributary 
hang ing va l leys deve lop where 
the rate of eros ion by tr ibutary 
g lac iers i s  l ower than that of the 
g lac ier i n  the main vo l ley. As the 
ice retreats ,  waterfa l l s  flow out 
of them i nto the main vol ley. 

U -shoped g lac iated vo l ley, C l i n ­
ton  Canyon, New Zea land 

HORNS, ARETES, AND CIRQUES 
are a l l  products of g lac ia l  ero­
s ion. Horns ore sharp, pyramida l  
m o u n ta i n  peaks  f o r m e d  w h e n  
headword eros ion o f  several  g la­
c iers i ntersect . Aretes ore sharp 
r idges formed by headword g la­
c ia l  eros ion .  Cont inenta l  g lac iers 
tend to produce a smoothed-out 
effect on  the landscape, such as 
that of the laurent ian Sh i.e ld in 
C o n o d o .  C i r q u e s  o r e  b ow l ­
shaped vo l l eys formed a t  heads 
of g lac iers and below oretes and 
horned mounta i n s ;  often conta i n  
a sma l l  lake, cal led a tor n .  

Horns a nd  oretes i n  g lac iated 
area, Switzer land 



Retreat ing 
i ce  sheet 

I DEALIZE D G LAC IAL LAN DSCAPES show typical depo­
s it ional  features . They are col lective ly ca l led t i l l  deposits . 
Glac ia l  deposits of rock fragments a re carr ied by the 
g lacier on its surface with i n  the ice and at its base . Th i s  
mater ia l  i s  deposited either beneath or at the foot of the 
ice fie ld ,  form ing unsorted and unbedded "ti l l . "  Me ltwater 
streams flowing from the g lacier form sorted , stratified 
g laciofluvia l  or  outwash deposits. These and other g lac ia l  
deposits are often descri bed as "drift . "  Deposits a l so occur 
during retreat of ice. 

MORAINES ore deposits of g la ­
c ia l  t i l l  formed either as arcuate 
mounds at the snout of the g lac ier 
(term ina l  mora ines) or  a s  sheets 
of t i l l  over cons iderable areas 
(boulder c loy ) .  Successive term i ­
n a l  moraines often mark retreat 
stages of g lac iers (recess iona l  
moraines) .  Mora ines  ore mode up 
of a variety of unsorted rock frag­
ments i n  unbedded c loy matri x .  

ERRATICS ore boulders of "for­
eign" rock carr ied by g laciers . 
Some ore up to 1 00 feet across, 
and most ore found many m i les 

DRUML I N S  ore l ow,  r o u n d e d  
h i l l s ,  somet imes reach ing a m i l e  
i n  l e n g t h ,  f o u n d  i n  g l a c i a t e d  
areas .  A l igned i n  the d i rect ion of 
ice f low, the i r  steeper, b l unter 
ends point  toward the d i rect ion 
from which the ice come.  They are 
f o r m ed b y  p l a s t e r i n g  o f  t i l l  
around some res istant rock moss .  
They produce  a c h a rac ter i s t i c  
"basket-of-eggs" topography. 

from their points of or ig i n .  They 
often hove b l unted edges and 
rather smooth faces ,  but most 
lock g lac ia l  str iat ions . 

59 



KAMES are i so lated h i l l s  af strat­
ified mater ia l  farmed from debris 
that fe l l  i nto openings i n  retreat­
ing or stagnant ice. Kame ter-

races are benches of strat ified 
mater ia l  deposited between the 
edge of o val ley g lac ier and the 
wa l l  of the val ley. 

GLAC I O F LUVIAL D E POSITS are a l l  sorted and bedded 
stream deposits .  Outwash depos its, formed by meltwater 
streams ,  a re flat, i nter locking a l l uvia l  fans .  

ESKERS are  l ong ,  narrow, and 
often branch ing s i nuous r idges of 
poor ly  sorted g ravel and sand 
formed by deposit ion from for­
mer g lac ia l  streams .  

KETTLE HOLES are depress ions 
(sometimes fi l l ed by lakes) due to 
melt ing of large b locks of stag­
nant ice, found in  any typica l g la­
c ia l  depos i t .  

GLAC IAL LAKE D E POSITS are formed ei ther by meltwater 
or the b locking of river courses . Deltas and beaches mark 
the leve l s  of many such lakes .  

VARVE CLAYS are lake deposits 
of fi ne-grai ned s i l t ,  showing reg­
u l a r  sea s o n a l  a l t e r n a t i o n s  of 
l i g h t - c o l o r e d ,  t h i c k e r  b a n d s  
deposi ted dur ing wet, summer 
months and th inner,  dark bands 
r e p r e s e n t i n g  the fi n e r ,  o f t e n  
o r g a n i c ,  m a t e r i a l  o f  w i n t e r  
deposits that sett le below t h e  fro­
zen lake surface. 



Max imum extent of P l e i stocene ice sheets and g l a c iers 

ANCI E N T  P E R I O D S  O F  G LACIAT I O N  produced land fea­
tures sti l l  i n  evidence today. The features a l ready described 
can be seen in  connect ion with exist ing g laciers ,  but o lder 
g lac ia l  deposits and erosiona l features prove the occur­
rence of earl ier g lac ia l  episodes . The most recent of these 
i s  the P le i stocene g laciat ion which began about two m i l l ion  
years ago . It i nvolved four  ma jor  episodes of  g lac iation ,  
when continenta l i ce  sheets covered about  one  quarter of 
the earth's surface, inc lud ing parts of North Amer ica , 
northern Europe, and northern As ia .  G lac ia l  advances 
were separated by warmer, i nterg lacia l periods .  I n  the 
areas outs ide those covered by g laciers, espec ia l ly  i n  the 
Southern Hemisphere, corresponding p l uvia l periods of 
abnorma l ly  heavy rainfa l l  marked P le istocene times, prob­
ably caused by changes i n  the genera l pattern of wind 
c ircu lat ion produced by conti nenta l g lac iers .  

P le i stocene g l aciation molded such fam i l i a r  features of 
our present landscapes as the jagged peaks of the Rockies 
and the Alps, the r ich farm soi l s  of the northern midwestern 
states, and the Great Lakes . 
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G LAC IAT I O N  is important because it has mo lded the 
topography of much of the Northern Hem isphere . I t  a lso 
poses a number of basic geologic problems.  

CHANGES IN SEA LEVEL of up 
to 300 feet occu rred when much 
of the ocean's water was l ocked 
in c o n t i n e n t a l  g l a c i e r s .  E v e n  
today, i f  present g lac i ers a n d  ice 
sheets that cover 1 0 percent of 
the earth's surface were to mel t ,  
sea leve l  would r i se by some 300 
fee t . The c o n t i n e n t a l  m a r g i n s  
wou ld b e  f looded, and many of 
the world's major ports would be 
s u b m e rg e d . T h i s  m a y  h a p p e n  
aga i n .  I f  i t  does not, a n d  w e  are 
i nstead l iv ing i n  an i nterg lac ia l  
rather  than postg lac ia l  ep isode, 
then con t i n en ta l  g l a c i e r s  may  
aga i n  spread across much  of the 
earth . 

LOADING THE CRUST by ice 
caused sags to deve lop which 
reached about 1 ,  500 ft .  under 
the th ickest ice. With the mel t ing 
of the g lac iers ,  the crust began to 
r i se aga in ,  and the h i story of th i s  
r i se can be traced i n  Scand ina­
v ia ,  N orth Amer ica,  and Europe . 
The crust r i ses about 9 i nches per 
century. 

U PU ", 
IN METERS ' 
Since 6800 B .  

CAUSES OF ICE AGES are st i l l  
unknown . Poss ib le causes m a y  be 
changes i n  the broad pattern of 
the c i rcu lat ion of the oceans ,  
changes i n  the re lative pos i t ion of  
the earth and sun ,  changes i n  
so lar  radiat ion,  a nd the presence 
of some b lanket such a s  vo lcan ic  
dust to reduce so lar  radiat ion 
reach ing the earth . I t  has a lso 
been suggested that the P le i sto­
cene g lac iat ion of the Northern 
Hemi sphere cou ld have been the 
result of surges i n  the Antarct ic 
i c e  s h e e t  p r o d u c i n g  w i d e  i c e  
s h e l v e s  a r o u n d  t h e  S o u t h e r n  
Ocean ,  which cooled the North­
ern Hemisphere.  

P R E - P L E I STOC E N E  GLAC IA ­
T IONS are much less easy to 
detect than the very recent P le i s ­
tocene .  One ma jor  epi sode of 
g l a c i a t i o n  t o o k  p l a c e  in t h e  
Southern Hemisphere i n  Permo­
Carboniferous t imes ,  about 230 
mi l l ion years  ago .  T i l l i tes ( indur­
ated g lac ia l  t i l l s )  and str iated 
rock pavements show large areas 
of  A u s t r a l i a ,  S o u t h  A m e r i c a ,  
I nd ia ,  a n d  South Africa t o  have 
been g lac iated . The character of 
these g lac ia l  deposits suggests 
that these areas,  now remote, 
formed a s i ng le  mass ive cont inent 
(Gondwana land)  at that t ime .  

There i s  a l so evidence of an  
Ordovic ian (about 450  m i l l i o n  
years ago )  and a late Pre-Cam­
br ian g lac iat ion (about 600 m i l ­
l i o n  years ago) .  



THE OCEANS 

Oceans play a major role in the earth's natura l processes 
because of their production and control of c l imate, supply­
ing moisture to the atmosphere and provid i ng a vast c l i ­
matic regu lator. They form the u l timate site o f  deposit ion 
of a lmost a l l  sed i ment and are the home of many l iv ing 
species of a n ima l s  and p lants . The oceans  cover over 70 
percent of the earth's surface . The continents are sur­
rounded by sha l l ow, gent ly s loping conti nenta l shelves . 
The average ocean depth is a lmost three m i les,  but 
trenches, up  to 36, 000 feet deep,  are found i n  p laces . 
Although much of the deep ocean floor is a f lat p la i n ,  some 
parts are more mounta i nous than the mounta i n  regions of 
dry land . A worldwide system of midocean ic  r idges 
inc ludes submarine mounta i n  cha i ns ,  marked by i ntense 
vu lcan ism and earthquake activity, a nd offset by transform 
fau l ts .  They a re the sites of the formation of new crusta l 
rocks (p .  1 4 1  ) .  There are a l so many vo lcan ic  i s lands ,  
inc lud ing many submerged below sea leve l . 

Ca l i forn ia Coast shows force of break i ng  waves erod ing  s hore l i ne .  



... 

OCEANIC CURRENTS AND DRIFTS 
warm 

1 .  N .  Equatorial  � 2 .  S .  Equatorial  

cool 3 . E q .  countercurrent 

4. N. Atlantic drift 

5. N. Pacific  

CURRENTS have a major inf lu­
ence on wor ld weather patterns . 
D i fferences in the density of sea 
water of varying sa l i n i ty and dif­
ferences i n  temperature produce 
water c i rcu lat ion i n  the oceans .  
The  colder,  more  sa l i ne ,  denser 
water s inks downward to produce 
deep ocean currents. Nearer the 
surface of the sea, the combined 
influence of wi nds and the rota­
t ion of the earth produce the 
more fam i l iar  surface currents, 
i nc lud ing the Gu l f  Strea m .  These 
su r face  c u r ren t s  fa l l ow g rea t ,  
swi r l i ng routes around t he  ocean 
bas in s  and the equator. Some 
currents move at speeds of aver 
1 00 mi le s a day. 
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6. 
7. 
8 .  
9 .  

1 0 . 

Humboldt  1 1 . Falk land 

Kuroshio 1 2 . Benguela 

Alaska 1 3 . West Wind Drift 

Labrador 1 4 . F lorida 

Canaries 1 5 .  Cal ifornia 

SEA WATER i n c l udes about 3 . 5  
percent o f  d i ssolved chemica l s  by 
weight .  Sa l t  (NaC 1 )  i s  the most 
c o m m o n  s o l u t e ,  w i t h  s m a l l e r  
quan t i t i e s  o f  m a g n e s i u m  c h l o ­
r ide, magnes ium a n d  ca lc ium su l ­
fates ,  and traces of about 40 
other e lements . Sa l i n i ty  i s  the 
number of grams of these d is­
so lved salts i n  1 , 000 grams of sea 
water. Although the proport ions 
of these sa l ts  to one another are 
v e r y  s i m i l a r  t h r o u g h o u t  t h e  
oceans o f  the wor ld ,  the tota l sa­
l i n i ty  of the oceans var ies from 
place to p lace and with depth . I t  
i s  l ow near r iver mouths ,  for 
example ,  and h igh  i n  areas of 
h igh  evaporation .  



T IDES are twice-da i l y  movements 
of b i l l ions  of tons of oceon woter 
i nf luenced by mony factors on  the 
surfoce of the eorth as  we l l  as 
from spoce . Moin ly ,  the g ravita­
t iona l pul l  of the moon upon the 
earth causes the waters to bu lge 
toward i t  twice a day, creat ing 
w h a t  w e  c a l l  h i g h  t i d e s . T h e  
correspond ing  bu lge or  h igh  

WAVES are produced ch iefly by 
the  drag of winds on the surface 
of water. The water i s  dr iven into 
a c i rcu lar  mot ion ,  but only the 
wave form, not the water itself ,  
moves across the ocean surface . 
Waves genera l l y  affect on ly  the 
uppermost part of the oceans .  
Wave base i s  ha l f  the  wave length 
of any part i cu lar  wave system .  
W h e n  t h e y  r u n  i n t o  s h a l l o w  
water, waves d rag bottom ,  and 
t h e  t o p m o s t  w a t e r  p a r t i c l e s  
break against  the shore.  Waves 
play an important part in the 
shaping of coast l ines ,  both in 
sed iment transport and in ero­
s ion . Some large waves (tsunami )  
are  caused by earthquakes . 

t ide on the d i stant s ide of the 
earth from the moon i s  caused 
b y  t h e  c o r r e s p o n d i n g  l o w e r  
attroct ion o f  the moon at th i s  
g reater d i stance, a l lowing the  
o c e a n s  t o  " s w i n g "  o u t wa r d . 
T i d e s  r i s e  o n l y  two  o r  t h r e e  
feet o n  open coast l i nes ,  but i n  
r e s t r i c t ed  c h a n n e l s  c a n  r e a c h  
fifty feet . 
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T H E  E D G E S  OF T H E  CONTI N E NTS are commonly marked 
by margins  of broad,  flat shelves which s lope gently (at 
about 1 : 1 000) to a depth of about 450 feet. At this depth , 
they merge i nto the steeper continenta l s lope. The width of 
shelves varies from a few m i les to 200 or more m i les. 
Commonly, shelves a re about 30 m i les wide.  The shelves 
seem to be formed by the deposition a nd erosion of fa ir ly 
young sed i ments, many of them of P le istocene age. 
Changes in sea level of some 500 feet have be�n i nvolved 
dur ing this period . 

T H E  CON T I N E N TA L  S H E L F 
AND SLOPE r im  the cont i nents, 
t h e  w i d e  s h e l f  d r o p p i n g  o f f  
steep ly  at  t he  s lope to  t he  depths 
of the seafloor .  At the base of 
the cont inental  s lope ,  there is 
often a convex rise , formed from 
s l u m ped  s ed i me n t s .  T h i s  a rea 

l i ttora l : l Sha l low l 

ranges from a few m i les to about 
1 00 m i les i n  width .  

The g reat vert i ca l  exaggera­
t ion of the diagram suggests a 
much steeper profi le than rea l l y  
e x i s t s . Even  so ,  the  s l o p e  i s  
a lmost a hundred t imes steeper 
than the shelf .  

Deep water 
Zone T : Water : 1Ner i t ic  Zone 1 

/ Effect ive Sun l ight-P lankton Zone 

Twi l i g ht Zone  

CONTINENTAL 
PLATFORM 

Completely clark 

Aloyual Zane 

OCEANIC PLATFORM BASIN 



S U BMA R I N E  CANYO N S  c u t  
through the cont inenta l  she lves 
ond s lopes and are wide ly d is­
tri buted a long the edges of con­
t i n e n t s . S o m e  s e e m  to b e  
cont inuat ions o f  rivers o n  the 
land, but others show no such 
relat ion to dra inage and do not 
ex tend  a c r o s s  t h e  c o n t i n e n t a l  
she lves . A l l  canyons tend t o  have 
a V-shaped profi l e  and to have 
tr i butary systems much l i ke those 
of terrestr ia l  r ivers . The ir  deeper 
mouths are marked by g reat del­
ta l  ike fans  of sed i ment,  which 
g radua l l y  bu i ld  up  to form the 
continenta l r i se .  

Submarine canyons  are thought 
to be formed by the eros ion of 
turbidity currents ,  wh ich some­
t imes atta in  cons iderable ve loc­
i ty .  Heavy with s i l t , they have a 
s t r o n g  s c o u r i n g  a n d  e r o s i ve 
power. 

Exper imenta l  turb id ity current i n  a la boratory ta nk  

T U R BIDITY  C U R R E N T S a r e  
dense, f lowing masses o f  sed i­
ment-ca rry ing water f lowing at 
speeds of up to 50 m i les per 
hour. Many are probably tr ig­
g e red  b y  e a r t h q u a k e  d i s t u r ­
bances o f  unconso l idated sed i­
ment on the cont inenta l  shelves 
and s lopes .  The co inc idence of 
s ome  s u b m a r i n e  c a n y o n s  w i t h  

r iver courses, such as those of 
t h e  H u d s o n  a n d  C o n g o ,  h a s  
been thought t o  b e  the resu l t  of 
r iver erosion at ear l ier  per iods 
o f  l o w e r  sea l e ve l .  P r o b a b l y  
i t  i s  the resu l t  o f  e i ther the pres­
ence of th icker, unstable masses 
of sedi ment near river mouths 
or t u r b i d i t y  fl o w  f r o m  r i v e r  
mouths i n  t imes o f  f lood . 
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Coasta l v iew of Hargrove's lookout, New South Wa les ,  A ustra l ia 

COASTLI N E S  mark the boundaries of land and sea . 
Although the great variety of rock types, structures ,  cur­
rents, t ides, c l imate, and f luctuating sea leve l s  produce 
many d ifferent types of coast l i nes, each can be understood 
as the product of three s imple processes:  erosion ,  depos i­
tion ,  and changing sea level . 

Coasta l erosion is the resu l t  of the twice-dai ly pound ing 
by the sea , wearing down the marg i ns of the land,  creating 
coasta l features, and cutt ing back the shore l ine  at a rate 
of severa l feet a year. 

CLI FFS AND WAVE-CUT PLAT­
FORMS a r e  c h a r a c t e r i s t i c  o f  
shore l i nes  undergo ing  eros i o n .  
Waves undercut the rocks near 
sea leve l .  

CAVES are formed b y  eros ion 
a long a conspicuous l i ne of wea k­
ness i n  a c l i ff , such a s  along jo ints 
and fau l t s .  Cont i nu i ng eros ion 
may form an arch . 

BAYS AN D  H EAD LANDS  a r e  
produced b y  re lative d i fferences 
i n  the resistance to erosion of 
coasta l rocks .  The more resistant 
standout as  head lands ,  but u l t i ­
m a t e l y , t he  c o n c e n t r a t i o n  o f  
wave eros ion on the headlands 
and depos i t ion i n  the bays have a 
tendency to produce a stra ight  
coast l i ne .  



Drowned Va l l ey, v iew from MI. Wel l i ngton ,  Ta sman ia  

A CHAN G I N G  SEA LEVEL i s  represented by many fea­
tures around coast l i nes .  With i n  h i storic t imes, estab l i shed 
towns have been submerged. Ra i sed beaches and wave­
cut p latforms are common in many areas, r i s ing many feet 
above present sea leve l .  Far i n land and h igh on the s lopes 
of mounta ins ,  foss i l s  of mar ine an ima l s  g ive further proof 
of older and more profound changes in  sea leve l ,  reflecti ng 
major changes i n  the geography of the past. Submergence 
and emergence of coast l i nes mod ify the genera l features 
of erosion and deposit ion .  

EMERGENT COASTL I N E S  are  
l e s s  c o m m o n  t h o n  t h e  s u b ­
merged . They ore marked by 

S U BM E RG E D  COAS T L I N E S ,  
d u e  t o  p o s t g l a c i a l  r i s i n g  s ea  
leve l ,  a re  i n d e n ted coa st l i n e s  
w i t h  deep i n lets and  submerged 
g lac ia l  va l leys .  The "gra in" of 
the coast l i ne depends upon the 
character and structure of the 
roc k s .  In At l a n t i c - type coas t ­
l i nes ,  t he  structural  trends are 
more or less perpend icu lar  to the 
coast . I n  Pac ific  type, they are 
para l l e l  to the coast .  

ra i sed beaches and c l i ffs ,  and 
often by an a l most f lat coasta l 
p la i n ,  s lop ing gent ly seaward.  
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MAR I N E  D E POSIT ION may be recogn ized as the domi­
nant  process where shore l i nes ore marked by a number of  
fam i l iar  features . U lt imately, the ba lance of coasta l ero­
sion and deposition tends to produce a coast l ine i n  tem­
pora ry equi l ib ri um .  Although this i s  more qu ick ly formed 
i n  soft strata , it requ i res thousands of years in  resistant 
rocks . 

BEACH E S  con s i s t  of sed imen t  
sorted ond  transported by  waves 
and currents . Most of the sed i ­
men t  i s  the s i ze  of sand  or o f  
g rave l ,  but l oca l  cobb le  and  
boulder deposits are a l so  com­
mon .  Beaches vary g reatly, de­
pend ing upon the sed iment 
supply, the form of the coast­
l ine,  wave and current cond i -

l ion s ,  and seasonal changes .  On  
i rregu lar  coast l i nes,  t hey  tend  to  
be  confined to the  bays . Obl ique 
waves and  l o ng s ho re  c u r ren t s  
often produce constant la tera I 
move m e n t  of b e a c h  m a t e r i a l .  
Beaches thus exist i n  a state of 
dynamic  equ i l ib r i um,  a s  a moving 
body of wave-washed and sorted 
sed iment .  

I nteract ion of r iver  and  mar ine depos i t ion  and  eros ion ,  Wa le s  



OFF S HOR E  BAR S  f o r m e d  o f  
sand a n d  pebbles a r e  genera l l y  
separated f rom the ma in  shore­
l ine by narrow lagoons . They are 
anc ient beach deposits that are 
c h a r a c t e r i s t i c  o f  s u b m e r g e d  
coasts . I n  N orth Amer ica,  off­
shore bars are common a long the 
At lant ic  and Gu l f  coasts .  They 
are genera l l y  para l l e l  to ex ist i ng 
coast l i nes .  

S A N D B A R S  a r e f o r m e d  o n  
indented coast l i nes by longshore 
dr ift  of sed i ments para l l e l  with 
the coast .  When sed i ment i s  car­
r ied i nto deeper water,  as  i n  a 
bay, the energy of the waves or 
currents i s  reduced , and the sed­
iment i s  deposited a s  a bar .  The 
s lower the current, the more rap­
idly the sed iment  i s  deposited . 
The bar is an e longat ion of the 
adjacent beach ,  partly or com­
pletely cutt ing off the bay. Spits 
are bars that extend i nto open 
water rather than i nto a bay. The 
free ends of many spits are curved 
la ndward by wave refra c t i o n . 
Sp i t  growth may lead to b lock ing 
of harbors and d i vers ion of r ivers 
that f low i nto the sea , sometimes 
requ i r i ng d redg i ng .  

Typ ica l  c l i ff and  beach  scenery 
s h ows  ba l a n c e  of  e r o s i o n  a n d  
depos i t ion . ( Dorset, E ng land )  

DELTAS (p .  45)  are formed by  
rapid depos i t ion  of mater ia l  car­
r ied by a r iver when i t  enters the 
deep water of a lake or  the sea 
and loses i ts  velocity. Al l  deltas 
have a s im i l a r  pattern of deposi ­
t i o n  a n d  sed iment  d i st r ibut io n .  
Shape a n d  s ize vary, depending 
upon local  cond i t ions .  

STORM BEACHES (or berms )  are  
f o r m e d  b y  s t o r m s  t h a t  t h r o w  
gravel and boulders up  above the 
normal  h igh-t ide leve l . 

Wide,  sandy beach with storm beach near c l iffs at Lavernock, Wa les  



Terr igenous Glob iger ina } Ca lca reous - Radio la r i an  } S i l iceou ! 
- Red C lay - Pteropod ooze d iatom ooze 

MAR I N E  S E D IMENTS are c lassified in three broad cate­
gories: l i ttora l ,  ner it ic ,  and deep-sea sedi mentat ion . lit­
tora l sed iments form between h igh- and low-tide leve l s ;  
nerit ic sed iments accumu late on the conti nenta l she l f .  These 
two groups of sha l low-water sed iments cover only about 8 
percent of the ocean floor. They are made up of a var iab le 
mixture of terrigenous or land-derived debr is ,  chemica l 
precip i tates, and organ ic  deposits . They d i ffer from p lace 
to p lace due to variations in coast l i nes, rivers, and changes 
i'n sea leve l . 

I n  genera l ,  in sha l l ow-water sed i ments , there is a d i rect 
re lat ionsh ip between the size of a sed iment part ic le and 
the d i stance to which a g iven current wi l l  carry it, the larger 
particles bei ng deposited nea rer the source . This pattern 
i s  modified by the action of waves, currents , and turbidity 
currents . 

Deep-sea sed iments deposited outside the conti nenta l 
shelf form a layer genera l ly  less than 2 , 000 feet th ick over 
the deeper parts of the ocean floor. They are much th inner 
and younger i n  age than we shou ld pred ict from knowledge 
of present rates of sed imentation .  The abyssa l parts of the 
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ocean show much more un iform sed iments than the conti­
nenta l margins, where most terrestr ia l  debris i s  deposited . 
Those of the bathya l zone, deposited on the conti nenta l 
s lopes to a depth of about 1 2 , 000 feet, i nc lude muds of 
various k inds .  The sed iments of g reater abyssa l depths are 
red clays a nd various oozes which cover 30 percent and 47 
percent of the ocean f loor respective ly. 

CALCAREOUS OOZES are f ine­
med ium-gra i ned sed iments that 
c o v e r  a l m o s t  h a l f  the o c e a n  
f loors .  They occur down t o  a 
depth of a l most 1 5 , 000 feet .  
Below tha t  depth, t he  calcareous 
tests of the p lanktonic foram in i ­
fer  G/ob iger ina  and  pteropod 
mol luscs ,  wh ich form most  of the  
sediments ,  are d isso lved . 

S I L ICEOUS OOZES are derived 
from the rema in s  of surface- l i v ing 
o rga n i s m s  ( d i a t o m s  and ra d i ­
o/aria) form ing very s lowly a t  
g reat depth i n  the  oceans .  D ia­
tom oozes a re found ch iefly in  
polar seas where predatory crea­
tures are less common .  Rad io lar­
ian ooze i s  most commonly found 
i n  the warm, tropica l waters .  

DARK RED CLAY i s  formed from 
meteor ic dust and from very fi ne 
terr igenous o r  volcanic part ic les 
carr ied by the wind or i n  suspen­
s ion i n  sea water. I t  may form as 
s lowly a s  one inch every 250, 000 
years .  I t  may i nc lude volcan ic ash  
layers .  Other  sed iments, such a s  
m a n g a n e s e  n o d u l e s  ( s h o w n  
here), are present i n  some parts 
of the ocean f loor. 
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WIND is most effective i n  trans­
port and deposi t ion i n  deserts ,  
n e a r  s h o re l i ne s ,  and in o t h e r  
p laces where there i s  a supply of 
dry, fine-grained, l oose sed iment 
with l i t t le  vegetat ion to ho ld i t  
t og e t h e r .  G r e a t  S a n d  D u n e s  
Nat ional  Monument, shown here, 
i s  formed by deposit ion of wind­
bo r ne  s a n d  a g a i n s t  m o u n ta i n  
range. 

W I N DS 

Winds a re movements of the atmosphere brought about 
not only by the rotation of the earth but by unequal  
temperatures on  the earth . The heat of the sun ,  the ch ief 
source of this c i rcu lat ion, i s  more concentrated i n  the 
tropics than i n  high latitudes. This produces vast atmo­
spheric convection currents , having a broad,  constant 
overa l l  d i str ibution that reflects the earth's rotation . It a l so 
shows wide local  variat ions in speed and d i rection  due to 
d i ff e r e n c e s  i n  t o p o g r a p h y  a n d  o t h e r  a t m o s p h e r i c  
condit ions .  

A major role i s  p layed by the wind in  the d istr ibution of 
water from the oceans to the land . Water vapor, i n  turn,  
has a b lanketing effect that keeps the earth's surface tem­
perature higher than it wou ld otherwise be . Wind is  an 
agent of transport and, to a lesser extent, of erosion .  In 
this, i t  resembles flowing water, but because of i ts much 
lower density (only about 1 /800 that of water) ,  it i s  fa r less 
effective a nd genera l ly  transports only the fi ner dust par­
t ic les .  Dust from vo lcanic explosions wi l l  often g ive bri l l iant 
sunsets i n  d istant lands for many months after the explo­
s ion . Winds transport through the atmosphere compara­
tive ly large quantit ies of sa l t  crysta l s  gathered from the 
ocean's surface . 
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WI N D  E R O S I O N  is very l im i ted in extent a nd effect . It i s  
large ly confined to desert areas, but even there it i s  l im i ted 
to a height of about 1 8  inches above ground leve l .  

DESERT PLATFORMS are c lean,  
wi ndswept areas where pebbles 
m a y  h a v e  b e e n  r o l l e d  a n d  
bounced a long by the force of 
strong winds . larger cobbles and 
boulders are left beh ind . 

VENTIFACTS, found in deserts, 
are pebbles or cobbles that have 
developed po l i shed surfaces and 
s h a r p  e d g e s  u n d e r  w i n d  
abras ion . 

D E S E R T  E R O S I O N  t e n d s  t o  
expose bare rock surfaces, which 
may stand up without a cover of 
vegetat ion,  as i n  Pak i stan . 

Semiar id landscape has di sti nct ive eros iona l character. 



WI N D  D E POSITS consist of transported part ic les that a re 
effective ly sorted accord i ng to s ize because of the l im ited 
carrying capacity of the wind . Sand dunes,  for examp le ,  
genera l ly consist of  sand gra ins  of  more or l ess un iform 
s ize, which a re rounded and pitted or frosted by abrasion .  

Sand dunes a re found i n  areas where there i s  a large 
supply of dry, loose, fi ne-grai ned mater ia l .  L ike snow­
drifts, they form around loca l obstructions .  They a l so 
migrate downwi nd . Their particu la r  s ize and form depend 
upon the sand supply, the presence of vegetat ion,  and the 
velocity and constancy of d i rection of the preva i l i ng  wi nd . 
Dunes may be transverse or long itud ina l  to the wind 
d i rection .  

BARCHANS a re  crescent ic  dunes 
that often bui ld up to 400 yards 
long and 1 00 feet h igh ,  and are 
formed mostly i n  deserts with 
more or less constant wind d i rec­
t ions .  They are not static and may 
mig rate up to 60 feet per year. 

The crescent points  show down­
wind di recti on .  Winds a l so pro­
duce giant ripple marks on sand 
surfaces .  Barchons usua l l y  ore 
found in  g roups,  or swarms ,  and 
moy form long l i nes ,  or  cha ins ,  
across  a p la i n .  



SAND-DUNE SHAPE typica l l y  
ha s  gent le wi ndward s lope and 
steep leeward s lope, dawn which 
sand grains s l ide or  ro l l .  Dotted 
l ine shows haw cont inuous move­
ment of sand gra in s  produces 
migrat ion of whole sand dunes . 
Dunes take many forms .  It wou ld  
not  be  easy  to  compi le  a complete 
l ist of al l the var iet ies .  Var iat ions  
i n  form inc lude sca l l oped s ides 
and i rregu la r i t ies i n  p lan of the 
crest . 

AN C I E N T  D U N E  D E PO S IT S ,  
preserved i n  such sed imentary 
rocks as  those of the Nava jo  
S a n d s t o n e  i n  Z i o n  C a n y o n  
Nat iona l  Park ,  d i sp lay aeo l ian  
bedd ing ,  sort i ng ,  and sand gra in  
round ing s im i lar  to those of pres­
ent-day dunes . Careful mapping 
of bedd i n g  d i re c t i o n s  revea l s  
anc ient w ind d i rect ions .  I n  th i s  
way, i t  has been poss ib le  to make 
a map of the Permian winds of 
southwestern Un i ted States 225 
m i l l ion years ago .  

LO E S S  D E POS I T S ,  f o rmed  of  
fi ne-grai ned s i l t ,  lack ony bed­
d i n g  b u t  o f t e n  h a v e  ve r t i c a l  
jo ints . Transported b y  wind from 
d e s e r t s ,  f r o m  d r i e d - u p  fl ood  
p la in s ,  from r iver courses, o r  
from g lac ia l  depos its ,  they are 
common  in m i dwes tern  U n i ted 
States, Ch i na ,  Eu rope, and in 
m a n y  a r e a s  s u r r o u n d i n g t h e  
wor ld's deserts a n d  g lac ia l  out­
wash areas. Loess produces fer­
ti le so i l s ,  partly beause of i ts very 
high porosity .  loess i s  ye l l ow or 
buff i n  color and often forms ver­
t ica l  c l i ffs . Art i fi c ia l  caves i n  eas­
i ly worked loess may provide 
homes.  

Cros s-bedd i ng  i n  stat ionary dune  

Cross-bedd i ng  i n  m ig ratory dune  

. . . 

�JJ: 
Cross-bedd i ng ,  in wind -depos­
i ted sandstone, ref lects i t s  for· 
mot ion i n  anc ient sand dunes ,  
east  of Echo C l iffs, Ar izona . 
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PRODUCTS OF DEPOSITION 

Sedi mentary rocks a re genera l ly  formed from the break­
down of o lder rocks by weathering and the agents of 
erosion descri bed on pp .  34-76 . A few are chemical pre­
c ip i tates, or  organic debri s .  Sed imentary rocks cover 
about 75 percent of the earth's surface. 

CLAST I C  O R  DETRITAL S E D I M E NTARY ROCKS are 
formed from the debris of preexist ing rocks or organ i sms .  
The weathered rock mater ia l  i s  genera l l y  transported 
before it is deposited . Th is  movement often g ives round 
gra ins .  The debris i s  eventua l ly  laid down in  horizonta l  
layers ,  usua l ly  as  mar ine deposits but sometimes as depos­
its from rivers, lakes, g laciers, or wind . C lastic rocks a re 
so l id i fied sed iments . 

CONG LOME RAT E  c o n s i s t s  of  
rounded pebbles or  boulders held 
t ight ly i n  o f iner-grai ned matr ix . 
The pebbles ore usua l l y  of quartz 
at l e a s t  '/•  i n c h  or m o r e  i n  
d iameter. 

ARKOSE is a qua r tz - fe l d spa r  
s a n d s t o n e  u s u a l l y  fo rmed  i n  
desert a reas by rapid eros ion and 
d e p o s i t i o n  of f e l d s p a r - r i c h  
igneous rocks . 

SANDSTONE cons ists  of sand­
s ize part ic les,  usua l l y  of quartz .  
I t  may show cons iderable var ia­
t ion i n  cement ing minera l s ,  i n  
rounding and sor t i ng  of part i ­
c les ,  and i n  forms of bedding . 

CALCAREN ITE cons i sts of bro­
ken shel l s  or other organ i c  mate­
rial and fragments from o lder 
l imestones . It i s  deposited as  sed­
imentary debr i s .  



GRAYWACKE i s  a poor ly sorted 
m i x t u r e  of r o c k  f r a g m e n t s ,  
quartz,  and feldspar fragments 
i n  a c lay matr ix. Often formed by 
turb id i te flows {p. 67) ,  gray­
wacke  a l way s  i n d i ca t e s  r a p i d  
e r o s i o n  a n d  d e po s i t i o n  u n d e r  
unstable cond i t ions .  

S HA L E  c o n s i s t s  o f  v e r y  fi n e ­
gra i ned part ic les  o f  quartz and 
c lay m i nera l s .  I t  i s  consol idated 
mud that has been depos i ted in 
lakes, seas, and s im i l a r  env iron­
ments .  About 45 percent of a l l  
exposed sed i mentary rocks are 
sha les .  

ORGA N I C  S E D I M E N TARY ROCKS are formed from 
organ ic  debri s - the deposits or remains  of once- l iv ing 
organ isms (she l l s ,  cora l s ,  ca lcareous a lgae, wood , p lants, 
bones , etc . ) .  Although they a re a form of c last ic rock, 
organ ic  rocks may conta i n  more and better-preserved 
foss i l s ,  as they a re la id down near the place where the 
an ima l  or p lant  once l ived . 

C H EM ICALLY FORMED S E D I M E N TARY ROCKS cons ist 
of i nter locking crysta l s  prec ip i tated from solution .  They, 
therefore, lack the debri s-cement composit ion  of other 
sed i mentary rocks . A decrease i n  pressure, a n  i ncrease in 
temperature, or  contact with new mater ia l s  may cause 
m inera l s  to prec ip i tate from solut ion . 

LIMESTONE cons ists  ch iefly of r--;:;:;;q:;:;:;iliii];;:=:::=:--:::;:-::::::--
ca lc i te from concentrated shel l ,  
cora l ,  a lgae,  a n d  other debr i s .  I t  
may g rade i nto do lomi te ,  char­
acteri zed by the presence of cal­
c ium and magnes i um  carbonate 
(p. 28). Chalk i s  a fi ne-grai ned 
l imestone of m i nute cocco l i t h s .  
Travert ine i s  l imestone prec ip i ­
tated by spr ing s .  



EVAPORITES are chem ica l  pre­
c ip i tates, farmed by evaporat ion 
i n  sha l low, land- locked bas ins of 
water. They vary g reat ly i n  tex­
ture and compos i t ion . Rock sa l t ,  
gypsum, anhydrite, and potas­
sium salts are the most common.  
Important i ndustr ia l m i nera l s .  

bi tu m inou : 
oa l 

COAL i s  c o n s o l i d a te d  p e a t ,  
formed b y  the decomposit ion of 
woody p lant  debr is  (p. 98 ) .  I t  is 
an organ i c  rock, and p lant  struc­
tures may st i l l  be preserved i n  i t .  
C o a l s  g r a d e  f rom l i g n i t e  t o  
anthracite,  wh ich h a s  about 95 
percent carbon in i t .  

S E D I M E N TARY ROCKS are  important natural  resources . 
Sha les and l imestones a re used for cement, c lays for 
ceramics ;  other rocks are used for road meta l .  Sed imen­
tary iron ores, bauxite, and coa l form the bas is  of much 
heavy industry; soi l  i s  the u lt imate basis of most of our food 
suppl ies .  



T H E  S I Z E ,  S HAPE,  A N D  S O RTI NG of sed i mentary struc­
tures with i n  rocks may provide c lues to the depositiona l  
environment that  exi sted dur ing the i r  formation .  Rounded , 
frosted , we l l -sorted grains ,  for example ,  i nd icate wind­
deposited sand . 

C RO S S - B E D D I N G  i s  a t e r m  
appl ied t a  sweep ing ,  arc l i ke beds 
that lie at an  acute ang le  ta the 
genera l har izantal  stratif icat ion . 
It is camman in stream and delta ic 
d e p o s i t s ,  i n  d e e p e r  m a r i n e  
waters, a nd i n  sand dunes . Crass­
bedd ing reflects the d i rect ion af 
current f law. 

GRADED BEDD ING i s  due ta dif­
f e r e n t i a l  s e t t l i n g  af m i n e r a l  
gra ins ,  a n d  i s  useful far determin­
i n g  the c o r r e c t  "way u p "  i n  
f o l d e d  s t r a t a . T h e  l a y e r s  a f  
coarse rack have a sharp base 
and gradua l l y  g rade upward into 
finer-g ra i ned mater ia l s .  

VARVED BEDD ING i s  a type af 
th in ,  g raded bedding that has 
a l ternate lam i nat ions af coarse 
and fi ne-grai ned materia l .  E spe­
c ia l l y  camman i n  g lac ia l  lake 
depos i ts ,  i t  i s  character i s t ic  of 
seasona l  depos i t ion ,  each pair af 
varves representing a year .  (See 
page 60 . )  

MUD CRACKS farm where lake 
and mud deposits are dr ied by the 
sun and are preserved by bur ia l  
under mud.  

scour-and•fi l l  

g raded bedd ing  

SCOUR-AND-F ILL structures are 
farmed by eras ion and subse­
quent fi l l i ng  af val leys and chan­
ne ls  i n  a r iver bed . 

RI PPLE MARKS are produced by 
wind in desert sand deposits and 
by waves or  currents i n  var ious 
aqueous envi ronments .  
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THE CRUST: SUBSURFACE CHANGES 

Runn ing water, ice, wind,  and other agents of erosion 
s lowly wear  down the surface of the continents. Over the 
earth as a who le ,  some 8 b i l l ion tons of sed i ment i s  carried 
by rivers i nto the sea every year, equ iva lent to some 200 
tons per square mile of land surface . This represents an 
average lowering of the r ivers' drai nage areas by approx­
imately one foot every 9, 000 years .  

The u lt imate effect of th is  erosion wou ld be to reduce the 
conti nents to a f lat  surface, but there are two earth pro­
cesses that tend to interrupt this conti nu ing erosion and 
restore the balance: the tectonic up l ift of areas of both the 
exist ing conti nenta l and offshore a reas of sed i mentation 
(d iastrophism) ,  and the broadly re lated process of igneous 
activity (p. 83). Most of these forces act s lowly, over long 
periods of time, and the earth's crust i s  a lways in  a state of 
dynamic equ i l i br ium,  though conti nuous ly chang i ng ,  as a 
resu l t  of thei r varying i nteract ion . 

T H E  ROCK CYCLE 



Volcanic cones stand out as h i l l s  near Springv i l l e ,  Arizona . 

Igneous rocks form the foundations of the continents, 
but most of the surface of the continents i s  made up  of 
sed i mentary rocks of var ious ages . These layers have been 
deposited on and a round ancient continenta l  cores or 
sh ie lds ,  which are made ch iefly of granit ic  igneous and 
metamorphic rocks .  The cores of  mounta i n  cha ins  genera l l y  
revea l t he  same rocks .  These igneous rocks were genera l l y  
formed at great depths a nd later up l ifted , eroded , and 
covered with  a relatively th in  veneer of sed i ments . 

VOLCANOES 

Volcanoes are mounta i ns or  h i l l s ,  ranging from sma l l  con i ­
ca l h i l l s  to  peaks with 1 4 , 000-foot rel ief, formed by  lava 
and rock debris e jected from with in the earth's crust .  Of 
the more than 500 active volcanoes, some extrude molten 
lava ,  others erupt ash and sol id (pyroc last ic) fragments .  
Sti l l  others e ject both , and al l  emit  large quantit ies of 
steam and various gases . Some erupt ions a re relat ive ly 
"quiet , "  others explosive . 
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VOLCAN I C  ACTI O N  results in the formation of five basic 
types of vo l canoes, but no two a re ever qu ite a l i ke .  The 
kinds of materia l s  that erupt from a vo lcano largely deter­
mine the shape of its cone . F l u id streams of lava travel far 
and usua l ly  produce wide-based mounta i ns;  ash ,  viscous 
lavas ,  a nd c i nders usua l ly  bui ld up steep cones . 

CALDERAS are formed by the 
co l lapse of the top of a volcano 
fo l l o w i n g  an e x p l o s i o n .  N ew 
cones may be born in the ca ldera . 
C r a t e r  L a k e  i n  O r e g o n  i s  a n  
examp le  o f  th i s  type o f  volcano.  
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CIN D E R  C ON E S  a r e  s t e e p ­
s ided, symmetr ica l cones, such a s  
Vesuvius, formed b y  the erupt ion 
of c i nders, ash ,  and ather pyro­
c last ic  products .  

SHIELD VOLCANOES, l i ke those 
i n  H a wa i i ,  a r e  b r o a d  d o m e s  
formed b y  lava flows from a cen­
tra l vent o r  from fi s sures a nd par­
asit ic vents .  

COMPOSITE CONES are formed 
from in terbedded lava flows and 
p y r o c l a s t i c  d e b r i s .  T h e y  a r e 
i ntermed iate i n  form between c in ­
der and sh ie ld vo lcanoes . 

PLATEAU BASALTS cover g reat 
areas i n  the Co lumbia R iver Va l­
ley,  Ice land,  and I nd ia ,  and are 
apparent ly extruded , to spread 
i n  thin sheets, not from central 
vents but from cracks or f issures . 



VOLCAN I C  P R O D U CTS i nc lude bombs, c inders,  ash ,  and 
dust ,  as we l l  as  lava and gases . Most lava has a basa lt ic 
compos it ion (p.  93) consist ing of p lag ioclase fe ldspars,  
pyrox e n e ,  a n d  o l i v i n e . E r u pted a t  t e m p e r a t u r e s  of  
between 900° and 1 , 200°C , i t  can flow for  g reat d i stances 
at considerab le  speeds .  

THE TYPES OF LAVA differ i n  
form and  texture . P i l low lava 
( l eft) is formed by submar ine vo l ­
canoes . B locky lava ha s  a jogged 

VOLCANIC BOMB shows sp in­
d le-shaped form . 

DISTRIBUTION OF VOLCANOES 
in na rrow be l t s  re fl e c t s  ear th ' s  
major plates (pp .  1 44- 1 47) and  i s  
related to deep inter ior processes .  
Many l ie  around the Pacific Ocean .  

surface and i s  produced by sud­
den  gas escape . Ropy lava ( r ight)  
forms at a h igher temperature 
than b locky lava . 

VO L CAN IC T U F F  i s  a fi n e ­
grained, pyroc last ic  rock .  

Others o re  formed i n  such areas of 
r e cen t  t e c to n i c  a c t i v i t y  as t h e  
Mediterranean o r  the African Rift 
Vo l leys . Most oceanic is lands ore 
volcan ic .  



I NT R U S IVE I G N E O U S  ROCKS are formed from magma 
r is ing with in the earth's crust .  Un l i ke the extrus ive vo lcan ic  
rocks,  i ntrusive rocks crysta l l i ze below the earth's surface, 
and the i r  presence becomes obvious only after the country 
rock i nto which they were intruded has been removed by 
erosion .  

I ntrusions show great variat ion i n  form .  Some cu t  across 
bedding p lanes (d iscordant), whi le others run para l l e l  with 
them (concordant) . They range i n  s ize from d ikes measur­
ing a few i nches wide to batho l i ths hundreds of mi les  
across . 

I ntrus ive rocks are often associated with important 
meta l l i c  m inera l deposits,  such as copper or  n ickel . 

FORMS OF IGNEOUS INTRUSIONS 

PLUTONIC , INTRUS IVE ROCKS, 
s im i lar  to gran i te ,  are ident i fied 
by having a coarser crystal tex­
ture, produced by s lower coo l i ng 
than that in extrusive rocks .  I n  
genera l ,  rocks  formed ot sha l low 
depths i n  the crust hove on  i nter­
mediate texture .  

DIKES are usua l l y  vert ica l  intru­
s i ve sheets , of ten d i sco rdan t .  
T h e y  m a y  o c c u r  i n  va s t  d i k e  
swarms,  asso_c ia ted with a centra l 
vo lcan ic  neck or intrusive centers .  
D ikes and s i l l s  frequent ly have 
fi n e - g r a i n e d ,  c h i l l e d  c o n t a c t  
marg i n s .  

Dikes ,  such as  those on l eft, s how ch i l led marg i n s  o f  li ne-gra i ned texture, 
where i n  contact with the country rock, as  on r i ght. 



Old vo lcan i c  neck at Sh i prock, New Mexico, is c i r cu la r  in out l i ne  and fed 
a rad iat ing ser ies  of once molten d i kes .  

VOLCANIC PLUGS, or necks, 
ore more or  less cy l i ndr ica l ,  ver­
t ica l -wa l l ed intrusions, genera l l y  
of porphyr i t i c  rock .  Whether o r  
no t  they pas s  upward i nto Iovas, 
or brecc ias ,  depends to o g reat 
extent upon the depth of local  
weather ing . 

S I LLS ore  h o r i z o n t a l  i n t r u s i ve 
sheets,  e i ther concordant or dis­
cordant .  Such s i l l s  os the 900-

fine-gra i ned 
ch i l led zone 
1 %  o l i v i ne  
PALISADES 

S ILL  

25 %  o l i v i ne  
fi ne-gra i ned 
ch i l led zone 
1 %  o l i v i ne  

LACCOLITHS ore dome-shaped 
intrus ions having o f lat bose but 
on a r c h e d  c o n c o r d a n t  r o o f ,  

foot-th ick Pa l i sades on the Hud­
son R iver  show vert i ca l  d i fferen­
tiation because of g ravitationa l  
c rys ta l l i za t i o n . Some s i l l s  a n d  
d ikes o r e  o n l y  o few feet i n  th ick­
n e s s ;  some deve l o p  c o l u m n a r  
jo int ing s im i l a r  t o  that o f  lovo 
flows . S i l l s  (A) ore d i st ingu i shed 
from lovo flows (B) by the bak ing 
of ove r l y i n g  a d j acen t  coun t r y  
rock by  s i l l s  and eros ional  con· 
tocts i n  buried lovo flows . 

compact 
basa l t  

col umna r  

formed b y  intrus ive pressure, and 
o rather f lat floor .  They may show 
d ifferent iat io n .  



country rock 

sate l l ite 
stock '-.....,. 

roof 

roof 
pendant 

I 
BATHOLITH 

BATHOLITHS, or p l utons,  ore major ,  com­
plex, intrus ive masses, genera l l y  g ran i t i c  
and often several  hundred m i les in  extent .  
They ore  the  largest i ntrus ions and are  
found in  a reas of major tecton ic  deforma­
tion, as i n  the Idaho Batho l i th and in  the 
cont i nenta l sh ie lds .  Although many p lu­
ton ic  gran i tes show sharp contacts w i th  
o lder rocks ,  and ore, therefore, intrusive 
in a str ict sense, others show complete 
trans i t ion with surrounding country rocks 
and seem to resu l t  from the metamorphism 

or gran i t izot ion of o lder sed i ­
m e n t a r y  a n d  m e t a m o r p h i c  

Stock and  as soc iated lacco l i th ,  structures. 
Henry Mounta ins ,  Utah 

STOCKS ore d i scordant, intru­
s ive masses, a few m i les in  d iam­
e t e r .  S o m e  ore p l u t o n i c ,  b u t  
others pass upward into ancient 
vo lcan ic  p lugs.  They ore smal ler  
than batho l i ths .  

ba s i c  lopo l i th  

L O PO LIT H S  A N D  LAY E R E D  
IN TR U S I O N S  o r e  s a u c e r l i k e  
i n t r u s i o n s ,  u p  t o  2 0 0  m i l e s  
across, with complex geolog ic  
h istor ies .  D i st i nct m i nera l og ica l  
l a y e r i n g  i s  p r e s e n t ,  t h e  m o r e  
basic minera ls  genera l l y  being i n  
t h e  l ower layers, as i n  t h e  Bush­
veld complex i n  South Afr ica and 
the Sudbury,  Ontar io ,  lopo l i th . 
Gravity set t l i ng and convect ion 
currents seem respons ib le  for th i s  
layer ing . 

roof rocks g ran ite 



MIN ERAL COMPOSIT ION 

K-fe ldspar  P lag ioc lase  
z ,,1-i5 Texture o->o Ol i v i ne  
iiii 
0 Pyroxene B i ot i te Am h ibo le  

... Pyroc las t i c  Tuff and brecc ia > 
;;; 
j .. Obs id ian  (mass ive )  .... Glassy  X Pumice (frothy) ... 

Aphan i t i c  
... (very f ine- Rhyo l ite Andes ite Basa l t  > 
;;; gra ined )  
j .. Phaner i t i c  .... 
:!: (coarse- Gran ite D ior ite Gabbro 

g ra i ned 
COLOR L IGHTER INTERMEDIATE DARKER 

CLASS IF ICATION OF I G N EOUS ROCKS 

We have a l ready seen that igneous rocks vary i n  their 
occurrence, which tends to produce differences in texture 
(crysta l s ize,  shape, and a rrangement) . They a l so vary 
g reatly i n  m i nera l content, a nd thus i n  chemica l  composi­
t ion .  Acid rocks (those conta i n i ng quartz) make up  the bu lk  
of  plutonic i ntrusions but  seem to be confined to the  conti­
nents , whereas basa lt ic rocks account for most of the 
vo lcanic rock of both the conti nents a nd the oceans .  

Igneous rocks a re commonly c lass ified by the i r  texture 
(the s ize,  shape, and var iat ion i n  the i r  crysta l l i ne  form) 
and their chemica l composit ion (represented by thei r con­
stituent m i nera l s ) .  These two factors reflect their rate of 
coo l ing and or ig ina l  magma composit ion .  
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1 1 00° 
I 

Ol iv ine 

TEMPERATU R E  (Cent igrade) 

zeol ite 
Muscovi te Qua rtz (St i l b i te) 

mica 

R e a c t i o n  s e r i e s  o f  c o m m o n  s i l i c a t e  
B i ot i te m i n e r a l s  f r o m  i g n e o u s  r o c k s .  H i g h  
m i ca temperature m ine ra l s  are shown on left of 

d iagram.  

MAGMA i s  the molten s i l icate source materia l  from which 
igneous rocks are derived . Although lava provides a sur­
face sample of magma, the increased pressures and tem­
peratures of deeper magmas permit a h igher gas and water 
content than at  the surface . 

Igneous rocks show great variation i n  chemical  compo­
s it ion ,  but th i s  does not mean that each of the many types 
has crysta l l i zed from a different kind of magma . It seems 
probable that a s ing le kind of basa lt ic magma i s  the parent 
of a l l  varieties of igneous rocks, and that d i fferent chemical  
composit ions resu lt from crysta l l i zation d ifferentiat ion .  

F ie ld and laboratory studies o f  igneous rocks show that 
igneous m inera l s  have a defi n i te sequence of crysta l l i za­
t ion : I ron,  magnesi um,  and calc-s i l icate m i nera l s  (such as 
o l iv i n e ,  pyroxene ,  and c a l c i u m - p l a g i oc l a se fe l d s p a rs )  
form before sod ium and potass ium feldspars and quartz . 
This sequence is seen in d ifferentiated i ntrus ions .  

Although crysta l l i zation of a basa lt ic magma wou ld 
norma l ly  g ive a basa lt ( if  the early-formed m inera l s  a re 
separated from the bu lk of the magma by g ravity sett l ing 
or tectonic pressure) , the rema in ing magma wou ld be 
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acid and re latively r ich in s i l i ca and 
potass ium and i n  sod ium a lum inosi l i ­
cates .  Conti nued crysta l l i zat ion and 
separation wou ld then produce a 
rhyo l i t ic magma . About 90 percent 
of the or ig i na l  magma wou ld  remain  
as  c r y s t a l l i n e r o c k s  of  b a s i c  
composit ion . 

The hypothesis of a s ing le  parent 
basa lt ic  magma exp la ins many oth­
erwise puzz l i ng features of igneous 
rocks ,  i nc lud ing the preponderance 
of basa lt  lavas and the frequent sma l l  
a n d  late rhyo l it ic flows i n  basa lt ic 
vo l c a n i c  e r u p t i o n s .  U nd i s t u rbed  
c oo l i n g  wo u l d  p r o d u ce g r a n i t e s ,  
which wou ld over l ie basic rocks . 

Other facts , however, suggest that 
such an  explanation cannot account 
for a l l  gran it ic  rocks .  The abundance 
of granites i n  mounta i n  ranges, and 
their apparent conti nu ity with meta­
morphic rocks, imp l ies that many 
gran ites are formed by the "gran i t i ­
zat ion" of deeply buried sed imen­
tary rocks i n  the roots of mounta i n  
cha ins .  Th i s  metamorphic o r ig i n  of 
granit ic ,  p l utonic rocks m ight then 
p r ov i d e  " i n t r u s i v e  m a g m a s "  a t  
h igher leve l s  i n  the crust. I t  seems 
un l i ke ly that such huge masses of 
granite could have formed by differ­
entiation of basic lavas .  

CRYSTAL SETTLING 

Evolut ion o f  gran i t ic  
magma from basa l t ic  
magma 

A.  BASALTIC MAGMA 
50% S i02 
1 0% Fe0 + Mg0 
40% ather 

B. Ol iv i ne, p lag ioc lase 
fe ldspa r, and pyroxene 
qysttl l s  form at�d settre 

magnes ium 
subtracted 

D.  GRANIT IC MAGMA 
70% Si02 
2% FeO + MgO 
28% other melt  

9 1  
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Gran ite l andscape in S i erra Nevada shows sheet l i ke weathe r i ng .  

TH E FORM AND TEXTU R E  of igneous rocks d i ffer g reatly 
in deta i l s  of appearance and in  the gross forms of the ent ire 
rock bod ies .  In contrast to vo lcanic lavas ,  which a re extru­
sive igneous rocks, those formed at great depth a re known 
as i ntrus ive or  p l utonic (p. 89). These tend to crysta l l ize 
more s lowly and,  therefore, have la rger crysta l s  than 
extrus ive rocks . The texture of a n  igneous rock depends 
upon its rate of coo l ing ,  and thus on its geo logic mode of 
formation (p .  89) . The chemica l and m inera l content of 
igneous rocks depends upon the composit ion of the mag­
mas from which they were formed . Magmas (or melts) r ich 
in  s i l i ca produce granitic (acid) type rocks . Those r ich in 
i ron  and magnesium tend to be more mobi le ,  and these 
produce basa lt ic (basic) type rocks .  Because of their dura­
bi l ity, many igneous rocks a re used as road materia l .  
Large, specia l ly  cut b locks are used a s  ornamenta l bu i ld ing 
stones.  

The color of an  igneous rock i s  re lated to its composi­
t ion . Acid rocks genera l ly tend to be l ighter i n  color than 
bas ic  ones. 
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COMMON INTRUSIVE IGNEOUS ROCKS 
GRANITE, usua l l y  l i ght-colored 
and coar se -g r a i n e d ,  con ta i n s  
about 30 percent quartz a n d  60 
percent potash feldspar. It may 
be pinkish red or  b lack-spotted . 
Granite is common in many large 
intrus ions and often associated 
with m i neral  deposits .  

GABBRO i s  dark-colored and 
has a coarse, gran i t i c-type tex­
ture  con s i s t i n g  of p l a g i o c l a s e  
f e l d s p a r  a n d  p y r o x e n e  w i t h  
traces o f  other m inera l s ,  but i t  
conta i n s  n o  quartz . 

G R A N IT E  P O R P H Y R Y  h a s  
ground mass with longer crysta l s  
( p h e n o c r y s t s )  o f  f e l d s p a r ,  
quartz,  o r  m ica . Very coarse­
gra ined acidic rocks (pegmatites) 
have crysta l s  over 40 feet long . 
Sma l l  po rphyr i t i c  c ry s ta l s  a re 
a l so found in lavas .  

COMMON EXTRU SIVE IGNEOUS  ROCKS 
RHYOLITE i s  a l igh t ,  f ine­
gra i ned vo lcan ic  rock of gra­
nit ic compos i t ion ,  often porphy­
rit ic, with phenocrysts of quartz 
and orthoc lase .  

OBSIDIAN AND PUMICE have 
s im i la r  compos i t ion to rhyo l i te .  
Both ore rapid ly  cooled . Obsid­
ian i s  a trans lucent g lass .  Pumice 
is  a r h yo l i t i c  f r o t h  c h a ra c t e r ­
i zed by  cavit ies left by t h e  release 
of gas .  

BASALT, the  most  common lava , 
is dark,  fi ne-gra i ned , and rather 
heavy. I t  cons i sts of pyroxene and 
a p lag ioc lase fe ldspar. C i ndery 
basa l t  (scor ia)  may have second­
ary m i nera l s  wi th in  the cavit ies 
formed by gas . 
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METAMORPH I SM 

Metamorphism i s  the process of change that rocks with i n  
the  earth undergo when exposed to  i ncreas ing tem pera­
tures and pressures at which their m i nera l components are 
no longer stab le .  Metamorphism may be local - contact 
metamorphism is  due to igneous intrusion (pp .  86-99) - or 
regional-as  takes p lace i n  mounta in  bu i ld ing ,  when s late,  
schist,  and gneiss are formed . Metamorphism may take 
p lace i n  a so l id state , without melt ing . 

Effects of metamorphism depend upon the composition ,  
texture, and strength of  the orig ina l  rock,  and on the 
temperature, pressure, and amount of water under which 
metamorphism takes p lace.  Meta morphosed rocks may 
differ i n  texture, m i neral content, and tota l chem ica l com­
posit ion from the parent rock .  

T E X T U R A L  C H A N G E S  a r e  
s h o w n  b y  m a s t  m e ta m o r p h i c  
racks .  C leavage i n  s lates ( the ir  
fissi l i ty a long defin i te p lanes) i s  
produced by  para l le l  rea l i gnment 
of such f laky m i nera l s  as  m ica ,  
and i s  often i nc l i ned sharp ly Ia 
or ig ina l  beddi ng i n  the rack s .  
C leavage i s  ma in ly  t he  resu l t  o f  
t h e  i n c r e a s e d  p r e s s u r e  o f  
dynamic metamorph i sm .  

FOLIAT ION i s  t he  deve lopment 
of wavy or  contorted layers under 
more intense metamorph ism . It 
i nvo lves structura l and m i nera l ­
o g i c a l  c h a n g e s .  S c h i s t s  h a ve 
c lose ly spaced fo l iat ion . 

PHYLLITES have a rather g lossy, 
s l a t y  a p p e a r a n c e  c a u s ed  by 
recrys ta l l i za t i o n  o f  fl a ky  m i n ­
e ra l s  a l o ng c l eavage  p l a n e s .  
Character ist ics a r e  i n  between 
schi sts and s lates . 



GROWTH OF N EW MINERALS 
r e s u l t s  f r o m  i n t e n s i v e  m e t a ­
morph i sm ,  such as  reg iona l  meta­
morphism i nvo lved in mounta i n  
bui ld ing . los s  of some chemica l  
components and add i t ion of oth­
ers may produce changes i n  tota l 
chemica l  compos i t ion of the or ig­
ina l  roc k .  Such f laky m i nera l s  as 
mica are unstab le under these 
condit ions and h igh-grade meta­
morphic rocks often have a gran­
u l a r  a p p e a r a n c e ,  deve l o p i n g  
whole new suites o f  metamorphic 
m i nera l s .  The part icu lar  assem­
blage depends upon the compo­
s i t ion of the parent rock and the 
metamorph ic  env ironment .  Th i s  
has led to a concept of metamor­
ph ic  fac ies .  

MARBLE, f i ne  to coarsely granu­
lar,  i s  composed ch iefly of ca lc i te 
or do lomi te .  It der ives from meta­
morphosed l i mestone. 

QUARTZITE i s  a tough rock of 
m e t a m o r p h o sed  q u a r t z  s a n d ­
stone with a sugary texture . I ts 
co lor i s  white to p ink-brown . 

GA R N E T I F E R O U S  S C H I S T 
s h o w s  f o l i a t i o n  i n  p a r a l l e l  
arrangement of p laty m i cas,  and 
g r o w t h  of g a r n e t  as a n e w  
m inera l .  

ECLOGITES conta i n  garnet and 
py roxe n e ,  f o r m e d  f r o m  b a s i c  
rocks at h i g h  pressure . 

Ec log ite 

metamorphosed sed imentary rock 

au reo le ,  zone of 
contact 

(gran i t ic  i ntrus ion ) 

RECRYSTALLIZAT ION of some 
m i nera ls  and the convers ion of 
others i s  a feature common to 
many metamorph ic  rocks, espe­
c ia l l y  those formed at high tem­
peratures, such as  those around 
i n t r u s i o n s  ( t h e r m a l  me ta m o r ­
ph i sm) .  Rocks around intrus ions 
often d isp lay th i s  as a resu l t  of 
contact metamorph i sm .  

B lack  Marb le  

Garnet iferous  s ch i st 



Offshore d r i l l i ng r ig symbo l i zes man's search for petro l eum .  

M I N E RALS AN D CIVILIZATION 

The foundation of 20th-century civi l i zat ion i s  i ndustr i a l ,  
and  the basis for i ndustry i s  fue l s  and  meta l ores . The  th i ngs 
that form the basis of l ife i n  the deve loped wor ld - clean 
water supply, bu i l d i ngs,  h ighways, automobi les ,  hard­
ware, too l s ,  ferti l i zers, plast ics,  fue l s ,  chemica l s ,  and 
more - u lt imately come from the crust of the t iny p lanet on 
which we l ive . 

E c o n o m i c  m i n e r a l s  a re very  u neve n l y  d i s t r i b u ted . 
Although most m inera l s  themselves are widely scattered , 
deposits suffic ient ly rich to mine de'pend upon rare combi­
nat ions of geologic processes .  They a re often found in 
iso lated areas, and long geo logic study may be needed to 
locate and exploit  them . Almost 90 percent of the world's 
n ickel  supply, for example,  comes from a s ing le  i ntrusion 
nea r Sudbury, Ontario . 

New i ndustr ial  processes and i nvent ions br ing demands 
for new m inera l s  and fue l s .  The need for radioactive m in­
era l s  spurred development of  new techn iques and d i men-
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Mexico 

I raq 
3 1 .0 (4 . 8 % )  

U .A . Em i rates 
29.4 (4 .6% ) 

U n ited States 
26.5 (4 . 1 % ) 

L i bya 
23 .5  ( 3 . 7% ) 

I ran 
58 .0  
(9 .0 % )  

Peop le's Repub l i c  
o f  Ch i na  
2 0 . 0  ( 3 . 1 % ) 

Kuwait  
68.5 
( 1 0 . 7 % )  

WORLD C R U D E  O I L  proved reserves tota l about 640 b i l l i on  barre l s ;  
d i st r ibut ion i s  concentrated i n  M idd le  East . (After U . S . Dept . o f  Energy)  

s ions i n  geo logic surveys after World War I I .  The d i scovery 
of new m inera l  deposits can rapid ly revo l ut ionize the civ i­
l i zat ion of whole nat ions,  as it has i n  the Middle East ,  
where some of the world's l argest petro leum resources have 
brought g reat wea lth to Arab countries . 

A l l  m i neral  deposits are exhausti b le .  Once we have 
mined a vei n  of s i lver or a bed of coa l ,  there i s  no way of 
rep len ish ing it. Th i s  demands carefu l conservat ion of m in ­
era l deposits as wel l  as long -term explorat ion and p lann ing  
for new supp l ies .  

Dep let ion of some essent ia l  m inera l s  now poses serious 
long-term problems.  I t  i s  est imated by some that 80 per­
cent of the wor ld's economica l ly  recoverab le  suppl ies of 
petro leum wi l l  be exhausted with i n  a century. Some meta l s ,  
i nc l ud ing  lead and copper, have comparab ly  l im i ted 
reserves .  These est imates are based upon present rates of 
consumption ,  but an  explod ing wor ld populat ion could 
quadruple our  m i nera l needs . 
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COAL F I ELDS OF 
T H E  U N ITED STATES 

Anthrac ite 

B i tu m i nous  

Sub-b i tu m i nous  
and  l i g n ite 

MI N E RAL F U E LS are basic to an i ndustria l  economy not 
only for heat ing ,  l ight ing,  and transport but a l so for the 
i ndustr ia l  power needed i n  m ineral processi ng ,  m in i ng ,  
and in  manufacturing . Hydroelectricity, though of g reat 
importance in some a reas, provides only a sma l l  fract ion 
( less than 2 percent) of the wor ld's power. Mineral  fue l s  
(oi l ,  coa l ,  and gas )  provide about 98  percent.  Coa l and  
petro leum are foss i l  fue l s .  

B i tum inous  coal 

Carnotite, a u ra n i u m  minera l  

98 

COA L  is a s e d i m e n t a r y  r o c k  
formed from the rema in s  of foss i l  
p lants .  Bur ied peat ,  under pres­
sure, loses water and volat i les 
and achieves a re lat ive ly  h igh 
carbon content . Peat has about 
80 percent moisture; i ign i te (on 
i ntermed iate step between peat 
a n d  c oo l ) ,  a b o u t  40 pe r cen t ;  
b i tumi nous coo l ,  on ly  a bout 5 
p e r c e n t .  A n t h r a c i t e ,  f o r m e d  
under cond it ions o f  extreme pres­
sure, conta i n s  95 percent carbon 
compared with b i tum i nous coo l ,  
which has o n l y  about 8 0  percent .  
Most  of the wor ld ' s  g reat coo l 
deposits ore in rocks of Pennsyl­
van ian  or Perm ian  age. 

ATOMIC FUELS at present supply 
on ly  a fract ion of the wor ld's 
resources, but they wi l l  become 
more important .  Mineral fue l s  
used a re ores  of uran i um .  



Cross sect ion of o i l  fie ld  shows subsu rface structure; petro leum i s  
trapped i n  crest o f  a n  a nt ic l i ne sealed b y  imperv ious c a p  rock. 

PETROLEUM i s  a general term 
far a m ixture of gaseous, l iqu id ,  
and so l id hydrocarbons .  When 
burned , th i s  foss i l  fuel releases 
solar energy stared m i l l i ons of 
years ago .  Petroleum m ig rates 
from the source rock, where it 
f o r m s ,  to o t h e r  r o c k s . M o s t  
petro leum remains  d i spersed i n  
rock  pores and much escapes at 
the surface of the earth . But in 
commercia l  fie lds ,  i t  i s  trapped 
between  an i m pe r m e a b l e  c a p  
rock and a permeab le reservo i r  
rock, often f loat ing on water, as 
i l l u strated . 

OIL SHALE is carbonaceous shale 
that y ie lds  hydrocarbons when 
d i s t i l l ed .  At present ,  the cost of 
oil and gas product ion from i t  is 
too high to make oil sha le  eco­
nomica l ly  important ,  but i t  may 
be used i n  the future.  

P E T RO L E UM EX P LO RATION 
i nvo l ve s  bo t h  g e o l o g i c a l  a n d  
geophys ica l  s tud ies .  S i nce most 
of the more obvious surface traps 
h a v e  n o w  b e e n  d i s c o v e r e d , 
se i sm ic  and other surveys are 
i ncreas ing ly  used to d i scover sub­
s u r f a ce  a n d  s u b m a r i ne s t r u c ­
tures, such as  those beneath the 
North Sea . 

FAULT O I L  TRAP 

STRATIGRAPHIC OIL TRAP 

SALT DOME O I L  TRAP 
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O R E  D E POS ITS are natura l concentrat ions of meta l l i c  m in ­
era l s  i n  suffic ient quantity to  make their exploitation com­
merc ia l ly  worthwh i l e .  Most i ndustr ia l  meta l s ,  other than 
i ron,  a l um inum,  and magnes ium,  a re present a s  on ly  a 
fraction of 1 percent i n  the average igneous rocks of the 
earth's crust . P lati num,  for example ,  has an  abundance of 
. 00 0 , 000 , 5  p e r c e n t  by we i g h t ;  s i l v e r  a nd m e r c u ry ,  
. 000 , 0 1  percent. An ore  with 1 percent a nti mony conta ins  
1 0 , 000 ti mes as  much as the average igneous rock .  There 
a re several geolog ica l processes by which ore-bearing 
m inera l s  a re concentrated i n  the crust. 

MAGMAT I C  O R E S  are concentrated from molten rock 
where crysta l s  sett le dur ing coo l i ng . Some of the world's 
g reatest ore bod ies were formed in th is  way. 

Pretor ia Ser ies ch rom ite layers gran ite 

_6. THE BUSHVELD magnetite 
and chram i te deposits of South 
Africa occur i n  layered lopol i ths  
of nor i te (gabbro with hyper­
sthene pyroxene) .  See p .  88  . 

..... THE SUDBURY n icke l  depos­
its of Ontar io occur as str ingers 
in  a norite intrus ive complex .  

DIAMONDS are formed deep i n  
vo lcan ic  p ipes,  crysta l l i z i ng from 
a dist i nctive u l trabas ic  rock, k im­
ber l i te .  Exposure by weather ing 
may  subsequen t l y  concen t ra te  
d i a m o n d s  i n  r i v e r  p l a c e r  
deposits . 



METAMO R P H I C  O R E S  are formed a round some i ntrusions 
by contact metamorphism of the country rocks . Asbestos ,  
once used for  insu lat ion and  fireproofing ,  i s  a common 
nonmeta l l i c  metamorphic m inera l .  

H Y D R OT H E RMA L  O R E S  
i nc lude many o f  the largest 
deposits of lead, zinc, cap­
pe r ,  and s i l v e r .  D e p o s i t ed 
from hot, aqueous so lut ions,  
the ir  d is tr ibut ion i s  usua l l y  
contro l led by jo ints ,  fau l ts ,  
bedd ing ,  and l i tho logy of the 
country rock s .  The m i nera l i z ­
ing so lut ions a r i se  f rom mag­
mat ic sources, a l though the 
parent igneous rock may not 
a lways be ex posed . The cop­
per deposits of Butte, Mon­
t a n a , a n d  U t a h ,  s i l v e r  o f  
C o m s t o c k  L o d e ,  N evad a ,  
and go ld  o f  Cr ipp le  Creek, 
Colorado, are al l  hydrother­
mal  depos i t s .  A large port ion 
of the wor ld 's go ld i s  m i ned 
from deposits that or ig i nated 
from hydrotherma l so lut ions .  

Gray 
porphyry 

Tucson 
fau l t  

Part ing/ 
quartz i te 

White 

Cambr ian  
qua rtz ite 

D i a g r a m m a t i c  c r o s s  s e c t i o n  o f  
structu ra l  ore control i n  l e ad  a nd  
z i n c  m i n e ,  Leadv i l l e ,  C o l o ra d o  
(After Arga l l )  

1 0 1 



Dri l l i ng i n  tacon ite i ron  ore rocks 
requ i res s pec ia l  equ i pment .  

METALLIC ORES, such a s  the i ran 
around B i rm ingham,  A labama,  
and Northamptonsh i re, Eng land,  
are sed i mentary rocks  r i ch  i n  
or ig ina l  hemat ite .  Carnot i te,  a 
sed i m e n t a r y  u r a n i u m  o r e ,  i s  
found i n  sandstones of the Co lo­
rado P lateau . 

S E D I M E NTARY O R E S  form in a variety of d i fferent ways . 
Some are formed as d i rect sed imentary deposits or by 
evaporation ; others have an igneous or ig i n  a nd a re con­
centrated by sed imentary processes . 

EVAPORITES are m i neral salts 
( h a l i te ,  gyp sum ,  pota s h ,  etc . )  
f o r m e d  b y  e v a p o r a t i o n  o f  
restricted bodies o f  water. The 
great salt deposits of Germany, 
Utah, and New Mexico are exam­
ples . Evaporites may be impure, 
c o n t a i n i n g  c l a y ,  s a n d ,  o r  
carbonates .  

RES IDUAL MINERAL DEPOSITS 
are formed by weathering and 
l e a c h i n g ,  w i t h  c o r re s p o n d i n g  
e n r i c h m e n t  o f  l o w - g r a d e  o r e  
depos i t s ,  many o f  sed i mentary 

PLACER DEPOSITS are formed 
by concentrat ion of fragments in 
stream depos i t s .  Such heavy m i n ­
era l s  as  go ld ,  d iamonds, magne­
t i t e ,  a n d  t i n  o x i d e  a r e  o f fe n  
concentrated i n  th i s  way. Exam­
p l e s  a r e  t h e  t i n  d e p o s i t s  of  
Ma lays ia and the go ldf ie lds of  
Ca l iforn ia  and Austra l i a .  

or ig i n .  T h e  g reat i ron deposits of 
the Great Lakes and the a l um i ­
num (bauxite) deposits of Arkan­
sas have been concentrated i n  
s i t u  by  th i s  process .  

I ron ore p i t ,  V i rg i n ia, Minn . ;  rocks a re Precam bria n .  



C O N S T R U CT I O N A L  A N D  I N D U S T R I A L  M I N E RA L S ,  
a lthough more abundant than ore  m inera l s ,  a re used i n  
much g reater quantit ies . They a re genera l ly  quarried 
rather than m i ned . 

B U ILD IN G MAT E R IA L S  a r e  
e x t r a c t e d  f r o m  t h e  e a r t h ,  
whether br ick,  stone, steel g i rd­
er s ,  or g lass .  Bu i ld i ng  stones mus t  
be durab le ,  eas i ly  quarr ied, and 
eas i l y  worked . The  par t i c u l a r  
s t o n e s  s e l e c ted  o f t e n  depend  
upon t he  local  weather ing cond i ­
t ions (determ i ned by amounts o f  
industr ia l  gases) and  local  ava i l ­
ab i l i ty of stones .  

Other industr i a l  m i nera l s ,  such 
as su lphur, salt, potash,  gypsum, 
and asbestos, are not so widely 
d i str i buted , but are used i n  many 
industr ia l  processes . They occur 
i n  v e r y  d i f f e r e n t  g e o l o g i c  
setti ngs .  

CLAYS are used for  br i ck  mak­
ing ,  i n  chem ica l  industr ies,  i n  
ceramics ,  and i n  the manufacture 
of many other products . Each use 
demands s l ight ly  d i fferent qua l i ­
t ies .  Many var iet ies of c lay are  
known and m ined .  

SAND AND GRAVEL are widely 
used in conc re te  cons t ruc t i o n .  
Most suppl ies come from g lac ia l  
and river depos i t s .  Reserves are 
p l e n t i f u l ,  b u t  d i s t r i b u t i o n  i s  
patchy. 

STONE AGGREGATE for h igh­
way, a i rfie ld ,  and dam construc­
t i o n  i s  a l s o  u s e d  i n  g r e a t  
q u a n t i t i e s .  I t  i s  r e s i s t a n t  a n d  
cheap ly  quarr ied . I n  some tropi­
ca l  areas, i t  has to be imported . 

LIMESTONE is used in the manu­
facture of cement ,  as a meta l ­
lurg ica l  flux , as  an  aggregate, 
and i n  agr icu l ture .  L imestones 
are widely d i str i buted, and over 
500 m i l l ion tons are quarr ied 
annua l l y  in North America a l one .  



T H E  C H ANGING E A R T H  

I f  the processes o f  erosion a n d  deposition were counter­
acted only by igneous activi ty, we should expect the conti­
nents to be featureless p la ins ,  broken on ly by active 
vo lcanoes or p lateaus of lava .  But there are considerab le  
movements of  the earth's crust. 

Ancient caves,  h igh above present 
beach,  i nd icate former posit ion of 
sea level ,  N. I re land .  

EARTHQUAKES prov ide  d r a ­
matic evidence of crustal move­
ments . Sma l l  re lative movements 
of the crust, both vert ica l and 
hor izonta l ,  can very often be 
measu red after earthquakes have 
taken place (p. 1 26 ) .  

RAISED BEACHES and buried 
forests often i nvo lve  reg i o n a l  
warpi ng rather than s imp le  up l i f t .  
Ra i sed beaches show a r i se i n  the 
Ca l i fornia coast l i ne  over  the past 
years ,  but on the other hand , 
ports af Denmark are s ink ing (see 
p .  62 ) .  

OTH E R  COASTAL FEAT U R E S  
such a s  wavecut p latforms ind i ­
cate relat ive up l ift of the land;  
drowned va l l eys ind icate re lative 
s ink ing (p. 69) . Raised coral reefs 
often show upl ift ,  t i l t i ng ,  and 
even reversal of movement . 

FOSS I LS af mar ine an ima l s  i n  
land areas ind icate re lat ive up l ift 
of the land. The presence of coal 
seams with land plants thousands 
of feet b e l ow p re sen t  g r o u n d  
level shows that s i nk i ng h a s  a l so 
taken p lace .  lake sediments are 
often interbedded with sediments 
that were deposi ted i n  the sea . 



Crusta l movement is a common feature of the earth . It i s  
found throughout the  wor ld ,  i n  rocks rang ing i n  age from 
the o ldest to the youngest. I t  i nvolves var ious k inds of 
movement:  gent le,  s low up l ift or s ink ing ,  reg ional  warp­
ing,  rapid earthquake movements, and reg iona l  stresses 
that are strong enough to buckle and break great masses 
of rock {pp .  1 07- 1 25) .  

INCISED MEANDERS of rivers 
ore thought to resu l t  from re lat ive 
up l i ft of the land surface (p .  44) .  
The Grand Canyon ,  which mea­
sures more than a m i l e  deep,  i s  an  
examp le .  

R E C E N T  MOV EM EN T  o f  t h e  
crust i s  ind i cated b y  famous tem­
ple ru ins  near Naples .  The p i l ­
l a r s ,  erected on  land,  were bored 
by mar ine mo l l uscs,  ind icat ing 
submergence by the seo and the 
subsequent up l ift of the land .  

UN CON FO RM I T I E S  ( p .  1 1 4 )  
represent breaks i n  the depos i ­
t i o n  o f  sed i m e n t s ,  s o m e t i m e s  
ind icat ing per iods of s ign ificant 
crusta l  d i sturbance.  

FOLDS i n  a nc ient strata range 
from sma l l  warps,  on ly  one or two 
feet in he ight ,  to g reat domes, 
m i les across .  I n  areas where rocks 
have responded i n  a br i tt le man­
n e r ,  b r e a k s  ( f a u l t s )  h a v e  
deve loped . 

FAU LTS i nvolve fracture and re l ­
at ive movert]ent of rock un i ts  (p .  
1 1 1  ) .  I n  near ly  a l l  cases ,  the 
rocks i nvolved were or ig ina l l y  in 
a horizontal posit ion . 

Roman temp le ,  bu i l t  on dry land ,  
i s  now flooded .  

Devon ian  sandstone 

UNCONFO RMITY 

Typ ica l  unconformity showing 
effects of up l ift i n  pre-Devon ian  

Fo l d i ng  i n  l i mestone, V ictor ia 1  
Austra l iaT 



ROC K DEFORMATION 

Although sed imenta ry rocks are genera l l y  deposited in  
a lmost horizonta l beds ,  we genera l ly  f ind them d i storted 
and t i l ted if we fo l low them over any considerab le  d i stance.  
Such structures are the resu l t  of large-sca le  crusta l defor­
mation, which produces corresponding changes i n  vo lume,  
shape,  and sometimes chemica l composit ion of the rocks 
themselves . The i ntensity of the changes i s  proportiona l to 
the i ntensity of deformation and the depth of buria l  (see 
Metamorphism, p. 94) .  Under some stress cond it ions,  
rocks behave as  though they were e last ic ,  but as  stress 
increases, they undergo permanent (p last ic)  deformation 
and may u lt imately fracture . The most i ntense zones of 
deformation are associated with mounta in  cha in s .  

D IP o f  o bed i s  a measure of its 
s lope or  t i l t  i n  re lat ion to the hor­
izonta l .  The direction of dip i s  the 
d i rection of maximum s lope, or 
the d i rect ion a bal l  would run 
over the bed i f  i ts  surface were 
perfect ly fla t .  The angle of dip is 
the acute ang le  this d i rection 
makes with a hor izonta l p lane .  
The strike of a rock bed i s  the 
d i rection of the i n tersect ion of i t s  
d ip  d i rect ion with o hor izonta l  
p lane .  It i s  expressed as a com-

D ip·slr ike 
map symbo l :  
bedd ing  p lane 

l i ne of str i ke 

.,_ 
35 

ang le  of d i p  

pass bear ing a n d  l ies  at r ight  
ang les to the d i rect ion of d i p .  
D i p-str ike symbo l s  a r e  used on  
most geologic  maps .  

C l i n o m e t e r s  are e l a bo r a te 
i nstruments used by geologists to 
measure d i p .  A s imp le  instru­
ment, however, may be made 
from a p last ic  protractor f ixed to 
a flat base with a weighted thread 
to measure the max imum d ip .  The 
strike of the d ip i s  then measured 
with a compass . 



Sheep Mounta in ,  Wyom ing ,  is a f ine examp le  of p i tch i ng  ant i c l i ne .  

FOLDS are wrink les or flexures i n  stratified rocks .  They 
range from microscopic s izes in  metamorphic rocks to 
great structures hundreds of m i les across .  They sometimes 
occur i n  i so lat ion,  but more often they are packed 
together, espec ia l ly  i n  mounta i n  ranges . U pfo lds a re ca l led 
anticlines, a nd downfo lds a re ca l led synclines . Fo lds  with 
one l imb more or less horizonta l  a re ca l l ed monoclines . Al l  
fo lds tend to  d ie  out  as they are  traced a long the i r  lengths.  

FORMATION OF FOLDS shown 
i n  stages .  I n  Stage 1 ,  the rocks 
are deposited . I n  Stage 2 ,  they 
are folded . I n  Stage 3, they are 
up l i fted and the ir  tops eroded , 
w i t h  o n l y  t h e i r  d i p p i n g  l i m b s  
rema i n i ng .  The o ldest beds ( 1 )  
are a lways i n  the core of a n  ant i ­
c l i ne,  but on the flanks  of a 
sync l i ne .  STAGE 2 
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Re l i ef d iagram and geolog ic  map of a p l u ng i ng ant i c l i ne 

T H E  ST R U C T U R E  O F  FO L D S  
(above). The ax ia l  p lane i s  drawn 
sa that i t  b i sects the ang le  of the 
fold . The axis i s  i ts trace on a 
bedd i ng p lane .  If the axis is not 
hor izonta l ,  the fo ld i s  said to 
pitch or p lunge .  

ANTICLIN ES can be spotted on 
geologic maps by the d ip  ar­
rows po i n t i n g  away f r o m  t h e  
a x i s .  A p i t c h i n g  f o l d  g i ve s  a 

SYN C LIN E S  o c c u r  w h e r e  t h e  
beds d i p  toward the axi s .  They 
can pitch and be either symme­
trical or asymmetr ica l .  A struc­
t u ra l ba s i n  is a b a s i n - s h a ped 
sync l i ne where d ips  converge on 
a centra l  point or  area . 

" c l o s i n g "  o u t c r o p  pa t t e r n .  A 
dome is an anti c l i ne that has d ips 
poi nt ing i n  a l l  d i rect ions from a 
central point or area . 

K I N DS OF FOLDS 

SYMMETRICAL FOLDS (a)  have 
l imbs d ipp ing in opposite d i rec­
t ions at the same inc l i nat ions .  The 
axial plane (ap) i s  vertica l .  

ASYMMETRICAL FOLDS (b) are 
those having an i n c l i ned axial 
p l a n e  a n d ,  l i k e s y m m e t r i c a l 
fo l d s ,  h a v e  l i m b s  d i p p i n g i n  
opposite d i rect ions,  but a t  d iffer­
ent i nc l inat ions .  

OVERTU RNED FOLDS (c )  have 
an i n c l i ned ax ia l  p lane and l imbs 
d ipping i n  the same di recti on .  
One  l imb  i s  inverted . 

I S O C LINA L  FO L D S  ( d )  h a v e  
equa l d i p s  o f  two l imbs ;  ax ia l  
p lane d ips i n  same d i rect ion .  

RECUMBENT FOLDS (e) have 
hor izontal  axial p lanes . 

'<I 



Fo lded rocks  form c l iffs 1 , 500 feet above San Juan  R iver, Utah .  

F O L D  PATTE R N S  are rarely as s imp le as idea l i zed ones 
shown on these pages . They often pass i nto fau l ts .  Some 
beds yie ld to stra in  more readi ly than others . Such i ncom­
petent rocks as sha le  and rock sa l t ,  for example ,  often 
yield by f lowing a nd s l ipp ing i n  fo lds .  F lowage of sa l t  may 
produce structura l domes, leading to petro leum reservo i rs .  
Such incompetent rock movements a re sometimes so strong 
that, as in some Midd le East oi l f ie lds,  major  fo lds  at depth 
are not reflected at the surface . Folds that do reach the 
surface a re best exposed i n  ar id and sem iar id a reas and in 
rock faces and c l iffs , but reg ional  mapping of other vege­
tation-covered areas, such as the Appa lach ians ,  often 
shows fo ld ing over g reat areas . Antic l i na l  fo ld structures 
sometimes provide petro leum reservoirs .  

Cumber land 
P l ateau 

NW ' 

Sect ion across southern Appa lach ian  Mounta i n s  
At lant ic  

. Caro l i na  coa sta l 
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ROC K FRACTURES 

J O I NTS a n d  fractures a re another way that .rocks yie ld to 
stress .  Jo i nts a re fractures or cracks in which the rocks on 
either s ide of the fracture have not undergone relat ive 
movement.  Common in sed i mentary rocks, they are usua l ly  
caused by release of bur ia l pressure or by d iastroph ism . 
They p lay an  important part in rock weathering as zones 
of weakness a nd water movement. 

�§;:�\:::.c;;:����� � JO I N T S  I N  S E D I M E N TA RY  
ROCKS occur i n  para l le l  sets at 
right ang les to the bedd i ng .  Ten­
s iona l ,  compress iona l ,  and tor­
s i o n a l  s t r e s s e s  a l l  p r o d u c e 
d i st inct ive jo in t s .  

JOINTS I N  IGNEOUS ROCKS 
may resu l t  f rom shr inkage dur ing 
coo l i ng . I n  fi ne-grai ned rocks, 
there i s  a character i s t ic  polygo­
na l  arrangement .  Gran i te masses 
may show sheet jo int i n g .  

Giant's Causeway, Northern I re land,  shows hexagonal  col umns  
formed by  coo l i ng  of basa l t  lavas .  



FAU LTS are fractures where once-continuous rocks have 
suffered relative d i splacement. The amount of movement 
may vary from less than a n  inch to many thousands of feet 
vertica l ly  and to more than 1 00 mi les hor izonta l ly. Some , 
such as the San Andreas Fault ,  are major  earth features . 
Different types of fau l ts are produced by d i fferent com­
press iona l  a nd tensiona l stresses, and they a l so depend 
upon the rock type and geo log ica l  setti ng . 

Fau l ts are the cause of earthquakes, which suggests that 
repeated sma l l  movements rather than one "catastrophic" 
break characterize many fau l ts .  D i stinctive, la rge-sca le  
fracture zones (transform fau l ts) d i sp lace the  m id-ocean ic  
r idges i n  severa l a reas (pp .  1 36 and 1 40) . 

K INDS OF FAULTS 

NORMAL, GRAVITY, OR TEN­
S IONAL FAU LTS are nat  neces­
sari ly the mast cam man fau l t  type 
i n  a g iven area . They are faults in 
which re lat ive downward move­
ment ·has taken place down the 
upper face or  hang ing wa l l  of the 
fau l t  p lane .  (We cannot gener­
al ly prove whether both beds 
have moved, or  on ly  one . )  The 

B l ock  d i a g r a m  of n o r m a l  fa u l t 
before weathe r i ng  

throw of the  fau l t  i s  the vert ica l 
d i sp lacement of the bed (ac) ;  the 
heave i s  the hor izonta l  d i sp lace­
ment (be) .  The angle abc i s  the 
dip of the fau l t  plane, and the 
complement of this i s  the hade. 
The dip is usua l l y  steep .  Some­
t imes there may be more than ane 
epi sode of movement a long the 
same fau l t  plane or  zone.  

B l o ck  d i a g r a m  o f  n o r m a l  fa u l t  
after weather ing  



B l o c k  d i a g r a m  o f  h i g h - a n g l e  
reverse fau lt 

REVERSE OR THRUST FAULTS 
have re lat ive upward movement 
of the hanging wa l l  of the fau l t  
p lane . They occur in  a reas of  
compress ion and fo ld ing such as 
mounta i n  be l ts .  latera l  d i splace­
ment may be many mi les .  They 

Topograph i c  depress ion mark ing 
San And reas Fa u l t  i s  occup ied by 
a lagoon,  Bo l inas Bay. 

thrust 
p lane  

k l i ppe of w i ndow of  
overth rust 

D i a g r a m m a t i c  c r o s s  sect i o n  o f  
eroded low-a ng l e  t h r u s t  fa u lt 

often have a low d ip  and resu lt  i n  
repet it ion and apparent reversal  
of strat igraph ic  order i n  a vert i­
ca l  sequence.  Ch ief Mounta i n  in 
Montana i s  an  eroded remnant of 
a large thrust fau l t .  

A GRABEN i s  a b lock tha t  has  
been dropped down between two 
normal fau l ts .  An up l ifted fau l t  
block i s  a hors t .  R ift valleys are 
g ra ben s t ruc tu res  h u nd reds of 
m i les  in  length . The most spectac­
ular i s  that a long the Red Sea, 
but they are a l so found in East 
Afr ica,  the Rh ine ,  and Ca l i for­
n ia ,  and they a l so occur beneath 
the oceans  a long the crests of the 
mid-ocea n ic  r idges .  

TEAR FAULTS, OR STRIKE-SL IP 
FAU LTS, AND RELATED TRANS­
FORM FAULTS are those where 
shear ing stress has produced hor­
i z o n t a l  m o v e m e n t .  T h e  S a n  
Andreas Fau l t  i n  Ca l i forn ia i s  600 
m i l es long and has a d i splace­
ment of over 350 m i les .  The 1 906 
and 1 989 San Franc isco  earth­
quakes were caused by the move­
ment of the San Andreas Fau l t ,  
which i s  st i l l  act ive . 



FAU LTS I N  T H E  F I ELD are genera l ly more complex than 
those shown in  these d iagrams .  Rotat ional  movements 
often comp l i cate the s imp le vertica l and hori zonta l move­
ments , a nd the throw and hade of a fau l t  may change 
a long its length . The fau l t  p lane is  often poorly defi ned , 
and is represented by a fau l t  zone made u p  of broken and 
di storted rocks . Fau lts often occur in  groups (fau l t  zones) 
made up of many ind ividua l fau lts . Except i n  desert a reas, 
c l iff faces , a nd quarr ies,  fau l ts are rarely seen at the 
surface, but their presence is  i nd icated by one or  more of 
the fo l l owing features: 

FAU LT BRECCIA occurs where 
the rocks of the foult zone are 
shattered i n to angu lar ,  i rregu­
larly s i zed fragments .  Some may 
be reduced to a g r itty clay. 

TOPOGRAPH IC EFFECTS occur 
when fau l t s  bring together rocks 
of d iffer ing hardness. Denuda­
t ion may ind icate the fault ing by 
showi ng sharp,  "unnatura l "  top­
o g r a p h i c  c o n t a c t .  T h e  Te t o n  
range i n  Wyoming  i s  an  example ,  
w h e r e  r e s i s t a n t  P r e c a m b r i a n  
igneous rocks are faul ted agai nst 
so f te r  Te r t i a r y  sed i m e n t s  ( p .  
1 1 8 ) .  O t h e r  t o p o g r a p h i c  
effec t s - b a y s  o r  v a l l e y s ,  f o r  
example - may resu l t  from the 
weakness of a fault zone,which 
i t se l f  may undergo strong d iffer­
ent ia l  weather ing . 

SPR INGS may be produced by 
faults when pervious and imper­
vious strata are brought into con­
tact with one another (p .  5 1 ) . 
L i nes of spr ings often ind icate the 
existence of a fau l t .  

SLICKENS IDES , po l i shed str ia­
t ions or fl u t ings ,  are often found 
i n  the fau l t  p lane or  zone.  They 
may ind icate the d i rect ion of re l ­
at ive movemen t .  

DISPLACEMENT OF OUTCROP 
i s  another i nd i cat ion of a fau l t .  
As  we l l  as d i sp lac ing rocks vert i ­
ca l ly, fau l t s  i n  d ipp ing beds  w i l l  
d i sp lace the i r  outcrop patterns . 
In geologic mappi ng ,  fau l ts are 
often i nferred from outcrops that 
"won't match . 11 

Smal l - sca le fa u l t i ng  i n  l i mestone 



U N C O N FORMIT I E S  are ancient erosion surfaces in which 
an  older group of rocks has been up l ifted , eroded , and 
subsequent ly bur ied by a group of younger rocks .  U ncon­
form ities can be used to date periods of crustal movement 
i n  the reconstruction of earth h i story. The time span repre­
sented by the erosion surface (absence of deposits) may 
vary from very long to very short periods .  A "break" in 
foss i l  sequence, often a characteristic feature of uncon­
formit ies,  can be measured by compar ing the fossi l s  with 
those of un i nterrupted rock sequences . U nconformities 
vary in  form , and in the erosiona l interva ls  they represent.  

DISCONFORMIT IES occur where 
the beds obove ond below the 
eros ion surfoce ore para l le l . If 
the o lder g roup of rocks has been 
folded and eroded before the 
depos i t ion of the younger group, 
the i r  beds wi l l  not be para l l e l ,  
and  they represent an angular 
unconformity .  

STAGE 2 
Up l ift and  
fold i ng  

T h e  eroded upper surface of  
t he  under ly ing g roup  of rocks 
may be f lat or i t  may have cons id­
erable re l ief .  O ld  so i l s  are some­
t i m e s  p r e s e r v e d . T h e  l ow e s t  
over ly ing beds a r e  often con­
g lomerates made up  of eroded 
f r a g m e n t s  of t h e  u n d e r l y i n g  
group o f  rocks .  

STAGE 3 S u rface eros ion 

Submergence and 
renewed depos i t ion 

P lane of unconformity 

STAGE 4 

1 1 4 



The Matterhorn ,  Switzer land ,  s hows sharp  out l i ne  formed by g lac ia l  
eros ion  typ i ca l  of many mounta i n s .  

MOU NTAIN BU ILDING 

Mounta ins  a re among the most conspicuous features of the 
earth's surface.  Although they a re formed i n  var ious ways 
and are of var ious ages, most are concentrated in great 
folded belts that run a long the continenta l marg i n s .  Not 
al l  are conf ined to the land .  The Mid-At lant ic  R idge 
stretches thousands of m i les ,  r i s ing a l most 1 0, 000 feet 
above the ocean floor. S im i lar  r idges a re found in other 
oceans  (p. 1 36) .  

Any iso lated , upstand ing mass  may be cal led a moun­
ta i n .  There is no m in imum he ight  or part icu lar  shape 
involved . Some of the ways i n  which mounta ins  may be 
produced are shown on the fo l lowing pages . 
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VOLCANIC MOUNTAINS i nc lude some of the wor ld 's 
most beautifu l and famous mounta ins .  Mt. Fu j iyomo i n  
Japa n ,  Mt. Vesuvi us i n  Ita ly, Mt . Hood i n  Oregon ,  and Mt. 
St. Helens and Mt . Rain ier i n  Washington ore a l l  examples 
of characteristica l ly steep and symmetr ica l  volcan ic  moun­
ta in s .  Other volcan ic mounta ins ,  such as Mauna loa in  
Hawa i i ,  ore formed by sh ie ld vo lcanoes (p .  84) . They tend 
to be rounded and flattened , but may sti l l  be h igh and 
Iorge.  Mauna loa r ises a l most 1 4 , 000 feet above sea leve l 
and a bout 32 ,000 feet above the seafloor. With its d iam­
eter of  60 m i les ,  i t  i s  the  wor ld's la rgest mounta i n  i n  terms 
of vo lume.  

Volcan ic mounta ins  may form very rapid ly. Mt . Poracu­
t in  i n  Mexico began to grow in  February, 1 943 . With in a 
week,  its cone was 500 feet h igh ,  and with in  two years i t  
hod reached 1 , 500 feet. 

Some vo lcan ic mounta ins  occur as iso lated structures , 
but others form ports of extensive vo lcan ic  cha ins .  Vo lcan ic 
i s lands may form great i s land orcs, of which the 1 , 000-
m i le Aleut ian cha i n  is on example .  

Mt .  Fu j iyama, Japan 's sacred mounta i n ,  i s  a volcano .  



B lue  Mounta i n s ,  New South Wa les ,  Austra l i a ,  ore eros iona l  i n  or ig i n ,  
con s i s t i ng  ch iefly o f  hor izonta l Perm ian  and Tr iass i c  strata . 

E R O S I O N A L  M O U N TA I N S  are found in reg ions of crusta l 
upl ift .  These are wide areas where crusta l up l ift (epeir­
ogeny) has produced e levated plateaus and thereby pro­
vided new erosiona l energy to rivers . The steep gorges 
with precip i tous edges of Grand Canyon-type topography, 
for examp le ,  are genera l ly  thought of as a d issected p la­
teau rather than a mounta i n .  Some wel l -known mounta i ns,  
such as  the B l ue Mounta ins  of New South Wa les ,  Austra l ia ,  
are formed i n  th is  way. If erosion continues long enough ,  
hugh i so lated , resi stant remnants a r e  left. A n  example i s  
Mt . Monadnock i n  New Hampsh i re,  which r i ses 1 , 800 feet 
above a "peneplane" and g ives its name to such i so lated 
structures (monadnocks) . These structures a re thus out l iers 
of younger rock ,  resti ng on an exposed basement of older 
rocks .  
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DOME MOU N TA I N S  a r e  t h e  
s imp lest k ind o f  structural moun­
ta i n s .  They tend ta be relat ively 
s m a l l ,  i s o l a t e d ,  s t r u c t u r a l  
domes, up l i fted without intense 
fau l t ing . They may be associated 
with such igneous intrus ions as 
l a c c o l i t h s .  T h e  B l a c k  H i l l s  o f  
South Dakota a r e  an  examp le .  

STRUCTU RAL MOU NTA I N  RANGES are by far the most 
numerous and extensive mounta i n  ranges and d iffer from 
volcan ic  and eros ional  mounta ins  in the structura l defor­
mation and upl ift they have undergone.  Some of the o lder 
mounta i n  ranges, such as the Appa lach ians ,  a re less 
impressive than the younger, such as  the A lps ,  but they 
share certa i n  common characterist ics, s ix of which a re 
d i scussed below. It is these, more than just height,  that are 
a c lue to an  understa nding of the nature of structura l 
mounta i n s .  

FA U LT B LOC K  MOU N TA I N S  
may be formed i n  any type of 
rock . They are often, though not 
a lways, structura l l y  undeformed 
where d i fferentia l  vert ical dis­
p lacement or t i l t i ng by steep nor­
ma l  faults g ives relat ively up­
l i fted and downsunk blocks .  R ift  
val leys are often associated with 
the mounta i n  scarps, which tend 
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to run para l le l  wi th the fau l t ing . 
S u c h  m o u n t a i n s  m a y  be v e r y  
large.  T h e  S ierra Nevada repre­
sents the upt i l ted edge of a b lock 
of gran i te 400 m i l es long and 1 00 
m i les wide, with an eastern scarp 
1 3 , 000 feet a b ove sea l e ve l .  
There are several  such ranges 
from Oregon to Arizona, which 
produces spectacu lar  scenery. 

, 
, 
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MOUNTAIN CHAINS  

Cenozoic 
Mesozoic 
Pa l eozo ic 

' 

) 
CONTINENTAL SH IELDS 

FOLD E D  MO U N TA I N  RANGES al l  have s im i la r  character­
ist ics . Most of the wor ld's g reat mounta i n  cha ins ,  such as 
the "young" H i ma layas, Al ps, Rockies, and Andes, a nd 
the o lder U ra l s  and Appa lach ians ,  belong to none of the 
groups d i scussed on pp .  1 1 6- 1 1 7 . I n  spite of many i ndiv id­
ua l  d ifferences, a l l  are fundamenta l ly  fo lded ranges and 
share these s ix  important characterist ics :  

1 .  Linear d i str ibut ion of mounta in  ranges ind icates they 
a re not haphazardly scattered across the earth's surface; 
they are found i n  long,  na rrow belts . The Appa lach ians ,  
for  examp le ,  stretch 1 , 500 mi les from Newfound land to 
Alabama and a re up to 350 m i les wide . The Rockies are 
3 , 000 m i les long and cont inue southwa rd for another 
5 , 000 m i les i n  the Andes of South America a nd then i nto 
Antarctica . Their location near the marg in s ,  or former 
margins ,  of continents i s  a major c l ue to thei r  or ig i n .  
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Precambr ian Cambr ian Ordovician Devon ian  Carboniferous Perm ian Tr iass ic  Cretaceous Tertiary 

Genera l i zed sect ion across the Rock ies from eastern Idaho to western 
Wyom ing  (see p .  1 52 for  mea n i ng of geo l og i c  ages)  

2 .  T h i c k, sed i m enta ry rocks that are found i n  a l l  the 
wor ld 's major mounta i n  chains are genera l ly  30, 000 to 
40, 000 feet (6-8 mi les) i n  th ickness . Foss i l s  and structures 
show most are marine rocks, formed in e longated crusta l 
downwarps .  They inc l ude ch iefly c lastic sed iments and vo l ­
can ic rocks .  Strata of  equiva lent age on the  bordering 
cont inents are often on ly a tenth of th is  th ickness and 
genera l l y  have a higher proportion of carbonates and 
coarse c last ic rocks .  

3 .  D i st i n ct ive i g neous a n d  meta m o r p h i c  rocks are 
found i n  mounta i n  cha ins .  C lastic sed iments a re often 
i nterbedded with great th icknesses of vo lcan ic  lavas,  and 
eroded cores of mounta in  chains  inc lude vast gran i t ic  bath­
o l i ths ,  as we l l  as m igmatites . The batho l i ths a nd migmati tes 
were probably formed from the effect of depth and heat 
on deeply bur ied sedi ments . 

In younger mounta i n  ranges - those formed dur ing the 
last 1 20 m i l l ion years (see pp .  1 1 9 a nd 1 52 ) - active 
vu lcan ism cont inues . The vo lcanoes of the Cascades, 
Andes, a nd Antarctica are examples .  I n  o lder mounta i n  
ranges, a l though the e levation seen in more recent moun­
ta ins  i s  reduced by erosion,  the disti nctive rock types and 
deformation patterns can sti l l  be recogn ized . 
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4. I n tense fo l d i ng a n d  fa u lt i n g  i n  major mounta in  
cha ins  often involve thrust ing on the  neighboring continen­
ta l marg i n ,  with d isp lacements of many mi les a nd conse­
quent shortening of the crust.  Act ive earthquakes and up l ift 
mark "younger" mounta i n  ranges . 

5 .  Repeated u p l i ft a n d  eros i o n  have taken p lace i n  
folded mounta ins .  O lder  ranges may be  eroded down 
a l most to a flat surface (a penep la in )  and then be up l ifted 
aga i n .  The Appa lach ians ,  formed in the Late Pa leozoic ,  
were eroded to a penep la i n  i n  the Triass ic and aga in  i n  the 
Cretaceous .  Their present 6, 000-feet-h igh re l i ef resu l ts 
from Tert iary up l ift and recent erosion . Conti nenta l sh ie ld 
areas, now rather f lat ,  represent ancient eroded mounta in  
cha i n s .  

6 .  Mou nta i n s  h a v e  roots . They are not  s imp ly  l umps of 
rock rest ing on a un i form surface. They have roots of l ight  
mater ia l  extend ing far  down be low their  norma l depths .  
Th is  i s  suggested by the gravity a nomaly of  mounta ins ,  by 
the paths of earthquake waves through them , and by h igh 
heat flow associated with  mounta ins .  S i nce mounta ins  
deflect a p lumb l i ne less  than the mere attract ion of the i r  
su rface mass  rest ing on "norma l "  basement,  they must be 
under la i n  by a larger amount of l ight  materia l .  

actua l  
mea su red ---­
gravity 
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I 
abyssa l  p l a i n  

Ma i n  features of t he  ocean floor 

THE ARCHIT E CTUR E OF THE EA RTH 

S E E N  FROM S PAC E ,  earth i s  a b lue p lanet, vei l ed i n  a 
swi r l i ng ,  changing tracery of c louds .  It is b lue because it i s  
a watery p lanet, two-th i rds of  i t s  surface covered by 
oceans; i t  i s  vei l ed because its enve loping atmosphere is  i n  
constant motion,  i nteracting everywhere wi th  land and 
water. The fi rst part of th is  book has descr ibed th is  i nter­
action ,  showing the changing pattern of rock formation ,  
e ro s i o n ,  and d e p o s i t i o n . But  b e n e a t h  these s u r face  
changes, there a re a l so changes with in  t he  earth,  which 
have created its major a rch itectural features . The second 
part of this book describes these major earth features a nd 
the processes that produced them . 

The continents consist of large sh ie lds of ancient Preca m­
brian rocks,  a round which younger rocks have been 
formed . 

Mountain ranges of severa l d i fferent ages are found i n  
l i near belts around the marg i ns o f  the conti nents . They a re 
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abyssal  p l a i n  "' 

(After The S tory of the Earth, H . M . S . O . )  

i ntense ly fo lded a nd fau l ted and conta in  a variety of  sed i ­
mentary, igneous,  and meta morphic rocks (p .  1 1 9) .  

Volcanoes a nd earthquakes a r e  not randomly d i str ib­
uted , but are concentrated i n  narrow belts, espec ia l ly i n  a 
"r ing of fire" a round the Pacific Ocean ,  in a reas of recent 
mounta i n  bu i ld ing ,  and a long the mid-ocean ridges and 
r i f t  va l l eys (p .  85) . 

M id-ocean ridges form a g lobal  network of submarine 
mounta i n  cha ins ,  25, 000 m i les long and reach ing 1 8 , 000 
feet in height above the seafloor. Rift va l l eys, transform 
fau lts ,  sha l low-focus earthquakes, and volcanoes mark the 
crest of the m id-ocean r idge (p. 1 36) .  

Island arcs and submarine trenches, some over 6 m i les 
deep,  found in the Pacific and e l sewhere, are marked by 
vu lcan ism and i ntense earthquake activity (pp. 1 38- 1 39) . 

The ocean floor i s  made up of vo lcan ic  and sed i mentary 
rocks, al l  of relative ly young age. I n  contrast to the a ncient 
rocks of the conti nents (some 3 . 6  bi l l ion years old),  the 
o ldest ocean ic  rocks are "only" 1 75 m i l l ion years o ld .  
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T H E  M E C H A N I SM OF MOU NTA I N  B U I LD I N G  ( O R O ­
G E NY) i s  one  of the  great d i scoveries of  recent geologica l  
sciences .  Although surface processes p lay a s ign if icant ro le 
in  supplying the sed iments that make up mounta i n  ranges 
and i n  erod ing and accentuating them after they a re 
up l ifted , the ch ief processes operate with i n  the earth's 
interior. The fo l lowing pages trace the way in which recent 
d i scoveries have led, step-by-step, to a new theory of 
mounta in  bu i ld ing - plate tectonics - that accounts for the 
features just descri bed . To understand this theory, we need 
information on the structure of the earth and its phys ica l  
properties . The fo l l owing pages descr ibe these features .  

EART H Q U A KES 

Earthquakes a re rapid movements of the earth's crust 
caused by fau l t  movements . Almost a m i l l ion  occur each 
year, but most are so weak they may be detected on ly  by 
very sensi tive recording i nstruments (seismographs) .  About 
90 percent of a l l  earthquakes seem to or ig i nate at a focus, 
the point of maximum intensity of the earthquake, in the 
outer 40 m i les of the crust. A few deep-focus earthquakes 
or ig i nate at depths as g reat as 400 m i les .  The location and 
pattern of earthquakes are major c l ues to earth's structure . 

1 24 

T Y P I C A L  E A R T H Q U A K E  
EFFECTS are shown an b lack d ia­
gram .  Earthquake waves radiate 
o u twa r d s .  T h o s e  t h a t  t r a v e l  
d i rect ly t o  the surface a r e  shown . 
l sose i smal  l i nes jo in  a l l  p laces 
where the earthquake i s  recorded 
with the same intens ity .  These 
genera l l y  form approximate c i r ­
c les or  ova l s  of decreas ing i nten­
s i ty around the epicenter, which 
i s  di rect ly above the focus .  



Destruct ion cau sed by the Ca l ifo rn ia  earthq uake of October, 1 989 

EARTH Q U A K E  DESTRUCTION occurs when shock waves 
are absorbed by bu i ld ings .  Those on th ick so i l  or rock 
debris a re most affected . Steel -frame bu i ld i ngs  on so l id 
rock are more l i ke ly to su rvive . Vio lent  earth movements 
may be accompan ied by earth flows and s lumps ,  cracks,  
sma l l  fau l ts  (with hori zonta l or vertica l movement up  to 
about 30 feet) , and temporary founta ins .  F i res often resu l t  
from broken gas l i nes . 

Tsunami s  are g iant waves in the oceans that resu l t  from 
earthquakes . Movement of a part of the ocean floor d i s ­
turbs the water and leads  to huge osc i l l atory waves,  often 
over 1 00 m i les long . Moving at speeds of up to 500 mph ,  
they p i le  up  a long shores, often causing great destruction .  

EARTHQUAKE BELTS enc irc le the earth . About 415 o f  o i l  earthquakes 
and a lmost al l  deep-focus ones occur i n  a bel t  around the Pac ifi c .  A 
less active bel t  runs through the H ima layas and A lps .  (Compare with 
p .  1 45) 



EARTH Q UAKE RECORDS,  or seismograms ,  show that 
various types of earthquake waves travel through the earth 
by d i fferent paths . There a re two types of waves that trave l 
through the earth :  P {push-pu l l )  waves that are compres­
s iona l and travel by moving the particles backward and 
forward through any materia l ,  and S (shake) waves that 
pass only through so l ids .  S-waves shake the particles per­
pend icu lar ly  to the d i rect ion of their movement, l i ke waves 
made in a rope by ho ld ing one end sti l l  and shak ing the 
other up  and down . l (surface) waves travel a round the 

A S E I SMOGRAPH  is u s ed  to 
record earthquake waves . The 
suspended we ight ,  because of its 
inert ia, i s  unaffected by earth­
quake movements, wh ich a re re­
corded on  the rotating dru m .  
Seismographs d iffer i n  s ize and 
sens i t iv i ty .  



surface of the earth and can pass through a ny mater ia l .  
From many observat ions,  i t  has been shown that when 
record ing stat ions a re more than 7, 000 m i les away from 
an earthquake epicenter, the otherwise very regu lar  trave l 
times of P-waves a re reduced . They arr ive later than ca l ­
cu lated , a nd S-waves a re e l im inated completely. Th i s  
occurs because changes of composit ion with i n  the  earth's 
i nterior infl uence the paths and speeds of the var ious 
waves . 

By us ing a worldwide seismograph network and studying 
the paths and travel t imes of these waves,  i t  i s  poss ib le  not 
on ly to locate an  earthquake at its source but a l so to bu i ld  
up a model  or p icture of  the nature of the earth's i nterior. 

EARTHQUAKE WAVES pass ing 
through the earth are i l l u strated 
b e l o w ,  s h o w i n g  t h e  e f f e c t  a f  
refract ion on  P -woves .  S-woves 

ore complete ly  e l im i nated by the 
core . P -woves ore ind icated by 
red l i nes, S-woves by the blue 
l i nes .  
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THE EARTH'S INTER I OR 

The behavior of earthquake waves ind icates that the 
earth's i nterior i s  not homogeneous but i s  made up of a 
s e r i e s  o f  c o n c e n t r i c ,  l a ye red  s h e l l s  o f  d i f f e r e n t  
composit ion .  

Us i ng  data from seismographs,  a hypothet ica l  model of 
the i nterior she l l s  can be constructed . We have no d i rect 
method of test ing its accuracy, but there are severa l l i nes 
of ind i rect evidence that seem to support it (p. 1 29) . The 
three ma in  layers a re ca l led crust, mant le ,  a nd core. The 
crust i s  separated from the mantle by the Mohorovic ic ,  or 
M-d isconti nu i ty, where earthquake waves speed up  by 1 5  
percent. 

ALT E R NAT I V E  C LAS S I F I CA ­
T ION recognizes the r ig id litho­
sp h e re ( t h e  o u te r  62 m i l e s ) .  
cons ist ing o f  the crust ond the 
upper port of the mont le .  Th i s  
over l i es the hot ,  soft  astheno­
sp h e re ( 6 2 - 1 5 5 m i l e s  d o w n ) ,  
c h o r o c t e r i zed b y  l ow s e i s m i c  
wave ve loc i t ies and h igh se i sm ic  
attenuat ion ,  wh ich i s  thought  to 
be capable of flowing . This over­
l i es the stronger mesosphere, the 
lower mant le .  I t  appears that the 
major p lates of the earth rest on 
and move across the astheno­
sphere (see p .  1 44) .  
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CONTINENT  

THE CONT INENTAL CRUST i s  
th icker t han  t he  ocean ic  (20- 38 
m i les,  as opposed to 5 m i les) ,  
o lder (up to 4 b i l l ion years,  as 
opposed to a max imum of 1 75-
200 m i l l i o n  years) ,  l ighter (2 .  7 
gms  per cc ,  as opposed to 3 .  0 
gm/cc ) ,  a n d  more  s t ruc tu ra l l y  
complex .  The cont inenta l  crust 
has a gran i t i c  compos i t ion ,  with 
th ick sed imentary and metamor­
p h i c  r o c k s ,  w h i l e  the o cea n i c  
crust i s  basa l t ic ,  with on ly  a th i n  
veneer of sed i ments .  These d i ffer­
ences are expla i ned by the theory 
of p late tecton i c s .  



THE MANTLE, bounded by the 
M o h o r o v i c i c  d i s c o n t i n u i t y ,  i s  
marked b y  1 5-percent increases 
i n  P- and S-wave veloc i t ies ,  sug­
gest ing a change i n  composit io n .  
I t  seems to cons i st of da rk ,  heavy 
rocks, rich i n  i ron-magnes ium s i l ­
icates (o l iv ine and pyroxene, pp .  

THE CORE i s  recogn ized as a 
m a j o r  d i s c o n t i n u i ty w i t h i n  t he  
e a r t h  whe re  t h e  S - wa v e s  a r e  
e l im i nated and P-wave velocity i s  
s l owed down . T h i s  i nd icates that 
the outer core i s  probably a " l i q ­
u id , "  bu t  t he  fact t ha t  P-waves 
speed up aga in  at a depth of 
3, 1 60 m i les suggests that the 
inner core i s  so l id .  C i rcu lat ion 
movements i n  the l iqu id outer 
core probab ly  generate the 

30 and 89). A few surface out­
crops of supposed mant le rocks 
fit th i s  general  composit i o n .  S low 
c o n ve c t i o n  m o v e m e n t s  i n  t h e  
upper mant le i nf luence the struc­
ture of the crust ,  a l lowing the 
m o v e m e n t s  i n v o l v e d  in p l a te 
tecton ics .  

earth's magnet i c  f ie ld  ( p .  1 35 ) .  I t  
probably has an  i ron- i ron  su l ­
ph ide  composi t ion because of i t s  
h igh  density ( 15  fo r  t he  i nner 
c o r e ) ,  a n d  b y  a n a l o g y  w i t h  
m e t e o r i t e s ,  w h i c h  p r o b a b l y  
formed a t  the same t ime .  I t  may, 
however, be a s im i l a r  compos i ­
t ion to the mant le ,  i t s  d i fferences 
ar i s i ng from var iat ions created 
under very high pressure . 
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G E O P H Y S I CA L  M E A S U R E M E N T S  prov ide  a d d i t i o n a l  
i nformation about the earth's interior a n d  mounta in-bui ld­
ing processes . Artific ia l  shock waves, used i n  seismic stud­
i e s  o f  s u b s u r f a c e  s t r u c t u r e ,  revea l t h e  n a t u r e a n d  
boundaries of sha l l ow layering with i n  the earth's i nterior.  
Measurements of g ravity and magnetic variat ions are use­
ful i n  subsurface studies, both "deep , "  as  i n  those beneath 
mounta i n  roots, a nd "sha l l ow, " as in the location of petro­
leum traps or m inera l deposits . Heat-flow studies a re used 
to ana lyze deep structures. Radar mapping is a l so of 
importance. Continuous, rapid geophysica l  survey mea­
surements are now being made from a i rcraft and sh ips . 
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HEAT-FLOW STUD I ES i n  m ines  
and boreholes show that  the tem­
p e r a t u r e  o f  t h e  e a r t h ' s c r u s t  
increases b y  an average of 30°C 
per k i l ometer of depth, a l though 
there are wide loca l var iat ions 
caused by the geologica l  sett ing 
and local  conductivi ty. Over the 
conti nents , most of the back­
ground heat seems to or ig inate 
from radioactivity in the crust .  
Where the crust i s  th ick ,  as in  
mounta i n  ranges ,  va lues tend to 
be h igh .  

Se i sm ic  s hot exp los ion  p roduces  a 
p l ume of so i l .  Se i sm ic  stud ies a l so 
u s e  " t h u m p e r " t e c h n i q u e s ,  
without exp los ives .  



s hot geophones 

GEOPHYSICAL EXPLORATION 
i s  w ide ly  used i n  t he  locat ion of  
m i nera l  deposits and petro leum 
traps, and i n  geologic mappi ng . 
The d iagram shows how seism ic  

E L E C T R I C  LOGG I N G  o f  the  
resist iv ity and self-potent ia l  o f  
rock  penetrated by boreholes i s  

Record i ng  t ruck  
Se i sm ic  
record 

-JJjjjjjjV� -

studies provide a structura l  pro­
fi le  of layered rocks .  Geophones 
p l a ced  a t  m e a s u red  i n t e r va l s  
record the trace and t ime of 
P-waves .  

measured and p lotted . E lectr ic 
logging i s  a n  a id  i n  subsurface 
correlation of ai l wel l s .  ( Landes) 
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THE FORCE OF GRAVITY is present in every part of the 
un iverse, from the sma l l est part ic le to the la rgest star. The 
earth attracts everyth ing a round it with a pu l l  towards its 
center. The sun holds its p lanets in  their orbits by gravita­
tional attract ion .  The force (F) i nvo lved i s  not constant but 
varies i nversely  with the square of the d istance between the 
two bod ies i nvo lved (D) ,  and di rect ly with their masses (M1 
and M2) .  We can ca lcu late it by us ing the equation deve l­
oped by Newton ,  F = GM1 M2 , where G is the earth's 

02 

g ravity constant (6 . 67 X 1 0· 1 1  cubic meters per k i logram 
second2) .  

The force o f  gravity is  not the same at every p lace o n  
the earth . It  i s  lower on h igh mounta i n  tops, a n d  shows a 
genera l decrease of about one-ha l f  of one percent from 
the poles toward the equator. 

Gravity i nf luences a lmost a l l  geologica l  processes.  
Weathering a nd eros ion,  patterns of sed i ment d i str ibut ion, 
the form of mounta ins ,  and even the coo l i ng of igneous 
rock,  a l l  reflect the influence of gravity. 

Pr inc ip le  of g ravity is shown by 
sp r i ng  ba lance; relative extens ion  
of sp r i ng  i s  proport iona l  to  dens ity 
of under ly i ng  rock.  

A GRAVIMETER i s  used to make 
rapid and accurate determina­
t ions of relat ive d ifferences i n  the 
earth's gravity fie ld .  I t  i s  a very 
s e n s i t i v e  s p r i n g  b a l a n c e ,  a n  
i n c r e a s e  i n  g r a v i t y  b e i n g  
recorded by the stretch ing of the 
spring . Gravimeters employ opti­
c a l  a n d  e l e c t r i c a l  m e t h o d s  to 
"magnify" the m i nute increase in 
s p r i n g  l e n g t h  t h a t  h a s  t o  be 
measured . 

GRAV I TY  P RO F I L E  m a y  a l s o 
s h ow l o w  g r a v i t y  ( n e g a t i ve 
a n o m a l y )  d u e  to p r e s e n c e  o f  
l ightweight  sa l t  i n  a sa l t  p lug ,  
inv i s ib le  f rom the su rface ( see p .  
99) .  
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THE RED SEA AND GULF OF 
ADEN, un l i ke  other r i f t  vo l leys ,  
hove pos i t ive g ravity anoma l ies .  
They ore under la i n  by bas i c  rocks 
a n d  o r e  b o u n d e d  by p a r a l l e l  
fau l t s .  Th i s  suggests they were 
formed by the crustal  separat ion 
of Arabia and Afr ica,  the "gop" 
between them being fi l l ed by r i s ­
i n g  b a s i c  m a t e r i a l  f r o m  t h e  
mant le .  

I SOSTASY i s  the state of equ i l i b ­
r ium tha t  exi sts in  t he  earth's 
crust .  Because mountains hove 
roots (p. 1 2 1 )  and a l so stand 
above the overage level of the 
genera l l y  s im i l a r  rocks of sur­
rounding areas,  a balance must 
exist between them and the den­
s e r  m a t e r i a l  on w h i c h  t h e y  

Ai ry's i sostat ic hypothes i s  { 1 )  suggested eq u i l i b r i um 
resu l t s  i f  cru sta l b locks of 
s i m i l a r  d e n s i t y  h a v e  
d i fferent he i g hts ;  P ratt's 
hypothes i s  { 2 ) :  b locks of 
d i fferent dens ity have o 
u n i f o r m  l e v e l  o f  
c o m pe n s a t i o n .  M o d e r n  
h y p o t h e s e s  s u g g e s t  
var iat ion i n  dens ity i n  and  
between  col umn s .  

MOUNTAIN CHAINS often hove 
a major negative g ravity anom­
a ly  caused by a root  of l i gh t­
w e i g h t  g r a n i t i c  m a t e r i a l .  
Negative anomal ies  across r i f t  
vol leys ore port ly expl icable by 
thick sed iments wi th in  the vol leys 
themselves, and may resu l t  from 
the concentrat ion of l i ghtweight  
a l ka l i ne magmas and volcanoes 
in  r ift areas .  

' " float . "  As eros ion reduces the 
moss of the mounta i n ,  upl ift tokes 
place below i t  as plast ic mater ia l  
flows under  i t- just as un load ing 
cargo f rom a sh ip  causes  i t  to r i se 
i n  t h e  w a t e r .  T h e  po s t g l a c i a l  
up l i f t  o f  Scandinavia i s  on  exam­
ple of i sostat ic ad justment ( p .  
62) .  



G E OMAG N ET I SM reflects the earth's behavior as though 
it  were a giant bar magnet surrounded by a magnetic fie ld . 
The force causes a compass to rotate so that it po ints 
towards the magnetic north po le .  The earth's magnetic 
fie ld i s  probably caused by convection currents i n  the outer 
core . 

Geograph i c  North 

D i rect ion 
of the tota l 

fie ld  

MAGNETIC STORMS are sudden 
f luctuat ions in  the earth's mag­
netic f ie ld caused by charged 
part ic les from the sun (the so lar 
w i n d ) .  M a g n e t i c  s t o r m s  o f ten  
precede aurora d i sp lays .  

A i rborne magnetometer 

MAGNET IC DEC L INAT ION i s  
t h e  ang le between geographic 
( " t r u e " )  n o r t h  a n d  m a g n e t i c  
north . The vert ica l  ang le between 
the hor izonta l  and a free ly  d ip­
p ing magnet ic need le is the incli­
nat ion . The dec l i n a t i o n  s hows 
d a i l y  c h a n g e s  a n d  a l so  s l ow, 
measurable changes over long 
periods of t ime. The magnet ic 
poles change posit ion relat ive to 
the geographic poles at a present 
rate of about four m i les every 
year, a l though the deviat ion is 
never large .  

MAGNETOMETERS measure the 
local i n tens i ty of the earth's mag­
netic fie ld .  Var iat ions ( anoma­
l i es) are caused by rocks of 
d i ffer i ng  magnet i c  propert ies .  
Magnetic traverses can be made 
on the ground or  by a i rborne or 
s e a b o r n e  m a g n e t o m e t e r s . 
Reg ional  surveys are used i n  m in ­
eral  explorat ion and i n  study of  
the  ocean f loor. 

PALEOMAGNETISM i s  the rem­
nant magnetism found i n  rocks ­
espec ia l l y  lavas and some sed i ­
men tary  rock s - refl e c t i n g  the 
anc ient  magnet i c  f ie lds  at the 
time of their formation . Magnetic 
part ic les i n  the rocks or ient them­
s e l ve s  l i k e  c o m p a s s  n e e d l e s ,  
reflect ing the fie ld i n  which they 
formed . 



THE MAGNETIC F I ELD of the 
earth has been measured and 
m a p p e d . T h e  l i n e s  o f  f o r c e ,  
m a r k e d  by  a r r o w s ,  s h o w  i t s  
d i rect ion a t  var ious p laces .  It 
a l so varies i n  intens ity (being 
twice as  great at the poles as a t  
the  equator), and the  inc l inat ion 
ranges from 0° at the magnet ic  
equator to 90° at the magnet ic 
po les .  local anoma l ies are often 
produced by d i st i nct ive magnet ic 
propert ies of some rock bod ies .  

REVERSALS i n  earth 's  magnet ic  
f ie ld have occurred every few 
hundred thousand years dur ing 
the last 70 m i l l ion years . A t ime 
sca le of reversa l s  has been recon­
structed from sequences of lavas 
and deep-sea sed iments .  

North 
Geograph i c

! Po le 
I 

North 

MAG N ET I C  S U RVEYS OF OCEAN FLOOR show a d i st inc­
tive para l l e l  pattern of magnetic reversa l "anoma l ies" 
across the m id-ocean r idges, and provide a c l ue to the 
h i story of the ocean (p. 1 40) . 

POSIT IONS OF ANCIENT CON­
T INENTS are reconstructed by  
measurements of remnant mag­
n e t i s m  i n  r o c k s  o f  s u c c e s s i v e  
a g e s . F o r  E u r o p e  a n d  N o r t h  
America, the traces o f  anc ient 
polar pos i t ions are s im i lar, but 

are di sp laced para l le l  to one 
another,  suggest ing either that 
the poles have wandered or that 
the cont i nents have moved apart .  
Other i ndependent evidence sup­
ports the i nterpretation of ma jor  
cont inenta l  movements .  

TRIASSIC EQUATOR i n  North 
America based on paleomagnet ic 
data (after I rv ing ) .  Zero paleo­
m e r i d i a n  is a r b i t r a r i l y  t a k e n  
through N e w  York .  Pa leomag­
netic data show North Amer ica 
was o n c e  j o i n ed  t o  E u r o p e ,  
Afr ica,  a n d  South America wi th in  
a s ing le  cont inent ,  Pangea, which 
began to sp l i t  apart about 200 
m i l l ion years ago.  

Pa l eoequator 
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STRUCTURE OF THE OCEAN F LOOR 

MI D-OCEAN R I DG E S  form a g loba l network of mounta in  
cha ins ,  25, 000 mi les long,  up to 1 , 500 mi les wide,  and up 
to 1 8 , 000 feet h igh (p .  66) , formed of young vo lcanic 
rocks .  They are repeated ly offset by transform fau l ts and 
have crests marked by rift va l leys , up to 1 2 , 000 feet deep 
and 30 m i les wide . In some places (e . g . ,  Ice land and East 
Afr ica) ridges emerge above sea level . 

M I D - O C E A N  R I D G E S  a r e  
marked by abnormal ly  h igh heat 
flow, sha l low earthquakes, vol­
can ic  activity, r ift va l l eys, and 
transform fau l t s .  Al l these imp ly 
that the r idges are p laces of 
strong crusta l tens ion .  Geophys­
ica l stud ies,  d redg ing,  and dr i l l ­
ing show the  r idges have a th i n  

Mid-Ocean 
R idges 

Trans ­
form 
Fau lts 
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veneer of deep-sea sed iments,  
but consist ch iefly of basa l t ic  p i l ­
low l a va s ,  ove r l y i n g  v e r t i c a l  
feeders, and deep gabbroic crys­
ta l l i ne  racks .  Al l these features 
imply that the r idges are s ites for 
the submar ine extrus ion of new 
crusta l mater ia l  (see pp. 1 40-
1 4 1 ) . 



ABYSSAL PLA I N S  cover over 60 percent of the ocean 
floor. They a re flat bas ins ,  hundreds of m i les across, gen­
era l ly broken only by ocean ridges, canyon systems ,  
trenches, vo lcan ic  i s lands ,  or seamounts . They l ie  at depths 
below 1 5 , 000 feet . Geophys ica l  stud ies show that they 
have a thin cover of young sed iments . 

ROCKS OF THE OCEAN FLOOR 
are younger than the cont inents,  
none being o lder than 1 75 m i l l ion  
years ;  some cont inental  racks are 
over  20 t imes that  age . Ocean 
sed i men t s  t h i c k e n  and i n c l u d e  
successively o lder layers i n  par-

N Ma ine  Bermuda I s .  

a l l e l  bands away from t he  m id ­
ocean r idge .  U nder ly ing subma­
r ine lavas show the same feature 
(p .  1 40) .  These observat ions are 
important i n  the deve lopment of 
a model to expla i n  the h i story of 
the earth . 

VOLCAN IC S EAMOUNTS r i se 
up to 1 2 , 000 feet above the 
abyssa l p la i n s .  Guyots are s im i ­
l a r ,  bu t  have f l a t  tops, presum ­
a b l y  having been eroded b y  wave 
a c t i o n  a n d  l a t e r  s u b m e r g e d . 
Mos t  l i e  a t  3 , 000-5 , 000 fee t  
below present sea  leve l .  

Puerto 

Trench 



VOLCAN I C  I S LAN D ARCS, common a round the Pacific 
Basi n ,  a re major earth features, genera l ly bordered on 
the i r  convex ocean ic  s ide by narrow trenches, up to 36, 000 
feet deep . They a re sites of vulcan i sm,  earthquakes, neg­
ative g ravity anomal ies, and crusta l i nstab i l i ty. Their 
andesit ic lavas ,  i ntermed iate in composit ion between those 
of the conti nents and oceans,  suggest a m ixture of the two . 
Nearly a l l  deep-focus earthquakes occur below these a rcs . 
Geophysica l studies (p .  1 39) ind icate that i s land a rcs 
reflect the co l l i s ion of two p lates of the earth's crust .  The 
trace of earthquake foci marks the buck l ing under (subduc­
tion) of one p late . The i s lands seem to be formed from 
melted mater ia l  from the subducted plate r i s i ng through 
the overr id i ng plate, forming vo lcanoes and i ntrus ions .  
Japan  and the Aleutian and Ma rianas i s lands are exam­
ples .  Destruction of "old" ocean crust by subduction (p .  
1 39) ba lances new crust formed at the ridges . 

1 .  A leut ian  
2 .  Kur i l e  
3 . Japan 
4.  Nanse i  Shoto 
S. Mar iana 
6 .  Pa lau  
7. Ph i l i pp ine  
8 .  Weber 
9.  Java 

1 0. New Br i ta i n  
1 1 .  New  Hebr ides 
1 2 . Tonga -Kermadec 
1 3 .  Peru·Ch i l e  
1 4 . Acapu lco­

Guatemala 
1 5 . Cedros 
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EARTHQUAKE EP ICENTE RS :  
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Diagram of a typ ica l  i s l and  a rc and  trench structure, showing relat ive 
p o s i t i o n  o f  v o l c a n o e s ;  s h a l l ow - ,  i n t e rmed i a te - ,  a n d  d e e p -foc u s  
earthquakes ;  and  ocean i c  trench .  A B  represents l i n e  o f  sect ions  be low; 
length a bout 1 ,200 ki lometers .  
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TOPOGRAPH IC PROFILE shows 
very steep sides of typical i s land­
arc trench .  
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GRAVITY PROFILE shows i s land­
arc trench areas a s  be l ts  of strong 
negative anoma l i e s .  
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H IGH HEAT FLOW in vo lcan ic 
areas but low across trenches 
re fl e c t s  " c o a l "  o c e a n i c  p l a te 
being me l ted and upr i s ing . 

MODEL OF ISLAND ARC shows 
how subduction of p late creates 

��� · • r 
0 700km Al •:l 
EA RT H Q U A K E  E P I C E N T E R  
PLOT, d ipping toward the cont i ­
nents  at 30°-60°, reflects subduc­
t ion af ocean i c  p late .  

trench,  earthquakes,  vo lcanoes, 
and heat and gravity features .  

ocea n i c  c rust i s l and  a rc 
layer 1 ����----���� --�--­
layer 2 

(After The Story 
of the Eorth , H . M . S . O . )  

layer 3 
active vo lcano l i thosphere 
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Ben ioff Zone 
ea rthquake foci to depths of 
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AGE S  O F  ROC K S ,  s h o w n  b y  
magnet ic anomal ies ,  exist ing as  
m i rror images across the Pacific  
m id-ocean i c  r idge,  strong ly  sug-

gest seafloor spread i ng .  Note 
concentra t ion  of ear thquakes ;  
deeper focus  ones ore confi ned to  
t rench  oreos  shown .  

S EAFLOOR S P R EAD I N G  i s  a mechanism that  accounts for 
the major  features of the continents and oceans .  New 
ocean floor i s  created a long the length of the mid-ocean 
r idges, from which it then moves away i n  both d i rect ions at 
rates of between 1 12 i nch and 3 i nches a year. Th i s  seems 
to be part of a larger movement i n  which the outer she l l  of 
the earth (the l i thosphere) g l ides s lowly across the molten 
upper layers of the mantle (the asthenosphere, p. 1 28) ,  
wh ich  acts  as a conveyor be l t  for  the r ig id p lates that 
i nc l ude both oceans and conti nents . Both the basa lt ic rocks 
of the ocean crust and the overlying sed i ments become 
successive ly older away from the ridges, but a l l  are less 
than 1 75 m i l l ion years o ld .  

1 40 
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P R E S E N T  OCEAN BAS I N S  are young features of the 
earth, ear l ier  ocean basins having been destroyed by p late 
tecton ic  movements in subduction and co l l i s ion . 

TRAN SFORM FAU LTS (p .  1 40) offset the m id-ocean 
r idges.  They are probably caused by d i fferent spread ing 
rates a long the r idge . Earthquakes occur on ly  a long parts 
of fau l ts between the two r idge segments , because spread­
ing movement across other parts of fau l t  i s  i n  same d i rec­
t ion . The San Andreas Fault i s  a transform fau l t  that 
outcrops on land ,  with the Pacific P late s l i d i ng at a rate of 
4-6 em . a year  past the American P late.  Sudden move­
ments a long th i s  fau l t  produce destructive earthquakes . 

RAT E  OF S P R EA D I N G  from mid-ocean r idge is measured 
from sym metr ica l  pattern of magnetic reversa l s  observed 
in rocks of equal  age.  These reversa l s  a re dated by studies 
of s im i la r  reversa l s  i n  lava sequences . The d i stance of 
bands of equa l  age from the ridges shows d i fferences in 
rate of spread ing . The East Pacific i s  open ing up at about 
1 2  em. (% i n . )  a year, the North At lant ic by only a bout 2 
em .  a year. Age ( m i l l i ons  of yea rs )  4 3 2 1 0 1 2 3 4 

ANOMA L I E S  i n  t h e  r e m n a n t  
magnet ism o f  the ocean ic  crust 
s h o w  r e v e r s a l s ,  r e fl e c t i n g  
changes i n  the magnet ic  f ie ld at 
the var ious t imes  of crust forma­
t ion .  Stud ies  of lava f lows on land 
g ive a t ime sca le of magnet ic  
reversa l s  for the past 4 m i l l ion 
years ,  and th i s  i s  confirmed in 
deep-sea cores . S im i l a r  anoma­
l ies  ex ist  i n  symmetr ica l  bands,  
p a r a l l e l  t o  t h e  m i d - o c e a n i c  
r idges .  Th i s  suggests that new 
crust is being formed and spread­
ing at rates up to 1 2  cent imeters 
per year. 

MID-

Model shows r ise of new seafloor, 
" impri nted" with reversa l s  of suc­
c e s s i v e  m a g n e t i c  p e r i o d s  a n d  
reversa l s .  

1 4 1  



S U BM E R G E D  VO LCA N O E S  are scattered across the 
ocean floor, either s ing ly or in c lusters, with more than 
1 0 , 000 in the Pacifi c .  Many formed above sea leve l ,  but 
have since been submerged by p late movements (p. 1 44) .  

THE PRATT-WE L K E R  cha i n  of  
guyots  runs f rom the Gu l f  of  
A l a s k a  t o w a r d  the A l e u t i a n  
Trench  ( p .  1 37 ) .  Guyot GA- l has 
a surface lying a lmost 6 , 000 feet 

0 
1 000 
2000 
3000 

SOU T H EASTWARD  M IG RA ­
T ION o f  volcanic act ivity in  sev­
eral i s land cha ins  is expla i ned by 

<"! <1] 50 Hawa i ian  Emperor 
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Hawa i ia n  
Ridge 

Hawa i i  

Pacific Ocean 

below the genera l level of al l  the 
other guyots . 

It has been carr ied downwards 
by the subsidence that produced 
the Aleutian Trench .  

a stat ionary p lume or  hot spot, 
r is ing from the mant le through a 
northwest movi ng p late .  

SEAMOUNT cha in  has act ive vu l ­
can ism l im i ted to the i s land of  
Hawa i i  at  the extreme southeast 
t ip. Extinct vo lcan ic  i s lands a re 
progressive ly a lder towards the 
nor thwest . Hawa i i a n  E m peror  
Bend shows change i n  d i rect ion of 
plate movement 40 m i l l i on  years 
ago . Neighbor ing i s land chains 
(Tuamotu l i ne  and G i l bert Aus­
tra l )  show s imi lar trends .  (After 
various authors) 



CORAL R E E F S  develop a round is lands,  espec ia l l y  the vo l ­
can ic  i s lands of the  Pacific ,  where they may form fr ing ing 
reefs (g rowing on the fr inge of the i s land) ,  barr ier  reefs 
(separated from the i s land by a lagoon),  or ato l l s  ( r ing l i ke 
ram parts of lagoons,  with no main  i s land core) . One 
hundred and f ifty years ago, Charles Darwi n suggested 
these three types of reefs represented th ree stages in the 
s ink ing of the ocean floor around a volcan ic  i s land ,  the 
cora l g rowth at  sea leve l keeping pace with the s ink ing of 
the floor. 

Geophys ica l  surveys and borings on Pacif ic ato l l s  con­
firm th is  theory. On E n iwetok ,  4, 000 feet of cora l sed i ­
ments over l ie  o l iv ine basa l t .  It  may not  be  a complete 
explanat ion,  however, because of the genera l ly  un iform 
depth of lagoons (from 1 50 feet for the sma l ler  ones to 
270 feet for the larger ones), which may be the resu l t  of 
P le i stocene erosion dur ing periods of lower sea leve l . Sea­
floor spread ing (p. 1 40) accounts for the subsidence and 
latera l movement of the ocean f loor i nvolved i n  the forma­
tion of reefs a nd volcanoes . 



PLATE TECTO N ICS theory offers a un ified explanation for 
most features of the earth . The earth's surface consi sts of 
seven r ig id ,  movi ng ,  i nteracti ng p lates and several  m i nor 
ones, each about 1 00 k i lometers (60 m i les) th ick ,  carrying 
both conti nents and oceans .  New crust is created at 
spreading r idges (constructive or divergent margins, p. 
1 45) ;  it moves away from these at speeds of up to 1 8  
centimeters a year, and is  destroyed by subduction i nto the 
mantle at  destructive or convergent margins, such as 
trenches, where one plate typica l l y  overr ides a nother (p .  
1 45) .  P lates may a l so s l ide  latera l ly past one a nother at 
transform faults (p.  1 4 1  ) . The process seems to be cont in ­
uous  and broadly ba lanced , so the earth does not  change 
i n  s ize.  

- S h a l low, intermediate, 
e a n d  deep earthquakes 

= Mi d -ocean r idges 
... R.elot ivvlote movement 

00 
o oO 



ocea n trench 
(convergence) 

OCEAN RIDGE topography, vu l ­
c a n i s m ,  s ha l l ow ea r t hquake s ,  
and  symmetr ica l magnet ic anom­
al ies ref lect lateral  spreading of 
new crustal  mater ia l  from r idge 
areas .  (After Press and S iever) 

Assoc iat ion of Earthquakes 

r i s i ng  magma 

ISLAND ARC TRENCHES reflect 
the subduct ion of ocean ic  p late;  
me l t ing and r i s ing mater ia l  con­
t r i butes  to vo lcanoes; f r i c t i o n  
from downward p late movement 
produces earthquakes . 

MAJ O R  EARTH FEAT U R E S  are exp la i ned by plate tecton­
ics .  For examp le ,  young ocean ic  rocks ( less than 1 75 m i l ­
l i o n  years  o ld )  reflect subduction o f  o lder ones . Older 
continents (up  to 3.  8 b i l l ion years) are genera l ly  too " l ight" 
to be subducted . Other exa mples are i l l ustrated here . 

MOU NTA I N  B U I LD I N G  takes p lace at convergent bound­
aries of p lates, where co l l i s ion produces intense compres­
s ion . There a re severa l va rieties of co l l i s ion . 

ANDES ar i se from subduct ion of 
the ocean ic  Nazca plate below 
the cont inenta l  South American 
plate . Mounta i n  bu i ld ing ,  vu lcan­
i sm ,  earthquakes,  up l i ft ,  and the 
deep Ch i l e  trench resu l t ,  as  i n  f ig­
ure above . 

PERMIAN GLAC IAL DEPOSITS , 
now scattered across southern 
continents, were formed with in a 
supercont inent ,  Gondwana land . 
Th i s  dr i fted apart ,  and the ind i ­
v idua l  cont inents  are now i so­
lated by plate movement .  

H IMALAYAS formed from co l l i ­
s ion 40-60 m i l l i on  years ago of  
Ind ian and Euras ian p lates ;  over­
t h r u s t i ng p roduce s  moun ta i n s .  
The Alps reflect co l l i s ion o f  Afr i ­
can and Euras ian p la tes ,  60-80 
m i l l ion years ago .  



H OW T H E  EARTH WO R KS 

I F  SEAFLO O R  SPREAD I N G  and the interaction of the r ig id 
p lates of  the earth's crust (p late tectonics) can account for 
a l l  the major features of the earth , we have to ask what 
can account for the various phenomena of p late tectonics . 
What is the driving force that moves the huge, r ig id s labs 
that make up the surface of the earth? How can any such 
force be powerfu l enough to cause earthquakes and ra i se 
up mounta i ns? What is the earth engine that dr ives p late 
tecton ics? 

Most earth scientists now concl ude that the mant le (p .  
1 29) - the dense layer underlying the  crust - is a so l id ,  so  
hot  that i t  can flow very s lowly. "F loat ing" on that  foun­
dation ,  the l ighter crusta l p lates a re dragged a long by 
these s low movements in the mant le .  

How cou ld that work? There i s  no agreement on th is ,  but 
three poss ib le  ways a re described on p. 1 47 .  Whatever 
movement is proposed must be capable of exp la in i ng lat­
eral  movement of p lates away from spreading ridges and 
downward movement of p lates at trenches . 

SIMPLI F I ED MODEL of how p lates of crust may be dr iven by convect ion 
currents in  the mant le .  (After several authors) 

m id ·ocea n r idge 
spread i ng  



FO RCES THAT MOVE PLATES are sti l l  not clear. I l l ustrated 
below are three poss ib le mode l s .  

PUSH-PULL FORCES may  pro­
duce plate movement. The height 
and weight of spreading ocean 
r idges moy push the plate lat­
eral ly,  whi le  the coo l ,  heavier 
subducted plate may pull i n  the 
same d i rect ion .  

CONVECT ION CUR R ENTS i n  
the  m a n t l e  may farm seve r a l  
s l ow ly  convec t i ng  c e l l s ,  r i s i n g  
below t h e  r idges,  s ink ing below 
the trenches, dragging the crust 
with them . 

PLATES may be cooled port ion of 
upper mantle formed by convec­
tion currents r i s i ng  at ridges and 
coo l i ng as  they spread . ( I l l ustra­
t ions after Press and S iever) 

pushed 
p l ate 

EARLI EST H I STO RY OF T H E  EARTH is sti l l  obscure, but i t  
probably i nvo lved the accretion about 4 . 7  b i l l ion  yea rs 
ago of cold materia l s .  The impact of th is  mater ia l  gradu­
a l ly  heated up  the growing earth,  as d id  compression and 
rad ioactivity. The temperature s lowly increased unti l ,  per­
haps 1 b i l l ion  or  so years after its formation ,  the earth was 
hot enough to melt the iron present, which sank towards 
the center, o r  core, creating more heat and caus ing d i ffer­
entiation of l ighter materia l i nto crust a nd i ntermed iate 
mantl e .  As the temperature rose , s low convection move­
ment began  to take place, and the d ifferentiat ion i nto a 
layered earth conti nued , with l ighter mater ia l  form ing the 
conti nents . The atmosphere a nd oceans probably accumu­
lated by outgassing from with i n  the earth . P late tectonics 
i s  part of th is  later h i story of the earth . 

1 47 



THE EARTH'S HISTORY 

The age of the earth has been a subject of specu lat ion s i nce 
ear ly  days of humankind,  but only in the last century have 
attempts been made to measure it. Geologists studying 
earth processes are concerned with the sequence of rocks 
and structures i n  time, and thus with the h i story of the earth 
itse l f .  

RATE OF COOLING was  once 
thought to show the earth was 
only 20-40 m i l l ion years o l d .  D i s­
c o v e r y  o f  h e a t  p r o d u c e d  by  
radioact iv ity provides new data 
that inva l idate th i s  conc lu s ion .  

TOTAL AVERAGE TH ICKNESS 
of sed iment over the earth , if reg­
u lar ly  deposited , was thought to 
p r o v i d e  t h e  e a r t h ' s  a g e ,  i f  
d ivided b y  the average annual  
addit ion to new sed iments .  Whi le  
th i s  method may be acceptable 
for a few local deposits, there are 
f a r  too m a n y  va r i a b l e s  a n d  
unknowns (such as  redeposi t ion 
of sed i ment) to a l low its use for 
determ in ing the age of the earth .  

S A LT C O N T E N T  O F  T H E  
OCEANS i s  presumed to have 
come from weather ing of rocks 
and was d ivided by the annua l  
i ncrement to give on age for the 
oceans  of a bout 90 m i l l ion  years .  
The  same l im itat ions apply to th i s  
factor as  to sed i ment-th ickness 
ca lcu lat ions .  Both figu res i nvolve 
corrections  that would g reat ly 
increase the ir  value. 

RADIOACTIVE DECAY provides 
the best present method of mea­
sur ing the age of rocks. Radio­
active elements undergo sponta­
neous breakdown by loss of a lpha 
and beta part ic les into stab le  e le­
ment s .  The rate of breakdown, 
which con be accurately mea­
sured, i s  i ndependent of any envi­
ronmenta I c o n d i t i o n s ,  such as 
t e m p e r a t u r e  or p r e s s u r e .  T h e  
ratio o f  decayed t o  parent e le­
ments thus provides on  ind icat ion 
of the age of the m inera l  i n  which 
i t  i s  found .  D i fferent e lements 
have very d i fferent decay rates .  

<11111111 Succes s ion  of sed imentary rocks 
in Grand Canyon, Ar izona, s hows 
thei r relat ive geolog ic  ages, but 
r e p r e s e n t s  o n l y  p a r t  of t o ta l 
geo log ic  t ime (p .  1 5 1  ) .  



URANIUM {U238 ) is a com- � 
m a n l y  u s e d  e l e m e n t ,  g o i n g  � 
through 5 d i s i ntegrat ions before m 
it becomes the stable e lement " 
lead {Pb206) .  D i fferent e lements � 
have d i fferent rates of d i s in te- E 
grat ion . U238 has a ha l f - l ife (the .!: 
t ime taken for ha l f  i t s  atoms to o 
d i s i n t eg ra te )  of 4 , 500 m i l l i o n  � 
(4 . 5  b i l l ion)  years .  Some other � 
radioactive e lements commonly � 
used in age studies ore thor ium,  � 
potass ium,  and rubid i um .  

THE OLDEST ROCKS measured 
by radioactive methods have a n  
a g e  o f  about 3 , 800 m i l l ion (3 . 8  
b i l l ion)  year s .  Th i s  i s  younger 
than the earth i tse lf ,  which is 
probab ly  about 4 . 5-5 . 0  b i l l i on  
years o l d .  Stud ies of meteorites, 
which are probably samples of 
t h e  p l a n e t a r y  m a t e r i a l s  f r o m  
which the earth or ig i nated, a l l  
i nd icate an  a g e  o f  about 4 . 5  b i l ­
l ion years .  The o ldest known los-
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s i l s  ore about 3 . 4  b i l l i on  years  
o ld ,  but common foss i l s  are found 
on ly  i n  rocks younger than 6,00 
m i l l ion years  o l d .  

Radiocarbon dat ing i s  usefu l 
for rocks that conta i n  wood frag­
m e n t s  a n d  a r e y o u n g e r  t h a n  
about 70, 000 year s .  C 1 4  from 
the atmosphere i s  i ncorporated in 
plant t issues and d i s i ntegrates to 
N 1 4  with a ha l f - l ife of 5 , 570 

Rate at which C" decays 
and becomes N1" is known 

N1" + neutron = C 1  .. 
(rad iocarbon + proton )  

Tree absorbs C"O, 

( 1"02 and  ( 1 2Q2 
rema i n  con sta nt 
i n  l i v i ng  tree 

Sect ion of l i v i ng  
tree conta i n s  
x amount  of ( 1 "  



U N D E RSTA N D I N G  EARTH H I STORY a l so i nvolves the 
study of the deve lopment of an ima l s  and p lants and of the 
conti nuous ly chang i ng ancient geographies .  Particu la r  
sedi mentary rocks,  dated by  various methods ,  can  then be 
related to a general geologic time sca le .  Most radioactive 
m inera l s  used for age determinat ions occur i n  igneous 
rocks,  a lthough g lauconite i s  a m ineral used for age studies 
of sed i mentary rocks .  

SU PERPOS I T ION of  sed i men ­
tary rocks i nd icates their  relat ive 
a g e s .  In u nd i s t u rbed sect i o n s ,  
younger rocks over l ie  o lder .  

STRAT I G RAPH I C  COR R E LA­
T ION of strata i n  one p lace  with 
those of the same age, deposited 
at the same period of t ime i n  
another p lace ,  i s  fundamenta l i n  
the i n t e rpreta t i o n  of  g e o l o g i c  
h i story. 

FOSS I LS are i m portant i n  corre­
lation of sed imentary rocks .  Fos­
s i ls are the remains of, or  d i rect 
ind icat ion of, prehi storic an ima l s  
and p lants .  A l though i n fluenced 
by envi ronment,  s im i l a r  assem­
blages of foss i l s  genera l l y  ind i ­
cate s im i lar i ty of age i n  the rocks 
that conta in  them . 

ROCK FAC IES , the sum tota l of 
the character i st i cs  of a rock's 
depos i t i o n a l  env i ronmen t ,  a re  
independent of geologica l  t ime .  
An  awareness of t hem,  however, 
i s  important in correlat ion .  F ig ­
ure  shows how a sha l l ow sea 
transgressed over a delta ic and 
near-shore environment in west­
e r n  U . S .  i n  C a m b r i a n  t i m e s ,  
about 500 m i l l i on  years ago .  



L ITHOLOGICAL CORRELATION 
uses  the s im i lar i ty of m i neralogy, 
s o r t i n g ,  s t r u c t u r e ,  bedd i n g ,  
sequence, and other features as  
i n d i ca t i o n s  o f  s i m i l a r  ages  o f  
rocks .  I t  i s  of l i m i ted value, s ince 
rocks of d i fferent l i tho logy often 
ore deposited at  the some time in 
adjacent area s .  

STANDARD GEO LOG IC COL · 
UMN, which h a s  been bui l t  up by 
combin ing rock sequences from 
d i fferent areas ,  con be matched 
with a t ime scale based on mea· 
sured absolute ages of rocks .  Th i s  
i s  l i ke a master  mot ion picture 
fi lm  i n  which loca l  rock sequences 
e a c h  r e p r e s e n t  a few s i n g l e  
frames .  Th i s  geo log ic  t ime sca le  
i s  shown on p .  1 52 .  

GEOPHYSICAL CORRELATION 
makes u se  of s im i lar i ty  of phys i ·  
co l  rock  p rope r t i e s  ( e l e c t r i c a l  
res ist iv i ty a n d  self-potent i a l ,  for 
example)  as o n  i nd icat ion of s im·  
i lo r  age . Wide ly  used i n  bore· 
holes, this method i s  l i m ited by 
the some factors a s  l i tho log ica l  
methods .  

ROCK SYSTEMS i n  t he  geolog ic  
co lumn ore ma jor  d iv i s ions  of 
rocks deposited during a part ic­
u lar  period of geologic t ime .  
Names of systems ore taken  from 
a r e a s  w h e r e  r o c k s  w e r e  fi r s t  
descri bed , such as  Devon ian from 
Devonsh i re, or  from the i r  char­
acter i s t ics ,  as  Cretaceous from 
the chalk, which i s  found i n  many 
strata of th i s  age .  

Wor ld  Rena is -
Wars sa nee 

Roman 
Emp i re 

Assyr ian 
Emp i re 

Egypt i an  
M idd le  
K ingdom 

Li mestone 
Sha le  
L imestone  and  sandstone 
Sandstone and  sho le  

The  Earth's tota l h i story i s  p ieced 
together by compar i son of rocks 
from many areas .  
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PALEOGEOGRAPHY OF U . S . ,  i n  Middle Permian t imes ,  about 250 
m i l l i on  years ago. (After Dott and Batten) 

PALEOG EOG RAPH I C  MAPS are reconstruct ions of the 
geography of past geologic periods .  Past continenta l geog­
raphies can be pieced together by using paleomagnetic 
data and by p lott ing the d i str ibution of different rock 
types, foss i l s ,  and geologic structures, using the methods 
i l l u strated on pp. 1 50- 1 5 1 . 

WORLD PALEOGEOGRAPHY about 200 m i l l i on  years ago .  Shading 
represents deposits of former ice cap (see p .  1 45 ) .  (After Press and 
S iever) 
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Rocks and unconsol idated 

deposits of Pleistocene 

and Recen t  age 

TERTIARY 
Rocks of Paleocene, Eocene, 

Oligocene, Miocene, and 

Pl i ocene age 

MESOZOIC 
Rocks of Tr iass ic ,  

Jurass ic,  and 

C retaceous age 

LATE PALEOZOIC 
Rocks of Devonian,  
Miss iss ippian,  Pennsylvan ian,  
and Permian age 

GEOLOG IC MAP OF 

EARLY PALEOZOIC 
Rocks o f  Cambrian,  

Ordovic ian,  and 

Si lur ian age 

PRECAMBR IAN 
A variety o f  igneous,  metamorphic,  

and sedimentary rocks ( inc l udes 
some metamorphosed Paleozoic loco I I) 
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EXTRUS IVE IGNEOUS ROCKS 
Chiefly lava flows o f  

Tertiary and Quaternary 

age 

I NTRUS IVE IGNEOUS ROCKS 
( i n c l udes some metamorphic 
rocks) Granitoid rocks of 
various ages 
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FOR MORE INFORMATION 
MUSEUMS AND EXH I B ITS provide exce l lent  d i splays of general geologic topics 

and of reg ional  geology. Many universit ies and most la rge c i ties have museums 

with geologic exhib its .  

STATE GEOLOGICAL SURVEYS publ i sh  maps, guide books, and elementary 

introductions to geology. The U . S . Geological Survey, Washi ngton, D . C .  

20242, a n d  the Geologic  Survey o f  Canada a l so publ i sh  many u seful  reports 

and mops.  

NATIONAL PARKS AND MONUMENTS are genera l l y  areas of great geologic 

interest .  They provide gu ided tours, ta lks ,  museums, and pamphlets .  

FURTHER READING 

BOOKS wi l l  he lp  you  develop your in terest i n  earth science. Here are a few useful 

t i t les :  

Cattermole,  Peter,  and Patr ick Moore.  The Story o f  the Earth . New York :  
Cambridge Un iversity Press ,  1 985 .  A s imply written , usefu l  overview. 

larson ,  Edwin E . ,  and Peter W. Birkeland . Putnam's Geology, 4th ed .  New York ,  
Oxford U n ivers ity Press ,  1 98 2 .  Wel l - i l l u strated,  readable,  col lege- level text. 

Press, Frank ,  and Raymond S iever. Earth, 4th ed .  New York,  W. H .  Freeman and 

Company, 1 986 .  Comprehensive, col lege- level text .  

Rhodes, Frank H .  T. , Herbert S .  Z im ,  and Pau l  R .  Shaffer. Fossils . New York ,  
Golden Press ,  1 962 .  

Smi th ,  Dav id  A . ,  ed . Cambridge Encyclopedia of Earth Sciences . New York ,  

Cambridge U n iversity Press ,  1 98 1 . 

Stan ley, Steven M. Earth and life Through Time . New York ,  W. H .  Freeman and 
Company, 1 98 5 .  Co l lege- level review of h i storical geology. 

Zim, Herbert S.,  and Pau l  R .  Shaffer. Rocks and M inerals. New York ,  Golden 
Press, 1 957 .  

PHOTO CREDITS : U n less otherwise credited, photographs are  by the author.  

p . 4 R.  Wenkam.  p .  15 A m .  Museum of Natural H i story. p .  31 E .  Moench/ Photo­
Researchers . p .  33  R .  Wenka m .  p .  34 top, Kai Curry-lindahl ,  bot . ,  Douglass 

Hubbard. p .  52 bot . ,  New Zea land Geological  Survey. p .  53  luray Caves .  p .  58  

M.  Rosalsky. p .  60 top ,  J .  Wyckoff. p .  63 C .  Tra utwe in . p .  68 top ,  M .  Rosalsky. 

p .  69 top, E.  Druce. p .  75 J.  Wyckoff. p .  76 J.  Wyckoff. p .  80 H. Sch lenker/ 
Photo- Researchers. p .  83 M.  Rosalsky. p .  85 J. Muench .  p .  96 E. Druce. p .  1 02 
l. Carlson.  p. 1 03 top, J .  J .  Witkind.  p. 1 05 M.  Rosal sky. p. 1 1 2 Cal ifornia 
Geology. p .  1 1 5 M. Rosalsky. p .  1 1 6 H .  Br isto l .  p .  1 25 Matthew J.  lee/Oakland 

Tr ibune.  p .  1 34 Airborne Geophys ics Div is ion,  Lockwood, Kessler & Bar lett,  Inc .  
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Abyssal p lains ,  1 37 
Ai ry's hypothesis ,  1 33 
Amphiboles,  30 
Antic l ines,  1 07, 1 08 
Arcs, i s land,  1 23 ,  1 38-
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