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cntists think and work and how a hypothesis a n  bt proposed, discarded, 
modified, and then reborn. In the first part of this chapter we trace the cvolu- 

tion of an ih-how the earlier hypotheses of moving continents (continental 

drift) and a moving sea floor (=-floor spreading) were combined to form the 
theory of plate tectonics. 



The major plates of the world. The western edge of the map repeats the eastern edge so that all plates can be shown unbroken. Double 
llnee indlcate wreading axes on divergent plate boundaries. Slngle lines show transform boundaries. Heavy l im with triangles show 
convergent boundaries, wM triangles pointing down subduction zones. 
Modlfled from W. Hamilton, U.S Gdogical Survey. 

T a n k  is the study of the origin and amngcmcnt of the broad 
s t d  fiaturn of the earth's s&, induding not only folds 
and faults, but moundn belts, mntimnts, and earchquak 
belts. Tectonic models such as an arpanding mrth or a contract- 
ing earth have been used in the pest to explain smff* of the sur- 
faa featurn of earth. Plate eamrnics has mme to dominate 
geologic thought today becaw it can explain so trunry h u m .  
The basic idm of plaa is that the earth's s& is 
divided into a k v  large, thii plates that mwt slowly and 
change in six. Intense gmlogic activity occurs at p h  W- 
a r k  where plates movc away hom one another, past one 
another, or toward one another. Tfic eight lasgc plam shown in 
figure 4.1, plus a fw dozen smaller plats, mah up the outer 
she1 of the & (the crust and upper part of the mantle). 

The concept of plate tectonia was born in the fare 1960s 
by combining two ptccxisting id-ntintntal drifi and 
sea-floor spreading. Continmcpl drift is the idca that conti- 
nents move fmly over the c a d s  s u b ,  changing their posi- 
tions relative to one another. S~P-floor sprradiag is a 
hypothesis that the sea floor forms at the cmt of the mid- 
oceanic ridge, then mom horizontally away from the ridge 
crcst toward an oceanic trench. The two sides of the ridge are 
moving in opposite directions like slow conveyor belts. 

Btfore we take a dose look at plates, we will examine the 
earlier ideas of moving continents and a moving sea floor 
because these cwo ideas embody the theory of plate tectonics. 

The Early Case for 
Continend Drift 
Continents mn be made to fit together Iikc pi- of a picture 
p d .  The similnrity of the AtIantic coastlines of Africa and 
South America has long k e n  -id, The idca that conti- 
nents were once joined together, and have split and moved 
apart from one another, has been around for more than 130 
years (fi%ure 4.2). 

In the early 1900s A M  Wcgener, a German meteomlo- 
gist, made a smng case for continental drift. He noted that 
South Amaim, Afiica, India, and Australia had dmost identi- 
al late Palcomic rocks and fossils (including the plant Gh- 
sqtmk). He reusembled the continents to form a giant 
supercontinent Pangm ( a h  spdled Pangca today). Wegencr 
thought h t  the similar rocks and fkds war h e r  to explain 
if the continents were joined t d u ,  rather rhan in their pm- 
a t ,  widely positions. 

Pangmini~y~tcd iatomupartaLaPmzFiawasthe  
krthern rupcrmntinent conmining whnt is now North Amcricr 
and Eurasia {ddq India). C h a b d d  was the southm 
supcmntinent, composed of all tke pmt-day southern-hemi- 
s p h  antinmix and Zadia (which has drifted north). 

The distribution of Late Faleou,ic gIaciation strongly 
suppcim the idea of P a n p  (figure 4.3). T h e  Gondwanaland 



n a u ~  4.2 
Pangpa breakup and continental dW. 
FrunAmerlcanPetrolsranI~. 



Two ways of interpreting the distribution of ancient climate belts. 
(A) Continents fixed, poles wander. (8) Poles fixed, continents 
drift. For slmpltcity, the continents In B are shown as having moved 
as a unit, without changlng positions relative to one another. R 
continents move, they should change relative positins, 
cornplicatlng the pattern shown. 

continents (the southern-hemisphere continents and India) 
all havt glacial deposits of Latt Paleozoic age. If these conti- 
nents were spread over the earth in Patcozoic time as they art 
today, a climate wld enough to produce txtensive glaciation 
would havt had to prevail over almost the whoie world. Yet no 
evidence has been found of widespread Paleozoic glaciation in 
the northern hemisphere. In hct, the late Paleozoic cod beds 
of North America and Europe were being laid down at that 
time in swampy, probably warm cnvironmcnes. If the conti- 
nencs are arranged according to Wcgener's Pangaca recon- 
struction, then glaciation in the southern hemisphere is 
confined to a much smaller area (figure 4.31, and the absence 
of widespread glaciation in the northern hemisphere becomes 
easier to explain. 

Wegencr also rcmnstructcd old climate zones (the study of 
ancient dimatcs is calledphlim~hgy). Glacial dl and stri- 
ations indicate a coId dimate nmr the North or South Pole. 
Coral reek indicate warm w e r  near the Equator. Cross- 
bedded sandstonts can indicate ancient k r t s  near 30" N o d  
and 30' South latitude. If ancient dirnates had the same distri- 
bution on earth that modern climates have, then sedimentary 
rocks can show where the ancient poles and Equator werc 
located. 

Wegener determined the positions of the N o d  and South 
Poles for each geologic period. He found that ancient pol= 
were in different positions than the present polcs (figure 4.44). 
This apparent movement of the poles he d l a d  polar wander- 
ing. Polar wandering, however, is a deceptive term. The evi- 
dence can actually bc explained in two different ways: 

1. The con tinentr remained motionless and the poles 
actually d d  mwe--polar wandering (figure 4.4A). 

2. The poles stood sti l l  and the continents m o d -  
continental drift (figure 4-44 .  

Fig- 4.5 
Apparent wandering of the South Pob s i w  the Cretaceous 
Perfod as deterrnlned by Wegener from paldlmate evidence. 
Wegener, of course, believed that mtiirents rather than poles 
m d .  
Frwn A. Wegener, 1928, The Origins d Continents and Oceans, reprinted 
and copyrighted. 1968, h r  Publlcatlons. 

W e p e r  plotted curves of apparent polar wandering (fig- 
ure 4.5). S i n e  one interpretation of polar wandering data was 
that the continents moved, Wcgcner believed that this sup- 
ported his ancept of continental drift. (Notice that in only 
one inrcrprctation of polar wandering do the poles actually 
mow. You should keep in mind that when geologists use the 
term polar t u v l d n g  they are referring to an appamt motion 
of the pols, which may or may not have actually occurred.) 

Skepticism about Continental Drift 
Although W v  p m t e d  the bt case @ble in the mly  
1300s for continend drift, much of his evidence was not dear- 
cut. Fossil plants, b r  exampk could have been spread h m  one 
continent to another by winds or ocean currents. Their distribu- 
tion over mom than one continent docs not ~ ' t r  that the con- 
tinents were all joined in the supaeontinent, Pangaea. In 
addition, polar wanduing might bave tKtn c a d  by moving 
pol= rather than by moving continents. Bemuse his widence was 
not ooncl- Wper's  idcas were not widely acceptad. This 
was particularly true in the U n i d  States, largely b u s e  of the 
mechanism W w e r  pro@ fbr continend drift. 

Wegener proposed that continents plowed through the 
oceanic crust (figure 4.61, prhaps crumpling up mountain 
ranges on the Icading edges of the continents where they 
pushed against the sea floor. Most geologists in the United 
States thought that this idea violated what was known about 
the strength of rocks at the time. The driving mechanism 
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Some rods preserve a record of the earth's magnetic f leld. 
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magnetic bcld d m  tht lava cools below the Curitpoint (fig- 
ure 4.7). Iron-stained sodimenmy rocks such as rod sandstone 
can also m r d  earth magnetism. T h e  magnetism of old mdrs 
can be measured to determine the direction and strcngd~ of the 
earth's magnetic Md in the past. The study of ancient mag- 
neric fields is c a l l t d ~ m a ~ .  

Because magnetic lines of force dip more steeply as the 
north magnetic pole is approached, the inclination (dip) of 
the magnetic alignment preserved in the magnetite minerals 
in the lava flows can bc used to determine the distance from a 
flow to thc pole at the time that che flow formed (figure 4.8). 



Penlan lava flows in North A r n e  
point to an apparent pie N 

Flgum 4.9 
Paleornagnetic studies of Permian lava flows on North A m r h  
Indicate an apparent pDsltbn for the north magnetic pole in 
eastern Asia. 

Old pole positions mn be determined from the magnetism 
of old rocks. The magnetic alignment p m d  in magnetite 
minerals poincs to the pole, and the dip of h e  alignment tells 
how fir away the polc was. Figure 4.9 shows how Permian lava 
flows in North America indicate a krrnian pole position in 
eastern Asia. 

For cach geologic period, North American racks reveal a 
different magnetic pole position; this path of the a p p m t  
motion of the north magnetic polc through time is shown in 
figure 4.10. Palcomagneeic cvidtnix thus verifies Wegencr's 
idea of polar wandering (which he b a d  on palcodimatic 
evidenw) . 

Like Wegener's palmlimatic evidenm, the palmmagnetic 
evidence from a sing& continent a n  be interpreted in twr, 
ways: either the continent stood still and the magnetic polc 
mwcd or the pole stood still and the continent m o d .  At &st 
&ct, paleornagnetic cvidtna docs not seem to bc a signifi- 
cant advance ovct palmclimatic evidence. But when palcomag- 
netic evidence from A-t continents was compared, an 
important discovery was made. 

Although Permian r& in North America point to a pole 
position in eastern Asia, Permian roch in Errmp point to a 
different position (closer to Japan), as shown in 6gurc 4.10. 
Does this mean there were ~IUU north magnetic poles in the 
Permian Period? In €kt, every continent shows a d&t 
position for the Permian pole. A dihxnt magnetic pole for 
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F W  4.10 
Polar wandering of the north magnetic pole as determined from 
measurements of rocks from North America and Europe. 
F m  A. Cox and R. R. Doell, 1980, GmQkal Soc(ePy of Amerka 
wwtl. 

cach continent e m s  highly unlikely. A better explanation is 
that a single poIe s d  still while continents split apart and 
romd as they divef%ad. 

Note the polar wandering paths for North America and 
h p c  in figure 4.10. The paths arc of similar shapc, hut the 
path for Empean poles is to the cast of the North American 
path. If we mentally push North America back toward Europe, 
dusing the Atlantic Ocean, and then consider the paths of 
polar wandering, we find that the path for North America lies 
-tly on the path for Europc. This strongly suggests that 
thue was one north magnetic polc and char the continents 
w u r  joined together. There appear to he two north magnetic 
pole because the rocks of North America moved west; their 
magnetic minerals now point to a different position than they 
did when the mincrals first formed. 

Recent Evidence for Continental Drift 
As palcomagnetic cvidcnct rorivod interest in continental drift, 
new work was done on fitting continents together. By defining 



Ing r o d  types behveen South America 
around continents are continental 

of a continent as the middle of the c o n h d  dope, 
the present (anscantly &an&) &or&, a 

Continentd glaciers, however, cannot move from sea onto 
land. Ifthe two continents had been joined together, the ice 
that moved off Africa could have been the ice that moved 
onto South America. This hypothesis has now been con- 
firmed; from their lithology, many of the boulders in South 
American tills have been traced to a source that is now in 
Africa. 

Some of the most detailed matches have been made 
between rocks in Brazil and rocks in the African country of 
Gabon. These rocks are similar in type, structure, sequence, 
fossils, ages, and degree of metamorphism. Such detailed 
matches are convincing evidence that continental drift did, in 
kt, take place. 

History of Continental Positions 
ROdF matches show when continents were together; once the 
continents split, the new rocks formed are dissimilar. Paleo- 
magnetic evidence indicates the direction and rate of drift, 
allowing maps of old continental positions, such as figure 4.2, 
to be drawn. 

Although Pangaea split up 200 million years ago to form 
our present continents, the continents were moving much ear- 
lier. Pangaea was formed by the collision of many small conti- 
nents long kforc it split up. Recent work shows that 
continents have been in motion for the past 2 billion years 
(some geolodm say 4 billion years), well back into Precam- 
brian rime. For half or more of tarrh's history, the continents 
appear to have collided, welded together, then split and drifted 
apart, only to coEde again, wcr and over, in an endless, slow 
dance. 

Sea-Floor Spreading 
At the same rime that many geologists were becoming inter- 
ested again in the idea of moving continma Harry Hess, a 
geologist at Prinmon University, proposed that the sea &or 
might be moving, too. This proposal contrasted sharply with 
the wrlier ideas of Wqgmer, who thought that the ocean floor 
remained smtionary as the continents plowed through it (fig- 
ure 4.6). Hess's 1962 proposal was quickly named sca-floor 
s p d n g ,  for it s w t s  that the sea floor mwes away from 
thc midstxanic ridge as a result of mantle convection (figure 
4.12). 

Aceording to the m n q t  of sca-floor spreading, the sea 
flmr is moving like a conveyor belt away from thc crest of the 
mid-oceanic ridge, down the flh of the ridge, and across the 
depuczm basin, to d k p p r  finally by plunging beneath a 
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Pisun 4.13 
The rigid lithosphere includes the crust and uppermost mantle; it 
forms the plates. The plastic asthenosphere acts as a lubricating 
layer beneath the lihosphen. Oceanic lithosphere averaQes 70 
kilometers thick; continental lithosphere varies from 125 to 250 
kilometers thick. Asthenosphere may not be present under 
continents. 

age away from the ridge crest was not known to exist at the 
time of Has's p r o p 4  but was an important prediction of his 
hypothesis. This prediction has been successfully tested, as you 
shall see later in this chapter when we discuss marine magnetic 
anomdies. 

Plates and Plate Motion (9 
By the mid-1360s the twin idms of moving continents and a 
mcwing sca floor were c u i n g  great excitement and emotional 
debate among geologists. By the late 1960s, these ideas had 
been combined into a single theory that molutionized 4- 
ogy by providing a uriifying famework for arth science--the 
theory of plate tectonia. 

As dmmibbd earlier, a plate is a large, mobile slab of rack 
that is part of the d s  surface (figure 4.1). The surfacc of a 
plate may be made up entirely of sea i3wr (as is the Nazca 
plate), or it may be made up of both continental and oceanic 
r d  (as is the North American plate). Some of thc smaller 
plam are entirely continend, but all the large plates contain 
some sea floor. 

Platc tactonia has addd somc n m  terms, based on rock 
behavior, to the mats of the d s  interior, as we have dis- 
c u d  in somc pmious chapters. T h e  platcs arc part of a rela- 
tively r i d  outer shcll.of the earth called the lirhoephere. The 
lithosphere id& the rodrs of the d s  crust and uppcr- 
most mantle (figure 4.1 3). 

Tht lithosphere beneath oceans increases in both age and 
tbicknc88 with dismxe from the crest of the mid-omic  
ridge. Young lithosphere near the ridge cmt may be only 10 
kilometers dick, while very old lithosphere far from the ridge 
crrst may be as much as 100 kiIometers thick An average 
t h i h  for ocmnic iith06phcrt might be 70 kilometers, as 
shown in figure 4.13. 



Continental lithosphere is thicker, varying from perhaps 
125 kilometers thick to as much as 200 to 250 kilomems 
thick bencath rhE o h ,  coldtm, and most inactive parts of the MwBfOmefer mmrdof 
continents. meoneticfield 

Below the rigid lithosphere is the d w m a p b  a zont m 
~m valley at n@e crest 

of low seismic-wlvc vdocitv that U ~kPci& because of I 
i n c d  temperature and ;-we. S o m i g e o ~ h  rhiak 
the asthenosphere is partially molten; the melting of just a few O#enlc 

erwt 
percent of the asthenosphere's volume auld  account Eor its A 
properties and behavior. The plastic asthenosphere acts as a 
lubricating layer under the lithosphere, allowing the plata to 
move. The asthenosphere, made up of upper m d c  rock, is 
the low-velocity zone described in chapter 2. It may extend 
from a depth of 70 to 200 kilometers heath oceans; its thick- 
ness, depth, and even existence under continents is v-igorody 
debated, Bdow the asthenosphere is more rigid mantle rock. 

The idea that plates move is widely aGceprcd by geologists, 
although the rtasons fbr this movement ate dobad. Piatcs 
move away from the mid-ocwnic ridge crest or other spreading 
axes, Some plates mow toward oceanic trcndm. If the plate is 
made up mostly of sea Boor (as arc the N- and -Pacific 
plates), the platc can be subductcd dawn into the mantle, 
forming an o d c  trench and its amciatcd kw. If the 
leading edge of the plate is made up of continend rock (as is 
the South American plate), that place will not subduct. Conri- 
nental rock, being laa dense (specific graviry 2.7) than oceanic 
rock (specific gravity 3.0), is too light to be subductcd. 

A plate is a rigid slab of rock that mwcs as a unit. As a 
result, the interior of a plate is relatively inactive tectonic+ 
Plate interiors generally lack earthqh,  volanoes, young 
mountain belts, and other signs of p log ic  activity. h d i n g  
to plate-tectonic theory, these ktum are =used by plate 
interactions at plate boundaries. 

Earthquakes, volanoes, and young mountains arc distrib- 
uted in narrow belts separated by broad regions of inactivity, as 
you have seen in previous chapters. This distribution puzzled 
geologists for a long time, and many hypothcscs were advanced 
to explf n it. The plate-tectonic concept is the latest ~~plana- 
tion. Plate boundaries arc d&ed and located by mapping nar- 
row belts of earthquakes, volcanoes, and young mountains. 
The plates themselves are the broad, inactive regions outlined 
by these belts of geologic activity. 

Plate eecronia has become a unifying theory of geology 
because it can explain so many d i m  hums of the earth. 
Earthquake distribution, the origin of mountain belts, the origin 
of sea-floor topography, the distribution and cornpition of vol- 
canoes, and many other ktum can all be related m plate oectnn- 
ics. It is a convcnicnt firamwork that unifies geologic thought, 
associating &turn that were once studied q x m d y  and rclatrng 
them to a single muse: plate incemc&ns at plate boundaries. 

Plate boundaries are of three general types, based on 
whether the plates move away from each other, move toward 
each other, or move past ach other. A plate bound- 
my is a boundary between plates that are moving apart. A con- 
nergent p k  boufldary lies between plates tbat are moving 
toward each other. A tmwhrm plate boon* is one at 
which two plates move horizontally past each other. 

Positive magnetic anomal 
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Rgun 4.14 
Marine magnetic anomalies. (A) The red llne shows positive and 
mgatlve magnetic anomalies as recorrled by a magnetometer 
towed behind a ship In the cross section ectron o l a n k  crust, posltlve 
anomalies are d m  as blebdc ban and negatb anomalies are 
drarm as blue bars. (B) Perspective VIEW of magnetic anomalies 
show8 that they are parallel to the riR valley and symmetric about 
the ridge crest. 

How D o  W e  Know 
That Plates Move? 
The pro@ that the earths surfae is divided into moving plates 
was an exciting, revolutionary hypothesis, but it required testing 
to win acceptanrr among geologists. You have seen how the study 
of paleornagnetism supports the idea of mwing continents. In 
the 1360s two critical tests were made of the idea of a moving sea 
floor. Thcse asrs involved marine magnetic anomalies and the 
seismicity of fracnuc zones. 'Ihese two, m d  tests convinced 
most geologists that plarw do indced mcwe. 

Marine Magnetic Anomalies 
In the mid- 1960s, magnetometer s u r v q  at sea disclosed some 
intriguing characteristics of marine magnetic anomalies. Most 
magnetic anomalies at sea are arranged in bands that lie pard- 

. Id to the rifi valiey of the mid-oceanic ridge. Alternating posi- 
tive and negative anomalies (chapter 2) form a stripelike 
pattun parallel to the ridge mat (figure 4.14). 

W w - M d w s  Hypoth& 
Two British geoiogists, Fred Vine and Drummond Matthews, 
made several important observations about these anomalies. 
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Flgun 4.16 
The origin of magnetic anomalk. (A )  During a tlme of normal 
magnetism, a series of basaltic dikes intrudes the ridge crest, 
becmlw nwmally magnetized. (8) The dike zone is torn In half 
and maved sideways, as a new group of reversely magnetized 
dlkes forms at th ridge west. (C) A new series of normally- 
magnetized dikes fwm at #le ri&e crest. The dike pattern 
becwnes qmmetric about the ridge crest. 

Thcy s m  that &re is continual optning of tensional 
cracks within the rift d c y  on the mid-omic ridge crest. 
The= on tbe ridge mt a~ Med by W t i c  magma 
h m  belaw, which cools to form b. Cooling magma in eht 
d k  rwords tht d s  magnetism at the time the magattic 
in&& m. Thc p w  is shown in figure 4.16. 

Whu~ the d s  magnmagnccic field has a notmdphridy (the 
pmmt orim&), d i n g  d i h  m normally magnetiztd. 
D i E c s t h a t m o l w h e n t h c ~ s f i d d i s ~ ( ~ 4 . 1 6 ) a r c  
~ ~ S o ~ d i k t p ~ a d o f t h c p o h r -  
ityttwpFcvailadduringthetimcthem?gtna~ExteMion 
pdudbyttBcmovingsukthendodiktintwo,d 
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Correlation of magnetic anomalies with magnetic reversals allows 
anomalies to be dated. Magnetic anomalies can therefore be used 
to predlct the age of the sea floor and to measure the rate of sea- 
floor spreading (plate motion). 

the two halvcs are carried a w y  in oppitc  Mans down thc 
flanks of the ridgc. New magma eventually in& the newly 
opened fracture. It -Is, is magnetized, and forms a new dike, 
which in turn is split by contiiued extension. In d i i  way a sys- 
tem of reversely magnetized and normally magnetid dikes 
hrms parallel to the rifi d ~ y .  h Thcs, in the Vine- 
Matthcws hypothesis, arc the cause of the anomalies. 

The magnetism of normally magnetized dikcs adds to the 
earth's magnetism, and so a magnetometer a r i d  over such 
dikes registers a stronger magnetism than a v c v  positive 
magnetic anomaly. Dikes that are mersely magnetized sub 
tract from the present magnetic field of the earth, and so a 
magnetometer towed over such dikcs mcasurcs a weaker mag- 
netic field--a negstiue magnetic anomaly. Since sea-floor 
motion separates these dikes into halves, the patterns on either 
side of the ridge arc mirror images. 

Mcnsudng th Ratc of Plate Motion 
There are two important points about the VincMatthws 
hypothesis of magnetic anomaly origin. The first is that it 
allows us to measure the rate of sea-&r mution (which is the 
same as plate motion, since continents and the sea floor move 
together as plates). 

B e c a w  magnetic reversals have already ken dated from 
lava flows on land (figure 4-15), the anomalies caused by these 
reversals are aIso dated and can be used to diswvcr how fast the 
sea floor has moved (figure 4.17). For instance, a pica of the 
sea floor representing the reversal that occurred 4.5 million 
years ago may be found 45 kilometers away from the rifc d e y  
of the ridge crest. The piece of sea floor, then, has traveled 45 
kilometers since it formed 4.5 million years ago. Dividing the 
distance the sea floor has moved by its age gives 10 kmlmillion 
years, or 1 cmlyear h r  the rate of sea-floor motion here. In 
other words, on each side of the ridge, the sea f l w r  is moving 
away from the ridge crest at a rate of 1 centimeter per year. 

mum 4.t8 
M a r l n e m s O n e Q i c a n o m a t y ~ n f m t h e ~ a n d ~  
Errre. B W  p d l b  a n o m  (and therefwe normal 
~ ) . ~ l n d i e a t e s n e ~ a t f v e ~ ( r e u e r s e ~ ~ .  
Mcdiiied from R. L. Larsm and W. C. Pltman, 111,1972, GmbgIcal S a  
of- BUMh.  

Such mrrautcd mm gcneraJly range from 1 to 6 ccntimnrj 
pcrw. 

Thc other important point of the 

d arc now known 
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F lgum 4.m 
Two possible explanations for the reladonshlp bWean -re zoneg and the mid-oceanic m. (A) The rodr motions and 
earthquake dlstributbn assuming that the ridge was once continuous acrw#i the fracture tone. (B) The expected rack W n s  and 
earthquake dlstrtributlon assuming that the iwo rldge segments were never jolmd together and that the sea fkor mows way from the rlR 
valtey segments. Only e x p W o n  B i i i  the data. The portion of the -re u ~ l e  between the rldge ssgments Is a transform fault. 

motion along the Eractute zone (figure 4.204. If such motion 
is occurring along a ftacturc zone, we would qxct to find two 
things: (1) earthquakes should be distribud dong the entire 
length of the fracture zone, and (2) the motion of the & on 
either side of the factute zone should be in the direction 
shown by the arrows in ligurr 4.20A. 

In fact, these things nrc not true about kactum zones. 
Earthquah do accur along fracnut zone, but only in those 
segments koreen o&t sections of ridge crest. In addition, 
first-mo tion studies of earthqualm (see chapter 7) dong ficae- 
ture zones show that the motion of the rodcp on tither side of 
the fracture zone during an earthquake is exactly opposite to 
the motion shown in figure 4.20A. The actual motion of the 
rocla as determined from first-motion studies is shown in fig- 
ure 4.20B. The portion of a fracture zane between two offset 
portions of ridge crest is call& a d r m  fpult. 

The motion ofrocks on either side of a transform Ut ms 
predicted by the hypothesis of a moving sea floor. Now that sea 
floor mwcs away from the two segments of ridge crest (6gure 
4.208). Looking along the length of che hcture zone, you a n  
sce that blocks of rock move in opposite directions only on 
that section of the fracture zone between the two segments of 
ridge crest. Earthquakes, therehre, occur only on this section 
of the fracture zone, the transform fault. The direction of 
motion of rock on either side of the transform fault is 
predicted by the assumption that rock is moving away from 
the ridge ctcsts. Verifiation by first-motion studies of thii pre- 
dicted motion along k u r e  zones was another sueccssll test 
of plate motion. 

Measuring Plate Motion D i d y  
In r e n t  ymrs the motion of plates has been directly m u r o d  
using satellites, radat, lasers, and the Global Positioning Sys- 
tem. These techniques can mmsure the dimance betmen two 
widely s e p a d  points to within one centimeter. If two plates 
move toward each other at individual cafes of 2 &year and 
6 cdyear, the combined rate of converpce is 8 &year. The 
measurement techniqus arc sensitive enough to easily measure 

such a rate if rnmsumtnts are reptad ach  yar. Such rnea- 
sum4 ram match dody the predicted rates from magnetic 
M O ~ .  

Divergent Plate Boundaries 
Divergent plate boundaries, whert plates move away from each 
other, can occur in the middle of the ocean or in the middle of 
a continent. Thc result of divergent plate boundaries is to cre- 
ate, or open, new ocean basins. This dynamic process has 
occurred throughout the geologic past. 

When a suptrcontincnt such as Panpea br& up, a diver- 
gent boundary can be found in the middle of a continent. The 
divergent boundary is marked by rifiing, basaltic volcanism, and 
uplift. During rifting, the continental crust is stretched and 
thinned. This d o n  produces shallow-fbcus mrthquakcs on 
n o d  faults, and a rift vdey forms as a central p b c n  (a down- 
droppad fault b l d ) .  The hdts act as pathways for basaltic 
magma, which rises from the mantle to erupt on the su& as 
cinder cones and basalt flows. Uplift at a divergent boundary is 
usually c a d  by the u p d i n g  of hot mantle beneath the crust; 
the s& is elevated by the thermal expansion of the hot, rising 
rock and of the su& rock as it is warmed from below, 

Thm is current debate on the squence of events as wnti- 
nents split. Some geologists think that rifting comes first (fig- 
ure 4.21). Thc thinning of cold crust would reduce pressure on 

Rift 

mantle 
A B 

Cigum 4.21 
T w  mOdels of the beginning of continental divergence. (A )  Rifting 
comes first; uplift may follow. (8) Uplift comes first; rifting may 
follow. 



Rift 

A Contlnenl undegoes extendon. me msl Is thinned and 
a rift valley forma (East AMcan Rift Valleys). 

Rift 
valley 

Sea water I 

8 Continent team in two. hnununi ays rn faulted md uplifted. 
Basalt erupHons fwm oceanle cnrst (Red Sea). 

Continental shelf 
/ 

nt plate boundary fwmlng in the middle of a continent will event1 

d allow hot mantle rock to tist ppssively, 

Riff valley 

Sheha and rlsee. 

~atly ereate a new 

high heat flow. An aample of a boundary at this stage is the 
African Rift Vatlcys in atern Africa (@re 4.23). The dkys  
arc grabens that may mark the site of the Future b d u p  of 
Africa. 

As divergence continues, the continental crust on the 
upper part of the plate dmrly scparatcs, and seawater f l d s  
into the linear basin between the two divergent mntinents (fig- 
ure 4.22El). A stria of fault blodtg have rotated along curved 
fidt planes at the + of the continents, thinning the conti- 
ntnd crust. The r k  of hot mantle rock beneath the thinned 
crust a- continued basalt eruptions that create true ocwnic 
crust between the two mntincnm. The center of the narrow 
ocean is marked by a rift valley with its t y p i d  high heat flow 



Rgun 4.23 
The East African Rift Valleys and the Red Sea. 

and shallow earthquakes. The Rad Sca is an example of a 
diverging margin at this stage (figures 4.23 and 4.24). 

The upward rise of basaltic magma from the mantle to 
form oceanic crust between rwo diverging continents is analo- 
gous to the rise of water bemen mo floating bhch of d 
that arc moved apart (figure 4.25). 

After modwt widening of the new orxan, uplift of tbt 
continental edges may occur. As continental crust thins by 
stretching and faulting, the surface o r i d y  subsides. At the 
same time, hot mantle rock wells up beneath the s d c d  

Spmmafl p h d q q h  wih along the Red Sea. Gulf of 
Suer at bottom, G M  of Aqaba at lcrrrver I& Note slmllar%les in the 
s h d l n e s  of the Arablan peninsula (left) and A f r h  (right), 
suggesUq that the Red Sea was krmed by splilng ol the continent, 
Photo by NASA 

Watw rises upward to fill the gap when (A) two floating Mocks are 
(8) moved apart. The water moves as a result of the motion of the 
blodrs. 

http://wwm m h h c . c ~ m / e a t t h s d ~ k o ~ / p I ~  mmer 
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iyre 4.26 
miw contlnmtal migin formed by cmUmW brmhp and dlvsrgem. DownfauM cmlhmtal crust fuwt6 bmlns, whrch All wtttr 
~ a n d 9 e d l m e n t . A ~ o l r o c k ~ m ~ f o r m H a ~ o c s a n ~ . A t M d r ~ u e m o f m a d r l n e ~ o o v e m ~ r o d c s  
bm the cnntinental shell, slope, and rlse. A rsef krm at the shelf me [f the wter Is warm; burred rwh oawrm many part8 of 
W c  shelf of Nwth Amersca. 

a (figure 4.228). Thc rising dhpir of hot mantle rock k t  spreading, as in the Pacific Ocean (6 cmlyear), prevents a 
irld =use upIift by t h d  expansion. rift from fbrrning. A divergent boundary at sea is marked by 
Tk new ocean is narrow, and the tilt of the adj~ctnt land the same features as a divergent boundary on land-tensional 

m y  from the new so rivers flaw away from thc ato (6g- cracks, normal faults, shallow earthquakts, high heat flow, and 
-4.22B). At this I- the -WPter that has floodad into the basaltic eruptions. The basalt forms dikes within the cradcs 
may evaporate, leaving behind a thick layer of rodr dt and pillow lavas on the sea floor, creating new ocmnic crust on 

It2 the continend &cntg. The W o o d  of dt pre- the trailing edge of plates. 
n in- if the continent is in one of the bclm - 
or both ends of the new ooevl huld b m e  am- 

Not all d k g m t  Transfbrm Boundaries 9 
At transform boundaries, where one plate slides horizontally 

plates a n t i n u  w +, widening the Th#ncal 
~ a l n i d d r i d g c i n d r t o e n t e r o f t k s t a ( ~  r 

u1.22C). The hnh of the ridge sub& as the sea-floor r d  

past another plate, the plate motion cab be taken up on a sin- 
gle fault or on a group of parallel f idw.  Transform boundaries 
are marked by shallow-focus cartfiquakcs in a narrow zone for 

h a i t  m m .  a srnglt fiulc, or in a broad mne for a group of parallel faults 
'The mihug edges of thc continam a h  subside as they (see + 7.30). First-motion studies of the quakes indicate 

by awim and as the hot ~ b c n a t h  h ooola strike-slip movement parallel to the faults. 
b c e  continua until tfic alga of the #wtinmtr am The name m+rm fd comes from the fact that the dis- 

Athickquenee ofmahcaadimtat MPFllrrWrtht phcemcnt along the fiult abruptly ends or transfbrms into 
c o d n c n d  r d ,  brming apaariw *@ another kind of disp1-ent. The most common type of 
4 . 2 2 C d  426; = a h  p m h s  chap&, TBkrdi- aansforrn hult occurs along fracture zones and connects two 

htrtrs a ddhw candncad sh& wh4& q a divergent plate boundaries at the crest of the mid-mnic  ridge 
fi buried salt layer. The deep oodmntal  r k  b L d  as (figures 4.27 and 4.20B). The spreading motion at one ridge 
iaDent is Qvrid down the continental slop by turbidity segment is transformed into the spreading motion at the other 
rents and other maeh;llaisnss. Thc Atlantic n a~ ridge segment by strilre-slip movement along the transform .. * 

fault. 
.i -t't-&"o &w~-&kuLw*& Not all tmmfbrm connect two iidge sqpcnts. As YOU 

r c a F t h e ~ ~ I f d E  - 
iC-jt can set in figum 7.28 and 4.27, a d o r m  Fdult can connect a 

m rk Adantic OctlD (1 adyear)% a di dq. ridge m a mnch (a divergent boundary to a comergent bound- 
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Flgurm 4.27 
Transform boundaries (A) between two ridges; (8) between a 
ridge and a trench; and (C) benveen two trenches. Triangles on 
trenches polnt down subduction zones. Color tones show two 
plates in each case. (0)  The San Andmas fault is a transform 
plate boundary between the North American plate and the Pacific 
plate, The south end of the San Andreas fault Is a ridge segment 
(shown in red) near the U.S.-Mexiw border. The north end of the 
fault Is a "triple junction" where three plates meet at a point. The 
relative motion along the San Andreas fautl is shown by the large 
black arrows, as the Pacific plate dides horiintally past the North 
American plate. 
Modified from U.S, Geolqlcal Survev 

ary), or can connect two trenches (cwo convergent bound- 
aries), The San A n k  hult in California is a transform fiult 
with a complex history (figurc 4.270). 

What is the origin of the o%et in a ridgc-ridge transfbrrn 
fault? Thc offsets appear to be the mult of imgularly shaped 
divergent boundaries (figure 4.28). When two m i c  plates 
begin to diverge, the boundary may be w e d  on a sphere. 
Mechanical constraints prevent divergena along a curved 
boundary, so the origid curves tcadjust into a series of right- 
angle bends. The ridge cmts a l i i  pcrpendicuh to the spread- 
ing direction, and the transform hults align p d e l  to the 
spreading direction. An old line of &CSS in a continent 
may c a w  the initial divergent boundary to be oblique to the 
spreading direcrion when the continent splits. The boundary 
will then readjust into a series of transform fidts parallel to the 
spreading direction, 

Convergent Plate Boundaries 
At convergent plate boundaria two plates move toward ach 
other (often obliquely). The character of the boundary 
depends partly on the type of plates that converge. A plate 

~ b w ~ ~ f o r m r i d g e ~ ~ t o t h a  
8pwWng drsetlon and tnuraform #auL prdlel to the spading 
dkection. (A) Oceank @am. (8) CoMnentel platem. 
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Flgun 4.31 
Andesitlc magma is generated where the top of the sutducting 
lithosphere reaches a depth of 100 kilometers, so the subduction 
angle determines the arc-trench spacing. 

it merdy slides horizondy along under another plate. Because 
the top of the subducting plate never mcha the 100-kilometer 
depth, such very shallow subduction zones iadr volcanism. 

Whcn a plate subdurn far h m  a mid-c ridge, the 
plate is cold, with a low heat flow. Oceanic plates hrm at ridge 
crests, then cool and sink as they s p d  coward trench=. Even- 
tually they b m e  cold and dense enough to sink back into the 
mantle. Occanic trench= arc marked by s t m n g  n@ve gravity 
anomalies. These show that ulenches arc not currendy in b 
smtic equilibrium, but are being active+ pulled down. Hss 
thought that this pulling was caused by a down-turning convec- 
tion current in the mantle. T&y most geologiso think chat the 
pulling is caused by the sinking of cold, dense lithosphere. 

The inner wall of a trench (toward the arc) consists of an 
~ccmcioonury tw& (or d d n  mmplm) of thrust-faulted and 
folded marine sediment (figure 4.29). The dimenc is snow- 
plowed off the subducting plate by the overlying plate. New 
slices of sediment are continually added to the bottom of the 

accretionary wedge, pushmg it upward to h a ridge on the 
sea floor. A &&IY undcformedj5trurc k i n  lik between the 
auxtionary wedge and the v o l d c  arc. (The trench side of an 
arc is the formrc; h e  other side of ohe arc is the backarc.) 

positions change with rime (figure 4.32). As one 
plate s u b d w  the owrtying plate may be moving toward it. 
The motion of the 1- Qdgt of the overlying plate will force 
the trench to migrate horizontally ovtr the subducting plate 
{+ 4.32l). The PcruXhik trench is moving over the 
Nau# platt in this manner as South America moves westward 
(figure 4.1). T h a  is another rrPson that trenches move. It is 
now widely M c v d  that a subduaing plate does not sink in a 
direction paralld to the length of the plate, but faIls through 
the mantle at an an& that is s t q m  than the dip of the down- 
ping phte (figure 4.328). This saep sinking pulls the sub- 
ducting plate pragmisivcly m y  from the overlying platc, and 
GI- the hiagt Iint of b m d q  and the oceanic trench to 
migrate seawad onto the subduchg plate. The location at 
which the subducting plate con- the 100-kilometer depth 
to generate ankite  also migrata seaward toward the subduct- 
ing plate, and may -use the position of the island arc to 
migrate toward the subducting platt as well. 

Ocean-Continent Convergence 
When a plate *pad by oceanic crust is subducted under the 
-d lithosphere, an accretionary wedge and forearc 
basin form an adw mtinmtd tnsw'n between the trench and 
the continent (figure 4.33). A Benioff zone of earthquakes dips 
under the dgc of the continent, which is marked by andesitic 
volanism and a young mountain belt. An example of this type 
of boundary is the subduction of the Naxa plate under west- 

' ern South America. 
The magma that is created by ocean-continent conver- 

gence h m  a W c  ~ve, a broad term used both for island 
arcs at sea and for belts of igneous activity on the edges of con- 
tinents. The s& expression of a magmatic arc is either a 
line of andcsitic islands (such as the Aleutian Islands) or a line 
of andtsitic continental volmnoa (such as the Cascade volca- 
noes of the Pacific Northwest). &neath the volcanoes are large 
plutons in thickmtd crust. We set these plutons as batholiths 
on land whcn they are erposed by dccp erosion. The igneous 
p- that fbrm the granitic and intermediate magmas of 
batholiths arc described in chapter 1 1. 

The hot magma rising from the subduction zone thickens 
thc continental crust and makcs it weaker and more mobile 
than cold crust. F@onal metamorphism taka place within 
this hot, mobile zone. Crustal thickening muses uplift, so a 
young mountain belt forms here as the thickened crust rises 
isostatidy. 
' 

Another reason for the growth of the mountain belt is the 
stacking up of thrust sheets on the continental (backarc) side 
of the magmatic arc (figure 4.33). The thrust faults, associated 
with folds, move slivers of mountain-belt rocks landward over 
the continend interior (the mm). Underthrusting of the 
rigid craton beneath the hot, mobile core of the mountain belt 
may help form the fold-thrust belt. 
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F m  4.34 
Contlnentandnmt collision bmm a young mountain bel in the Interlor of a new, larger contlnen?. 
Modlfled from W, R. Dlckinm, 1977, In W A r c s ,  Deep &&I Tnxrdnrs andBadr& Bedm (pp. M), copyrighted by American Geophyslcrl Union. 

Inland of che l d w c  hld-thrust bdt, the aaon subs& 
to form a dimcntary basin {mmcthm called a-hh)). 
The weight of the s- thruse shtctP depresses the craton iao- 
sat idy.  The basin rccciws sediment, some of which may bt 
marine if the craton is forced Mow sea level. This basin -ds 
the d k t  of subduction hr inland Subduction of the sea floor 
off Calitbrnia during the Mesozoic Era produced basii scdi- 
menration as far east as the central Great P h .  

Continent-Continent Convergence 

new ocwnic mm (@we 4.34). Thc edge of one continent will 
initially ham a magmatic arc and all the other featurn of 
~ c c x l n t k n t  convergtnce. 

As the sea floor is s u b d d ,  the ocean become narrower 
and namrwct until the continents cvultdly collide and 
destroy or c k  the ocean basin. h i c  lithosphere is heavy 
pnd a n  siak into the man& bur antinend lithosphere is 
less k and cannot sink One continent may siide a short 
'dimance under another, but it wiU not down a subduction 
zonc. After collision the heavy mic-bthosphere b d  off 
the contincnral l i h ~ h c r c  and continues to sink, leaving the 

v 

Two continents may approach other and collide. They continent bchind (&re 4.340- 
must be separatbd by an ocmn floor that is being subduad The two antinens are weldad together along a dipping 
under one continent and chat lacks a spreading axis to create srrftrlrr tonc that marh the old site of subduction. Thrust MB 
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Figuro 4.36 
Causes of backarc spreading. Extension may be caused by a 
rising mantle diapir, by secondary comrectlon, or by relative plate 
motions. 

ing creates new oceanic crust that is similar, but not identical, 
to the oceanic crust formed at the crest of mid-oceanic ridges. 
This backa~~ o m i c  crust is apparently the type of crust 
fbund in most ophiolites (chapter 3). 

The reason for backarc axtension is energetically 
debated. One suggestion is that extension is caused by a ris- 
ing and spreading mantic diapir of hot rock or magma some- 
how generated by the downgoing plate (figure 4.36). The 
spreading diapir tears open the backarc basin, and the rising 
magma forms new oceanic crust. Another suggestion is that 
the subducting plate drags on the overlying asthenosphere, 
causing it to mwe in secondary convtccion cells that stretch 
and fracture the overlying oceanic crust. A third suggestion, 
which seems the best explanation for the most rapidly 
spreading backarc basins in the Pacific, i s  that the overlying 
plate is retreating away from the subducting plate. I f  the arc 
on the overlying plate stays fixed new the subducting plate, 
the retreat of the overlying plate will tear open the backarc 
basin. 



The Motion of Plate Boundaries 
Almost nothing is ikd in plate ceceonia. Not only do p h  
move, but plate boundaries move as well. Plates may m m  
away from a h  orher at a divergent boundary on a ridge crest 
for tens of millions of years, but the ridge crest can be migrat- 
ing across the earth's surface as this wars. Ridge crests an 
also jump to new positions. The original ridge utsc may sud- 
denly become inactive; the divergenm will jump quickly ta a 
new position and create a new ridge crest (the evidence lies in 
the sea-flmr magnetic anomaly pattern). 

Convergent boundaries migrate, too, as shown in figure 
4.32, As they migrate, trenches and magmatic a m  migrate 
along with the boundaries. Convergent boundaria can also 
jump; subduction a n  stop in one place and begin suddenly in 
a new place. 

Transform boundaries change position, too. Glifornia's 
San Andreas fault has been in its present position about 5 mil- 
lion years. Prior to that, the platc motion was taken up on =- 
floor faults parallel to the San Andreas (figure 4.37). In the 
future, the San Andreas may shifi eastward again. The 1992 
Landers earthquake, on a new hult in the Mojave Desert, and 
its pattern of aftershocks extending an astonishing 500 miles 
northward, suggest that the San Andreas may be trying to 
jump inIand again. IF it eventually docs, most of California will 
be newly attached to the Pacific plate instead of the North 
American plate, and Calihrnia will slide northwesward rela- 
tive to the rest of North Ameria. 

Plate Size 
Plates can change in six. For emmple, new sea floor is being 
added on the trading edge of tht North Ammian plate at tht 
spreading axis in the e n d  h t i c  Ocean. Most of the 
North A m r i a  plate is not being subducabd along iu ltPding 
edge b u s c  chi edge is made up of lightweight eondnmd 
rwk Thus the North Ameria plate is growing in size as it 
moveshlywtstward. 

The Nazca plate p*ly is getting s d e ~  The spreadmg 
~ i s a d d i n g n c w d & ~ c h e t r a i l i n g + o f t h e N ~ z e ~  
plate, but the tcading edge is bting s u M d  down tbe Peru- 
Chile Trench. If South Am& were s h n a r y ,  the N- 
platcrmgficrunain~samcoizt,~thenteufsubduG 
tion d & r m  of s p d n g  uc a q d .  But South Amtricp is 
slowly moving wesovard, pushing the Pcru-Chik Tmch in 
front of it. This m a  that the site of d h c t i o n  of the N- 
plate is p a d d y  aming closer to ita spreading axis to the 
west,and~theN~plncek@ng&.Thcsvnc~ 
t probably happening to the Paci6c plate as the E& p h t  
mwes anvzrd into the Pacific O m .  

The Attractiveness of 
Plate Tectonics 
Most geologh accept the g c n d  con~ept of plate tectonics 
because it can cxpIain in a general way the disuibution and ori- 

-- 
The San Admas fault (a maform b u m )  has changed 
pwltlon Ihrough tlme. Prior to 5 rnlllion years ago, the fauh was 
f i h m  (blue Ilne). In th Mure h rnw jump Inland @n (green 
zone). 

gin of many earth fa-. These fcaturcs are discussed 
throughout this lx& and we summarize them here. 

The distribution and mnpition of the world's mkanue~ 
a n  k c x p W  by plate tectonics. k d k  volcanoes and lava 
flows form at d h a p t  plate boundark when hot mantle rock 
risa at a s p d i n g  axis. Anhitic v o b ,  @&ly those 
in the circum-Paci6c bclt, mult from subduction of an oceanic 



ther a eontinend plate or another & 

an clrpmplt), we will & 
lpttrinthtchnpterwhcn 

The major feam of the sca floor a n  also be explained by 
plate tectonics. The mid-ortator with its rift valley forms 
at divergent boundaries. Oceanic m b a  arc found where 
m i c  plates are subductal at convergent boundarics. Ftwc- 
tutr mncs a n  created at transtbrm boundarics. 

Other hypotheses can explain some of these features, but 
not all of them. &Its of folded mountains have been attributed 
to compression a d  by a contracting earth. Rift valleys, on 
the other hand, have been explained by extension caused by an 
*ding d. Thc hypotheses arc incompatible with each 
other and do not give a unifying view of the earth. Plate t e e  
tonics a r p h  more f E a w  than any other hypothesis or the- 
ory, and it provides a unifying framework for the study of the 
earth. That is why so many geologists support the concept, at 
least as a working model of how the earth works. 

What Causes Plate Motions? 
There is currently a great deal of speculation about why plates 
mow. Thtre may be several reasons for plate motion. Any 
rndanism for plate motion has to explain why: 

1. m i d d c  ridge crests are hot and devatcd, while 
wenches are cold and deep; 

2. ridge ctcsts have tensiond cracks; 
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(which c~nnot a k k ) .  

Clmvdm ia ttar mantle, p p c d  ar a . .& 
m - b r  4 .12) ! .~  w o ~ t  fat d&* 

~ ~ ~ M a n d t a r i d r s r d o a ' l r  
v .  - - 

thc&-&ade,~itzommum.DcbaatPbouttbe 
s ~ u a d * O t ~ ~ o n c d l r l a B t o d m o d e b  
(6gw 4.W). The aab d k - p p r d h g  d d 
mdc&cp convection. hcqmncnta of a +red m*n& 

think &at the 670-&met# boundpry may bt a compasi- - 
chd h d q  d ~ t  p m c a w  mpndcdq  c o n d n ,  so 
t w u + c r c o n v d o n ~ h o m b # n p r o p o s a d ~ h o t  
d i n t h e l o r w r m a n t l e q h C P t f f i C k o f ~ ~ m o n -  A 
rk, causing the upper mantle to rise aver the thing M#-oceanic ridge 
lower mphtle (figure 4.389. A k m d v J y ,  the h o h d  
motion of the h x  man& j W o w  the boundPtg may drag 
the upper mantle mck along in the o ~ m c  &&n (figure 
4.380. Note that this uleptes ddhg uppu mandt di@ 
m rising hwr mantit. 

Marly ~~ now think tbat obnreccion is a 
ms#hofp~motion&thPnacuueofkThcsinLingofa 
cold, wbduaing plate cin creptt mantle aotweaion ( a n w e  
tion a n  be driven by eithcr ha, rising d or by cold, 
sinking material). Hot mantle rodr rise at t bound- 
prk to & the pLsc of the diverging plaz 4.25). 
Such p l a d  convexion could bt shallow, rather than 
rnPnd&p. 

The basic question in place moaon is why do p k  
diverge and sink? T~wo or thee difhmt ~~ may be at 
work b e ,  

One pm+ is called '+pushm As a plate mwes away 
from a diwrgtnt bo+, it d MCI W. Caoliig = 
floor suhsidcs as it mom, and this h i d c n c t  hrms rhe broad 
$dc slopes of the mid-oeePnic ridge, An even more imprtant 
slope hrms on the base of the lithosphere as new igneous ruck 
is added to the base of the l i thwpk by p m p s i w  cooling of 
the asthenosphere Mow (figure 4.39). Thc acanic plate is 
thought to slide down this slope at the base of the lithosphere, 
which may have a relief of 80 to 100 kilometers. 

hother  mechanism is d k d  (figure 4.40). 
Cold lithosphere sinking at a seep angle through hot mantle 
should pull the surface put of the p k  away from the ridgc 
crtst d then down into mantle ;IS it cook. A suklucthg plate 
sinh btmuse it is denser than thc surrounding mantle. This C 
dcnsiry eontrast is partly due to the ha that the sinking litho- 
aphcre is cold. The suMuaing plate may also incrmst its den- p w -  
sity wh& it s i n k  a h-7 & gs wm Models of mmU9 eonveetion. (A) ~am-dse~p m i o n .  

;I#) -tiered cuwecth mpmM at 67Wlamstm bwndary. lost* = P ~ C  m i d  -Ilap$e inm dmw fDrms dwine m-md*M.hUIDt?r 
--h (C)-*& subduction. Slab-pull is tho+ to be at kn t w k  as impor- oonurctlon, - mml* on h. 

tpnt as ridge-push in maving an oceanic plate away from a 
ridge c r m ~  Slabpull ausa rapid p l a ~  motion. -. 

If subducting p k  faU into the mantle GU aoglcs steeper 
than their dip (hgwe 4.32), then tccnchts and the ovedyhg 

Mantle 

A: 



Trench 
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late may slide downhill on the sloping boundary between the tiosphere and the asthenosphere at the base of the plate. 

Pnresum 
mmwmabm 
of mlnerab 
t o - t m  

? 

, leading edge of a suMucUng plate prlb tha rest of the plate abng. Plate dmWy lnmassa due to cooling, losa of 
rlal, and pnrssure tmmbmatlon of minerals to &riser form. 

ullod horizontally s a w a d  toward the suMucting 
mcchaniim has betn tcrmd "txm*." It is 

r brct, but may bt imp-t in moving con- 
Divergent continents at the lading + of 

be m o d  by slab-pull, IXGIUW they arc not on 
. They might be moved by n+push from 

the rear, andlor trench-suction from the front (figure 4.41). 
Thqr move much mom slowly than wbdueting plates. 

AU three of k mdmims (ridge-push, slabpull, and 
trtncb-sucdon), particuhdy in m m b h t h ,  are mmpetible wih 
high,hotndges;dd,daptlenches;andtensiod~atthc 
ridgeafft.Thqanaccuunt fixthemotion ofbothocmnicand 



Trench 
suction 

Figure 4.44 
Divergent continents may be maved by ridgepush from the rear, 
or trench-Won (sued by steeply slnklng plates) fmm the front. 

continend plates. In this scheme, plau motions are controllal 

-- 
on uplift 

by variatiodin lithasphere density i d  thicknas, which, in rum, Fmn are controlled largely by c o o l i  In other words, the msons h r  
Mantle plumes rise upward through the mantte. When the large pLte motions are me pmpcrric. of pLva and the head contacts a mntinent, it w s e s  uplift and the eruptlon of pull of graviry. Thii idea is in sharp contrast to most convection flood basab. 

models, which assume chat plam am draggad along by the mow- 
ment of mantle rock beneath KIU platw. 

Mantle Plumes and Hot Spots 
A modification of the convection pmcm has been suggcstad 
by W. Jason Morgan of Princeton University. M o w  believes 
that convection occurs in the form of mantle pl- narrow 
columns of hot mantle rock that rise through the mantle, 

much like smoke king from a chimney (figure 4.42). Mantle 
plumes are now thought to have large spherical or mushroom- 
shaped heads h a narrow rising tail. They are essentially 
stationary with respect to moving plates and to each other. 

Plumes form "hot spots" of active volcanism at the earth's 
surface. Note in figure 4.43 that many plumes are located in 

Ftgure 4.43 
Distribution of hypothesized mantle plumes, identified by wlcanic activity and structural uplift within tfie past few milion years. The hot 
spots mar the poles are not shown. 
Compiled by W. S. F, Kidd and K. Burke, SUNY at Albany. 



Oome above plume 

Ocean 

Optward Row from plume 

caused by a made plums. (A) A dome iom 
a continent (8) T h m  a 

I d f k w f r o m t t m t D p a f t h s ~  
lntotwopiecesmtwoofthe 
krming behwren tlm dlvsrging 

) fIlM wlth continental sdment. 

crust is smechd Thc tail that hllows pbt bcad 
spot of Y O ~ C  midry, much srrralleJ E 

An example of radlal r b .  The Red Sea a d  the Qulf of Aden are 
the active rlfEs, as the Arabian penimula drifts away from Africa. 
The Gulf of Aden contalns a mid-oceank rldge and central rlft 
valley. The inactive failed rift is the rift valley s h m  in Africa. 

A mantle plume rising b t h  a continent should h a t  the 
land and b d g  it upward to form a dome marked by volcanic 
eruptions. As the dome h, the stmchod crust typidy frac- 
tures in a t k p r n n p d  pattern (figure 4.44). Continual radial 
flow outward fiom the rising plume ev#ltual)y separates the crust 
along two of the three fraaum but learn the third fiacnue inac- 
tive. In this model of continend b&p, thc w o  active frat- 
tu~es become continend adgcs as new sea flmr h m  befwtcn 
the d h p t  continents. The third f r a m  is a fiikd riJS (or 
a-), an inactiw rift that becomes f led with sediment. 

An example of this typc of fracturing may &t in the vicin- 
ity of the Red Sea (figure 4.45). The Red S a  and the Gulf of 
Aden arc active divvging boundaries along which the Arabian 
Penmula k being qmatcd from northeastern Africa. The 
d i d ,  inaaive, rift is the northernmost African Rift Valley, lying 
at an a+ of about 120" to each of ahe narrow seaways. 

Figure 4.46 shows how two plumes might split a continent 
and begin plate divqmcc. Local uplift cams rifting over each 
plume. The rifts lengthen with timt until the land is torn in 
m. The twu hahm begin to diverge either from sliding down 
the uplifts or fmm bting draggod dong from below by the out- 
ward radial flow of the plume. Along the long rift segments 
between plumes, rifting o a m  Wrr uplift. 

A place w h  a maode plume might now be rising 
h e a t h  a continent is in Yellowstone National Park in north- 
western Wyoming. The a d  volcanism, high elevation, high 
h a  flow, and hot spring and geyser activity all may be due to 
this plumc. Radial flow of mantle rack beneath the wcstern 
United Sturs may be tearing the mntincnt apart and =using 
the w d q &  in thc region, indwding the 1959 earthquakc 
near Madison Canyon, Monma. Evmtudy an oce;m may 
form h m  as North America is split apart by the plume. 



C 

F lgum 4.48 
(A) Two mantle plumes beneath a continent. (8) The rifts lengthen 
and f l o d  basab erupt over the plumes. (C) The continent splib 
and falled r i b  form. The new ocean Is marked by ridge crests, 
fracture zones, and aseismlc rldges (chalns of volcanoes). 

Some plumes rise beneath the centers of oetanic plates. A 
plume under Hawaii rise in the center of the Pacific plate. As 
the pIate m o m  over the plume, a line of volwnoc6 fbrms, uz- 
ating an axismic ridge (figure 4.47 and chapter 3). The volea- 
noes are gradually carried away from the eruptive center, 
sinking as they go because of cooling. The fcsulc is a line of 
extinct volcanm (seamounts and guyots) increasing in age 
away from an active volano directly above the plume. 

In the Hawaiian island group the only nvo active vela- 
noes are in the extreme southatern comer (figure 4.48). The 
isotopic ages of the Havraii besats inumse regularly to the 
northwest, and a long line of submerged volcanoes fbrms an 
aseismic ridge to the northwest of Kauai (figure 3.22). Most 
aseismic ridges on the sea f l o o r  appear to have acdve volcanoes 
at one end, with ages increasing away from the eruptive cen- 

Flgwe 4.47 
Sea Roor mavlng m r  a hot forms an aseismic ridge as a 
chdn of volcanoes a d  g u m .  

Fbum 4.48 
Ages of volcanic rodc of the Hawaiian island group. Ages increase 
to northwest. Two active volcanoes on Hawaii shown by red dots. 
See also figure 3.22. 

tm. Deep-sea drilling has shown, however, that not all aseis- 
mic ridges increase in age along their lengths. This evidence 
has led to alternate hypotheses for the origin of aseismic ridges. 
It may pose difficulties fbr the plume hypothesis itself. 

Note in figure 3.22 that the three large aseismic ridges in 
the Pacific Occan change direction abruptly. If these ridges 
formed from three separate stationary plumes, they suggest 
that the Pacific plate has moved in two directions in the past. 
Early movement approximately northward, followed by more 
westerly movement, could have produced the ridge patterns. 

The Relationship Between Plate 
Teaonics and Ore Deposits d 
The plate tectonic theory provides an overall rncdd for the ori- 
gin of metallic ore deposits that has been used to explain the 
occurrence of Imown deposits and in exploration for new 



!:Hat metallic solutions arc also found along some diva- 
nunend boundaries. Neat the Saton & in s o u h  

which lies along the extension of the mid-k 
d, hot waur very similar ro the Rod Sea brines hzs 

wered underground. The hot water is wrently bti 
run a geothermal power p h t .  The high salt and m 23 
is corrosive to equipment, but me& such as copper 

ver may one day be r e c o d  an d u d e  b y - p r o h .  
or sprtading carria the metallic o m  away from fbt 
(figure 4.49, perhaps ro be s u b d u d  be114 

arcs or continents at conwt2prrbpk b*. S l ~ m  
on land may contain thcse ti& om minds in r c b  
t form. A notable axample of such ores accum m 
of Cyprus in the Meditcrmncan Sea. 3a&d 

res may dm be contained in the v t i n j z c d  h- 
at the bottom of ophioliw. 

nism at a n d  urn can also produce hot* ring J o n ~ c ~ a f t b e a n d s i t i c ~ ~  v q  
d w t  a b o ~  l a d  bodies of mgmL ad:* rm 0 

4.50). Thc u&on ptmn d &. 
. < .  

On Island arcs me€alUc ores can form wer hot springs and be 
redistributed into h v m  bv .current6 in shallow basins. 

Ply- 4d1 
b i b l e  relation of ore belts In the woaPenl UmW SWw M dapth 
along the subduction zone. Differant mMlc w&e -rd 
igneous mks) m generated at dlflerent ch@w e l m  $ 
subd~cted plate. 

p m  arc quite aimilar to those of spreading centers, but 
the island arc o m  usually contain more Imd. Rich m i u e  mC 
jisc +a overlying frachvod volanic rock in the Precam- 
brian shield area of Canada may haw formed in this way on 
d e n t  island arcs. 

Subduction of the sea floor beneath a continmt produces 
broad klts of metallic ore deposits on the edge of the conti- 
nent. Figure 4.5 1 shows how the distribution of some metals 
in the wcstern United States might be related to depth along 
a subduction zone (the figure shows only one of several com- 
peting models relating continental ore deposits to plate tcc- 
tonics). The pattern of ore k l t s  in the United States has 
probably been disturbed by changing subduction angles, 
strike-dip fiulting, and ba 
of ore Mrs occur in 0 

notably the Andes. 
Thc origin of the 

mne is mt dcar. Tht h 



are subducted with oceanic crust and could become remobi- 
lized to rise into the conrinent abve. The ores may also *& 
till" off other parts of the descending oceanic crust or upper 
mantle. The metals may also derive from the antinend crust 
itself or the mantle below it. The metals may be concentrated 

somehow by the heat of a rising blob of magma or the 
hydrothermal cirmlation associated with it. 

The connection between some hydrothermal ore deposits 
and plate tectonics is tenuous at best. The "Mississippi Valley- 
typen lead-zinc deposits of the continental interior are very puz- 
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m. Over broad ams metal ore has been emplaoed in 
and dolomite, both by cavity filling and r e p b t  
usually mnsideted to bc hydrothd proccsss). 

s no obvious connection between h e  ore and any 
&, wbich may be absent in thc ore regions. The 

p m e n e  of the o m  in the thin sedimentary cover of a suppos- 
edly inactive interior of a plate is difl6cult to arplain. The ores 
do p u p  roughly around the New Madrid earthquakes of 
southeastern Missouri (6gure 7.12); deep hults, perhaps on a 
Mad rift, may have provided pathwars for ore-bearing fluids. 



It t tempting m think chac nraffnkph- might =use ore 
h i t i o n ,  for plumes provide a soume of both magma and 
hydrothermal solutions. The loations of supposed plumm, 
hoftrwcr, such as Y b a e  and Hawaii, ue notable for their 
kk of ore & p i t s .  

A Find Note 
Geologbts, like other people, arc suapiblc  to fads. Although 
most geologists believe plate tcctonies is an exciting theory and 
acccpt it as a working model of the d, dx theory may or 
may not be correct. Most gaol+a ttxlay believe that plata 
exist and mow. But wihprcad belief in a theory docs not 
make it true. Two h u n d d  years ago gaologism "knew* that 
basalt crys talliztd out of seawater. In the 1800s g l a d  deposits 
were thought to bt deposited by Noah's f l d .  Both of these 
incoma i h  were finally disproved by decades of matting 
field work and often bitter debate. 

Forty yeus ago continend drift rated ody a fwtnotc in 
most introductory textboob. Now thm an many believers in 
continental motion, and tartbook use it as a h e w o r k  for 
the entire field of physical geology. Although the idea of eonti- 
nental stability provided the framework for many past wrc- 
books, today the idea that continents arc f i d  in position rates 
only a fbotnote as an outmoded ancept, 

Objections wre  m i d  to ohe conocpt of plate tcctonia after 
it was proposed in the laat 1Wh. Some -floor h did not 
seem compatible with a moving sea k r .  The & of many 
continend regions did not seem to fit inm the theoly of plate 
tectonics, in some not cvcn W d y .  But a molutionary, 
new i d a  in science 58 always contmwsial. AS it p- h m  

an u o m m p ~  h y p o t W  to a more widely-a-ted theory, 
& m & d h s s i o n P n d ~ a n m i d e a c w h a n d  
d ? m g t & T h e ~ o f d l C i d c a ~ ~ , a n d s u o c e s s l l t c s t s  
Padpdiu iommmshpkm q p n m  [wnctirnes &- 
ingfp). W q s  a p d l y  impmndy, diem- die OK 

As dnunents were made m plaa tectonia, and as morc 
was h a d  about the p u d q  --floor km-a and continen- 
d e o n s ,  they lqm to seem morc compatible with phte 
tectonics. Objections died out, and plate tectonics became 
wid* a c c q d .  

It is w k  to rcmtmber that at the time of Wegener most 
geologists vehemtntly cbgred with continental drift. 
&cluse W v  propad that continents plow through tea- 
floor r d ,  and bccpltpc his propxed fom for moving conti- 
nents p d  inadequate, most geologists thought that 
eontinend drifi was wrong. Although thm geologists had 
sound w n s  for their h t ,  we now think that due to the 
mounting widen=, condntntal drift is morc acceptable and 
that the d y p w  were wrong. 

Science should not depend on majority vote. The argu- 
ments of a h t i n g  minority, such as opponents of plate tec- 
tonics, should be d y  studied and rationally and 
scientifically d, if possible. This is the very heart of sci- 
ace,  the cvcful considemtion of dl pmible explanations of 
natural phenomena. 

The evidence for plate tectonics is wry convincing. The 
theory has been rightly d l e d  a rcv0Iution in earth science, 
comparable to the dcvclopment of the theory of evolution in 
the biological scicnecs. It is an wdting time to be a geologist. 
Our whole concept of tarth dynamics has changed in the last 
fwyears.  

P&c tccbonics ia che idea that tbe d s  sur- 
face h divided into several lvge plates that 
change position and size In- pologic 
activity occurs at plate boundaries. 

Plate tectonics combines the concepts of 
sea-@or s p d n g  a d  wntimral&Z 

Alfred Wcgcner pro@ continental 
drift in the early 1900s. His evidence 
included coastline fit, similar h h  and 
rocks in now-separated continents, and pa- 
leoclimatic tvidcnce for uppumtplrsr w n -  
&ring. Weper  proposed that all urntincntj 
were once joined together in the superconti- 
nent Anpa  

~ & n e d s  idms w m  not widely a c a p d  
until the 1950s, when work in palmmagnc- 
rism r e v i d  interest in polar wan- 

Evidenu b r  continental drift indudes 
careful fits of continend edges and detaikd 

d matches between now-seprsnccd conti- 
nents. The pusitions of condneniz during the 
past 200 million y w s  have bsen mapped. 

k ' s  hypothesis of M#-fir qdiffg 
s w  that the sea f h r  rnovcs away fiom 
the~cremandrovmrdtrenchcsasadt 
of mantle convection. 

A c c a d q  to the concept of sea-floor 
spradq, the high h a t  flow and voleanism 
of the ridge uest are a d  by hot mantle 
rock rising b e n d  the ri+ D ivqmt  cmr- 
wdon currents in the mantle - the rift 
d e y  and +u&a on the ridge cmt, 
which is a p d n g  sxis (?I mtm). New sea 
floor near the rifc valley has not yet accumu- 
lated plagic sediment. 

Sea-0mr s p d g  erplains trencha as 
sim of sc~-flmr n r ~ ~  which 
low heac flow and m@e gmvity morn- 

alics. Benioff zones and andesitic volcanism 
are caused by interaction between the sub- 
ducting sea floor and the rocks above. 

Sta-Aoor spreading also explains the 
young age of the rock of the sea floor as 
a d  by the loss of old sea Boor through 
subduction into the mantle. 

Plates am w m p d  of blocks of fidm 
phm dq on a plastic r z r t k o q h m .  Plates 
mow away from spmdmg a m ,  which add 
nm sea floor to the trailing adges of the plates. 

An apparent confirmation of plate 
motion came in the 1960s with the correla- 
tion of marine m g m i c  anomalies to mag- 
mcic -& by Vine and Matthew. The 
origin of magnetic anomalies at sea appar- 
ently is due to tbc recording of normal and 
reverse magnetization by dikm that intrude 
the cmt of the midsceanic ridge, then split 



W u a k  distribution and &st- 

strike-slip (transform) Mts and shallow- 
foclls&q&. 

Conqmt p h  boudrics a n  cuLx 
d d w h n  or continend cof in .  Subdlm- 
ing plate b u n h i e s  are marked by uenches, 
low heat flow, Benioff zoncs, andesitic vol- 
mnism, and young mouncain belts or island 
am. Continental-~~llision boundaries have 
shallow-bas d q h  and form young 
mountain belts in continental interiors. 

The distribution and origin of most vol- 
canoes, mrthquakcs, young mountain belts, 
and major =-floor ftarurcs can be mplained 
by plate ccctonim. 

Plate motion was once thought to be 
c a d  by tarnntlc commion (either shallow 
or deep), but is now attributed to the cold, 

dense, leading edge of a subducting plate 
pulling the rest of the plate along with it 
(slab-plrll). Mates near mid-oceanic ridges 
also slide down the doping lithosphere- 
asthenosphere boundary at the ridge (ti&- 

piub). T d d o n  may help continenn 
diverge. 

M#n& plumes are narrow columns of 
hot, rising mantle rock. They cause flood 
Wtp and may split continents, causing 
plate divergence. 

An aseismic ridge may form as an 
oceanic plate mwes over a mantle plume act- 
ing as an eruptive center (hot spot). 

suMuction 78 
transform hdt 84 
cransfbrm pha boundary 80 



1 17. Discus. possible driving mecharusnu for plate tectonic 25. What would you mom e!qxct co find at ocean-cean 

1 & Describe the variorrs typ~s of 
fexurcs associated with them. 4 yw most acpecr to find at mean-continent 

19. What isarnan mnvergenoe! (a) magmatic arc (b) summ zone Ic) island ax 
\ \I\\ \ \ \  

. Whar would p u  masr cxpm to ma at continent-continen 
atic arc (b) sumre zone (t) island arc ., 

21. The sliding of the sea floor beneath a continent or tslana 
called (a) rotation rb) tension Icl aubdurrion (d) polar ns are cmted at (a) divergent plate '. 

wandering hults (c) convergent plate boundaria! 

22. In cross section, the plates are part ofa rigid outer shell of the thought to be the result of 
>! 

earth called the (a) lithosphere (b) asthenosphere (c) crust {a) arbductiDn (b) mid-oceul ridge mlcanics (c) mantle p l d  
id) ocean-0- mnvngenm 

nrr urnd'at  diverging plate boundaries 

wandering (b) sea Boot magnetic anomalies (c) continental drip (b) in lava ~ O W S  (c) in A 

(d) midsccan ridga 

24, The San Andreas Fault in California is a (a) normal fault 

Expaiidi~lg Your Ki~owledge 
1, Plare tmonia help mol the earth as hot 

mantle rock risw ntar the surfjlce at ridge 
cmts and mande plumes. What can we 
assume about the internal temperam of 
other planets that do not seem to haw 
plate tectonics? Whae would happa! to 
earth's internal tcmpcraturc if the plaacr 
stoppi moving? 

2. Are ridge ofiets along Fracture zones 

easier to -plain with mulde-deep 
convection cawkg plate motion or with 
shallow convection occurring as a m l t  
of plate motion? 

3. Why are m d e  plumes narrow? What 
conditions at the ammantle boundary 
could aust the brmation and rise of a 
mushm-shaped plume? 

4. The &pull and *push 

-- 

mechanisms of plate morion may 
operate only after a plate starts to move. 
What starts plate motion? 

5. If subducting plates can penetrate the 
670-kilometer mantle boundary, and 
perhaps sink all the way to the base of ' 
the mantle, why are there no 
&quakes dceptr than 670 
kilometers? 
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