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by changes in seismic wave velocity, which 
reveal that the mantle contains a number of 
sublayers (Figure  1.2 ) as discussed below.   

  Upper  m antle and  t ransition  z one 

 The uppermost part of the mantle and the 
crust together constitute the relatively rigid 
 lithosphere , which is strong enough to rupture 
in response to stress. Because the lithosphere 
can rupture in response to stress, it is the site 
of most earthquakes and is broken into large 
fragments called plates, as discussed later in 
this chapter. 

 A discrete  low velocity zone  (LVZ) occurs 
within the upper mantle at depths of  �  100 Ð
 250   km below the surface. The top of LVZ 
marks the contact between the strong litho-
sphere and the weak asthenosphere (Figure 
 1.2 ). The  asthenosphere  is more plastic and 

ß ows slowly, rather than rupturing, when 
subjected to stress. The anomalously low 
P - wave velocity of the LVZ has been explained 
by small amounts of partial melting (Ander-
son et al.,  1971 ). This is supported by labora-
tory studies suggesting that peridotite should 
be very near its melting temperature at 
these depths due to high temperature and 
small amounts of water or water - bearing min-
erals. Below the base of the LVZ (250 Ð
 410   km), seismic wave velocities increase 
(Figure  1.2 ) indicating that the materials are 
more rigid solids. These materials are still part 
of the relatively weak asthenosphere which 
extends to the base of the transition zone at 
660   km.   

 Seismic discontinuities marked by increases 
in seismic velocity occur within the upper 
mantle at depths of  �  410 and  �  660   km 
(Figure  1.2 ). The interval between the depths 

     Figure 1.2     Major layers and seismic (P - wave) velocity changes within Earth, with details of the 
upper mantle layers.  
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     Figure 1.6     Model showing 
the growth of ocean basins 
by sea fl oor spreading from 
the ridge system following the 
complete rifting of 
continental lithosphere along 
a divergent plate boundary.  
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     Figure 1.7     Map of the ocean fl oor showing the distribution of the oceanic ridge system.  (Courtesy 
of Marie Tharp, with permission of Bruce C. Heezen and Marie Tharp, 1977;  ©  Marie Tharp 
1977/2003. Reproduced by permission of Marie Tharp Maps, LLC, 8 Edward Street, Sparkhill, NT 
10976, USA.)  (For color version, see Plate 1.7, opposite    p. 248 .)  
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     Figure 1.9     Model depicting the production of 
alternating normal (colored) and reversed 
(white) magnetic bands in oceanic crust by 
progressive sea ß oor spreading and alternating 
normal and reversed periods of geomagnetic 
polarity (A through C). The age of such bands 
should increase away from the ridge axis. 
 (Courtesy of the US Geological Survey.)   
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sphere exceeds that of the underlying asthe-
nosphere, subduction occurs. 

 The formation of oceanic lithosphere by 
sea ß oor spreading implies that the age of 
oceanic crust should increase systematically 
away from the ridge in opposite directions. 
Crust produced during a period of time char-
acterized by normal magnetic polarity should 
split in two and spread away from the ridge 
axis as new crust formed during the subse-
quent period of reversed magnetic polarity 
forms between it. As indicated by Figure  1.9 , 
repetition of this splitting process produces 
oceanic crust with bands (linear magnetic 
anomalies) of alternating normal and reversed 
magnetism whose age increases systematically 
away from the ridge (Vine and Matthews, 
 1963 ).   

 Sea ß oor spreading was convincingly dem-
onstrated in the middle to late 1960s by pale-
omagnetic studies and radiometric dating that 
showed that the age of ocean ß oors systemati-
cally increases in both directions away from 
the ridge axis, as predicted by sea ß oor spread-
ing (Figure  1.10 ).   

 Hess  (1962) , and those who followed, real-
ized that sea ß oor spreading causes the outer 
layer of Earth to grow substantially over time. 

If Earth Õ s circumference is relatively constant 
and Earth Õ s lithosphere is growing horizon-
tally at divergent plate boundaries over a long 
period of time, then there must be places 
where it is undergoing long - term horizontal 
shortening of similar magnitude. As ocean 
lithosphere ages and continues to move away 
from ocean spreading centers, it cools, sub-
sides and becomes more dense over time. The 
increased density causes the ocean lithosphere 
to become denser than the underlying asthe-
nosphere. As a result, a plate carrying old, 
cold, dense oceanic lithosphere begins to sink 
downward into the asthenosphere, creating a 
convergent plate boundary.   

  1.4.2   Convergent  p late  b oundaries 

 Convergent plate boundaries occur where 
two plates are moving toward one another 
relative to their mutual boundary (Figure 
 1.11 ). The scale of such processes and 
the features they produce are truly awe 
inspiring.   

  Subduction  z ones 

 The process by which the leading edge of a 
denser lithospheric plate is forced downward 
into the underlying asthenosphere is called 
 subduction . The downgoing plate is called the 
subducted plate or downgoing slab; the less 
dense plate is called the overriding plate. The 
area where this process occurs is a subduction 
zone. The subducted plate, whose thickness 
averages 100   km, is always composed of 
oceanic lithosphere. Subduction is the major 
process by which oceanic lithosphere is 
destroyed and recycled into the asthenosphere 
at rates similar to oceanic lithosphere produc-
tion along the oceanic ridge system. For this 
reason, subduction zone plate boundaries are 
also called  destructive  plate boundaries. 

 The surface expressions of subduction 
zones are  trench Ð arc systems  of the kind that 
encircle most of the shrinking PaciÞ c Ocean. 
Trenches are deep, elongate troughs in the 
ocean ß oors marked by water depths that 
can approach 11   km. They are formed as the 
downgoing slab forces the overriding slab to 
bend downward forming a long trough along 
the boundary between them. 

 Because the asthenosphere is mostly solid, 
it resists the downward movement of the 
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indicating that they may not penetrate below 
this. Seismic tomography, which images three -
 dimensional variations in seismic wave veloc-
ity within the mantle, has shed some light on 
this question, while raising many questions. 
A consensus is emerging (Hutko et al.,  2006 ) 
that some subducted slabs become dense 
enough to sink all the way to the core – mantle 
boundary where they contribute material to 
the D ″  layer. These recycled slabs may ulti-
mately be involved in the formation of mantle 
plumes, as suggested by Jeanloz  (1993) . 

 Subduction zones produce a wide range 
of distinctive Earth materials. The increase 
in temperature and pressure within the 
subducted plate causes it to undergo signifi -
cant metamorphism. The upper part of the 
subducted slab, in contact with the hot asthe-
nosphere, releases fl uids as it undergoes meta-
morphism which triggers partial melting. A 
complex set of melts rise from this region to 
produce  volcanic Ð magmatic arcs . These melts 
range in composition from basaltic – gabbroic 
through dioritic – andesitic and may differenti-
ate or be contaminated to produce melts of 
granitic – rhyolitic composition. Melts that 
reach the surface produce volcanic arcs such 
as those that characterize the  “ ring of fi re ”  of 
the Pacifi c Ocean basin. Mt St. Helens in 
Washington, Mt Pinatubo in the Philippines, 
Mt Fuji in Japan and Krakatau in Indonesia 
are all examples of composite volcanoes that 
mark the volcanic arcs that form over Pacifi c 
Ocean subduction zones. 

 When magmas intrude the crust they also 
produce plutonic igneous rocks that add new 
continental crust to the Earth. Most of the 
world ’ s major  batholith belts  represent plu-
tonic magmatic arcs, subsequently exposed 
by erosion of the overlying volcanic arc. In 
addition, many of Earth ’ s most important 
ore deposits are produced in association 
with volcanic – magmatic arcs over subduction 
zones. 

 Many of the magmas generated over the 
subducted slab cool and crystallize at the base 
of the lithosphere, thickening it by underplat-
ing. Underplating and intrusion are two of the 
major sets of processes by which new conti-
nental crust is generated by the solidifi cation 
of melts. Once produced, the density of con-
tinental crust is generally too low for it to be 
subducted. This helps to explain the great age 
that continental crust can achieve ( > 4.0   Ga). 

 Areas of signifi cant relief, such as trench –
 arc systems, are ideal sites for the production 
and accumulation of detrital (epiclastic) sedi-
mentary rocks. Huge volumes of detrital sedi-
mentary rocks produced by the erosion of 
volcanic and magmatic arcs are deposited in 
forearc and backarc basins (Figure  1.12 ). 
They also occur with deformed abyssal sedi-
ments in the forearc subduction complex. As 
these sedimentary rocks are buried and 
deformed, they are metamorphosed.    

  Continental  c ollisions 

 As ocean basins shrink by subduction, por-
tions of the ridge system may be subducted. 
Once the ridge is subducted, growth of the 
ocean basin by sea fl oor spreading ceases, 
the ocean basin continues to shrink by sub-
duction, and the continents on either side are 
brought closer together as subduction pro-
ceeds. Eventually they converge to produce a 
continental collision. 

 When a  continental collision  occurs (Dewy 
and Bird,  1970 ), subduction ceases, because 
continental lithosphere is too buoyant to be 
subducted to great depths. The continental 
lithosphere involved in the collision may be 
part of a continent, a microcontinent or 
a volcanic – magmatic arc. As convergence 
continues, the margins of both continental 
plates are compressed and shortened horizon-
tally and thickened vertically in a manner 
analogous to what happens to two vehicles in 
a head - on collision. In the case of continents 
colliding at a convergent plate boundary, 
however, the convergence continues for mil-
lions of years resulting in a severe horizontal 
shortening and vertical thickening which 
results in the progressive uplift of a mountain 
belt and/or extensive elevated plateau that 
mark the closing of an ancient ocean basin 
(Figure  1.13 ).   

 Long mountain belts formed along conver-
gent plate boundaries are called  orogenic 
belts . The increasing weight of the thickening 
orogenic belt causes the adjacent continental 
lithosphere to bend downward to produce 
 foreland basins . Large amounts of detrital 
sediments derived from the erosion of the 
mountain belts are deposited in such basins. 
In addition, increasing temperatures and 
pressures within the thickening orogenic 
belt cause regional metamorphism of the 
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     Figure 1.13     (a) Ocean basins shrink by subduction, as continents on two plates converge. 
(b) Continental collision produces a larger continent from two continents joined by a suture zone. 
Horizontal shortening and vertical thickening are accommodated by folds and thrust faults in the 
resulting orogenic belt.  

⎧⎨
⎩

⎧⎨
⎩

Volcanic
arc

Sea level
Trench

Asthenosphere

Asthenosphere

Orogenic belt

Continental
crust

Oceanic
crust

Sediments Folds Thrust
faults

Normal
faults

Rising
magma

Relative plate
motion

Suture
zone

(a)

(b)

Lithosphere

Lithosphere

Extensional
backarc

basin

Volcanic–
magmatic

arc

Sea level

Continental
crust

Sediments
and deformed

sediments
Oceanic

crust

Asthenosphere

Lithosphere

Relative motion
of lithosphere

Rising magma
Asthenosphere
flow

Forearc
basin

Forearc
high

Subduction
(accretionary)

complex
trench

⎧
⎨
⎩

     Figure 1.12     Subduction zone 
depicting details of sediment 
distribution, sedimentary basins and 
volcanism in trench – arc system 
forearc and backarc regions.  
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fl oor was spreading away from two adjacent 
ridge segments in opposite directions, the 
portion of the fracture zone between the two 
ridge segments would be characterized by 
relative motion in opposite directions. This 
would produce shear stresses resulting in 
strike - slip faulting of the lithosphere, frequent 
earthquakes and the development of a trans-
form fault plate boundary. The exterior por-
tions of fracture zones outside the ridge 
segments represent oceanic crust that was 
faulted and fractured when it was between 
ridge segments, then carried beyond the adja-
cent ridge segment by additional sea fl oor 
spreading. These portions of fracture zones 
are appropriately called healed transforms or 
 transform scars . They are no longer plate 
boundaries; they are intraplate features 
because the sea fl oor on either side is spread-
ing in the same direction (Figure  1.15 ).   

 Transform plate boundaries also occur in 
continental lithosphere. The best known 
modern examples of continental transforms 
include the San Andreas Fault system in Cali-
fornia (Figure  1.16 ), the Alpine Fault system 

     Figure 1.15     Transform faults offsetting ridge 
segments on the eastern Pacifi c Ocean fl oor 
off Central America. Arrows show the 
directions of sea fl oor spreading away from 
the ridge. Portions of the fracture zones 
between the ridge segments are transform 
plate boundaries; portions beyond the ridge 
segments on both sides are intraplate 
transform scars.  (Courtesy of William Haxby, 
LDEO, Columbia University.)  (For color 
version, see Plate 1.15, between    pp. 248 and 
249 .)  

on either side slide horizontally past each 
other, transform fault systems are a type of 
strike - slip fault system. 

  Transform faults   were fi rst envisioned by 
J. T. Wilson  (1965)  to explain the seismic 
activity along fracture zones in the ocean 
fl oor.  Fracture zones  are curvilinear zones of 
intensely faulted, fractured oceanic crust that 
are generally oriented nearly perpendicular to 
the ridge axis (Figure  1.15 ). Despite these 
zones having been fractured by faulting along 
their entire length, earthquake activity is 
largely restricted to the transform portion of 
fracture zones that lies between offset ridge 
segments. Wilson  (1965)  reasoned that if sea 

     Figure 1.16     Fracture zones, transform faults 
and ridge segments in the eastern Pacifi c 
Ocean and western North America. The San 
Andreas Fault system is a continental 
transform fault plate boundary.  (Courtesy of 
the US Geological Survey.)   
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