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[t is important, however, t0 distinguish between erosion/planation surfaces from rock cut

—_——

structural benches. Erosion surfaces cut across geological formation and structures while
S __-________——-\——"-'_ d

structural surfaces are structurally controlled. For example, if a horizontal soft rock bed |
- e — il = ___._._—-—-_'_'__'_-—‘.

verlies horizontal résisiﬁnt rock beds, soft rock beds are more or less UHM
tt

hus are almost entirely removed and undetlying relatively hard rock beds are exposed to

environmental processes. The surface of such lithological formation is called structural |

surfaces. On the other hand, erosion surfaces are formed due to erosion of different rock
bt

types (hard and soft) and different geological structures (folded faulted) alike. Howeyef, as

I

yxw
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‘The Puzzling Fossil Record.
:“’egener also found evidence for continental 'drift in the distribution of certain fossils. For

examnple, identical species of the Permian reptile Mesosaurus had been found on both sides of the
‘South Atlantic. Although it was a marine reptile, Mesosaurus was not thought to be a strong sWim-
mer and, like the modern alligator, would not have been ahle to swim across an entire ocearn.

S‘n’ulariy, fossils of the Triassic reptlle Cynognathus had bcen found in South America and Africa,

whie those of the Triassic reptile Lystrosaurus had been found in Antarctica, . Africa, aflt_lr-_[_l’_lil_fi_

a—

Today these continents are separated by major oceans. While it is conceivable that Lystrosaurus, a - _

shezp-sized, land-dwelling reptile, could have walked from Africa to India, it certainly could not

'ﬁA:
MLgOSOMAUL o gnathus 1n S
. %n%%‘ltﬂ.ﬂw

R A qu
Wegener found similar evidence in the distribution of an ua ual, apparently stunted assemblage of

fossil ferns known as the Glossopteris Flora. Characterized by a small number of readily identifi-

have crossedithe polar ocean to Antarctica.

able species, this unique flora of Late Paleozoic ferns tiad been fotind in South America, Souih

Africa, India, Australia, and Antarctica, as well as in the Falkland [slands and Madagascar. Because

—

the seeds of Glossopteris were several millimeters across, they could not have been carried great
-

distances by the wind and are unlikely to have been able to float. As birds had not yet evolved to
carry the seeds. ' 8{639-6\9%2 S'A, o, M‘-j Aus

The seemingly paradoxical distribution of fossil specics such as Mesosaurus, Cynognatfius,

Lystrosaurus and the Glossopteris Flora was also readily accounted for on Wegener’s maps which
rer ssembled the southem continents into a single Tandmass by closing the intervening oceans. Wllho ut

o<eans to cross, thedlslnbullon of these and other species posed no dilemmas. But those opposed
n'l

to wntmental drift were forced to advocate the improbable existence of former “land bridges” that
_____-_'—-—l—|_
had at one tim connected.the prcsenL continents but which had now sunk below the surface of the

oceans. e
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which reaches as far as the Aleunan trench, a dlstancc 0f2500 km ¢! 55(} mi). Adding the Emperol
Seamounts produced a bend in the chain whlch Jason MOl‘gan in keeping with his sdeaiat manile |
plumes, attributed to a change in the dtrecnon of movement of the Pacific plate.at the age of the |
seamount at the bend, about 40 million years, ago Because hotspots remain more or less Stﬂllonary’
- seamoum chains Erovxde evidence of" lhe dir ectnon and'speed of the [&te on which thgy sit, whlle

past plate configurations can be reconsttucte-:l by sliding the plate back; towards the present hotspot

along the seamount track. Hence the bend between the Hawaiian and meeror chains suggested to

Morgan that the presently northwest;moving Pacific plate had been moving directly north prior t

. 40 million years ago. This idea has since bee:'n borne out by daﬁng,, the progressive northwestward
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0ceanic ridge, accounting for the large number of hotspots located at or close to the Mid-Atlantic _

mdge and the mid-oceanic ndges of the southern Indian Ocean
: In contrast to hotspots hke Hawaii, continental hotspots must burn their way through many k:lome-

—

: - ters of granitic continental crust. As a result; their record of activity suggests long volcanic silences -

and short cataclysmlc explosmns of pyroclasstlc -material. The reason for this is that mantle derived

e ———— -

bgsaltlc magma is sufﬁmentl_v hot to melt the granitic continental crust during its ascent. Melting of

continental crust produces magma with the same composition as granite. This gas- -rich magma is -
| less dense but more viscous than basalt, so that although it rises more rapidly, it retains its gases
-allowing pressures to build explosively. Bulging beyond capacity, the ground above the magma

cha:r-lﬁer finally cracks, releasing the pressure and triggering _a_«__:_a_tas_tfp phic eruption. Only after this

does the deeper basaltic magma flood out as lava flows. :
Su}:h is the history of the Yellowstone hotspot in Wyoming, whlch is manifest at the Earth’s surface:

tociay by hot springs, gcysers and other hydrothermal activity. Although we do not associate’

Scanned by CamScanner



?__l___.____—» ade o) "“"‘Va AL BAALS Y
irﬁagined. And while there may be many forces influencing plate motion, the main driving mecha-

nism isclear. It is the flow of heat from the interior of the plaget to its surface. : ; \
{

i

i

Basically, plate movement occurs as a result of the convective c‘igglat'ion of the Earth’s heated

interior and is powered by the decay of naturally occurring mdioacb%clemmm in the mantle. This

convective circulation locally causes plates to move apan'_or spread, to come together orcollide, or
to shide-past each other in translation. However, how convection actually makes the plates move is 'n-‘-:
* - L3 L i — i\ -
ﬁpoorly understood. O wnAresH e ut.—l‘\’uulh:ldqﬂ £ coseihle g aded
self-propelled. The Maridnas-type subduction _l .

In ‘the Pacific Ocean, the plates may be
typical of the western Pacific occurs because of the gravitational instability of old, dense oceanic

crust. As the leading edge of the plate subducts, its weight pulls the rest of the plate when enough 1

hangs over the edge. This force is called slab pull and occurs because the subducting lithosphere 116 {
=

denser and heavier than the asthenosphere through which it is sinking. But plate motion also occurs
|

in the Atlantic where there is very little subduction. Yet it is clear that the opening of the Atlantic

Ocean has resulted in thé westward drift of North and South America, and the eastward drift o

g

Europe and Africa. Here the plates may be partially propelled by sliding off the Mid-Atlantic Ridge..

This gravitational force is called ridge push, the elevated position of the ridgg allowing the plate to
] Deepvseaied convective circulation may also drive the plates, d

simply slide downhill like a t
the hot mantle nsing beneath ridges and spreading out laterally below the lithosphere, propelling

n|this case the plates move like rafts in a moving stream. The force by

the plates as it girculates. T
which this motgm of the as

| i

tle drag. ° == :
mantle rg é—] ~ W&d&&a.

enosphere may carry the plates along (or slow them down) is called

-
Main

ik as r ra
7 -1—’{‘-".:-:r ] f'ri' N f.r{..r:‘?

-

-

P © glop pult  ditsiuy  dubdueion
M (B o dne b ‘ MOR,  aldfvg
SRS Loted conveitdy  (Mawkle U
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The most important of these forces appears to be slab pull because the fastest movmg plates, like [gugﬂl)
the Cocos and Nazca plates of the eastern Pacific, arc those with the greatest lengths of subducting h
edges in relation to their size pulling t@@o__nﬂ,. On the other hand, because non-subductmg 7. y
plates like that of the North American plate also move, ridge ush rha also be I important. The role- )t Ye

of mantle draﬁ 1% uncertain. If it was a major driving force, those plates with the largest surface areas ize J

over which the force could operate, should be the fastest moving. N qlab P;L!

The fact that they are nosuggests that it is a drag force which Oppow‘b pull and ridge gdsh 'md e/z.,

slows the plates rathe;,&hﬁﬁ’ carnies them, The_presence of contlnenl_[_qmsl_alsg_slmzzs_plalﬂs-ﬂﬁm N anici |
The deep roots of the continental lithosphere may exert a drag as they plough through the astheno-

sphere, much like a sea anchor slows the movement of a boat. '. ‘ N el
. . : : : ' ¢ Rt
Clearly, there is much to be learned about the driving mechanisms behind plate motion. Ata more ‘;‘;ﬁ‘

fundamental level, however, we know it is some form of thermal convection in the mantle that is

ultimately I:E—Spoﬂsiblﬁ for their movement. Thermal convection is a pattern of circulation ina fluid .
in which hot matetial rises and cools while cold material sinks and is heated, In the mantle, up- \
welling of hot mantle material to hotspots or ridges is coupled by rigid plate motion to the .
downwelling of cold dceanic Ilthosphere at subduction zones. In this sense, plate motion is simply \

a near-surface manifestation of mantle c1rculatlor:

A o e S TSRS d e a e G T —
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In Summary,

the principle of ; _ -
. . Ple of isostasy ¢ { T .
in the Earth’s crusy, | Y describes the state of buoyant equilibrium lha? exists

taccoun & : ] L :
e s : 's for the contrasting elevations ofthe continents and ocean floors, and
¢ striking relationgh; ' '

P between the Crustal thickness and surface elevation of the continents. It
-also demonstrates thy ' '

. the Earth’s Crustal fragments and the plates in which they are embedded -
effectively “float” op :

- ik T _
. - Pliable mantle below. Crustal erosion is consequently compensated by
150static rebound. Thjs :

s rebound not onlydrives the rock cycle but has also eliminated entire moun-
ain be at . . )

t may have once nivaled the Himalayas, In (he process, the crust may be uplified by as. - _
G50 Y, (30 mi). Yet this distanc ' ;

- - I I - : - %
. € 15 liny compared to the horizontal distances moved by
plates. Because plates effectively.

' “float” they are also free to move sideways and can be carried in
this way for th : : : I oy T
; 4 , thousands of kilometers by circulating currents within the Earth’s heated interior. This
is the moti i - o e . .

on that drives Plate tectonics, and it is to this movement and the plate boundaries along

| Sigid, fokodockivg  Llakt Lke
CCdromoanazs Arapree

nics, the Earth’s lithosphere is broken into rigid, interlocking
; = '
slabs like fragments of a cracked eggshell. All plates

Earth. But
""—"—'—--_

which it occurs that we now tum.'

Recall that according to plate tecto

are curved because they are part of a sphericar
unlike the cracked eggshell, the lithospheric fragments we call plates float on a dense,

pliable asthenosphere, and are therefore free to move relative to each other like rafis floating on a
stream. As a consequence, ali plates must interact with neighboring | plates aloﬁg their mutuzl bound-
aries. In the simplified case of Figure, movement of plate A to the left requires it to slide along it
top and bottom margins, while an overlap is produced in front and a gap i1s created behind. The
margins of Plate A therefore simultaneously cxperiénce three types of motion. At the rear, its
motion relative to Plate B is one of separation and extension. At the front, it is one o é{:ggergence
and compression. Along its top and bottom margins, it is one of translation or shear. b

Actual plate boundaries behave in much the same way as Plates Aand B- separating, col-
liding, or slfc:iing pasteach other. The three types of plate boundaries that result from thcséin_t;rac-

tions are termed divérgent, convergent, and transform boundaries depending on thei r sense of move-

L

ment. As reasoned by Vine and Matthews, divergent plate boyndaries, where two plates move
apart, are marked by spreading centered on a mid-oceanic ridge and create new oce_lic lithosphere.
Because these boundaries form new crust, they are often called constructive margins. Convergent
plate boundaries, where two plates are in collision, are marked by subductiof zones along which
u}tive

o ; >
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Divergent Boundaries Creating Oceans

At divergent i j ' ' l
gent plate boundaries, where plates move apart, continents may be tomn in two to formnew .

anic lithos
A

lavas and the rocks be-

neath them cool and thj ckento formari gid

.____oceans. Where these : ; : .
ALS. Whe occurs new oce phere is created by sea floor spreading at mid-oce-

anic ridges as the

*layer. The birth of oceans starts on dry land
. T——————Sansondry land
Me breakup of a continent. When two

plates start to S€parate, basaltic magma

rises from the mantle below, and the over- -

lying lithosphere bul : ' .

ges. As more magma Div T AL e »
= . “Pce Ophio Uty Co
1S inserted. into the continental crust |j : P H'Pk;t'. '
wedges into wood, l:he crust strqtcpéliﬁd thins. Rising batches of magma create a line of separa-
tion, and in the carly stages of riiaag, continental blocks settle into faults in much the same way that

-

the keystone of an arch wo i : _This

ntf’ ahﬂmmmﬁﬁ&d%ﬁoﬁmmln addition to-flows of basaltic
lava. When the rift has tor completély through tlie continent and reaches 4 cosstline. seawater’

dsiinfand the first shallow marine sediments are deposited on the rift flooASithei

- A0
e e 2 a2

M onunenial
lates separatc further more waier J6vs in and pwelling riagia Staris o biild new basalfic occh

floor, A small but progressively widening acean develops between the now drifting contineﬂs. The

thinned margins of the continents slowly subside as they move away from the heat source at the

zone of divergence, and are progressively flooded and covered by unfaulted sedimentary rocks to

form continental shelves. -
:-—'__—__—-—-____-__H-

In this way, continental rifting creates two plates ffm one and prédiices an ocean centered

along the original line of separation. Once the two continents have separated and oceanic crust has

developed between them, the divergent plate boundary between the two plates is a mid-oceanic
_ridge, a submarine mountain chain buoyed by underlying mantle heat. At the highest point of the
— - ‘____-'-—-_t____—l—l

tidge, basaltic ocean crust is created by sea-floor separating. As the plates move apart, fractures

open in the rift valley at the ridge crest and are continually filled but magma derived from the hot,,

partially molten mantle below. Fhe near-vertical sheets of basalt that are produced by the filling of -

fractures are called dikes. In this way, new oceanic c¥t is continually inserted at the summit of the

ridge, and all previously formed ocean qoor is progressively wedged further and further apart. This

4 s RECTION

Main ' UTE FOR TAS EXAMINATION
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jmiplies that the crust is newest at the spreading ridpe and gets pr ogressively older with i increasing
o the center of a

distance from the ridge crest. The process is like inserting a- scnes of books int

—

. bookshelf such that the newer books push the. older ones apart. As older ocean floor is carried away

from lhc ndgc 1l cools, contracts, and suhs:dcs asitdoes so, and a fu" ocean lhousands kallcf[_“e_‘ I

ters across is Opcned asa resuIt

Over the past 200 million years, just such ) a,_igtbﬂ-'“-
a process created the Atlantic Ocean. . A _ : 3
The present-day, Atlantic can therefore & ATT /- £ :
be visualized as a giant expanding, bath- : : :

® Ilqumt and ‘}"wtm 9” J""‘# 3ene

tub, bordered by the Americas to the
west, and by Europe and A frica to the edst, with a continuous ridge running down its center that is
. anchored to the base of the bathtub and rises to withina few inches of its water surface.
Asimilar process in its early stages can be seen operating in East Africa, WM
cuts across Ethiopia southward to Mozambique, a distance of 4500 km (2800 mi). Along this

divergent plate boundary a slab of conti-
nental lithosphere known as the Snméli

plate, may one day split from Africa. As

rifting takes place, magmas rise to fill the
i Ly - el s

fissures so that volcanoes are common-

~ Genexahen of Gneas Lta

place, the largest, Mt. Kilimanjaro in

Kenya, rising over 5750 m (19,000 ft) to
—_‘ .
form Africa’s highest mountain. To the north, where the rift system is flooded by the Red Sea and

the Gulf of Aden, separation has reached the next stage with the birth of a new ocean between
-Africa and the Arabian Peninsula. All three arms of the rift system meet in Eliliopia*s “Afar
Triangie” to form a Y-shaped plate junction known as a triple point. '
The Earth's system of divergent plate boundaries forma network of mid-oceanic ridges that girdl%‘.
the globe like a seam-on.a baseball. The tates of divergence on this system vary significantly, :
ranging from a rapid 17 émfyeaf Rift Valley. Mid-oceanic ridges are found in all of the '.»mrld‘sl | J
. major oceans and form an interconnected system of undersea mountains that rarely break the sut-
face, but which rise two to three km (6500 to 10,000 ft) above the surrounding sea floor and stretch
continuously for 65,000 km (40 000 mi). Typ:cal]y their summits are one to five km (0.6 to 3 mi)

below the ocean surface.

The mid-oceanic} ridges cons?!ulc the greatest mountain range on Earth. They are mountains be-
. a E . : its
cause they rise a‘,bow: lhel ab ‘Ssa] plaigs of the-surrounding ocean floor, although their summts

47 -

Main

Scanned by CamScanner



7 e |
rarely stand above sea level so they are mostly hidden from view by a cover of ocean water. Only in

Iceland does a significant portion of a mid-oceanic ndge (the Mid-Atlantic Ridge) rise above the -

surface of an ocean. _
Mid-oceanic ridges on land, however, are quite unlike the more familiar mountain ranges on land,
- which owe their origin to compression and thickening of continental crist along zones of plate
. convergence. Mid-oceanic ridges are, by contrast, the products of extension and sgpa:atiofl The rift

- valléy at their summits, where basaltic lavas erupt to create new oceanic crust as the sea floor

spreads, is evidence of th]S extension. They are therefore high not because they are being com-
Eressed but because they are swollen with heat, being thermally buoyed by the hot mantle beneath.

As sea-ﬂoorsgn:admg cames the oceanic Crust away from a ridge, the the cooling seabed subsides and

ulumatcly becomes part of the flat abyssal plam of the decp ocean. So mid-oceanic ridges are broad
areas of thermal upllft In consequence, they tend to be far wider than most continental mountam/f :

bells and as th_Y are thermally buoyed, they do not require a crustal root to support their weigtit.

%@ continental mountains, therefore they are not in isostatic equilibrium like an iceberg, but

rather are in thermal equilibrium, being only as high as they are hot.

Rift valleys continue to develop at the crests of mid-oceanic ridges for the same reason that they
form where continents are tearing apart. The influence of mantle heat not only uplifts the mid-
oceanic ridge, it also stretches the oceanic crust, causing settling or subsiding. The mechanism of
subsidence can be likened to the collapse of a row of unsupported books on a bookshelf. If an
additional book is tnserted into the middle of the row, and the row has no bookends, the books will
tip over and slide against each other as they fall. The pattern formed By the fallen books is similar to
that produced by the collapse of fault blocks at mid-oceanic ridges. -

Although only a few hundred kilometers of the mid-oceanic ridge system has been diréclly
explored, it has been extensively probed by geophy_sicﬁl instruments and is known to form high,
jagged peaks in the Atlantic and smoother, broadt_:rl ranges in the Pacific, abruptly changing from

‘one shape to the other in the Indian Ocean. Differences in ridge topography .reﬂect variations in the

rate of sea-floor spreadmg As pceamc crust spreads away from mld-oceamc ndges it cools and

subsides. How far the crust movcs away from the ndge before it subsides to the level of the abyssal
plain, however, depends on the spreading rate. AIOng slow-spreading ridges, the ocean floor does
not move far before cooling so that the subsidence occurs close to the ridge. Along fast-spreading
ridges, in contrast, the ocean floor can move much further fron'_l the ridge before it cools and sub-
sides. Thus the slow-spreading Mid«AlIantic Ridge is narrow and steep whereas the fast-spreading

-

East Pacific Rise is broad and gentle. 1
jen determin

The icqtemal structure of the oceanic crust has b td by studying earthquakes at mid-
_ i i i L
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" oceanic ridges, and from the results ~of deep sca drilling and the study of suites of rocks on land that 'i
SESARERE .

are thought to preserve fragments of ancient ocean floor. As prewously mentioned; the vast major-

ity of the ocean floor is hidden from dircct observation by a cover of ocean waler. [tis also rarcly |

pn:scrved in the geolog:c fﬂcord as a result of lhe efficient recyclmg ﬂDOF b}’ 5“’3"]“""0" In rare
= b7as'it de-’

served in this wa¢ are calldd ophic '--,"Lr the Greck/phw meaning 5‘3"9'36‘
blotchy grce‘ snake-like A{JM some of\le,l{:cks lhe}/ CU“"’

deep-ocean-sediments Ia:d down in the ancient sea. Next come bulbous pillow lavas, which fonncd

—

when basalt magma was extruded onto the seabed. Then there is a layer of basalt that solidified in

conduits leading from the magma chamber to the surface to form dikes. The repeated opening of
\__._____‘_- e e —— =L

fractures by sea floor spreading produces a complex of sheeted dikes. Below these lie slowly

[

cooled, coarse-grained basaltic rocks called gabbros that once filled the magma chamber of a mid-

oceanic ridge. At the base of the sequence, dark, heavy, magnesium and iron-rich mantle rocks
 called peridotites were once part of the bottom layer of the lithosphere. Some of these peridoties are

thought to ha_vé formed on the floor of the magma chamber that fed the overlying dikes and lavas.

Here heavy crystals settling out of the magma chamber as it cgale_d would have slowly accumulated

to produce cancemrated_layers of early crystallizing magnesium-and iron-rich minerals. Some of
the other peridotites, however, ar-; truly upper mantle rocks left behind after partial melting ha.

extracted the basaltic magma to form the overlying oceanic crust.

Hence, divergence plate buundanes are those along which plates separate. They are responsible for
the rifting of continents, the openmg of oceans, the development of mid-oceanic ndges and the
creation of new oceanic. crust They are constructive plate margins, producing riew ocean floor lhal
spreads away from the hlghasiandmg mid-oceanic ridges, cooling and subsu:lmg as it does so. But
where does all this oceam{ crust go? We must examine another type of plate boundary that

associated with plate collision. It is to these convergent plate boundaries where oceanic crust meets

it fate, that we now turn.

" Convergent Boundaries - Recycling Crust and Building Continents
Assuming the size of the, Earth to be anstanl, the creation of new lithosphere must be balanced by

the destruction of old lithosphere. The contrast in the maximum ages of continental crust (up to 4
— s
billion years) and oceanic crust (less than 200 million years) suggest that the oceanic lithosphere is

DIRECTION
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preferentially destroyed. The destruction of

. 2 Yeolcan
=5 ~ AAc
-.- T

lithosphere is. accomplished at convergent
"—‘—-———._._._______

Plate boundaries where two plates overlap.
_"—-—-—._._____

What hapEns at such boundaries depends on
~ wheiher the overlapping plates are continen- -

tal or oceanic. Because of this, three type of
- convergent plate boundary are possible: ocean-
ocean, 0cean~cqn!i‘nént, and continent-conti-
nent. The two types of plate boundaries that

consume oceanic lithosphere, ocean-ocean,

and ocean-continent, have quite different char-
-_--—__'-'—\—-E_—-—-—____-__._

actcnsucs and we will examine each in turn,

But first, we must see how the overlap between < ;‘L T~ rlouplain
two I ) - - _ / — bu”’dlﬁ
plates is actually achieved, to do this, we h02
_ Conhnentaf Sh
tumn to the process responsible, that of subduc- T mv?f““:; ="
" tion.
' Subduction

Along convergent plate boundaries, two plates come together and one angles down beneath the
other in a process known as subduction. The inclined zone along which this happens is called
subduction zone. In general, it is the denser plate that is subducted beneath the lighter, more buoy-
ant one. Because of this, it is usually oceanic lithosphere that is -::onsumed. The broadly granitic
rocks of the continental crust are less dense and, hence, far more buoyant than the dense basalts of

the ocean floors. So if one of the colliding plates is continental, the denser oceanic tithosphere

angels downward beneath it. Such is the case today along the western margin of Soulh Amenc!}

where the oceanic Nazca plate plunges beneath the continental South American plate. Because o

thelr contrast in density, oceanic ]|th05pherc created at mid-oceanic ridges tends to be dcslroyed ancl

recycled, whereas buoyant continental crust is presemad

[t two oceanic plates converge, it is again the denser plale'that is preferentially consumed. However,

—

in this case, the outcome is often determined by the relative age of the converging plates. Because

——

oceanic crust cools and becomes denser as it ages, ocean-ocean convergence tends to preferentially

destroy the older oceanic lithosphere. In this way, old oceanic lithosphere is preferentially recycled

and the age of the ocean floor is kept young. Many examples of this style of subduction occur today

e

- iruhe western Pacific Ocean.

Such continent-continent convergence is ultimately inevitable if the subdu}:lion of ocegnic lithos-
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‘phere consume the ocean floor between two cnﬁtincnts When the two continents cve
e subd'uclion ‘zone.- Bul conlinental

the one on the subducting plate will be dragged down into th
lithosphere is too buoyant to be subducted completely. As a result, the PMM

ntually meet,

ntinental collision_

tually comes to a halt followmg the collision nfccmlments But the effects of co

are dramalic, when we tum our attention to the process of mountain buuldmg
Prior (o the terminal development of collisional mountains, however, other major features are char-

acteristic of the subduction process. All subduction zones, for example, are marked by earthquakes,
islands, others

de;zp ocean trenches, and volcanoes. But whereas some create curved chains of
produce explosive volcanoes on land.
Characteristics of Subduction Zones

The downgoing oceanic slab in a subduction zonc is cold and rigid, and so may penctrate dee
ur in cold brittle rock, those associated

p into

- the mantle before it is consumed. Because earthquakes occ
with subduction may therefore occur at much greater depths than the.carth

spreading ridges. (Recall that at a spreading ridge, hot magma sits rclatwcly close
rendering the crust less rigid at relatively shallow depths). In fact, earthquakes within subducting .

slab may come from depths as great as 600 km (375 mi), in contrast to the very shallow (often less

than 5 km) depths typical of earthquakes at mid-oceanic ridges. ‘Subduction zone earthquakes also

quakes associated with

to the surface,

have a variety of sources.

Some subduction zone earthquakes are generated where the cold, and therefore brittic, ocex.

plate bends before it subducts. Others occur if the downpoing slab breaks up before it 1s consunied

in the mantle. But most aré produced by S[ml]aﬂe along the subduction zone itself, where the two

plates rub together. Because rocks conduct heat very siowly, it takes a long time for the subducting

plate to heat up and become soft. Yntil this oceurs, the downgoing slab maintains its rigidity and so

is capable-of breaking along brittle, eanhquake-proliucing fractures within it unlike the far hotter

and more pliable asthenosphere that surrounds it. In fact, it is only in subduction zones that earth-

quakes can originate from depths’ of more than 100 km (62mi). Subduction zoﬁe earthquakes; Iilge

their studx. .

The site of s@duction is also marked by a deep oc%an trench where the oceanic plate bends

before sinking. Ocean trenches are produced by frictional drag between the colliding plates which

causes the subducting plate to pull the edge of the overriding plate with it. creating some the -
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E curvcd chams of volc&mc lslands are ca!lcw The curvature of island arcs rcﬂccls the

depest points on the ocean floor. At more than 11,000 m (36,000 fl) below sea level and some
5,500 m (18,000 ft) below the adjacent scabed, the floor of the Mariana Trench in the westem .

Pacific is the deepest point of the Earth’s surface.
Subduction is also marked by volcanocs which tower above the trench and are fueled by melllng

—

~ and the ascent of magmas released in or above the downgoing slab as it plunges into the Earh’s

spherical shape of the Earth, and therefore the. curvature of the surface of the subducting slab.

thrc the overriding plate is continental, however, magma rising frém thé subduction zone causes

uphﬁ of the continent’s leading edge to produce a volcanic mountain range parallel to the coast, hke

!hat ofthcAndes Mountains in South America. C:) ¢ lelewd oxc e (;- ' \éﬁitphm

, the subduction zone is commonly stezp

been affected by back -arc sprcadmg, wh1ch acuoums for the seas that occur between the islands of
secbeslger ot

the western Pacific and the coastline of Asia. The floors of the Sea of Japan and the Philippine Sea,

for example, were formed by such a process.

Types of Subduction

As lithosphere plates may be oceanic or continental, gubduction zones can be of two types: ocean-

ocean and occan-contmcm Occan trenches and volcamc tslands like the Aleutians mark the sites of

present-day dcean-ocean subduction, whereas ocean Irenchcs and volcanic mountains like the Andes
mark the sites of ocean-continent collision. These differences produce marked variations in the

characteristics of subduction zones as we will now discover by examining the two types in more
: \ ;
detail.

Ocean-Ocean Convergence
thn two oceanic plates converge, the denser plate is generally subducted. Typic'ally, the denser

] plate is also the older one, because the density of oceanic crust increases as the crust colder with

age. In fact, old oceanic lithposphere will ultimately become denser than the underlying ast_henf)s-

phere so that its eventual subduction is inevitable. The main resistance to the subduction of ]:ld
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oceanic lithosphere is its own rigidity, But this resistance is tventually overcome as the platc’s
density increases. Like a tablecloth sliding off a (ab;{;, once initiated, the subduction of old oceanic
lithosphere can become very rapid indeed, often resulting in “roll back” of the subduction zon and
the dcvelopmenl ofa back—arc basin. | : -

Thc product of subduclton is thc formauon of adeep ocean trench Eroduccd asthe subductmg plate

e ——

pulls the ﬁdgc of the. cwerndmg plate down with it, and a volcanic island arc l:kem Aleu-
llanS—T‘:ﬂM pﬁo that of the neighboring deep ocean trenches,
' implying a direct relationship to the subduction process. The curvature of both the arc and trenchis
‘ _c_:a;uscd by the §pheﬁca_l shape of the Earth. The subduction zone plunges into the Earth’s interior

like a knife cuts into an apple, fdrcirtg the trench to adbpl a curved shape, justas a dent in a ping-

pung ball adopts a circular outline. As a result, both curvatures are always convex toward the
subducting plate. '

The volcanoes that make up the island arc are the product of subduction and occur into the Earth’s
interior it is hcatéd and, when the tempemlurcs'f}emmc high enough, its ocean-floor basalts start to
melt. The slab also releases water and other gases formerly trapped in minerals and fractures in the
subducting ocean floor. These fluids rise into the wedge-shaped area of mantle (or mantle wedge)
.above the subduction zone where they promote melting of the mantle rbc ks. Those magmas derived
from the mantle wedge, like all melts from the mantle, are basaltic in composition. Those produced
by melting of the subducting slab itself are Somewhat more silica-rich and are termed “basal’i~
andesites” bec_:ause they are transitional in composition between basalts and andesiles. Both typec
of magma rise through the overriding oceanic plate and may reach the surface where eruptions
build an arcuate line of largeiy basaltic volcanoes parallel to the trench.

The gap between the trench and the arcuate line of volcanic islands (the “arc-trench gap”) reflects

the angle of subduction. Magmas can not be produced until the downgoing slab becomes hot enough

to melt; a situation that usually occurs only after the slab has reached depths of 100 k:m (62 mi) or

more. The volcanoes, which form above the point at which.melting First occurs, are consequently

offset from the treneh. Because steeply dipping subduction zones attain this depth closer to the
R [/ ] 1 -

trench than shallow-dippigg ones, magmas rising from steep subduction zones generate arcs that

are closer to trench. In either case, however, the relative posiliJn of the arc and trench can be used
to determine the direction or polarity of subduction, because subduction that starts at a trench will

always be directed toward and beneath the neighboring volcanic arc. -
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others differ : F ;

tures arelalso t]'rp‘ica! ol ocean-continent convergence but, as we shall now sc¢,
markedly. : |
Ocean-Continent Convergence -,
Unlike occan-ocean collision, sub uction beneath continents results in volcanic crupllﬂﬂs that are

o2
often hi ghty explosive and, pmduces mountains. ( Ocean-continent convergénce also shrinks oceans,
as dcnsc basaltic occaw;s subducted beneath more buoyam‘:oplm{ tal h[hosphere This kind

of subduction generates some of the Earth’s most violent internal actions.

Seventy-five percent of the Earth’ s active land volcanoes lie a]gngglde e offside lrenchcs

that reveal the lines of ocean-continent collision surrounding the Pacific Ocean. The edge of the

Pacific is under attack, its floor shrinking as it is consumed beneath as many as six different plates '
' along the subduction zones that rim this ocean. The volcanoes fueled by the subduction of its ocean
floor from the 48, 000 krm- (30,000 mi-) long Pacific Ring of Fire. As is the case for convergence
between oceanic plates, the magmas produced above these subduction zones are mainly basaltic,
and are formed by partial melting of either the downgoing oceanic slab or the overlying mantle
wedge where me.ltmg is triggered by the addition of water and riding plate is continental, however,
these fluid-charged magmas must punch their way through the continental crust. The ascending
fluid-charged magma is an efficient transporter of heat, and promotes partial melting of the overly-
ing continental crust to produce granitic melts. These coexisting but compositionally contrasting
magmas may then mix. Unlike basalt magmas which aré very fluid and permit their dissolved gases

to escape easily, continental crustal melts are more viscous or sticky because they are richer n

silicon and poorer iniron and magnesium. They are genera!ly andesitic or rhyolitic in composition,
-and are charged with liquefied gases under tremendous pressure. As the pods of meltrise to fill near  * |
surface magma chambers, these gases expand, fracturing the overlying rock and giving vent to
explosive volcanic eruptions. Magma chambers can be likened to pressure cogkers with lids of
brittle_crust. As the pressure within the chamber builds, cracks appear in the-crustal lid through ;
which the over-pressured magma su:geskupwards and.escapes violently at the suf_l'acc in the form of
a py'roclﬁstic eruption.

The devhstating pyroclastic eruption of Mt. Pinatubo in the Philippines in {une 1991, exemplifiés

the often explosive volcanism associated with ocean-continent collision. This eruption, the largest

in over 80 yedrs, blasted 5.5 cubic km (1.3 cubic mi) of ash and some 20 million tons of sulfur
dioxides into the atmosphcre in a matter of hours. By blocking out sunlight, this blanket of gas dust .
cooled theplanet IL\ degree or so for several years.

The eruption of Mount St. Helens in Washmgton State in May 1980, was significantly smaller than

that of Mt. Pinatubo, ejecting a mere 1.0 cubic km (0.2 cubic mi) of material into the atmosphere.
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: » 1L tore almost 400 m (1300 fi) from the summit of the volcano, and devastated an area
0200 square km (75 square mi). . |

Both of these devastating eryn: - e
tse devastating eruptions are examples of subduction zone volcanism and stand in sharp

the generally quiescent volcanism of

conltrast to
form such serious *pressure cookers” because ify

mid-oceanic ridges. Mid-occanic ridges do not
ey lack a thick crustal lid and the basalt maguias
they produce are pog, less viscous and [ess gas-c
oceanic ridge are also highly fractured areas tha
- ing the byild up of pressure; Mid-océanic ridge
fast-flowing lava flows

Ridge.

harges than the magmas of subduction zones. Mid-
t facililatg that ascclht of magma rather than allow-
volcanism is exemplified by the lava fountains and
ﬁlnessed on the i5|{!nf1 of Iceland, which sits astride the Mid-Atlantic

The explosi S o .
Mlcmtsm characteristic of Ocean-conlinent convergence represents only a small-

. fraction of the magniatism associated with subdu

ction. Most magma never reaches the surface, but
instead cools to form

vast bodies of plutonic rock within the overriding continental plate. This
influx of hot buoyant magma o

together with the compression that often accompanies plate conver-
gence uplifts the leading edge of the continental plate into a range of mountains par:illel to the

P@E‘EMM volcanoes associated with ocean—c-:inlinént collisions occur within
E%S_til_rp_gy_n_tgin ranges like those of the Andes or C_am |
)}f{ﬂ{mounlains yather than island arcs are themmmﬁm_m
\.A: same fim%aﬁﬁm tends to be cxpl%nd is generally of a more silica-rich ancetic ~r

. Thyolitic composition rather than basaltic. Each of these characteristics reflects the presence of a

continental plate above the subduction zone. -

Controls on Subduction: Marianas vesus Andean

Subduction at continental margins does not always cause crustal com pression. The Andes,
for example, preserve a more complex history. Some 150 million years ago, back-érc basin spread-
ing occurred in the southern Andes, opening up a back-arc basin that later closed. This'shows that
the béﬁévior of a subduction zone.can change with time. Indeed, we sometime talk of a continuum
between two end-member types of subduction Marianas and Andean. One end-membsr (Ma ianas
type) is related to the mo::e;or-[ess passive subduction of old, dense oceanic crust, which typically
oceurs in oceanic settings. The other (Andean-type) is related to the forceful subduction of oceanic
crust beneath continental plate margins.

During Marianas-type subduction, named after the Marianas Islands of the westem Pacific, a T
very old and heavy oceanic plate willingly dives beneath younger, more buoyant ocean floor so that
the process of subduction is fairly pasEi/gp. The two plates consequently meet with less force so jhat

- ) * '
major earthquakes are few, roll-back of the sinking plate is common so that back}arc basins mlm"
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and the anle of subduction is steep. In ﬁcl, part of the. hcavy downgoing slab may cven bccumc F
detached and sink into the mantle. P : @ ‘
This situation clearly contrasts with the situation in the modem Andes where there is no back-arc
spreading and mountains have developed insléad, during Andean-type subduction, named afier
——themodern:Andes, young buoyant ocean floor is “forced” to subduct. The plates consequently mee( -
with great force so that carthciuakcs are frequent and strong (releasing -a hundred times more energy
than Marianas-type systems), the angle of subduction is shallow, and compress ion ralhcr than roll-
back occurs, creating a mountain belt parallel to the oceanic trénch. ' ,
Although the Andes today are the examplc of Andean-type subduction, evidence in the Andes for
back-arc spreading (a feature of Marianas-type subduction) some 150 million years ago,
dcmonstrates that this was not always the case. This shows that the types of subduction are not
mutuall y exclusive but may change from one to the other .
Modern Japan, for example, is now part of an Andean- -type system as its recent history of destruc-
tive earthquakes testifies. Prior to 20 million years ago, however, Japan was part of a Marianas-type
system with active back-arc spreading forming the floor of the Japan Sea. Indeed, Japan was once
attached to the Russian coast of Asia, but was spalled off by back-arc extension and drifted oceanward
as the Japan Sea opened.
One cause for this change in the character of subduction wuh time is a pmgresswe decrease in the
age of the subducting ocean floor. When subduction first starts, ancient oceanic crust is consumed
which collapses into the mantle and rolls back, giving rise to Marianas-type subduction. As subduc-
tion continues, however, the subducting ocean floor becomes younger and more buoyant. It must
therefore be forced to subduct, causing compression, which closes the back-arc basin and gives rise
to Andean-type subduction. A progressive decrease in the dip of the subduction is steep whereas
that of Andean-type systems is typically shallow. Where this occurs, the site of magma generation
also changes with time, adding to the complexﬂy of the subducnon zone.
Subduction and the Growth Contmenfs . _ _ h
A progressive evolution from Marianas to Andean-type subduction may be expected to‘
accompany the closure of an ocean, because the age of the subducting ocean floor should decrease
as the mid-oceanic ridge i:pmaches the subduction zone. As a result, ocean-continent subduction 1
along the margins of a clostng ocean is likely to become increasingly Andean-type with time. The
magmas generated by this subduction will be added to the continent above the seduction Zone.
Similarly, island arcs, initially gqner}ted by Ma.nanz_ts—type subduction within the ocean basin, will

continue to grow as the ocean shrinks, but must ultimately collide with a continental margin as the

- ocean closes. In this way, subduction must ultimately contribute to the growth of continents.

56

Main -

Scanned by CamScanner



.- fault, therefore, the movement 0

* Where two plates struggle to slide past each other,

In fact, subducuon of oceanic crust is nature’s vast rccyclmg program. As dense oceanic

crust is destroyed by subduction, its destruction triggers melting and the ascent of more buoyant

magma which cool to form new continental crust in islands arcs and volcanic mountain bl‘-lls- Thus,

the granitic crust ofcontlnents is produced above subduction zones as 3 ort

tion of ocean floor. Volcanic island arcs are where continents first starl to fom!, SIOWIY gmwmg

from “microcontinents” to full-size continents as subduction proceeds with time- Because of the

buoyancy and elevation of their crust, island arcs are generally not subducted, but tend mstead to

coalesce into iarger bodles through “microcontinentl” collisiofis, or become welded to the Ieadrng

edge of larger COnlmenls when they are swept inlo ocean-continent. collision: Zones. Because ocean-

contmem subducion zones where these processes take place can only form at conlmental margins,-

subductlon-zone magmas and colliding volcanic island arcs are typically added to the edge of

continents. As a result, continents tend to grow sndeways with time such that they often have a

nucleus ofanaent rocks surrounded by progressively younger ones.

The previous sections serve to emphasize the wide range of processes associated with the
subduction of oceanic lithosphere at convergent plate boundaries. Subduction may occur beneath
oceanic crust, in which case the product is a volcanic island arc, or it may be consumed below

continental érust in which case volcanic mountains are formed. Subduction may be of Marianas or

Andean-type, or of a very intermediate between these two. Subduction causes magmatism which

may be largely plutonicor largely volcanic, and volcanism may be basaltic and quiescent, or inter-

mediate to felsic and highly explosive. Subducting also leads to collision and, this may involve

“microcontinents” and affect quite small regions, or may be climatic and involve entire continents.

No other type of plate boundary exhibits such diversity and the COmplexny of convergent margins

contrasts with the comparative simplicity of the third and last type of plate boundary, that of trans-

form faults.

Transform Boundaries- Fracturing the Land
the boundary between them is a fracture’in the

crust known as a transform fault. Plate motion here is one of horizontal translation and crust 1S

neither created nor destroyed. The plate boundaw is congequently a “conservatWe" one, m
h.._______‘__-_-
y linking two other kinds of active plate boundaries. At either end of a transform

n the fault abruptly ends and is taken up by (or is “transformed”

form fault simpl

into) movement of another kind, such as spreading, subduction, or transform motion on another

S - — e

falt S0 lhl Ihey slowly bend or deform, storing up elastic energy like a spring ever drawn tighter.

Hain..
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plate boundaries are of two principle types. The vast majority of transform faults

ink offset mid-oceanic rid es,for provides links between other ;ﬂale boundaries in an entirely

0

oceanic setting. ‘Such transform faults occur on the sea floor and are termed|oceanic transforms

Far less common are transform faults that separate two continental plates. These are termed

continental transforms and have a far greater impact off Society because they .oc
‘—-—-—l—.___-_____' i

QOceanic Transforms m

Transform faults are extremely common in oceanic

—

settings where they most frequently offset mid-

oceanic ridges perpendicular-to their ridge crests, to produce the rectilinear pattern of ridges and

transforms characteristic of spreading centers. The pattern is rectilinear because divergent plate

boundaries are usually perpendicular to the spreading direction whereas conservative or transform

- plate boundaries are roughly parallel to plate movement. Because of this relationship, transform

taults tend to intersect mid-oceanic ridges at high angles.

Al first glance, it would appear as if the mid-oceanic ridges were once continuous and had been

offset by horizontal movements along the transform faults. But the direction of offset along oceanic

- transforms is precisely the opposite to that which would need to produce the

ridge offsets. For
example, the ridge

is offset to the right although the transform fault linking the two ridge segments
moves the far side of the fault to the left. I

is is because the direction of movement on either side
of the fault is determined by the relative

plate motion produced by sea-floor spreading at the ridge
- crests. In fact, it is only between the offset ridge crests that the sea floor is moving in opposite

directions, so it is only this segment of the transform fault that is active. Seismic activity on oceanic

transforms, which is generally both frequent and sha]lm}r, is similarly restricted to the segment of
" the fault between two offset ridge crests. Beyond the offset

ridge crests, the sea floor'moves in the

same direction on etther side of the transform, so the fracture is merely a seismically inactive scar.
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The origin of the transform offsets in mid-oceanic ridges is not fully understood, but it appears to

be the result'of physical constraints that inhibit divergence along a curved plate boundary. For

example, if two oceanic plates begin to diverge along"a curved boundary, the original curves are

forced to readjust into a series of right-angle segments. The offsets may also be inherited from the

initial continenial rifting stage of ocean opening. Where pre-existing lines of weakness in the

continent produced rifts at an angle to the direction of spreading, physical constraints will again

cause the developing divergent plate boundary to readjust into a series of ridge segments offset by

transform faults. s < ' 3

Other oceanic transform faults link mid-oceanic ridges to subduction zones or link one subduction

zone 10 another. In so doing, transform faults provide the means by which oceanic crust s

o Sl B e e

transported from the site of its creation to the site of its destruction. In the northeastern Pacific, for

example, it 1s the Mendocino transform.fault that permits oceanic crust of the Juan de Fuca plate to
be transported 10 the Cascade subduction zone beneath the Pacific Northwest, whereas the Queen

Charlotte transform’ fault off the coast of British Columbia transports ocean floor from the Juan de

Fuca Ridge toward the Aleutian Trench beneath Alaska. o<

Continental Transforms
—-—

- Onlya few transform faults intersect continents. However, they tend to be longer and more continu-

—

ous than their oceanic counterparts and do not disp!aﬁie simple rectilinear geometry of oceanic
1als of thie continental crust, continental frans-
th.

transforms. As they cut through the differing mat
—

form faults continually exploit any weakness t

y encounter and so may bend and alter thgt

These bends produce local areas of compresgion or extension that cause either uplift of small “pill-

apart” basiis to open along the faul@xz@ ' ;

The best known continental transform faults are the Pead Sea Transform bt the Levant, where the
== ~—— o ;
me direction but at differing speeds. and the San

two plates (African and Arabian) move in the

fom T L

Andreas Fault of California, where the ad] cent plates (North American and Pacific) move 1i

opposite ditections.“These transform faulty'serve as links between other plate boundaries. The Dead

R N ]

Sea Transform links the spreading ridge in the Red Sea to part of the convergent one of the

(] . i .
Taurus-Zagros Mountains in Turkey. whereas the San Andreas Fault system links the spreading ¢
center in the Gulf of California to the subduction zone beneath the Cascade Mountains. Lontinental
transform faults are said to display either right-lateral motion or left-lateral motion depending on [

. whether the far side of the fault (as viewed by an observer on the ground) moves to the right or left.

As we shall see, the D?:{ Sea Transform is left-lateral, whereas the San Andreas Fault is right-
laieral. In either case, however, the resuiting ‘stick-slip motion threatens the surrounding region

with earthquakes.
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