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PREFACE

Ethics, integrity and aptitude subject, better known as G5-4,
has been a cause of concern for many aspirants of CSE. This book
compiles the notes that the author gathered over the course of his

preparation and which helped him manage 110+ thrice.

This book covers each and every term mentioned in the
syllabus and solutions of all 6 Ethics papers so far (2103-2018).
These papers have been solved by 19 officers from various services.
The book also includes various applicable theories and sample

questions.

The content is mentioned in bullets and points form that can

be easily understood as well as reproduced in tricky questions that
are asked in CSE.

This book includes 200 diagrams as part of answers and
theories-concepts so that these can be used for answer writing.
Also, there is a compilation of many quotes which are an asset for

answer writing.

The author is sure that “Decode Ethics” will help the aspirants
to decode the art of scoring high marks in Ethics paper. Happy

reading!
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It is important, however, to distinguish between erosion/planation surfaces from rock cut

e — ———

structural benches. Erosion surfaces cut across geological formation and structures while
r——— — . .

structural surfaces are structurally controlled. For example, if a horizontal soft rock bed

—————— -

overlies horizontal resistant rock beds, soft rock beds are more or less uniformly eroded and
e S

thus are almost entirely removed and undetlying celativelyhard rock beds are exposed to

environmental proeeas®s: - ———

.nvironmental processes. The surface of such lithological formation is called structural

surfaces. On the other hand, erosion surfaces are formed due 10 erosion of different rock
surfaces. - |

types (hard and soft) and different geological structures (folded faulted) alike. However, as
) »#____—__’______,—————”‘,/, — 5 .
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‘The Puzzling Fossil Record.
‘Negener also found evidence for continental ‘drift in the distribution of certain fossils. For'

exainple, identical species of the Permian reptile Mesosaurus had been found on both s:des of ﬂle

‘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 able to swim across an entire ocean.

Stmilarl Ys _fossils of the Triassic reptile Cynognathus had been found in South America and Africa,

while those of the Triassic reptile Lystrosaurus had been found in Antarctica, Africa, and-India.

m——

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

1 W Tn  Aacu A ‘iu.d-dc(

Wegener found similar evidence in the distribution of an uffusual, apparently stunted assemblagc of

have crosseds Qm polar ocean to Antarctica.

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

able species, this unique flora of Late Paleozoic ferns ad been foiind in South America, Souih

—

Aftica, 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. ' 3(5294 \otere 0L SiA, o, A Do, Aus

The seemingly paradoxical distribution of fossil species such as Mesosaurus, Cynognathus,

Lystrosaurus and the Glossopteris Flora was glso readily accounted for on Wegener’s maps which
re'rssembled the southérn continents into a single Tandmass by closing ihe intervening OC€ans. Witho ut

o¢eans to cross, the distribution of these and other species posed no dilemmas. But those opposed

to tommental d,nft were forced to advocate the improbable existence of former “land bridges™ that
‘\
had at one timé connected the presenL continents but which had now sunk below the surface of the

oceans. T
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which reaches as far as the Aleutlan trench, a dlstance 0f2500 km (1550 mi). Adding the Emperol
Seamounts produced a bend in the chain whxch Jason Morgan, in keeping with his i dea of mantle 1
plumes, attributed to a change in the dlfeCUOn 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 statlonary

seamount chains provide evidence of thet dir €ction and Speed of the p&xte on which 'ﬂie'y sit, while

Laan o

past plate configurations can be reconstructed by sliding the plate back: towards the present hotspot

along the seamount track Hence the bend between the Hawaiian and E mperor chains suggested to

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

. 40 million years ago. This idea ha:«} since bee“p borne out by dating, the progressive northwestward
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fices in the nature of thej; volcanism.
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Two types of hOtSPOtS, Oceanic and coﬁtinen

fi which they occur. Whilsthe origin of th

R N s e S U412
R R

ontinen ‘ spots is als
| c ot ts are thOught to trap mantle heat. The number of hotspots 1s aJSo, uncertain
- stimates 1anging from 30 , 50 4e

J _ pending on such critefia as the level of activity, lava
~\try, and degree Ofdomizig . o e | .

tal, are distinguished on the basis of the type of

(&

_tWo types may be the same, there ae major ~ |

of all the world’s hotspo'ts-

1s Hawaii. The Hawajiz

n-Emperor seamount chain miarks

late over a plume for the past 70 mij
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- \\]\J
oceanic ridge, accounting for the large number of hotspots loCated at ot close to the Mid-Atlantic

' Ridge and the mid-oceanic ndges of the southern Indian Ocean
: In contrast to hotspots hke Hawaii, continental hotspots must burn their way th:ough many kllome-

———

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

“and short catacjysmlc explosxons of pyroclasstlc materlal The reason for this is that mantle derwpd

bgsaltlc magma is sufficiently-hot to melt the granitic contmental crust during its ascent. Meltmg ot

continental crust produces magma with the same comnosmqn as granite. This gas—rlch magma is -

less dense but more viscous than basalt, so that although it rises more rapidly, it retains its gases

-allowing pressures to build c;xplqsively. Bulging beyond capacity, the ground above the magma

charﬁbér ﬁnaliy'cracks rrr'eleasing- the pressure and triggering a_gatqs_tfppl}iqqupt_iqnzOr}lryraftq this

does the deener basaltic magma flood out as lava flows. -
' bulbh is the history of the Yellowstone hotSpot in Wyommg, Wh!Ch 1s manifest at thc Eaﬂh’s surface

todrafy by hot springs, geysers and other hydrothermal activity. Although we do not associate’
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imagined. 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 planet to-its surface.

Basrcally, plate movement occurs as a result of the conveclive ci gu]atlon of lhe Earth’s heated

interior and is powered by the decay of naturally occumng mdloaCWelcmcnlq in the mantle. This

convective circulation locally causes plates to move apart or spread, to come together o collide, or

s s

toW%l each other in translation. However how convection actually makes the plates move 1s

/ill poorly understood. o—omeci-( leVvU,da:l:’Oﬂ s cosonie digoded W
. > Moves pades

Inthe Pacific Ocean, the plates may be \s’le’l'ﬁpmpellcd The Maridnas-type subduction
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 2
hangs over the edge. This force is called slab pull and occurs because the subducting lithosphere is C {

degnser and heavier than the asthenosphere through which it is sinking. But plate motionalso occurs

£

PR (. B

in the Atlantic where th_ere 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 |
~ Europe and Africa. Here the plates may be partially propelled by sliding off the Mid-Atlantic Ridge..
This gravitational force lS ca?led ridge push, the elevated position of the ridgg allowing the plate to ‘
s;n;bly slide downhill like a toboggan 2eep~seaied convective circulation may also-drive the'plates,j d

the hot mantle rising beneath ridges and spreading out laterally below the lithosphere, propelling

n of the as enosphere may carry the plates along (or slow them down) is called
Sttt

the plates as it circulates. In|this case the plates move like rafts in a moving stream. The force by
which this mot&

4

mantle drag. " F 1

?ain LT . | é—j (\7 < o‘kaa ; :B_it..:-rr i }}( = {"Ol.'"/"'i”

Pﬂ,»tv&»b‘ C‘D,&\a)o— kO vy Aubdu et en
ouﬂ aeorted  Convettsy) (Maastle d
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The most important of these forceé appears to be slab pull because the fastest moving plates, like

the Cocos and Nazca plates of the eastern Pacifig, are those with the greatesl lengths of subdu'ctino
edges in relation to their size pulling tw On the other hand, because non—subductmg

plates like that of the North American plate also move, rldge J)USh may also be important. The role-

——r e,
of mantle draE isuncertain. If it was a major driving force, those plates with the largest surface areas

over which the force could operate, should be the fastest moving.

The fact that they are noﬁuggests that itis a drag force which 0pp0§&54b pull and rldg,fbﬁﬂd
slows S the plates ratheg thfi carries them, The pr he presence of continehtal CmSLalSO_SlOM_platCS-d.QWD

teagl
\:d:;k,
Wk )
&z |
y
dab pol

e
Cocos A

‘u
0

— Nogca «
The deep roots of the continental lithosphere may exert a drag as they plough through the astheno-
ssphere, much like a sea anchor slows the movement of a boat. . - AN e

Clearly, there 1s much to be learned about the driving mechanisms behind plate motion. Ata more
fundamental level, however, we know it is some form of thermal convection in the mantle that is
ultimately r—e-sponsible for their movemenﬁ. Thermal convection is & battern of circulation ina fluid
in which hot material rises and cdols 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 oceanic iithOSphere at subduction zones. In this seﬁsé, plate motion is simply

a near-surface manifestation of mantle circulation.

k=
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In Summary;,

the principle of ; »
. ple of iso i ilibriui i
inthe Bath'scrygq . Stasy describes the state of buoyant equilibrium that exists

Laccounts for the contrast

- ing elévaﬁons ofthe conti ' |
the striking relationshj ' ' S

betw . ' 1 "
P cen the crustal thickness and surface elevation of the continents. It

~also demonstrates th, , ' '
S5 that the Earth’s crustal fragments and the plates in which they are embedded -

effectively “floar” on a plj -
a pliable manle below, Crustal erosion is consequently compensated by

150static rebound. Th: .,
tain bel this ebound nor onlydrives the rock cycle bt has also eliminated entire moun-
ain belts tha} may have once rivaled the Hj

much as 50 km (30 mi). Yet this distance

plates. Because plates effectively.

malaya§. In'the process, the crust may be uplifted by as. -
is tiny compared to the horizontal dis't.ances moved by
“float” they are also free to move sideways and can be carried in

ers by circulating currents within the Earth’s heated inlerior: This

tpnics, and it is to this movement and the plate boundaries along

il Penlockiug Lk Uke
A

nics, the Earth’s lithosphere is broken into rigid, interlocking

ﬁbs like fragments of a cracked eggshell. All plates are curved because they are panm spherical
e e

Earth. But unlike the cracked eggshell, the lithospheric fragments we call plates float on a dense,

this way for thousands of kilomet
is the motion that drives plate tec

which it occurs that we now tum..

Recall that according to plate tecto

pliable asthenosphere, and are therefore free to move relative to each other like rafts floating on a
stream. As a consequence, all plates must interact with neighboring plates along their mutuzl bound-
aries. In the simplified case of Figure, movement of plate A to the left requires it to slide along its
top and bottom margins, while an overlap is produced in front and a gap 1s created behind. The
margins of Plate A therefore simultaneously experiénce 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 ééi:iyergence
and compression. Along its top and bottom margins, it is one of translation or shear. -
Actual plate boundaries behave in much the same way as Plates Aand B: separating, col-
liding, or sliding past each other. The three types of plate boundaries that result from these interac-

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

[ =

ment. As reasoned by Vine and Matthews, divergent plate boyndaries, where ta\Ilo plates move
apart, are marked by spreading centered on a mid-oceanic ridge and create new oceahic lithosphee.
Because these boundaries form new crust, they are often called constructive margins. Conyergent

. plate boundaries, where two plates are in collision, are marked by subduction zones along which

daries are also termed destrurtive

Bt e T L T e pa— -
PN 3 T Ty g
‘past each othier in tARSIAtion,
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r create nor destroy lithosphere
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Diver\g_ent Boi;nd

anes Creating Oceans

- Atdivergent plate boundaries, where plates move a

part, continents may be torn in two to formnew . -
o .

ceans. Whe ' ic li - ' ni
) 'here these occurs new oceanic lithosphere is created by sea floor spreading at mid-oce-

anic ridges as the lavas and“tE rocks be-

| ne?atll them cool and thicken to form arigid
“layer. The.birth of oceans starts on dry land
vzith the breakup of a continent. When two
plates start to Separate, basaltic magma

rises from the mantle below, and the over- -

lying lithosphere bulges. Aq ' / )

ges. As more magma Div " Ophim " '
ki ‘ Fgence” Ophio Uz, Corpl
IS mnserted.into the continental crust | : P e .
wedges into wood, the crust stretcbs/::

d thins. Rising batches of magma create a line of separa-
e d

iion, and inthe early stages of r';fa;\g, continental blocks settle into faults in much the same way that
the keystone of an arch wo i —f as-pulled.apart. ’Lhﬁ settling of sqgsidence forms
a steep-walled fft ley. This néw Valley comimonly becomes a pathway: forTnajor strearis: As a
fesultstredmianttlake depositsaceiimalateionthe NooroMRBNAIIES)in addition to flows of basaltic
lava. When the rift has torn' completely through tlie continent and reaches a.coastline ) seawater”
fl66dsintand the first shallow marine sediments are deposited on the rift floociASitheicontinenital

o P T - . ey o i T A o S 0 o 7 e e e e 'j.-;v.-'-'.fl?i
Pl@&siﬁﬁmlaﬁmher;smore.watpr_-ﬂtfns'1n:and;upwelllngrmagma:s*tartsto'bml‘d-nebea'salnc* ocean

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

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

2

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

form continental shelves. -

— In this way, continental rifting creates two.plates ffom one and prodiices 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

ridge, 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. The near-vertical sheets of basalt that are produced by the filling of A

fractures are called dikes. In this way, new oceanic crpst is continually inserted at the summit of the
ridge, and all prev.iouSI)' formed ocean ﬁoor s progr¥ssively wedged further and turther apart. This

[
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‘imiplies that the crust is newest at the spreading ridpe and gets progressively older with increasing. = .
distance from the ridge crest. The process is like inserting a:series of books into the center of a

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

»ﬁ’om the ndge 1l cools, contracts, and subsxdes asit docs S0, and a full ocean thousands of kquTi I

ters across is opcned asa result

Over the past 200 million years, just such

a process created the Atlantic Ocean.

jThe present-day, Atlantic can therefore

be visualized as a giant expanding, bath-

DiverguKe ond Wen of J(.:.P.'soné.

tub, bordered by the Americas to the
wesl, and by Europe and Africa to the edst, with a continuous ridge running down its center that is
. anchored to the base of the bathtub and rises to within a few inches of its water surface. ’

Asimilar process in its early stages can be seen operating in East A frica, where the Great Rift Valley

cuts across Elhiopia southward to Mozambique, a distance of 4500 km (2800 mi). Along this

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

plate, may one day split from Africa. As

rifting takes place, magmas rise to fill the

—

fissures so that volcanoes are common- !
. ——— Genexahon of (neosc Lea
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 Ethiopia’s “Afar

Triangle™ 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 girdli_z

the globe like a seam-on.a baseball. The fates of divergence on this system vary significantly, 05'
ranging from a rapid 17 c¢m/year Rift Valley. Mid-oceanic ridges are fo%md in all of the world’s‘ ' j
~ major oceans and form an interconnected system of undersea mountains that rarely break the sur-
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).'Typically their summits are one to five km (0.6 to 3 mi) o E

below the ocean surface.

The mid- oceamc ridges cons?tute the greatest mountain range on Earth. They are mountains be-
cause they rise a‘bove the abylssal plains of the-surrounding ocean floor, although their su%
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.r_ar_w sea level so they are mostly hidden from viéw by a cover of ocean water. Only in

Iceland does a significant pomon 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 t0 compression and thickening of continental crist along zones of plate
- convergence. Mid-oceanic ridges are, by contrast, the products of extension and separatiofl The rift

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

'spreads, is evidence of thxs extension. They are therefore high not because they are being com-

Pressed but because they are swollen with heat, being thermally buoyed by the hot mantle beneath.
AAs sea—ﬂo‘or spreading cames the oceamc Crust away from a ndge the cooling seabed subsides and
ultimately becomes part of the flat abyssal plam of the deep ocean. So mid-

areas oceanic ridges are broad
of thermal upllft In consequence they tend to be far w1der than most continental mountam// .

_b_elis._agd L &E are thermally buoyed, they do not require a crustal root to support their weight.

ﬁ continental mountains, therefore they are not in isostatic equilibrium liké an iceberg, but
rather are in thermal equilibrium, bei _&only as high as they are hot.

Rift valleys continue to develop at the crests of mid-oceanic ndges for the same reason that they
form where continents are tearing apart. The iﬁﬂ'uence 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 inserted into the middle of the row, and the row has no bockends, 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 systemvhas been directly
explored, it has been exte_nsively probed by geophy_sicel instruments and is known to form high,
jagged peaks in the Atlantic and smoother, broader. ranges in the Pacific, abruptly changing from

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

ate of sea-floor spreading. As pceamc crust spreads away from mld-oceamc ridges it cools and g

subsides. How far the crust moves away from the ndge before it subsides to the level of the abyssal
plain, however, depends on the spreading rate. Along 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 from the ridge before it cools and sub-
sides. Thus. the slow-spreading Mid—Atlantic Ridge is narrow and steep whereas the fast-spreading
East Pacific Rise is broad and gentle. - |

The icn_temal structure of the oceanic crust has bjen determinld by studying earthquakes at mid-
] ) e —————m
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" oceanic ridges, and from the results of deep sea drilling and the study of suites ofrocks onland that i
\. .

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

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

pmserved in lhe geologrc record as a result of the efficient recyclmg ﬂpor by subductlon In rare

_blggghy gwgﬂénake-lrke %Mme of\he récks lhey contaip,
Ee@otitgg . . (f‘ ? l} St

‘"Some ophiolites, like the Troodos Complex of Cyprus, presewea‘complete cross sectron of
Qeat]oo atidemonstrates oWt hEIoceaniciGrist 15 consiructed. At the top of the sequence arc @k

thems laid down in the ancient sea. Next come bulbous pillow lavas, which formed

Pl

W clies

I g

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
— ¢ S ] 4
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

' Eaflled 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 cooled would have slowly accumulated
to produce concentrated layers of early crystallizing magnesium-and iron-rich minerals. Some of.
the other Eeridoti'teé, however, aré truly upper mantle rocks left behind after partial melting hau
extracted the basaltic magma to form the overlying oceanic crust.

Hence, divergence plate boundanes are those along which plates separate. They are responsible tor
the rifting of continents, the opening of oceans, the development of mid:oceanic rrdges and the
creation of new oceanic. crust They are constructive plate margins, producing riew ocean floor that
spreads away from the hrghustandmg mid-oceanic ridges, cooling and subsrdlng as it does so. But
where does all this oceamf crust go? We must examine another type of plate boundary that
associated with plate collision. [tis 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 c]onstanl, 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
C— :
billion years) and oceanic crust (less than 200.million years) suggest that the oceanic lithosphere is
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Preferentially destroyed. The destruction of

litkosphere . — X vetcom
_thosphere 1s.accomplished at convergent - - D Thendh o Meg
plate boundaries where two plates overlap. > Conh
~Ti thospbor
ngﬂch boundaries depends on ‘
- whether the overlapping plates are continen- U rdling—|- — — - —-

tal or oceanic. Because of this, three type of

- Convergent plate boundary are possible: ocean-
ocean, ocean—cqnli‘nent, and continent-conti- |
nent. The two types of plate boundaries that

consume oceanic lithosphere, ‘ocean-ocean,

and ocean-continent, have quite different char-
_N_\-——_

actensllcs and we will examine each in turn.

But first, we must see how the overlap between - /\\ T Mounlain
two plates i : . \ I ST
O plates is actually achieved, to do this, we

(2]
: ‘ C ta Centts
turn to the process responsible, that of subduc- \ ,_,M,:,:;:w:b <"
" tion.
;1 Subduction
Along convergent plate boundaries, two plates come together and one angles down beneath the

other In a process known as subduction. The mclmed zone along which this happens is called a l
subduction zone. [n 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 consumed. 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 lithosphere

angels downward beneath it. Such is the case today along the western margin of South Amerlcg ﬂ.ﬂﬁ'ﬁg
{Naace

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

‘their contrast in density, oceanic lithosphere created at mid-oceanic ridges tends to be destroyed and

recycled, whereas buoyant continental crust is preserved

It two oceanic plates converge, it is again the denser plate 'that is preferentially consumed. However,

——

. - i - ’ - . : R
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 toda_\,

: ln the western Pacific Ocean.

Such continent-continent convergence is ultimately inevitable if the subduLion of ocegnic lithos-
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When the two continents eventually meet,
bd'uction zone.- But continental

ss of subduction even-

phere consume the ocean floor between two conlmcn(s
the one on the subducting plate will be dragged down into the su

lithosphere is too buoyant to be subducted completely. As a result, the proce
inental collision_

tually comes to a halt following the collision of continents. But the effects of conti
aly (s B e e e . but the &7

are dramatic, when we turn our attention to the process of mountain buddmg |
othcr major features arc char-

ked by earthquakes,

Prior to the terminal development of collisional mountains, however,
acteristic of the subduction process. All subduction zones, for example, are mar
def:p ocean trenéhes, and volcanoes. But whereas some create curved chains of islands, others
produce explosive volcanoes on land.

Characteristics of SuLductioh Zones

penctrate deep into

The downgoing oceanic slabin a subduction zone is cold and rigid, and so may

- the mantle before it is consumed. Because eanhguakes occur in cold brittle rock, those associated

with subduction may therefore occur at much greater depths than the. carthquakes associated with
ot magma Sits rclatlvcly close to the surface,

spreading ridges. (Recall that at a spreading ridge, h
rendering the crust less rigid at relatively shallow depths). In fact, carthquakes within a subducting .
slab may come from depths as great as 600 km (375 mi), in contrast to th

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

e very shallow (often less
quakes also

have a variety of sources.

£, OCE

Some subduction zone earthquakes are generated where the cold, and therefore britti

plate bends before it subducts. Others occur if the downpoing slab breaks up before it is consumed
slmnape along the subductlon zone itself, where the two

in the mantle. But most aré produced by
plates rub together. Because rocks ¢onduct heat very slowly, it takes a long time for the subducting

plate to heat up and become soft. Unil this occurs, the downgoing slab maintains its rigidity and so
is capable- of breaking along brittle, earthquake-producing fractures within it unlike the far hotter
and more pliable asthenosphere that surrounds it. In fact, it is only in subductlon zones that earth-

quakes can originate from depths of more than 100 km (62mi). Sub @iction zone earthquakes like

tho;/' fthe Japanese volcanic arc, are consequently conﬁn ddo'the d d
%s of origin or focn” become deeper in the di j_n;".‘ of subductlon The exnstence of these

helr study.

The site of subductlon is also marked by a deep oc¢an trench where the oceanic plate bends

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

causes the subducting plate to pull the edge of the overtiding plate down wltlut creating some the
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~ and the ascent of magmas Teleased in or abové the downgoing slab as it pIungcs into the Earth’s

: cun;ed chains of volcamc lslands are callw The curvature of island arcs reflects the

— —

—

deépest points on the ocean floor. At more than 11,000 m (36,000 fi) below sea level and some

5,500 m (18,000 .ft) below the adjacent scabed, thé floor of the Mariana Trench in.the western .

Pacific is the deepest point of the Earth’s surface.

Subduction is also marked by volcanoes which tower above the trench and are fueled by melung

interior. v
parallel to_ lhe adjecent trench hke those of the Alcuuan Islands in the nonhcrn Pacxﬁc These

SR PR T

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

Where the overriding plate is continental, however, magma rising from the subduction zone causes

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

(@) . cC . Voltowie
: ot & wnd oxe —_ U s
lhat of the Andes Mountains in South America. 5 lal oxCy . ‘ d

Wherc _the , the subduction zone is commonly steep

because the downgomg slab 1S too dcnierlo be supporled buoyantly. As a result, the slab_ collapscs

L.
S S AT B S g e [ SRS R

into the asthenos , ollin; back oceanward as it does so Theyacuon,of this “roll back” may ptﬂ

Py e Tt

tne ovemdmg plate behmd the a

TR L bt et A i e

. As molten rock in the mantle

TR

: .eadmgh onc is,created behindathesisland.are, like. a miniature

version of a mid-ocean ridge. 111151PFOCCSS 1S callc@ac -arc spreading and the basin it opens

k)

rises to fill the crack, a‘ smal

NWEE B .-
behmd the arc is a,back-arcba i ﬂog(e@ by ocean 100331 I\M&ﬂhm&w:m—l—’-aei-ﬁs@ms

been affected by back -arc sgrgfilr}g, which accounts for the seas that occur between the islands of

the western Pacific a 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 ocean- contmenl Ocean trenches and volcamc 1slands like the Aleutians mark the sites of

present-day ocean-ocean subduction, whereas ocean lrenches 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
. ' i ’
detail.

Ocean-Ocean Convergence
When two oceanic plates converge, the denser plate is generally subducted. Typically, the denser
plate is also the older one, because the density of oceanic crust increases as the crust colder with

age. In fact, cld oceanic lithposphere will ultimately become denser than the underlying asLhenl()s-

phere so that its eventual subduction is inevitable. The main resistance to the subduction of}ﬂd
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3
oceanic lithosphere is its own rigidity. But this resistance is eventually overcome as the pl_atc’s. '
-density increases. Like a tablecloth sliding off a table, once initiated, the subduction of old oceanic

lithosphere can become very rapid indeed, often resulting in “coll back” of the subduction zonc and

the dcvelopment ofa back-'nrc basin. : .

The product of subductxon is the f&mgﬂ_o_nﬂ of a deep ocean trench E_g@ccd asthe subductmg plale
pulls the edge of the.overriding plate down with it, and a volcanic island arc like that of the Aleu-
tiaﬁsﬁﬁmﬁmm parallel to that of the neighboring deep ocean trenches,
" implying a direct relationship to the subduction process. The curvature of both the arc and trench is _
Caused by the Sphencal shape of the Earth. The subduction zone plunges mlo the Earth’s interior

llke a knife cuts into an apple; forcing the trench to adopt a curved shape, Just as 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 heated and, when the temperalures.become 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 recks. Those magmas derived
from the mantle wedge, like all mélts from the mantle, are basaltic in composition. Those produced
by melting of the subducting slab itself are Somewhat more silica-rich and are termed “basa! tie
andesites” beeause they are transitional in composition between basalts and andesites. Both typec
of magma rise through the overriding oceanic plate and may reach the surface where eruptions
build an arcuate line of Iargely basaltic volcanoes paréllel to the trench.
The gap between the trench and the arcuate line of volcanic islands (fhe “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 km (62 mi) or

k

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

offset from the treneh. Because steeply dipping subduction zones attain this depth closer to the
n .

e

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

—

are closer to trench. In either case, however, the relative positiq‘; 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. tomrd and beneath the neighboring volcanic arc. -
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tures are also typical of ocean-continent convergence but, as we shall now sec, olllcrs--dlffcr

markedly.
Ocean-Continent Convergence o

Unlike ocean-ocean collision, subducﬁon beneath continents results in° volcamc erupuonS that are

often hlghly c\cplosnve and produces mountains, Ocean- contment convergénce also sl shrinks oceans,
as dense basaltic ocezh;ﬂm/r is subducted beneath more buoyant‘;ogiég tal lithosphere- 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 alongside tHe oﬁstde trenches

that reveal the lines ofocean-contment collision surr()uﬂdmg 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 km- (30,000 mi-) long Pacific Ring of Fire. A5 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 meltmg 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 rhelts These coexisting but compositionally contrasting
magmas may then mix. Unlike basalt magmas which are very fluid and permxl their dissolved gases

to escape ea51ly conunental crustal melts are more viscous or sucky because they are richer in

silicon and poorer in iron and magnesium. They are generally andesitic or rhyolitic in composition,
-and are charged with liquefied gases under tremendous pressure. As the pods of melt rise to fill near x
surface magma chambers, these gases expand, fracturing the overlying rock and giving vent to i
explosive volcanic eruptions. Magma chambers can be likened to pressure cookers with lids of
brittle_crust. As the pressure within the chamber builds, cracks appear in the~er1jstal lid through
V\{hieh the over-pressured magma surges.upwards and'escapes violently at tﬁe él:r_face in the formof -
T a py}oclastic eruption.
The devhstating pyroclastic eruption of Mt. Pinatubo in the Phlllpplnes in June 1991, excmpllﬁes
the often explosive volcanism associated with ocean-continent collision. Thls eruption, the largest
in over 80 years, blasted 5.5 cubic km (1.3 cubic mi) of ash and some 20 million tons of sulfur
dioxides into the atmosphere in a matter of hours. By blocking out sunlight, this blanket of gas dust .
cooled theplanet lLv 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, ejectmg a mere 1.0 cubic km (0.2 cubic mi) of material into the atmosphere.
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.Néyé,ﬁhclcss, itt ‘ ' ,
ore almost 400 m (1300 ft) from the summit of the volcano, and devastated an area

of~200Asquare km (75 square mi),
Both of these de\;astating eruptions are e
o s oy Qe ol of i s g, Midsic g oot
A t[; les:re. cookers” because they lack a thick crustal lid and the basalt maginias
rod viscous and less gas-charges than the magmas of subduction zones. Mid-
f)ccamc nflge flre also highly fractu;ed.areas that facilitate that asce'ﬁt of magma rather thanl allow-
- Ing the bl‘uld up of pressure. Mid-océanic rid '
fast-flowing lava flows
Ridge.

xamples of subduction zone volcanism and stand in sharp

ge Volcanism is exemplified by the lava fountainsand

Yvitnessed on the islz_md of Iceland, which sits astride the Mid-Atlantic |

The explosive visim cha L o
A volcanism characteristic of Ocean-continent convergence represents only a small.

fraction fati : o :
4 of the magmiatism associated with subduction. Most magma never reaches the surface, but

instead ¢ - . . ) :
nstead cools to form vast bodies of plutonic rock within the overriding continental plate. This

influx o : . . . :
fhot buoyant magma together with the compression that often accompanies plate conver-

gence uplifts the leading edge of the continental plate into a range of mountains paréllel to the

offshore : . . 8
trenchis a result, the volcanoes associated with ocean-continent collisions occur within

win ranges like those of the Andes or Ca;k;éades,

the same fime\ yg{canism tends to be exploste and is generally of a more silica-rich ande:itic ~r
.3 . .. . —— -
. 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 compression. The Andes,

' for example, preserve a more complex history. Some 150 million years ago, back-ﬁrc basin spread-
ing occurred in the southern Andes, opening up a back-arc basin that later closed. This-shows that
the bé'lii.vior of a subduction zone.can change with time. Indeed, we sometime talk of a continuum
between two end-membet types of subduction Marianas and Andean. One end-member (Ma inas
type) is related to the more-or-less passive subduction of old, dense oceanic crust, which typically

A . .
occurs 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 [slands of the western Pacific, a oo
very old and heavy oceanic p]ate willingly dives beneath younger, more buoyant ocean floor so that ‘

the process of subduction is fairly pas\si/v;:. The two plates consequently meet with less force so jhat

. . gy . : N
major earthquakes are few, roll-back of the sinking plate is common so that back}arc basins “TT“’
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and the ;ngle of subduction is stccp In f'lct, part of the. hcavy downgoing slab may even bccome ?
detached and sink into the mantle. A . : : .
This situation clearly contrasts with the situation in the modern Andes where there is no back-arc
spreading and mountains have developed instead, during Andean-type subduction, named after
——the-modem-Andes, young buoyant ocean floor is “forced” to subduct. The plates consequently meet - -
with great force so that carthe‘uakes are frequent and strong (releasing a hundred times more energy
than Marianas-type systems), the angle of subduction is shallow, and compressron rather than roll-
back occurs, creating a mountain belt parallel to the oceanrc trench ,
Although the Andes today are the example of Andean-typc subduction, evidence in the Andes for
back-arc spreading (a feature of Marianas-type subduction) some 150 million years ago
demonstrates that this was not always the case. This shows that the types of subduction are not
mutually 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. Prlor to 20 million years ago, however, Japan was part of a Marianas-type
system with active back-arc spreadmg 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 extensron and drifted oceanward
as the Japan Sea opened.
One cause for this change in the character of subduction wuh timeis a progresswe 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 subductmg ocean floor becomes younger and more buoyant. It must
therefore be forced to subduct, causmg 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 comp[exxty of the subductlon zone.
Subduction and the Growth Contments ‘ o _ -
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 lyproaches the subduction zone. As a result, ocean-continent subduction 1
along the margins of a closmg 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 genen}ted by Mananas-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. [n this way, subduction must ultimately contribute to the growth of continents.

DIRECTION
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In fact, subduction of oceanic crust is nature’s vast rccycli.ng 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 inislands arcs and volcanic mountain belts Thus,
asaconsequenceofthedestruc:
B o form, slowly growing
se of the

the granitic crust of continents is produced above subduction zones

tion of ocean floor. Volcanic island arcs are where continents first start t
from “microcontinents” to full-size continents as subduction proceeds with time. Becau

buoyancy and elevation of their crust, lsland arcs are generally not subducted, but tend mstmd to

coalesce into larger bodles through “microcontinental” collisiofis, or become welded to the leadmg

edge of larger contlnents when they are swept into ocean-continent collision. zones. Because ocean-

contlnent subducion zones where these processes take place can only form at contmental margins,-

subduction-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 of ancxent 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. Subducuon may occur beneath :

oceanic crust, in which case the product is a volcanic island arc, or it may be consumed below
continental crust 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 plutonic or largely volcanic, and volcamsm 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 qunte small regions, or may be cllmauc and involve entire continents.
~ No other type of plate boundary exhibits such diversity and the c0mplexny of convergent margins

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

form faults.

Transform Boundanes- Fracturmg the Land

* Where two plates struggle to slide past each other, tLboundary between them is a fracture'in the

V—
crust known as a transform fault. Plate motion

neither created nor destroyed. The plate boundary is congequently a “conservatie™ one, E‘f_tr,a.[.]i
: . R_’
nds of active plate boundaries. At either end of a transform

here is one of horizontal translation and crust IS

form fault simply linking two other ki

. fault, therefore, the movement on the fault abruptly ends and is taken up by (or 1s “transformed”

ovement of another kind, such as spreading, subduction, or transform motion on anothet

into) m
fahlt. However, the fault itself is.rarely smooth. If the

o e SR TR ——

fultso that tey slowly bend or deform, stormg up elastlc energy like a spring ever d

rawn tighter.
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‘ . ‘ Transjorm
- Finally, when the spring snapsgd cks.I Tnachye ,'::‘,ilk: . .. . Taachve
on cither side of the fa@ilt jerk L £ -

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

' @ link offset mid-oceanic ridges,|or provides links between other plalc boundaries in an entirely

oceanic setting. ‘Such transform faults oceur on the sea floor and are termed|oceanic transforims.
Far less common

ISR A IR ASE

are transform faults that separate two continental plates. These are termed

continental transforms and have a far greater impact g “s"ocie because they.occu
‘\‘ S .

¥

Oceanic Transforms ﬂ

0

\ i AT 2 ',l:)l f,@mﬂl—a’)
Transform faults are extremely common in oceantc settings where they. most frequently offset mid-

oceanic ridges perpendichla:-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

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

At 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 th left. TE
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)low, 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 either side of the transform, so the fracture is merely a seismically inactive scar.

)

m
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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 divergeénce along a curved plate boundary. For

example, if two oceanic plates begin to diverge along 2 curved boundary, the origmal curves are

forced to readju:,l into a series of right-angle segments. The offsets may.also be inherited from the
f weakness in the

initial ‘continental rifting stage of ocean opening. Where pre-existing lifies 0
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

B S

transform faults. o S :

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

zone (o0 another. In so doing, transform faults provide the means by which oceanic crust 1S

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

example it is the Mendocino transform.fault that permits oceanic crust of the Juan de Fuca plate to
be transported to 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
—_—

- ey tend to be longer and more continu- .k

Only a few transform faults intersect continents. However,

ous than their oceanic counterparts and do not displa)%he simple rectilinear geometry of oceanic ;

— e —————————

transforms. As they cut through the differing mat
— i

form faults continually exploit any weakness t

1als of the continental crust, continental trans-

y encounter and so may bend and alter the! th.

These bends produce local areas of compresgion or extension that cause either uplift of small * plll- 'i.f;
(' apart’ basn@gpcn along the fau@ ' |

The best known continental transform faults are the Pead Sea Transform pf the Levant, where the
two plates (African and Arabian) move in the saie direction but at differing speeds. and the San

Andreas Fault of California, where the adjdCent plates (North American and Pacific) move i

lt/sérve as links between other plate bounidaries. The Dead

opposte ditections.“These transform f:

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

= e

e . . .
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. éontinéntal
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 Delad Sea Transform is left-lateral, whereas the San Andreas Fault is right- i
laieral. In either case, however, the resuiting stick-slip motion threatens the surrounding region

with earthquakes.
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