CONTINENTAL DRIFT

In 1912 Alfred Wegener '|_]|'n'|1rwtd that the contments had nr'igiuzll'ml

m the ]H'Pnimp ol one H'{['Jf‘l'('{]l'llil‘l{‘.lli'. 1Tis idea has not bheen '\1'i.{|1‘|}-‘

aceept ted. hut new

eology has reconstructed with

' great success the events that lie
behind the present appearance

of much of the earth’s landscape. It has
explained many of the observed features,
such as folded mountains, fractures in
" the crust and- marine deposits high en
- the surface of continents. Unfortunate-
ly, when it comes to fundamental proc-
-ggses—those that formed the continents
. dnd ocean basins, that set the major
periods of mountain-building in mo-
tion, that began and ended the ice ages—
geology has been less successful. On
* these questions there is no agreement, in
spite of much speculation. The range of
opinion divides most sharply between
the position that the earth has been rigid
throughout its history, with fixed ocean
hasins and continents, and the idea that
the earth is slightly plastic, with the
- continents slowly drifting over its sur-
face, fractmring and reuniting and per-
haps growing in the process. Whereas
- the frst of these ideas has been more
“widely accepted, interest in continental
drift is ewrrently on the rise. In this arti-
cle 1 shall explore the reasons why. -
The subject is large and full of pit-
falls. The reader should be warned that
I am not presenting an accepted or even
a complete theory but one man's view
of fragments of a subject to which many
are contributing and about which ideas
are rapidly changing and developing.
If it is conceded that much of this is
speculation, then it should also be added

that many of the accepted ideas have in -

fact been speculations also:
" In the past several different theories

of continental drift have been advanced '

and each has been shown to be wrong in
some respects. Until it is indisputably
established that such movements in the
earth’s crust are impossible; however, a
multitude of theories of continental drift
remain to be considered. Although there
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evidence sugoests that

by J. Tuzo Wilson

is only one pattern for fixed continents
and a ugld earth, many patterns of con-
tinental m1g1au0n are conceivable.

The traditional rigid-earth theory
holds that the earth, once hot, is now
cooling, that it became rigid at an early
date and that the contraction attendant
on the cooling process creates compres-
sive forces that, at intervals, squeeze up
mountains along the weak margins of
continents or in deep basins filled with
soft sediments. This view, first suggested
by Isasc Newton, was quantitatively
established during the 18th century to
suit ideas then prevailing. It was found
that an initially hot, molten earth would
cool to its present temperature in about
100 million years and that, in so doing,
its circumference would contract by at
least tens and perhaps hundreds of
miles. The irregular shape and distribu-
tion of continents presented a puzzle
but, setting this aside, it was thought
that the granitic blocks of the continents
had differentiated from the rest of the
crustal rock and had frozen in place at

the close of the first, fluid chapter of the -

earth’s history. Since then they had
been modified #n site, without migrating.

This hypothesis, in its essentials, still
has many adherents, They include most
geologists, with mnotable exceptions
among those who work around the mar-
gins of the southern continents. The va-
lidity of the underlying physical theory
is defended by some physicists. On the
other hand, a mumber of formidable
objections have been raised by thase
who have studied radioactivity, ancient
climates, terrestrial magnetism and, most
recently, submarine geology. Many bi-
Olﬂ'glslb have also thought that, although
the evolution and migration of later
forms of life—particularly since the ad-
vent of mammals—could be satisfactorily
traced on the existing pattern of conti-
nents, the disttibution of earlier forms re-
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quired either land bridges across the
oeeans—the origin and disappearance of
which are difficult to explain—or a differ-
ent arrangement of the continents.

The discovery of radivactivity ul-
tered the original concept of the con-
traction theory without absolutely in-
validating it. In the first place, the age
of the earth could be reliubly deter-
mined from knowledge of the rate at
which the unstable isotepes of variouy
clements decay and by measurement of
the ratios of daughter to parent isotopes
present in the rocks. These studies
showed the earth to be much older than
had been imagined, perhaps 4.5 billion
years old. Dating of the rocks indicated
that the continents are zoned and have
apparently grown by aceretion over the |
ages. Finally, it was found that the de-
cay of uranium, thorium and one isotupe 1
of potassium generates a large but un- |
known supply of heat that must have |
slowed, although it did not necessarily
stop, the cooling of the earth. |

The rigid earth now appeared to hy
less rigid. It became possible to expluin
the knowledge, already a century bld,
that great continental ice sheets had -
pressed the earth’s erust, just as the loads
of ice that cover Greenland and Antare-
tica depress the crust in those regioms
today. Observation showed that centrl
Scandinavia and northern Canaci,
which had been covered with glaciul
ice until it melted 11,000 years agp,
were still rising at the rate of about «
centimeter a year. Calculations of the
viscosity of the interior based on thes
studies led to the realization that the
earth as a whole behaves as though u
cool and brittle upper layer, perhaps
100 kilometers thick, rests on a hot wwl
plastic interior. All the large topographi-
cal features—continents, ocean basing,
mountain ranges and even individwl
volcanoes—slowly seek a rough hydr-









static couilibeimm with one another on
the eadlorion. Precise loea] measuromenis
of sravity shonved that the reason some
Peabures remain higher than otlues s
thit |:|'|r-_'.-' hivwe c]l'v]'ﬂ'r |if_’:h11‘1' vowats tin
thome Hy Lawe, The continents woere
seen o float like great tabolar feebergs
o Frocees soea

Everyoie could apree that in response

o wvertieal forees e onter crnstal Loces

o] e wned el v How in thie
interior, The erox of the argument e
bwecn the proponents ol lixed and of
drifting coutinents hecume the guestion
of whethor the outer crust must remain
rigicd nnder horizontal Forces or whether
it could vespond to such forces by slow
fateral movements,

Gondwanaland and “Pangaea™

Suggestions that the continents might
have moved hadl been advanced on vari
ous grounds for centuries. The remark-
able jigsaw-puzzle fit of the Atlantic
coists of Africa and South America pro-
voked the imagination of ex_]:_)].crrel.'s al-
most as soon as the continental outlines
appearced opposite each other on the
world map, In the late 189th cenfury GREAT GLEN FAULT in 3cotland is n I for o valley resulting I’rulm srosion aleng the
gt'n]ﬂgists af the Southern Hemispherc line of the fault. Abane 350 million years age the northern part of Seotland was slowly
were moved to push the continents of
that hemisphere together in one or an-
other combination in ovder to explain
the parallel formations they found, and
by the turn of the century the Austrian
zeologist Eduard Suess had reassembled
them all in a single giant land mass that
e called Gondwanaland (after Gone
wana, a key geological provinee in east
central India).

The first comprehensive  theory of
continental dritt was put forward by the
German meteorologist Alfred Wegener
in 1912, He argued that it the earth
could How vertically in response to ver-
tical forees, it could also How laterally.
In suppert of o different primeval ar-
rangement of land masses he was able
to point to un astonishing number of
close affinities of Fossils, rocks and struc-
tures on opposite sides of the Atlantic
that, he suggested, ran evenly across,
like lines of print when the ragged edges
of two pieces of a torn newspaper are
fitted together again. According to Weg-
ener all the continents had been joined
in a single supercontinent about 200
million years ago, with the Western
Hemisphere continents moved eastward
and butted against the western shores
of Europe and Africa and with the
Southern Hemisphere continents nestled ASPY FAULT in northern Nova Seotin is mavked by several eliffs like the one zeen here.
together on the southern flank of this The [ault is part of the Cabet Fanlt systemn extending from Boston to Newfoundlaml ¢ sen
«Pangﬂe&." Under the action of forces tlustration on opposite poze) and may represent an extension of the Great Clen Fault,

moved some 60 miles o the sonthwe= along this line (see ilustration on opprsite poge .




associated with the rotation of the earth,
the continents had broken apart, apen
ing up the Atlantic and Indian oceans.

Between 1920 and 1930 Wr*gtfner’.-i
hypothesis excited great controversy.
Physicists found the mechanism he had
proposed inadequate and expressed
doubt that the continents could move
laterally in any case. Geologists showed
that some of Wegener’s suggestions for
reassembling the continents into a sit-

;__;le continent were certuinly wrong aned
that drift was unnecessary ti EJxl‘J[:Iill Haee
coincidences of geolugy i ey ardis.
They could not, however, dispute the
validity of most of the transatlantic con-
nections. Indeed, move such conneclions
live been steadily added.

It was the discovery of one of these
cornections that '|')'I'f]1"_'.l|)l[3f]. MY AN e
cent inguiries inta the subject al comti
pental deifl. A Tge fanlt of oreat age

CONVECTION CURRENTS in the earth’s mantle may move blocks
of crustal material with different effects. Continental meuntain
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hiseets Scotland along the Creal Glen
in the Caledonian Mountains,  On e
weestern side of the Atlantic, T s bl
1o show, o string of well-known Tunlts of
the same great age connect up into G
sther huge funle, the “Cabot Faoolt™ ex-
tending from Boston to northern Noew
foundland, These two great Banlls are
much older than the submarine ridge
andl rift recently discoveresd on U {lean
of the mid-Atlantic and shown (o b an

chaing and island arcs could form where currents sink and blacks
meet: mid-ocean ridges, where currents rise and blocks are torn
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Mesozoic era—the "Age of Reptiles™
has been reinforced by the findings
made in Antarcticn sinee the intensive
study of that continent began in 1953,
The ice-free outcrops on the continent,
although Few, not only show the record
of the earlier ice age that gripped the
rest of the land masses in the Southern
Hemisphere but also bear deposits of a
low-grade coul laid down in a still ear-
lier age of verdure that covered all the
same land masses with the peculiar big-
leafed Glossopteris flora found in their
coul beds as well.

Many suggestions have been made as
to how to create and destroy the land
bridges needed to explain the biological
evidence without moving the continents,
Some involve isthmuses and some in-
volve whole continents that have sub-
sided below the surface of the ocean.
But the chemistry and density of con-
tinents and oecean floors are now known

to be so different that it seems even
more difficult today to raise and lower
ncean floors than it is to cause conlinents
Lo migrate.

Convection in the Mantle

One of the first leads to 8 mechanisin
that would move continents came e
than 30 VTS A from the extension to
the ocean Hoor of the sensitive tech
pigues of gravimetry that had estab
lished the rule of hydrostatic equilib-
rium, or isostasy, ashore, The Dutch
geophysicist Felix A. Vening Meinesz
demonstrated that a submerged sub-
marine would provide a sufficiently
stable platform to allow the use of a
gravimeter at sea. Over the abyssal
trenches in the sea floor that are asso-
ciated with the island arcs of Indonesia
and the western side of the Pacific he
found some of the largest deficiencies

i gravity ever recorded. Tt wag elear
that isustasy does not hobd in the trenche
es. Sumee Toree al work here pulls {he
erust into the depths of the trenches
move strongly than the pull of gravity
duoes,

Arthor Holnes of the Universily ol
Edinhuwrgh and D, T, Griggs, now w
the L]ni\-‘i‘rsit_‘.- of California at Los An
reles, wire stimmlated Iy thesae ohiserva
neenl

tioms ter re-cxanine o restat e i

ern terms an old idea of geophvsies: tha
the intevior of the ewrth is in a state of
extremely sluggish thermal convection,
turning over the way water does when
it is heated in o pan. They showed that
convection currents were necessary to
account in full for the transfer of heat
flowing from the carth’s interior through
the pootly conductive material of the
mantle: the region that lies between the
core and the crust. The trenches, they
said, mark the places where currents in

LAVA FLOw

EFFECTS OF CONVECTION CURRENTS, schematized in the
twe illustrations en this page, provide one possible means of ac-
counting for the formation of median ridges, lateral ridges, moun-
tain ranges and earthquake belts. Rising and separating currents

DRIFTING CONTINENT may be “piled up,” where it meets sink-
ing currents, to form mountains like those of the Andes (left).
Since continents are lghter than the mantle material of the ocean
Hoor, they cannot sink but tend to be pushed over sinking currents,
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{arrows at right) could break the crustal rock and pall it apart; the
rift would be filled by altered mantle material {as suggested by H.
H. Hess of Princeton University} and lava flows, forming a median
ridge. Sinking currents (left) could pull the ocean Hoor down,

which are marked by deep earthquakes. Active voleanoes continne
to form over rising currents (right) , but drift may carry these vol-
canic piles away to either side of the median ridge. Separated from
their source, the inactive cones form one or twe lateral ridges.



the mantle descend again into the in-
terior of the eurth, pulling down the
ocean foor.

Convection currents in the mantle
now play the leading role in every dis-
cussion of the large-scale and long-term
processes that go on in the earth. It is
true that the evidence for their existence
is indirect; they flow too deep in the
earth and ton .*.'luu']_\ a few centimeters
a vewr—tor direct observation. Nonethe-
lews their preseice is supported by an in-
creasing body of independently estal-
lished evidence and by a maore rigorons
statement of the theory of their behavior.
Recently, for example, 5. K. Runcorn
of Durham University has shown that
to stop convection the mantle material
would have to be 10,000 times moare
viscous than the rate of postglacial re-
coil indicates. It is, therefore, highly
probable that convection currents are
flowing in the-earth.

Perhaps the strongest confirmation
Iy come with the discovery of the re-
givns where these currents wppeir o
ascend toward the earth’s sucface, This is
the major diseovery of the recent previe
of extraordinary progress in the explora-
tion of the ocean hattom. ane it inviolves
a feature of the earth’s topography as
grand in scale as the continents them-
selves. Across the Boors of oIl the oceans,
for o distance of 400000 miles, there
runs i contimuens svstem of vidges, O
long stretches, as in the mid-Atlantic,
the ridge is faulted and rifted under the
tension of forces acting at rvight angles
to the axis of the ridge. Measurements
first undertaken by Sir Edward Bullard
aof the Umwmtv of Cambridge show
that the flow of heat is unusually great
along these ridges, exceeding h}' twa to
eight times the average flow of a mil-
lionth of a calorie per square centimeter
per second observed on the continents

anel elsewhere on the ceean flonr, Suely
vneasurements also show that e dow of
heat in the trenches. as in the Avapnilen
Trench off the Pacific coast of Centrl

America, falls to as little as o tenth of
the aver age.
Mot ”L‘("iil‘:ﬂj:‘:TziI]ht‘!'.‘\' LR H e that

the vidges form where conveection cur-
rents rise in the eorth’™s mand Tee cureed thiat
|III.' llt'llt_|u.'.'1' N |Zl||”l..'l.| tllrull |r_\ Iin-
descent of these currents into the wan-
tle, The ]‘I{'L'i.ﬁ]'}illl:g of lateral movement
of the currents in between is n;ul].pmt(;]
by evidence for a slightly plastic layer-

called  the asthenosphere—helow t!w
brittle shell of the earth., Seismic ob-
servations show that the speed of sound
in this layer suddenly becornes slower,
indicating that the rock is less dense,
hotter and more plastic. These observa-
tions have also yielded evidence that
the asthenosphere is a few hundred
kilometers thick, somewhat thicker than

TWO CONVECTION CURRENTS perpendicular to each other
suggest a mechanism for producing large horizontal faults such ae
the ome that has offset western New Zealand 300 miles northward,
The two convection currents (arrows indicate dircction) would

produce a fault. One current would be foreed downward, producing
a trench and sarthquakes along the sloping surface. Continued fow
of the second current would result in a sliding motion, or lateral
displacement, along the plane of the fault, shearing the island intwo,

'OLCANICISLAND CHAINS like the Hawaiian Islands st
ave originatéd in a process elightly different from that which
vemed sgairs of lateral ridges. The source of lava flow does not lje
n a mid-ocean ridge; it is considered that the source may be deep

(100 miles or more) in the dlower moving part of convection cur
rents. The differential motion earries old volcanoes away from the .'é
source, while new voleanoes form over the source. The lem]th
the island chain depends on how long the source has boan ag
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the crust, and that below it he viseosity
increases again.

Here. then. is a mecharion, in har
moany with physieal theorys and much
geological and geophysical ahservation,
that provides & means for disiapting and
moving comtinents, It iy easy to helieve
that where the convection ourrents Tise
and  separate, the sudace rocks ure
biaken by tension and pullesd apart, the
ritt being Blled by the allersd tap of
the mantle aud by the Huw of Lasal
Livas, In contrast to carlier theories of
continental drift that required the con-
tinents to be driven through the erust
like ships through a frozen sea. this
mechanism conveys them passively by
the lateral movement of the crust from
the source of a convection eurrent to ity
sink. The continents, having been built
up by the accumulation of lighter and
more  siliceous materials brought up
from below, are not dragge:d down at
the trenches where the corrents descend
but pile up there in mountains. The
ocean foor, being essentially altered
mantle, can be carried downward; such
sediments as have accumulated in the
trenches descend also and, by compli-
cated processes, may add new mountains
to the continents. Since the material
near the surface is chilled and brittle, it
fractures, causing earthquakes until it is
heated by its descent.

From the physical point of view, the
convection cells in the mantle that drive
these currents can assume a variety of
sizes and configurations, starting up and
slowing down from time to time, ex-
panding and contracting. The flow of
the currents on the world map may
therefore follow a single pattern for a
time, but the pattern should also change
occasionally owing to changes in the out-
put and transfer of heat from within. It
is thus possible to explain the periodic-
ity of mountain-building, the random
and asymmetrical distribution of the
continents and the abrupt breakup of
an ancient eontinent.

Some geophysicists consider that iso-
static processes set up by gravitational
forces may suffice to cause the outer
shell to fracture and to slip laterally
over the plastic layer of the astheno-
sphere. This mechanism would not re-
quire the intervention of convection cur-
rents. Both mechanisms could explain
large horizontal displacements of the
crust.

Evidence from Terrestrial Magnetism

Fresh evidence that such great move-
ments have indeed been taking place has
been provided by two lines of study in
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that this ]'jr.lg:x' onee exlended thn‘t‘.-ug‘_‘.
the rise murked by Cocos Island off
Central Ameriea and Tormed Hie rifted
ridge that moved North and Senth
Americi wpart. Apother branel of this
l'idgu. TUITINE, NS thee southern Tati
10! .'s'L"_:I-G'll'R.:

tudes, suggests the cause of 1
ton of South America from Anlarcelica
The oceanic islunds in this broad region
of the Pacilic Tosm Hoes that extend al

right ;||1§__:|'||:~,~,' towen the Hanks of the East
Pacific Rise; geologists long ago estalb-
lishedd that these islunds grow progres-
.\'Il.'q-}_\' older with distance from he 1r:|:1
of the rise. Unlike the rest of the con-
tinuons  belt of midoeean ridges o
which it is connected, the East Pacific
Bise tends tworun along the marging of
the Pacific Ocean: it has rifted an older
g gl rather than o comtinent. The

Hoor of the western Pacilic is Dwelieved

to e a rempant ol that older foanr,
There are o

Proans T chroe o] the comtinents toweethior,

therefore cneagh

FOVETEIE the trends of motion v licatisd
by the mid-ocean ridges and wsing the
comtinendal ends of la-.l,."r:i of Lvter aab wialaes
as the means of matehing the coast Tioes

[n:._r‘g'ther. The nges ol the island s anl of

the coastal Farmations snggest that abon

AGE OF PACIFIC ISLANDS appears to increase with increasing
distance from the mid-ocean ridge. This is compatible with the idea
that the eastern half of the Pacific (cean has been spreading from
the East Pacific Rise (as has been soggested by Robert 5. Dietz of
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LOMON SLANDS

the 1.5, Navy Electronics Laboratory}. Broken colored lines repre-
sent fauls; the associated arrows indicate the direction of hori.
zontal motion, where known, slong the fault. Other arrows show
the probable directions of convection flow. Island ares of the kind



1300 million vears ape, inomid-Mesozoic
time, all the continents were juine{] in
e Jarnl muess and that there was unly

(EE LT F R

! i that cm
sistrietion is oot the 3
A by Wegener, Du Toit
5, ;ll‘.ll-::-ll.i_:ll all leve
vt The widesproad
desert conditions of the mid-Mesnrmic

feaburs in

spresented by Japan develop where the -
florces aszocioted with such flow - are &l
ety oppoeed;  great horizontal  faulis,
behere these forces meet at right angles.

_ details.

may have been a consequence af the un-
wsnal circumstance  that preduced o
single continent and a single ocean at
that time., Since its approximate location
with respect to latitwde is known, aboog
with the location of its mafor mountain
systems, the climate in various regions
might b resonstrocted wud {Ul.l.ll-'-hll:d
with gealogical evidence,

It is not suggested that this continent
was primeval. That it was in fact as-
sembled from still older fragments is
suggested by two junction lines: the an-
clent mountzin chain of the Urals and
the chain formed by the union of
the Appalachian, Caledenian and Scan-
dinavian mountains may have been
thuown up in the collisions of older con-
tinental blocks, Before that there had|
presumably been a long history of peri-
odic assembly and disassembly of con-
tinents and fracturing and spreading of
poean Hoors, as convection cells in the
mantle proceeded to turn over in dif-
ferent configurations. At present it is
impossible cven to speculate aboutfthe

Breakup of the Supercontinent

I it can be sssumed that the proposed
Mesozole continent did exist and spread
apart, geology provides some guide to
the history of its fragmentation. The
jpresent system of convection currents
has spparently been constant in general

- configuration ever since the Mesozole,

bt ot all patts of it have been equally
active all of that time, Shortly before the
start of the Cretaceous period, about
120 million years ago, the continent de-

veloped a vift that opened up to form the
Atlantic' Ocean. The rift spread more

" widely in the south, with the result that

the eontinents must have rotated slightly
about 4 fulerum near the New Siberian ',
Islands [see fllwstrofion on next page].

. Soviet geologists hove found that the

compression and wplift that raised the
Yerkhoyansk Mountaing across’ eastern
Siberla hegan at about that time. To
the south = contimgation of the rifting
separated Africa from Antarctica and .
spread  disgonally across the Indian
Ocean, opening the northeasterly rift.
Africa and India were thus moved north:

"ward, away from the still intact Aus-

tralian-Antarotic land mass,

It: seems reasonable to suggest, par-
l:i.cu]urly from the geology of the Verk-
hoyansk Mountaing and of Ieeland, that

- at ‘the start of Tertiary time, sbout 60

millien: years ago, this convection sys

tem became less-sctive and that rifting -
started up elsewhere, A new rift opened -
up along the other, northwesterly; diag-

onal of the Indian Ocean, separating
Afrvica From Indiaand Avstralin amd sejs-
rating Australia From Antarctica. Witl
the collision of the Dedian sulse i il
;lE,aimit the southern shelf of the Asiatic
Tand mass, the uplift ol the Hinwlos
meumtains began. The proposed suvces-
siom ol aclivity in the two main ridges
of the Indian Ocesn would explain why
India hus moved twice as far north
with relation 1o Antarctica a5 Aoustralia
or Africa haw and why the older noth-
east ridge is now n__somewhﬂt indistinet
feature of the ocean Goor. The younger
rift in the Indian Ocean seems to have
extended along the Esst Pacific Rise
and Cocos Ridge to cross the Caribbean.
A branch slse passed south of South
America. As these median ridges have
continued to widen they have been
forced by this growth to migrate north-
ward, forming great shears or fawlts off

-the coast of Chile and through Califor-

niw. Indeed, a case ean bé made puat for

" the idea that every mid-ocean siclge not-

mally ends at a grest faultor at a pivot

| point, as in the New Siberian Islands.

* A few million years ago activity in this
system decreased, allowing the North
and Sooth American eontinents to be
joined by the Isthmus of Panama. The
Atlantic rift now became more active
again, producing renewed uplift in the
Verkhopansk Mountains and active vol-
eanpes in leeland and the five other still
active volcanic islands down the Atlan-
tic. Again the pattern of rifting in the
Indian Ocean was altered. The distribu-
tion of recent earthquakes shows that
the greatest activity extends along the
western half of each diagonal ridge
from the South Atlantic to the entrance |
of the Red Sea and thence by two arms
along the rift valley of the Jordan Hiver
and through the African rift valleys,
where the hreakup of a continent has
apparently begun.

The presently expanding rifts run
mastly north and south or northeasterly
so that dominant easterly and westerly
compression of the outer crust is ab-
sorbed by overthrusting and sinking of
the crust along the eastern and western
sides of the “ring of fire” around the
Pacific. For this reason East Asia,
Oceania and the Andes are the most
active regions of the world. The west-
ward-deiving pressure of the South At
lantic portion of the Mid-Atlantic Ridge
has forced the continental block of
South America against and over the
dumu,wnrd-plungjn,g poeanic . trench
along its Pacific coast. The northwest-

trending currents below the Pacific Sioar -

have pulled down trenches under thisdiy
eight island arcs around the wai
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