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ABSTRACT 
For purposes o f discussion cer ta in s i m p l i f y i n g assumptions are made as to 

i n i t i a l condi t ions o n the E a r t h soon after its f o r m a t i o n . I t is postulated tha t 
i t h a d l i t t l e i n the way o f an atmosphere or oceans and tha t the constituents 
for these were der ived by leakage f r o m the i n t e r i o r o f the E a r t h i n the course 
of geologic t ime . H e a t i n g by short - l ived r ad io nuclides caused p a r t i a l m e l t i n g 
a n d a single-cell convective o v e r t u r n w i t h i n the E a r t h w h i c h segregated an i r o n 
core, p roduced the p r i m o r d i a l continents , a n d gave the E a r t h its b i l a t e ra l 
asymmetry. 

Mid-ocean ridges have h i g h heat flow, and many o f t hem have med ian r if ts 
a n d show lower seismic velocities t han do the c o m m o n oceanic areas. T h e y 
are in t e rp re ted as represent ing the r i s i ng l imbs o f mantle-convect ion cells. 
T h e topographic e levat ion is re la ted to t h e r m a l expansion, and the lower 
seismic velocities b o t h to h igher than n o r m a l temperatures and mic ro f rac tu r ing . 
Convect ive flow comes r i g h t t h r o u g h to the surface, and the oceanic crust is 
f o rmed by h y d r a t i o n o f man t l e ma t e r i a l s ta r t ing at a level 5 k m below the 
sea floor. T h e water to produce serpentine o f the oceanic crust comes f r o m the 
man t l e at a rate consistent w i t h a g radua l e v o l u t i o n o f ocean water over 4 
aeons. 

Ocean ridges are ephemeral features as are the convect ion cells tha t produce 
them. A n ancient trans-Pacific r idge f r o m the Marianas Islands to Ch i l e started 
to disappear 100 m i l l i o n years ago. I ts trace is n o w evident o n l y i n a bel t o f 
atolls and guyots w h i c h have subsided 1-2 k m . N o indica t ions o f older genera­
tions o f oceanic ridges are f o u n d . T h i s , coupled w i t h the smal l thickness o f 
sediments o n the ocean floor a n d compara t ive ly smal l n u m b e r o f volcanic 
seamounts, suggests an age fo r a l l the ocean floor of no t more t han several 
times 10 8 years. 

T h e M i d - A t l a n t i c R i d g e is t r u l y med ian because each side o f the convect ing 
cell is m o v i n g away f r o m the crest at the same veloci ty , ca. 1 c m / y r . A more 
acceptable mechanism is der ived for con t inen ta l d r i f t whereby continents r ide 
passively o n convect ing man t l e instead o f h a v i n g to p l o w t h r o u g h oceanic crust. 

F ina l ly , the dep th o f the M d i scon t inu i ty under continents is related to the 
dep th o f the oceans. Ear ly i n the Earth 's his tory, w h e n i t is assumed there was 
m u c h less sea water, the con t inen ta l plates must have been m u c h th inner . 

INTRODUCTION 

T h e b i r t h o f the oceans is a mat te r o f conjecture, the subsequent his tory is 
obscure, a n d the present s t ructure is jus t b e g i n n i n g to be understood. Fascinat­
i n g speculat ion o n these subjects has been p l e n t i f u l , b u t no t m u c h of i t pre­
d a t i n g the last decade holds water. L i t t l e o f Umbgrove 's (1947) b r i l l i a n t sum­
mary remains pe r t i nen t w h e n confronted by the re la t ive ly smal l b u t c ruc ia l 
amoun t o f factual i n f o r m a t i o n collected i n the i n t e rven ing years. L i k e U m b -
grove, I shal l consider this paper an essay i n geopoetry. I n order no t to t ravel 
any fu r the r i n t o the r ea lm of fantasy t han is absolutely necessary I shall h o l d 
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60 0 BUDDINGTON VOLUME 

as closely as possible to a u n i f o r m i t a r i a n approach; even so, at least one great 
catastrophe w i l l be r equ i r ed early i n the Earth 's h is tory . 

PREMISES ON I N I T I A L CONDITIONS 

Assuming tha t the ages ob ta ined f r o m radioact ive dis integrat ions i n samples 
of meteorites approx imate the age o f the solar system, then the age of the 
E a r t h is close to 4.5 aeons. 1 T h e Ear th , i t is fu r the r assumed, was fo rmed by 
accumula t ion o f particles (of here unspecified character) w h i c h i n i t i a l l y h a d 
solar composi t ion . I f this is t rue, then before condensation to a so l id p lanet 
the E a r t h lost, d u r i n g a great evaporat ion, a h u n d r e d times as m u c h mat te r 
as i t n o w contains. Mos t o f this loss was hydrogen . A n u n k n o w n b u t m u c h 
smaller amoun t o f heavier elements was lost to space as w e l l . T h e deficiency 
of the atmosphere i n the i ne r t gases points clearly to the i r loss. U r e y (1957) 
suggests loss of n i t rogen , carbon, and water, and perhaps a considerable pro­
p o r t i o n o f o r i g i n a l silicate mate r ia l . H e also points o u t tha t the lack o f concen­
t r a t i o n o f cer ta in very vo la t i l e substances at the Earth 's surface indicates tha t 
i t never had a h i g h surface temperature . T h i s l o w temperature more o r less 
prec luded escape of large amounts of ma te r i a l after the E a r t h condensed and 
suggests tha t the loss occurred w h e n the ma te r i a l f o r m i n g the E a r t h was very 
m u c h more dispersed so tha t the escape veloci ty f r o m its outer p o r t i o n was 
comparat ively low. T h e condensation was r a p i d , and some l i g h t elements and 
vola t i l e compounds were t r apped w i t h i n the accumulated so l id ma t e r i a l of the 
p r i m o r d i a l Ea r th . I w i l l assume for convenience and w i t h o u t too m u c h ju s t i ­
fication tha t at this stage the E a r t h h a d no oceans and perhaps very l i t t l e 
atmosphere. I t is postulated tha t vo la t i l e constituents t r apped w i t h i n its i n t e r i o r 
have d u r i n g the past and are today l eak ing to the surface, and tha t by such 
means the present oceans and atmosphere have evolved. 

T H E G R E A T CATASTROPHE 

Immedia t e ly after f o r m a t i o n o f the so l id Ea r th , i t may have conta ined w i t h i n 
i t many short- l ived radioact ive elements; h o w many and h o w m u c h depends o n 
the t ime in t e rva l between nuclear genesis and condensation. T h e b r i cke t t ed par­
ticles f r o m w h i c h i t was made m i g h t be expected to have a l o w t h e r m a l con­
d u c t i v i t y at least near its surface as suggested by K u i p e r (1954). T h e temperature 
rose, l o w e r i n g the s trength and perhaps s ta r t ing p a r t i a l fusion. T h e stage 
was thus set for the great catastrophe w h i c h i t is assumed happened f o r t h w i t h . 
A single-cell ( to ro ida l ) convective o v e r t u r n took place (Fig . 1) ( V e n i n g Meinesz, 
1952), resu l t ing i n the f o r m a t i o n of a n i cke l - i ron core, a n d at the same t ime 
the l o w - m e l t i n g silicates were ex t ruded over the r i s i ng l imbs o f the cur ren t to 
f o r m the p r i m o r d i a l single con t inen t (Fig . 1). T h e single-cell o v e r t u r n also con­
verted g rav i t a t iona l energy i n t o t he rma l energy (Urey, 1953). I t is postula ted 
that this heat and a p robab ly m u c h larger a m o u n t o f heat r e su l t ing f r o m the 
energy invo lved i n the accumula t ion o f the E a r t h were no t sufficient to produce 
a m o l t e n Ea r th . T h e great quan t i t a t ive uncertaint ies i n this assumption can 
be gauged f r o m MacDonald ' s analysis (1959). 

* Aeon = 10» years*(H. G. Urey). 
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HISTORY OF OCEAN BASINS 601 

T h e proposed single-cell o v e r t u r n b r o u g h t about the b i l a t e ra l asymmetry 
of the Ea r th , n o w possibly m u c h mod i f i ed b u t s t i l l evident i n its l a n d and 
water hemispheres. A f t e r this event, w h i c h segregated the core f r o m the mant le , 
single-cell convect ion was no longer possible i n the E a r t h as a who le (Chand-
rasekhar, 1953). 

T h e c r i t i ca l ques t ion n o w facing us is w h a t percentage of the con t inen ta l 
crustal ma te r i a l a n d o f the water of the oceans reached the surface i n the great 
catastrophe. O n the basis tha t con t inen ta l ma te r i a l is s t i l l coming to the surface 
of the E a r t h f r o m the man t l e at the rate o f 1 km 3 / yea r* , accepting Sapper's 
(1927, p . 424) figure o n the c o n t r i b u t i o n o f volcanoes over the past 4 centuries, 
and assuming u n i f o r m i t a r i a n i s m , this means 4 X 10 9 k m 3 i n 4 aeons or app rox i ­
mately 50 per cent o f the continents . So we shall assume that the other h a l f was 
ex t ruded d u r i n g the catastrophe. T h e percentage o f water is m u c h harder to 
estimate. R a p i d convective o v e r t u r n m i g h t be m u c h less efficient i n freeing the 
water as compared to the l o w - m e l t i n g silicates. T h e water m i g h t be expected 
to be present as a monomolecu la r film o n g r a i n surfaces. T h e l ow-me l t i ng 
silicate droplets c o u l d coagulate i n t o sizable masses as a result of s trong 
shearing d u r i n g the o v e r t u r n . O n the o ther hand , shearing that w o u l d break 
d o w n so l id crystals to smaller size m i g h t increase the i r surface areas and actual ly 
i n h i b i t f reeing o f water films. T h e best guess tha t I can make is tha t u p to one-
t h i r d o f the oceans appeared o n the surface at this t ime . 

I t may be no ted tha t a m o l t e n E a r t h hypothesis w o u l d tend t oward the i n i t i a l 
f o r m a t i o n o f a t h i n con t inen ta l o r sialic layer u n i f o r m l y over the E a r t h w i t h 
a very t h i n u n i f o r m wor ld -enc i r c l ing water layer above i t . La te r i t w o u l d requi re 
b reak ing u p o f this con t inen ta l layer to f o r m the observed b i l a t e ra l asymmetry. 
W i t h the present set o f postulates this seems to be a superfluous step. B i l a t e r a l 
asymmetry was a t t a ined at the start, a n d i t w o u l d be impossible ever to a t t a in 
i t once a core h a d formed, unless George H . Darwin ' s hypothesis tha t the m o o n 
came ou t o f the E a r t h were accepted. 

W e have n o w set the stage to proceed w i t h the subject at hand . Dozens o f 
assumptions and hypotheses have been in t roduced i n the paragraphs above 
to establish a f r amework for considerat ion o f the p rob l em. I have a t tempted to 
chose reasonably among a m y r i a d o f possible alternatives, b u t no competent 
reader w i t h an ounce o f i m a g i n a t i o n is l i k e l y to be w i l l i n g to accept a l l of the 
choices made. Unless some such set o f conf in ing assumptions is made, however, 
speculat ion spreads o u t i n t o l imit less var iat ions, and the resu l t ing geopoetry 
has nei ther r h y m e n o r reason. 

TOPOGRAPHY AND CRUSTAL COLUMNS 

I f the water were removed f r o m the Ear th , two dis t inc t topographic levels 
w o u l d be apparent : (1) the deep-sea floor about 5 k m be low sea level, and (2) the 
con t inen ta l surface a few h u n d r e d meters above sea level. I n other words, the 
cont inents stand u p a b r u p t l y as plateaus or mesas above the general level of the 
sea floor. Seismic evidence shows that the so-called crustal thickness—depth to 

* This figure includes felsic volcanic material probably derived from partial melting within the continental crust but 
does not include magmas that formed intrusions which did not reach the surface. 
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602 BUDDINGTON VOLUME 

the M d i scon t inu i ty—is 6 k m under oceans a n d 34 k m under cont inents o n the 
average. Grav i t y data prove tha t these two types o f crustal columns have the same 
mass—the pressure at some a rb i t r a ry level beneath them, such as 40 k m , w o u l d 
be the same. T h e y are i n hydrostat ic e q u i l i b r i u m . I t is ev ident tha t one cannot 
consider the gross features o f ocean basins independent o f the con t inen ta l pla­
teaus; the two are t r u l y complementary . 

Whereas 29 per cent o f the Earth's surface is l and , i t w o u l d be more appro­
pr ia te here to inc lude the con t inen ta l shelves a n d the slopes to the 1000-m iso­
ba th w i t h the continents, l eav ing the remainder as oceanic. T h i s results i n 40 
per cent con t inen ta l and 60 per cent oceanic crust. I n 1955 I discussed the na­
ture o f the two crustal columns, w h i c h is here mod i f i ed s l igh t ly to adjust the 
layer thicknesses to the more recent seismic w o r k at sea (Ra i t t , 1956; E w i n g and 
E w i n g 1959) (Fig. 2). A drastic change, however, has been made i n layer 3 of the 
oceanic c o l u m n , subs t i tu t ing pa r t i a l l y serpentinized pe r ido t i t e for the basalt of 
the m a i n crustal layer under the oceans as proposed elsewhere (Hess, 1959a). L e t 
us look brief ly i n t o the facts tha t seemed to necessitate this change. 

T h a t the man t l e ma te r i a l is pe r i do t i t i c is a f a i r l y c o m m o n assumption (Har r i s 
and R o w e l l , 1960; Ross, Foster, and Myers, 1954; Hess, 1955). I n l o o k i n g at the 
now-numerous seismic profiles at sea the u n i f o r m i t y i n thickness of layer 3 is 
s t r ik ing . M o r e than 80 per cent o f the profiles show i t to be 4.7 ± 0.7 k m th ick . 

Cons ider ing the probable error i n the seismic data to be about ± 0.5 k m , the 
u n i f o r m i t y may be even greater t h a n the figures indicate . I t is inconceivable 

Figure 1. Single-cell (toroidal) convective overturn of Earth's interior. After Vening Meinesz. 
Continental material extruded over rising limb but would divide and move to 

descending limb if convection continued beyond a half cycle 
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Figure 2. Balance of oceanic and continental crustal columns 

tha t basalt flows pou red ou t o n the ocean floor cou ld be so u n i f o r m i n thickness. 
Rather , one w o u l d expect t hem to be th i ck near the fissures or vents f r o m w h i c h 
they were e rup ted and t h i n or absent at great distance f r o m the vents. T h e on ly 
l i k e l y manner i n w h i c h a layer o f u n i f o r m thickness cou ld be fo rmed w o u l d be i f 
its b o t t o m represented a present or past isotherm, at w h i c h temperature and 
pressure a react ion occurred. T w o such reactions can be suggested: (1) the basalt 
to eclogite invers ion (Sumner, 1954; Kennedy, 1959), and (2) the h y d r a t i o n of 
o l i v i n e to serpentine at about 5 0 0 ° C (Hess, 1954). T h e c o m m o n occurrence of 
pe r ido t i t i c inclusions i n oceanic basaltic volcanic rocks (Ross, Foster, and Myers, 
1954) a n d absence of eclogite inclusions lead the w r i t e r to accept postulate (2). 
Fur the rmore , the d redg ing o f serpentinized peridot i tes f r o m fau l t scarps i n the 
oceans (Shand, 1949) 2 , where the displacement o n the faults may have been 
sufficient to expose layer 3, adds credence to this supposi t ion. T h i s choice of 
postulates is made here and w i l l con t ro l m u c h of the subsequent reasoning. T h e 
seismic veloci ty o f layer 3 is h i g h l y var iable ; i t ranges f r o m 6.0 to 6.9 km/sec and 
averages near 6.7 km/sec, w h i c h w o u l d represent pe r ido t i t e 70 per cent serpen­
t in ized (Fig . 3). 

MID-OCEAN RIDGES 

T h e Mid-Ocean Ridges are the largest topographic features o n the surface of 
the Ea r th . M e n a r d (1958) has shown tha t the i r crests closely correspond to 
med ian lines i n the oceans and suggests (1959) tha t they may be ephemeral fea­
tures. B u l l a r d , M a x w e l l , and Revelle (1956) and V o n Herzen (1959) show that 
they have unusua l ly h i g h heat flow a long the i r crests. Heezen (1960) has demon­
strated tha t a m e d i a n graben exists a long the crests o f the A t l a n t i c , Arc t i c , and 
I n d i a n Ocean ridges and tha t shal low-depth earthquake foci are concentrated 
under the graben. T h i s leads h i m to postulate extension o f the crust at r i g h t 
angles to the t r end o f the ridges. Hess (1959b) also emphasizes the ephemeral 

2 J . B. Hersey reports dredging serpentinized peridotite from the northern slope of the Puerto Rico Trench (Personal 
communication, 1961) 
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604 BUDDINGTON V O L U M E 

character of the ridges and points to a trans-Pacific r idge that has almost dis­
appeared since m i d d l e Cretaceous t ime, l eav ing a be l t o f atolls a n d guyots tha t 
has subsided 1-2 k m . I ts w i d t h is 3000 k m and its l eng th about 14,000 k m (Fig. 
4). T h e present active mid-ocean ridges have an average w i d t h o f 1300 k m , crest 
he ight of about 2 J/2 k m , and to ta l l eng th o f perhaps 25,000 k m . 

T h e most significant i n f o r m a t i o n o n the s t ruc tura l and pet ro logic character 
of the ridges comes f r o m ref rac t ion seismic i n f o r m a t i o n of E w i n g and E w i n g 
(1959) (Fig. 5) o n the M i d - A t l a n t i c Ridge, and Rai t t ' s (1956) ref rac t ion profiles 
o n the East Pacific Rise. T h e sediment cover o n the M i d - A t l a n t i c R idge appears 
to be t h i n and perhaps restricted to ma te r i a l ponded i n depressions o f the topog-

g/cc 

M i l II 1  II II 1  ! M i 1  ' M M I 11 1 I 1 i M l i : I J L 
5. 6  6. 0  6. 4  6. 8  7. 2  7. 6  8. 0  8. 4 

Vp K m / S e c 

Figure 3. Relationship between seismic velocity, density, and per cent serpentinization. 
Solid curve for room temperature and pressure. Dashed curve estimated for T and P at 
15 km depth. Curves based on measurements in laboratory by J . Green at the California 
Research Laboratory, La Habra, with variable temperatures up to 200° C and pressures 
up to 1 kilobar. The 100 per cent serpentinized sample measured by F. Birch at Harvard 
at pressures from 0 to 10 kilobars at room temperature (Hess, 1959a). 
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HISTORY O F OCEAN BASINS 605 

Figure 4. Former location of a Mid-Pacific Mesozoic ridge 

raphy. O n the r idge crest, layer 3 has a seismic veloci ty o f f r o m 4 to 5.5 km/sec 
instead o f the n o r m a l 6 to 6.9 km/sec. T h e M d i scon t inu i ty is no t f o u n d or is rep­
resented by a t r ans i t ion f r o m layer 3 to velocities near 7.4 km/sec. N o r m a l 
velocities and layer thicknesses, however, appear o n the flanks of ridges. 

Ear l ie r I (1955, 1959b) a t t r i b u t e d the lower velocities (ca. 7.4 km/sec) i n wha t 
should be man t l e ma te r i a l to serpent inizat ion, caused by o l i v i n e react ing w i t h 
water released f r o m below. T h e elevat ion of the r idge itself was though t to result 
f rom the change i n density (o l iv ine 3.3 g/cc to serpentine 2.6 g/cc). A 2-km rise 
of the r idge w o u l d requ i re 8 k m of complete serpent inizat ion below, b u t a veloc­
i t y of 7.4 km/sec is equiva len t to on ly 40 per cent of the rock serpentinized. T h i s 
serpent inizat ion w o u l d have to ex tend to 20-km dep th to produce the r equ i r ed 
elevat ion o f the r idge. T h i s react ion, however, cannot take place at a temperature 
m u c h above 500° C, w h i c h , consider ing the heat flow, p robab ly exists at the 
b o t t o m of layer 3, about 5 k m below the sea floor, and cannot reasonably be 20 
k m deep. Layer 3 is t hough t to be pe r ido t i t e 70 per cent serpentinized. I t w o u l d 
appear that the highest e levat ion that the 500° C isotherm can reach is approx i -
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summon* N I Hid3o 
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HISTORY OF OCEAN BASINS 607 

Figure 6. Diagram to portray highest elevation that 500° C isotherm can reach over the 
rising limb of a mantle convection cell, and expulsion of water from mantle 

which produces serpentinization above the 500° C isotherm 

mately 5 k m be low the sea floor, and this supplies the reason for u n i f o r m thick­
ness of layer 3 (Fig . 6). 

CONVECTION CURRENTS IN T H E MANTLE AND MID-OCEAN RIDGES 

L o n g ago Holmes suggested convect ion currents i n the man t l e to account for 
de fo rmat ion o f the Earth 's crust ( V e n i n g Meinesz, 1952; Griggs, 1939; 1954; 
Verhoogen, 1954; a n d many others). Nevertheless, man t l e convect ion is con­
sidered a rad ica l hypothesis n o t w i d e l y accepted by geologists and geophysicists. 
I f i t were accepted, a ra ther reasonable story c o u l d be constructed to describe 
the e v o l u t i o n o f ocean basins and the waters w i t h i n them. W h o l e realms of p rev i ­
ously unre la t ed facts f a l l i n t o a regular pa t te rn , w h i c h suggests tha t close ap­
proach to satisfactory theory is be ing a t ta ined. 

As m e n t i o n e d earl ier a single-cell convective o v e r t u r n of the ma te r i a l w i t h i n 
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the E a r t h cou ld have produced its b i l a t e ra l asymmetry, segregating the i r o n core 
and p r i m o r d i a l continents i n the process. Since this event o n l y m u l t i c e l l convec­
t i o n i n the man t l e has been possible. V e n i n g Meinesz (1959) analyzed the spheri­
cal harmonics o f the Earth's topography u p to the th i r ty-f i rs t order. T h e peak 
shown i n the values f r o m the t h i r d to fifth h a r m o n i c w o u l d correlate very nicely 
w i t h mantle-size convect ion currents; cells w o u l d have the app rox ima te d i ­
ameter of 3000 to 6000 k m i n cross section (the other ho r i zon ta l d imens ion m i g h t 
be 10,000-20,000 k m , g i v i n g t hem a banana-like shape). 

T h e lower-order spherical harmonics o f the topography show qu i t e unex­
pected regulari t ies. T h i s means that the topography of a size smaller t h a n con­
tinents and ocean basins has a greater r egu la r i ty i n d i s t r i b u t i o n t han previously 
recognized. 

Paleomagnetic data presented by R u n c o r n (1959), I r v i n g (1959), and others 
strongly suggest that the continents have moved by large amounts i n geologically 
comparat ively recent times. One may q u i b b l e over the details, b u t the general 
p ic ture o n paleomagnetism is sufficiently c o m p e l l i n g tha t i t is m u c h more reason­
able to accept i t than to disregard i t . T h e reasoning is tha t the E a r t h has always 
had a d ipo le magnetic field and that the magnetic poles have always been close 
to the axis of the Earth's r o t a t i o n , w h i c h necessarily must r e m a i n fixed i n space. 
Remanent magnet ism of o l d rocks shows tha t pos i t ion o f the magnet ic poles has 
changed i n a rather regular manner w i t h t ime , b u t this m i g r a t i o n o f the poles as 
measured i n Europe, N o r t h Amer ica , Aus t ra l i a , I n d i a , etc., has no t been the same 
for each o f these l a n d masses. T h i s s trongly indicates independent movement i n 
d i r ec t ion and amoun t o f large por t ions o f the Earth 's surface w i t h respect to 
the ro t a t i ona l axis. T h i s c o u l d be most easily accomplished by a convect ing 
mant le system w h i c h involves actual movement of the Earth 's surface passively 
r i d i n g o n the upper pa r t of the convect ing cel l . I n this case at any g iven t ime 
continents over one cel l w o u l d no t move i n the same d i r ec t i on as cont inents o n 
another cel l . T h e rate of m o t i o n suggested by paleomagnetic measurements lies 
between a f rac t ion of a c m / y r to as m u c h as 10 c m / y r . I f one were to accept the 
o l d evidence, w h i c h was the strongest a rgument for con t inen ta l d r i f t , namely the 
separation of South Amer i ca f r o m A f r i c a since the end of the Paleozoic, and 
apply u n i f o r m i t a r i a n i s m , a rate of 1 c m / y r results. T h i s rate w i l l be accepted i n 
subsequent discussion. Heezen (1960) ment ions a fracture zone crossing Ice land 
o n the extension of the M i d - A t l a n t i c r i f t zone w h i c h has been w i d e n i n g at a 
rate of 3.5 m/1000 y r s / k m of w i d t h . 

T h e unexpected regulari t ies i n the spherical harmonics of the Earth 's topog­
raphy m i g h t be a t t r i b u t e d to a dynamic s i tua t ion i n the present E a r t h whereby 
the continents move to posit ions d ic ta ted by a f a i r l y regular system of convect ion 
cells i n the mant le . Menard 's theorem tha t mid-ocean r idge crests correspond to 
med ian lines now takes o n new meaning . T h e mid-ocean ridges c o u l d represent 
the traces o f the r i s ing l imbs o f convect ion cells, w h i l e the circum-Pacific be l t 
o f de fo rmat ion and volcanism represents descending l imbs . T h e M i d - A t l a n t i c 
Ridge is med ian because the con t inen ta l areas o n each side o f i t have moved away 
f r o m i t at the same rate—1 c m / y r . T h i s is no t exactly the same as con t inen ta l 

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/3744761/9780813759425_ch23.pdf
by Old Dominion Univ user
on 05 December 2018



HISTORY OF OCEAN BASINS 609 

d r i f t . T h e cont inents do no t p l o w t h r o u g h oceanic crust impe l l ed by u n k n o w n 
forces; ra ther they r ide passively o n man t l e ma te r i a l as i t comes to the surface 
at the crest o f the r idge and then moves la tera l ly away f r o m i t . O n this basis the 
crest o f the r idge shou ld have o n l y recent sediments o n i t , and recent and T e r t i ­
ary sediments o n its flanks; the who le A t l a n t i c Ocean and possibly a l l o f the 
oceans shou ld have l i t t l e sediment older t han Mesozoic (Fig. 7). L e t us look a 
b i t fu r the r at the p ic tu re w i t h regard to oceanic sediments. 

L o o k i n g over the repor ted data o n rates of sedimentat ion i n the deep sea, rates 
somewhere between 2 cm a n d 5 m m / 1 0 0 0 yrs seem to be indica ted . W r i t e r s i n the 
last few years have t r i e d h a r d to accept the lowest possible rate consistent w i t h 
the data i n order to make the thickness j i b e w i t h the comparat ively t h i n cover of 
sediment o n the ocean floor ind ica ted by Seismic data. Schott's figures for the 
A t l a n t i c and I n d i a n oceans as corrected by Kuenen (1946) and fur ther corrected 
by decreasing the n u m b e r o f years since the Pleistocene f r o m 20,000 years to 
11,000 years indicate a rate of 2 cm/1000 yrs. H a m i l t o n ' s (1960) figures suggest 
5 m m / 1 0 0 0 yrs. A rate o f 1 cm/1000 yrs w o u l d y i e l d 40 k m i n 4 aeons or 17 
k m after compact ion , us ing H a m i l t o n ' s compact ion figures. A 5-mm rate w o u l d 
s t i l l give 8.5 k m compacted thickness instead of 1.3 k m as der ived f r o m seismic 
data. T h i s 1 order of m a g n i t u d e discrepancy had led some to suggest tha t 
the water o f the oceans may be very young, tha t oceans came i n t o existence 
largely since the Paleozoic. T h i s violates u n i f o r m i t a r i a n i s m to w h i c h the w r i t e r 
is dedicated a n d also can ha rd ly be reconci led w i t h Rubey's (1951) analysis of the 
o r i g i n o f sea water. O n the system here suggested any sediment u p o n the sea 
floor u l t i m a t e l y gets incorpora ted i n the continents. N e w mant le ma te r i a l w i t h 
no sedimentary cover o n i t rises a n d moves o u t w a r d f r o m the r idge. T h e cover 
of y o u n g sediments i t acquires i n the course of t ime w i l l move to the axis of a 
d o w n w a r d - m o v i n g l i m b o f a convect ion current , be metamorphosed, and prob­
ably eventual ly be we lded on to a cont inent . 

Assuming a rate o f 1 cm/1000 yrs one m i g h t ask h o w long , o n the aver­
age, the present sea floor has been exposed to deposi t ion i f the present th ick­
ness o f sediment is 1.3 k m . T h e upper 0.2 k m w o u l d n o t yet have been compacted 
and w o u l d represent 20 m i l l i o n years o f deposi t ion. T h e r e m a i n i n g 1.1 k m now 
compacted w o u l d represent 240 m i l l i o n years of accumula t ion or i n to ta l an 
average age of the sea floor of 260 m i l l i o n years. N o t e tha t a clear d i s t i nc t ion must 
be made between the age o f the ocean floor and the age o f the water i n the oceans. 

I n order to e x p l a i n the discrepancy between present rate of sedimentat ion i n 
the deep sea and the re la t ive ly smal l thickness of sediment o n the floor of the 
oceans, many have suggested tha t Pleistocene g lac ia t ion has greatly increased the 
rate o f sedimenta t ion. T h e w r i t e r is skeptical o f this in te rp re ta t ion , as was 
Kuenen i n his analysis (1946) 3 . A n o t h e r discrepancy of the same type, the small 
n u m b e r o f volcanoes o n the sea floor, also indicates the apparent y o u t h o f the 
floor. M e n a r d estimates there are i n a l l 10,000 volcanic seamounts i n the oceans. 
I f this represented 4 aeons o f volcanism, and volcanoes appeared at a u n i f o r m 

3  The Mohole test drilling off Guadalupe Island in 1961 suggests a rate of sedimentation in the Miocene of 1 cm/1000 
yrs or a little more. 
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rate, this w o u l d mean on ly one new volcano o n the sea floor per 400,000 years. 
One new volcano i n 10,000 years or less w o u l d seem l i k e a bet ter figure. T h i s 
w o u l d suggest an average age of the floor o f the ocean o f perhaps 100 to 200 
m i l l i o n years. I t w o u l d account also for the fact tha t n o t h i n g o lder t h a n late 
Cretaceous has ever been ob ta ined f r o m the deep sea or f r o m oceanic islands. 

S t i l l another l i ne o f evidence p o i n t i n g to the same conclusion relates to the 
ephemeral character o f mid-ocean ridges and to the fact tha t evidence o f o n l y 
one o l d major r idge s t i l l remains o n the ocean floor. T h e crest o f this one began 
to subside about 100 m i l l i o n years ago. T h e quest ion may be asked: W h e r e are 
the Paleozoic and Precambrian mid-ocean ridges, o r d i d the development of 
such features begin ra ther recently i n the Earth 's history? 

Egyed (1957) in t roduced the concept of a great expansion i n size of the Ea r th 
to account for apparent facts o f con t inen ta l d r i f t . M o r e recently Heezen (1960) 
tentat ively advanced the same idea to e x p l a i n paleomagnetic results coupled 
w i t h an extension hypothesis for mid-ocean ridges. S. W . Carey (1958) developed 
an expansion hypothesis to account for many of the observed relat ionships o f the 
Earth's topography and coupled this w i t h an overa l l theory o f the tectonics o f 
the Earth 's crust. B o t h Heezen and Carey requ i re an expansion o f the E a r t h 
since late Paleozoic t ime (ca. 2 X 10 8 years) such tha t the surface area has 
doubled . B o t h postulate tha t this expansion is largely confined to the ocean 
floor ra ther t han to the continents . T h i s means tha t the ocean basins have i n ­
creased i n area by more t h a n 6 times a n d tha t the cont inents u n t i l the late Paleo­
zoic occupied almost 80 per cent of the Earth 's surface. W i t h this great ly ex­
panded ocean floor one cou ld account for the present apparent deficiency o f sedi­
ments, volcanoes, a n d o l d mid-ocean ridges u p o n i t . W h i l e this w o u l d remove 
three o f m y most serious difficult ies i n dea l ing w i t h the e v o l u t i o n of ocean basins, 
I hesitate to accept this easy way ou t . Fi rs t o f a l l , i t is ph i losoph ica l ly ra ther u n ­
satisfying, i n m u c h the same way as were the older hypotheses of con t inen ta l 
d r i f t , i n tha t there is no apparent mechanism w i t h i n the E a r t h to cause a sudden 
(and exponen t ia l according to Carey) increase i n the radius of the Ea r th . Second, 
i t requires the a d d i t i o n of an enormous amoun t of water to the sea i n ju s t the 
r i g h t amoun t to m a i n t a i n the ax iomat ic re la t ionsh ip between sea level- land 
surface and dep th to the M d i scon t inu i ty under continents, w h i c h is discussed 
later. 

MESOZOIC MID-PACIFIC RIDGE 

I n the area between H a w a i i , the M a r s h a l l Islands, and the Mar ianas scores of 
guyots were f o u n d d u r i n g W o r l d W a r I I . I t was supposed tha t large numbers of 
t hem w o u l d be f o u n d elsewhere i n the oceans. T h i s was n o t the case. T h e 
Emperor seamounts r u n n i n g nor th-nor thwest f r o m the west end of the H a w a i i a n 
cha in are guyots, a single l inear g r o u p of very large ones. A n area of smal l guyots 
is k n o w n i n the G u l f o f Alaska (Gibson, I960) . T h e r e are a l i m i t e d n u m b e r i n the 
A t l a n t i c Ocean n o r t h of B e r m u d a o n a l i ne between Cape C o d and the Azores, 
and a few east o f the M i d - A t l a n t i c Ridge ; o ther t h a n these o n l y rare isolated 
occurrences have been repor ted . 
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E x c l u d i n g the areas o f errat ic u p l i f t and depression represented by the is land 
arcs, l ines can be d r a w n i n the mid-Pacific b o u n d i n g the area of abundant guyots 
a n d atolls (Fig . 4), m a r k i n g a b road b a n d of subsidence 3000 k m wide crossing 
the Pacific f r o m the Mar ianas to Ch i l e . T h e eastern end is poor ly charted and 
compl ica ted by the younger East Pacific Rise. T h e western end terminates w i t h 
s t r i k i n g abruptness against the eastern m a r g i n of the island-arc structures. N o t 
a single guyot is f o u n d i n the P h i l i p p i n e Sea west of the Marianas t rench and its 
extensions, a l t h o u g h to the east they are abundan t r i g h t u p to the trenches. 

Fossils are avai lable to date the beg inn ing of the subsidence, b u t on ly near the 
axis of the o l d r idge. H a m i l t o n (1956) f o u n d m i d d l e Cretaceous shallow-water 
fossils o n guyots of the Mid-Pacif ic mounta ins , and L a d d and Schlanger (1960) 
repor ted Eocene sediments above basalt at the b o t t o m of the En iwe tok bore 
hole. I t shou ld also be no ted that atolls o f the Carol ine , Marsha l l , G i lbe r t , and 
El l ice islands p redomina te o n the southern side of the o l d r idge, whereas guyots 
greatly p redomina te o n the n o r t h e r n side. Hess (1946) had di f f icul ty i n expla in­
i n g w h y the guyots o f the mid-Pacific m o u n t a i n area d i d no t become atolls as 
they subsided. H e postula ted a Precambr ian age for the i r upper flat surfaces, 
m o v i n g the t ime back to an era before lime-secreting organisms appeared i n the 
oceans. T h i s became untenable after H a m i l t o n f o u n d shallow-water Cretaceous 
fossils o n them. L o o k i n g at the same p r o b l e m today and considering that the 
N o r t h Pole i n early Mesozoic t ime, as de te rmined f r o m paleomagnetic data 
f r o m N o r t h A m e r i c a and Europe , was si tuated i n southeastern Siberia, i t seems 
l i k e l y tha t the Mid-Pacif ic m o u n t a i n area was too far n o r t h for reef g r o w t h w h e n 
i t was subsiding. T h e bounda ry between reef g r o w t h and nonreef g r o w t h i n 
late Mesozoic t ime is perhaps represented by the n o r t h e r n margins of the Mar ­
shall a n d Caro l ine islands, n o w a l i t t l e n o r t h of 10° N , then perhaps 35° N . Paleo­
magnetic measurements f r o m Mesozoic rocks, i f they c o u l d be f o u n d w i t h i n or 
close to this area, are needed to substantiate such a hypothesis. 

T h e o l d Mesozoic b a n d of subsidence is more t han twice as wide as the topo­
graphic rise o f present-day oceanic ridges. T h i s has in teres t ing impl i ca t ions re­
ga rd ing e v o l u t i o n o f ridges w h i c h are w o r t h consider ing here. O r i g i n a l l y I at­
t r i b u t e d the rise o f ridges to release o f water above the upward -mov ing l i m b of 
a man t l e convect ion cel l and serpent inizat ion o f o l i v ine w h e n the water crossed 
the 500-degree C isotherm. As m e n t i o n e d above, this hypothesis is no longer 
tenable because the h i g h heat f low requires tha t the 500-degree C isotherm be at 
very shal low dep th . T h e topographic rise o f the r idge must be a t t r i b u t e d to the 
fact tha t a r i s i ng c o l u m n of a man t l e convect ion cell is w a r m e d and hence less 
dense t h a n n o r m a l or descending columns. T h e geometry of a mant le convection 
cell (Fig . 8) fits ra ther n icely a 1300-km w i d t h assuming tha t the above effect 
causes the rise. 

L o o k i n g n o w at the o l d Mesozoic Mid-Pacif ic R idge w i t h the above s i tua t ion 
i n m i n d , volcanoes t runca ted o n the r idge crest move away f r o m the r idge axis 
at a rate o f 1 c m / y r . Even tua l ly they move d o w n the r idge f lank and become 
guyots or atolls r i s ing f r o m the deep-sea floor. Those 1000 k m f r o m the axis, how­
ever, were t runca ted 100 m i l l i o n years before those n o w near the center of the 
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Figure 7. Diagram to represent (1) apparent progressive overlap of ocean sediments on 
a mid-ocean ridge which would actually be the effect of the mantle moving laterally away 
from ridge crest, and (2) the postulated fracturing where convective flow changes direction 
from vertical to horizontal. Fracturing and higher temperature could account for the lower 
seismic velocities on ridge crests, and cooling and healing of the fractures with time, the 
return to normal velocities on the flanks. 

Figure 8. Possible geometry of a mantle convection cell 

o l d r idge (Fig. 9). O n this basis i t w o u l d be very in teres t ing to examine the fauna 
o n guyots near the n o r t h e r n m a r g i n o f the o l d r idge or to d r i l l atolls near the 
southern m a r g i n to see i f the t runcated surfaces or bases have a Triassic or even 
Permian age. A t any rate the greater w i d t h o f the o l d r idge and its be l t o f sub-
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Figure 9. Diagram to show progressive migration of volcanic peaks, guyots, and atolls, from 
a ridge crest to the flanks, suggesting that the wave-cut surfaces of guyots or the bases 

of atolls may become older laterally away from the crest 

sidence compared to present topographic ridges cou ld be exp la ined by the above 
reasoning. 

T u r n i n g to a reconsiderat ion of the M i d - A t l a n t i c R idge i t appears that layer 
3, w i t h a t h i n and p robab ly discont inuous cover of sediments, forms the sea 
floor. T h e d redg ing of serpentinized pe r ido t i t e f r o m fau l t scarps at three places 
o n the r idge (Shand, 1949) poin ts to such a conclusion. T h e abnormal ly l ow 
seismic veloci ty , i f this is layer 3, m i g h t be a t t r i b u t e d to intense f r ac tu r ing and 
d i l a t i o n where the convective flow changes d i r ec t ion f r o m ver t ica l to hor izon ta l . 
T h e u n d e r l y i n g mate r i a l , w h i c h o r d i n a r i l y w o u l d have a veloci ty of 8 km/sec or 
more, has a veloci ty app rox ima te ly 7.4 km/sec p a r t l y for the same reason b u t 
also because o f its abno rma l ly h i g h temperature (Fig. 7). T h e interface between 
layer 3 and the 7.4 km/sec ma te r i a l be low is thus the M d iscont inu i ty . T h e i n ­
crease i n veloci ty o f layer 3 to about 6.7 km/sec and of the sub-Moho mate r ia l to 
8 km/sec as one proceeds away f r o m the r idge crest may be a t t r i b u t e d to cool ing 
and hea l ing o f the fractures by s l ight recrystal l izat ion or by deposi t ion f r o m 
so lu t ion i n an i n t e r v a l of tens o f m i l l i o n s of years. 

DEVELOPMENT OF T H E OCEANIC CRUST (LAYER 3) AND T H E 
EVOLUTION OF SEA W A T E R 

Assuming tha t layer 3 is serpentinized per ido t i t e , that the water necessary to 
serpentinize i t is der ived by degassing of the r i s i ng c o l u m n of a man t l e convec­
t i o n cel l , and that its u n i f o r m thickness (4.7 ± 0.5 k m ) is con t ro l l ed by the h igh­
est level the 500° C i so therm can reach under these condi t ions , we have a set of 
reasonable hypotheses w h i c h can account for the observed facts (Fig. 6). 

T h e present active r idge system i n the oceans is about 25,000 k m long . I f the 
mant le is convect ing w i t h a veloci ty o f 1 c m / y r a ver t ica l layer 1 cm th i ck of layer 
3 o n each side o f the r idge axis is be ing fo rmed each year. T h e ma te r i a l fo rmed is 
70 per cent serpentinized, based o n an average seismic veloci ty of 6.7 km/sec, 
and this serpentine contains 25 per cent water by vo lume. I f we m u l t i p l y these 
various quant i t ies , the v o l u m e of water l eav ing the man t l e each year can be 
estimated at 0.4 k m 3 . H a d this process operated at this rate for 4 aeons, 1.6 x 10 9 

k m 3 of water w o u l d have been extracted f r o m the mant le , and this less 0.3 X 10 9 

k m 3 o f water n o w i n layer 3 equals 1.3 X 10 9 k m 3 or approx imate ly the present 
vo lume o f water i n the oceans. 4 

4 The estimate of how much of the present Mid-Ocean Ridge system is active is uncertain. That fraction of the sytem 
with a median rift was used in this estimate. The whole system is approximately 75,000 km long. The velocity of 1 cm/yr 
is also uncertain. If it were 0.35 cm/yr, as Heezen mentions for widening of the Iceland rift, this coupled with a 75,000 km 
ength of the ridge system would give the required amount of water for the sea in 4 aeons. 
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Figure 10. Approximate outline of East Pacific Rise, which possibly represents an oceanic 
ridge so young that it has not yet developed a median rift zone and pre-Rise 

sediments still cap most of its crest 

T h e p r o d u c t i o n of layer 3 by a convective system and serpent in iza t ion must be 
reversed over the d o w n w a r d l imbs o f convect ion cells. T h a t is, as layer 3 is de­
pressed i n t o the d o w n w a r d l i m b i t w i l l deserpentinize at 500° C a n d release its 
water u p w a r d to the sea. T h u s the rate o f ent ry o f j u v e n i l e water i n t o the ocean 
w i l l equal the rate o f acquis i t ion o f water f r o m the man t l e to f o r m layer 3 over 
the r i s ing l imbs o f convect ion cells. 

I t is n o t at present possible to check against the record the assumption tha t the 
process o u t l i n e d wen t far back to the b e g i n n i n g of geologic h is tory at a u n i f o r m 
rate. I f Af r i ca and South Amer i ca moved away f r o m each other at the rate o f 2 
cm a year they w o u l d have been adjacent to each other about 200 m i l l i o n years 
ago. Presumably this was the b e g i n n i n g o f the convect ion cells under the present 
r idge. T h e assumption o f a rate o f movement for convect ion o f 1 c m / y r was 
based o n the above s i tua t ion because the geologic record suggests s p l i t t i n g apart 
near the end o f the Paleozoic Era. T h e convect ion cells under the Mesozoic M i d -
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Pacific R idge ceased to f u n c t i o n about 100 m i l l i o n ago inasmuch as the crest is 
k n o w n to have begun to subside at this t ime. I t must have taken at least 150 
m i l l i o n years at 1 c m / y r for the flanks o f the r idge to spread to a w i d t h of 3000 
k m , and possibly the convect ion cells were i n opera t ion here for several times 
this long . T h e East Pacific Rise crosses the Mesozoic r idge at r i g h t angles and 
presumably d i d n o t come i n t o existence u n t i l recent times, b u t cer ta inly less 
t han 100 m i l l i o n years ago. N o evidence o f o lder ridges is f o u n d i n the oceans, 
suggesting tha t convect ion is effective i n w i p i n g the slate clean every 200 or 
300 m i l l i o n years. T h i s l o n g and devious rou te leads to the conclusion tha t 
the present shapes and floors of ocean basins are comparat ively young features. 

RELATIONSHIP OF THICKNESS OF CONTINENTS T O D E P T H OF T H E SEA 

I n F igure 2 the balance o f oceanic and con t inen ta l columns is por t rayed. T h e 
layer thicknesses are der ived f r o m seismic profiles, and the densities are extrapo­
la ted f r o m seismic velocities and pet ro logic deduc t ion (Hess, 1955). Grav i ty 
measurements d u r i n g the past h a l f century have shown that the concept of 
isostasy is v a l i d — i n other words tha t a balance does exist. T h e oceanic c o l u m n is 
s impler t h a n the con t inen ta l c o l u m n a n d less subject to conjecture w i t h regard 
to layer thicknesses or densities. T h e m a i n uncer ta in ty i n the con t inen ta l c o l u m n 
is its mean density. G i v e n the thickness o f the crust, this value was der ived by 
assuming tha t the pressure at 40 k m below sea level under the continents equal led 
tha t for the same dep th under the oceans, o r 11,775 k g / c m 2 . T h e mean density of 
the con t inen ta l crust then becomes 2.85 g/cc. T h e l a t i t ude tha t one has for 
changing the numer i ca l values i n ei ther of the two columns is small . T h e error 
i n the pressure assumed for 40 k m dep th is p robab ly less t h a n 1 per cent. 

T h e upper surface o f the con t inen t is adjus t ing to e q u i l i b r i u m w i t h sea level 
by erosion. B u t as ma te r i a l is removed f r o m its upper surface, u l t i m a t e l y to be 
deposited a long its margins i n the sea, the con t inen t rises isostatically. I f undis­
tu rbed by tectonic forces or t he rma l changes i t w i l l approach e q u i l i b r i u m at a 
rate estimated by G i l l u l y (1954) as 3.3 X 10 7 yrs h a l f l i fe . I t is thus evident that, 
i f the oceans were h a l f as deep, the cont inents w o u l d be eroded to come to equi­
l i b r i u m w i t h the new sea level , they w o u l d rise isostatically, and a new and m u c h 
shallower dep th to the M d i scon t inu i ty under continents w o u l d g radua l ly be 
established. A t h i n n e r con t inen t b u t one o f greater la tera l extent w o u l d be 
fo rmed inasmuch as v o l u m e w o u l d no t be changed i n this hypothe t ica l pro­
cedure. T h e re la t ionsh ip between dep th o f the oceans, sea level, and the dep th 
to the M d i scon t inu i t y under cont inents is an ax iomat ic one and is a potent 
too l i n reasoning about the past h is tory o f the Earth 's surface and crust. 

T h e oft-repeated statement tha t a m o u n t o f water i n the sea cou ld no t have 
changed appreciably since the b e g i n n i n g of the Paleozoic Era (or even m u c h 
fur ther back) because the sea has repeatedly l apped over and retreated f r o m 
almost a l l con t inen ta l areas d u r i n g this t ime i n t e r v a l is i n v a l i d because the 
ax iomat ic re la t ionsh ip stated i n the last paragraph w o u l d au tomat ica l ly requi re 
that this be so regardless o f the a m o u n t o f water i n the sea. 

One can compute the pressure at 40 k m dep th for an ocean w i t h 1, 2, 3, or 4 
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Depth Sea Floor in Abyssa l Are a in Km 
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Figure 11. Graph portraying depth to the M discontinuity under continents vs. depth of 
abyssal areas in oceans, computed from balance of crustal columns 

Figure 12. Diagram to illustrate thickening of a continent by deformation. Initially a 
mountain system and much larger root are formed, but both spread 

laterally with time and isostatic adjustment 

k m of water and equate this to con t inen ta l columns for the same pressure at 40 
k m , d i s t r i b u t i n g the a m o u n t o f crustal ma te r i a l (density 2.85 g/cc) a n d man t l e 
mate r i a l (density 3.31 g/cc) i n such p r o p o r t i o n tha t balance is established. T h i s 
c o m p u t a t i o n is shown graphica l ly i n F igure 11. Assuming, as has been done i n 
this chapter, that the oceans have g r o w n g radua l ly w i t h t ime, one must sup­
pose that the continents were m u c h th inne r i n the early Precambrian . T h i s cou ld 
possibly be recognizable i n the difference o f tectonic pa t t e rn i n very o l d terrains 
as compared to present con t inen ta l s tructure. 

I f there is g radua l increase o f water i n the sea one may ask w h y cont inents are 
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no t eventual ly flooded and w h y are there no t cont inental- type areas now a k i l o ­
meter or more be low sea level . N o extensive areas o f this sort are found . Part of 
the answer m i g h t l ie i n the generat ion of new con t inen ta l ma te r i a l at a rate 
equivalent to e r u p t i o n of new water. A n increase of dep th of the sea by 1 k m 
allows t h i c k e n i n g of the continents by about 5 times this amount , w h i c h w o u l d 
be several times i n excess o f the estimated 1 k m 3 per year ex t rac t ion o f magma 
f r o m the mant le . Even i f this were an underest imate there is no reason w h y 
continents m i g h t no t ex tend la tera l ly ra ther than grow thicker. T h e answer 
seems to be tha t there is more t h a n enough energy i n the crustal regime of the 
Ea r th to th i cken the cont inents to an extent tha t they are m a i n t a i n e d somewhat 
above the e q u i l i b r i u m level (Fig. 12). A con t inen t w i l l r ide o n convect ing man t l e 
u n t i l i t reaches the d o w n w a r d - p l u n g i n g l i m b of the cell . Because of its m u c h 
lower density i t cannot be forced d o w n , so tha t its l ead ing edge is strongly de­
fo rmed and th ickened w h e n this occurs. I t m i g h t overr ide the downward- f lowing 
man t l e cur ren t for a short distance, b u t t h i cken ing w o u l d be the result as before. 

T h e A t l a n t i c , I n d i a n , and A r c t i c oceans are sur rounded by the t r a i l i n g edges 
of continents m o v i n g away f r o m them, whereas the Pacific Ocean is faced by the 
l ead ing edges of continents m o v i n g t oward the i s land arcs and representing 
downward- f lowing l imbs o f man t l e convect ion cells or, as i n the the case of the 
eastern Pacific m a r g i n , they have p l u n g e d i n t o and i n pa r t over r idden the zone 
of s trong de fo rma t ion over the downward- f lowing l imbs . 

R E C A P I T U L A T I O N 

T h e f o l l o w i n g assumptions were made, and the f o l l o w i n g conclusions reached: 
(1) T h e man t l e is convect ing at a rate of 1 c m / y r . 
(2) T h e convect ing cells have r i s ing l imbs under the mid-ocean ridges. 
(3) T h e convect ing cells account for the observed h i g h heat flow and topo­

graphic rise. 
(4) M a n t l e ma te r i a l comes to the surface o n the crest of these ridges. 
(5) T h e oceanic crust is serpentinized per ido t i t e , hydra ted by release of water 

f r o m the man t l e over the r i s ing l i m b of a current . I n other words i t is hydra ted 
mant le ma te r i a l . 

(6) T h e u n i f o r m thickness of the oceanic crust results f r o m the m a x i m u m 
height that the 500° C i so therm can reach under the mid-ocean r idge. 

(7) Seismic velocities under the crests of ridges are 10-20 per cent lower than 
n o r m a l for the various layers i n c l u d i n g the mant le , b u t become n o r m a l again o n 
r idge flanks. T h i s is a t t r i b u t e d to h igher temperature and intense f r ac tu r ing w i t h 
coo l ing and hea l ing of the fractures away f r o m the crest. 

(8) Mid-ocean ridges are ephemeral features h a v i n g a l i fe of 200 to 300 m i l l i o n 
years (the l i fe of the convect ing cell) . 

(9) T h e Mid-Pacif ic Mesozoic R idge is the on ly trace of a r idge of the last 
cycle o f convect ing cells. 

(10) T h e whole ocean is v i r t u a l l y swept clean (replaced by new mant l e ma­
ter ia l ) every 300 to 400 m i l l i o n years. 

(11) T h i s accounts for the re la t ively t h i n veneer of sediments o n the ocean 
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floor, the re la t ive ly smal l n u m b e r of volcanic seamounts, and the present absence 
of evidence of rocks o lder t han Cretaceous i n the oceans. 

(12) T h e oceanic c o l u m n is i n isostatic e q u i l i b r i u m w i t h the con t inen ta l 
co lumn . T h e upper surface of continents approaches e q u i l i b r i u m w i t h sea level 
by erosion. I t is thus ax iomat ic tha t the thickness o f cont inents is dependent o n 
the dep th of the oceans. 

(13) R i s i n g l imbs coming u p under con t inen ta l areas move the f ragmented 
parts away f r o m one another at a u n i f o r m rate so a t r u l y m e d i a n r idge forms as 
i n the A t l a n t i c Ocean. 

(14) T h e continents are carr ied passively o n the man t l e w i t h convect ion and 
do no t p l o w t h r o u g h oceanic crust. 

(15) T h e i r lead ing edges are s t rongly deformed w h e n they i m p i n g e u p o n 
the d o w n w a r d m o v i n g l imbs o f convect ing mant le . 

(16) T h e oceanic crust, b u c k l i n g d o w n i n t o the descending l i m b , is heated 
and loses its water to the ocean. 

(17) T h e cover o f oceanic sediments and the volcanic seamounts also r ide 
d o w n i n t o the j a w crusher o f the descending l i m b , are metamorphosed, a n d 
eventual ly p robab ly are welded on to continents. 

(18) T h e ocean basins are i m p e r m a n e n t features, a n d the cont inents are per­
manent a l t hough they may be t o r n apar t o r we lded together and the i r margins 
deformed. 

(19) T h e E a r t h is a dynamic body w i t h its surface constant ly changing. T h e 
spherical harmonics o f its topography show unexpected regulari t ies , a ref lect ion 
of the regulari t ies o f its man t l e convect ion systems and the i r secondary effects. 

I n this chapter the w r i t e r has a t t empted to i nven t an e v o l u t i o n for ocean 
basins. I t is ha rd ly l i k e l y tha t a l l o f the numerous assumptions made are correct. 
Nevertheless i t appears to be a useful f r amework for test ing var ious a n d sundry 
groups o f hypotheses r e l a t i ng to the oceans. I t is hoped tha t the f ramework w i t h 
necessary pa tch ing and repa i r may eventual ly f o r m the basis for a new and 
sounder structure. 
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