
385 

THE EVOLUTION OF THE ATLANTIC MEGA-UNDATION 

(CAUSING THE AMERICAN CONTINENTAL DRIFT) 

R.W. VAN BEMMELEN 

Geological Institute, State University, Utrecht (The Netherlands) 

(Received January 4, 1965) 

SUMMARY 

Mega-undations are the largest class of deformations of the earth’s surface, 
with diameters of many thousands of kilometers. They result from deep- 
seated mass-circuits, probably in the inner mantle. Though their potential 
amplitude may be in the order of 100 km, their actual height is not more 
than some dozens of meters, because the arching up is partially compensated 
by sideward spreading of the earth’s upper layers under gravity. By this 
process isostatic balance is more or less preserved. 

If mega-undations occur ih continental areas (such as Gondwana and 
Laurasia) new oceanic basins will open up on their top, with mid-oceanic 
ridges marking their crest; meanwhile relatively deep parts of the outer 
mantle rise to the oceanfloor. The overlying structural levels drift side- 
wards under gravity, towards the adjacent mega-undatory downwarps - like 
the spreading of a tilted stack of books, The highest unit, i.e., the crust, ad- 
vances farthest flowing (gliding) over the next deeper one (the “asthenosphere”). 
The deeper levels of the outer mantle (the “sclerosphere”) are also affected 
by these sliding movements, but their sideward displacement becomes less 
and less, and finally the lateral transport may become zero at the base of 
the outer mantle. This mechanism of continental drift occurs by means of 
the potential energy, which is present in every mass particle. 

The wandering continental shield will show characteristic geotectonic 
phenomena at all sides; at the frontal side or “stem” geosynclinal subsidence 
(followed by orogenesis); at the rear-side or “stern” extension phenomena: 
along the “starboard” systems of right-lateral strike-slip faults will occur, 
whereas along the “port” left-lateral transcurrency is to be found. 

These expectations (prognosis) of the working hypothesis are tested by 
the geotectonic analysis of a case history (diagnosis), namely the evollltion 
of the Atlantic Mega-Undation and the corresponding drift-movements of the 
North American Shield. This geotectonic study provides strong converging 
evidence in support of the soundness of the undation theory; also in its ap- 
plication to the largest features of the earth known as mega-undations. 
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GENERAL PRINCIPLES 

The following analysis of geotectonic processes is based on some general 
principles of their mechanics. 

The earth strives for gravitational equilibrium, or in other words for 
a minimum of free potential energy in the rotating globe. This equilibrium 
can be disturbed by the internal liberation of energy, such as the production 
of heat by radio-activity or by physico-chemical processes. Changes of 
temperature and pressure, and of the state and composition of the matter 
in depth, both influence its density, either .in a reversible or an irreversible 
way. Such changes of density cause the matter to become either too light or 
too heavy for the place it occupies in the earth. The progressing liberation 
of endogenic energy will thus produce accumulations of free potential energy 
and conditions of strain; finally buoyant or foundering circuits of matter are 
engendered which strive for the dispersion of this free energy. 

The majority of contemporaneous geophysicists loosely apply the term 
convection currents to these mass circuits, which are supposed to affect 
more or less extensive parts of the mantle. One has to realize, however, 
that generally this geophysical concept of convection currents has not the 
same meaning as the original concept which has been defined in physics. In 
the physical sense convection currents are circuits of matter due to local 
thermal changes of density in a chemically homogeneous fluid. This is a 
reversible process, whereas in the geophysical sense, convection currents 
are circuits of matter due to local changes of density, which may be a re- 
versible or an irreversible process due to changes of temperature, state, or 
composition. The matter concerned may be either in a fluid or a crystalline 
state; moreover, the chemical composition of the matter in the various parts 
of the circuit may be different over wide ranges. In most cases the mass- 
displacements in the earth’s mantle and crust are irreversible processes, 
which link up with the general chain-reaction of the earth’s evolution. 

On the surface of the earth these internal mass-displacements will be 
reflected by differential vertical movements, These ups and downs, which 
can be observed at the surface, are named undations by the author. On the 
basis of their differences in extent, due to the levels at which the causitive 
circuits of matter take place in depth, the undations can be grouped in five 
classes (see Table I). 

The undations create fields of free potential energy: a surplus in an 
upwarp and a deficit in a downwarp. This free energy can be carried off in 
various ways. 

Three major processes can be distinguished: (1) volcanic activity; (2) 
spreading of the matter in a disperse way be erosion and sedimentation; 
and (3) spreading of the matter in a non-dispersed state by geodynamic 
processes, which are called gravity tectonics or secondary tectogenesis. 

The volcanic spreading of matter will have been most important in the 
first main phase of evolution of the earth, when the heat-production by 
radio-activity was maximum and the anhydric surface was deformed by 
volcanic extrusions and explosions (Fig.1, phase I). 

During the second main phase of the earth’s evolution, when a hydro- 
sphere had already been formed, the erosion and sedimentation may have 
been the major ways of reducing the relief, though of course volcanic 
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EVOLUTION OF THE ATLANTIC MEGA-UNDATION 389 

activity and spreading of matter by geodynamic processes were also active. 
During this second phase of the earth’s evolution the continental crust devel- 
oped by means of zonal accretion around a number of nuclei. The’trans- 
formation of the marginal geosynelinal shelf-areas into met~orphic and 
igneous rocks dominated this phase. In the course of some billions of years 
the primordial continents of Laurasia and Gondwana came into existence 
(Fig.1, phase II). 

After that, in the latest major phase of the earth’s evolution, the geo- 
dynamic processes of gravity tectonics became more and more dominant, 
though volcanism and erosion-sedimentation continued to play their role in 
the dissipation of the free potential energy (Fig.1, phase III). 

These gravity reactions differ in tectonic style and extent in accord- 
ance with the magnitude of the undations; they range from superficial gliding 
of the non-consolidated sedimentary skin to plastic flow that involves the 
entire outer mantle and crust. In other words, these geodynamic processes 
range from a tectonic to geotectonic scale. 

The following discussion of the geotectonic processes, which accompany 
the evolution of mega-undations, is based on this general concept of gravity 
tectonics, 

THE UNDATIONS OF THE EARTH’S SURFACE 

The differential vertical movements of the earth’s surface cause upwarps 
and downwarps of various dimensions. These “undations” can be grouped 
into five classes according to their horizontal extent (diameter). Their max- 
imum height depends on the physical properties of the rocks involved and 
the speed of the differential vertical movements. Soft, non-consolidated 
sediments will spread easily so that even the rather quick vertical move- 
ments of a local undation will not be able to build up an important relief. 
The mega-undations at the other end of the series, caused by the slow 
epeirogenic movements, will also produce only low relief gradients because 
there is ample time for the carrying off of the relief energy in a disperse 
or non-disperse way. At present, the geoid shows extensive bulges and de- 
pressions with amplitudes of only some dozens of meters, according to the 
gravity anomalies (Kaula, 1963a), though the potential amplitude of these 
mega-undations may be much greater, In the section “geodynamic reactions 
to the mega-undations” their potential amplitude is estimated to be in the 
order of 100 km. 

In orogenesis the differential vertical movements are quicker, the 
rocks stronger and/or the extent more limited so that the resulting relief- 
contrasts can become greater. The maximum differences of altitude are 
reached by the erogenic welts and furrows: the meso-undations. Due to the 
physical properties of the crustal rocks and the limited rate and extent of 
the vertical movements, these differential vertical movements never attain 
heights of more than 9 km above sealevel (Mt. Everest, 29,028 ft. = 8,723 m) 
or more than 114 km below sealevel. The latter amount is greater than the 
maximum elevation, due to the added pressure of the seawater column 
(Philippine Trench, 6,297 fathoms = 11,524 m). 

Tectonophysics, 1 (5) (1964) 385-430 
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Fig.2. Relations between the dimensions of the undations of the earth’s 
surface and the depth of the causative mass-circuits. 

The estimation of the depth of the responsible mass-displacements is 
mainly based on geophysical and geological considerations. On a logarithmic 
scale, these considerations lead to a picture of a more or less linear relation 
between the depth of the internal mass-displacements and the extent of the 
undations of the earth’s surface, and to that of a more or less typical Gauss- 
curve for the relation between the actual height and the extent of the undations 
of the earth’s surface (Fig.2). 

Growth and declitze of the mega-undations 

Menard (1964, pp.138-148) gives an excellent description of the growth and 
decline of a mega-undation, namely the Darwin Rise in the central part of 
the Pacific Ocean. During the Cretaceous it was in full bloom and about 
5,000 km long, rising more than 1 km above the ocean floor, cut by longi- 
tudinal ridges and troughs and transverse fractures, which gave way to vol- 
uminous extrusions of basalt. Since then, in the Cenozoic, it subsided, car- 
rying atolls and seamounts (guyots) of extinct base-levelled volcanoes, 
whereas in a few places volcantsm continued up to the present time. 

The East Paciftc Rise is another mega-undation, which is younger than 
the Darwin Mega-Undation. However, it is a less homogeneous feature of the 
earth’s surface; parts of it had already started their activity at the end of 

Tectonophyeics. 1 (5) (1964) 385430 



EVOLUTION OF THE ATLANTIC MEGA-UNDATION 391 

the Cretaceous and Early Cenozoic and may by now be in a state of decline, 
whereas the growth of other parts started later and still seem to be active 
(Menard, 1964, pp.118-137). 

Such mega-undations in the primeval Pacific Ocean may effectuate 
slippage of large slabs of the oceanic crust along transcurrent faults of the 
Mendocino type, but they do not much influence the position of the surround- 
ing continents. 

However, when mega-undations develop beneath continental shields, they 
will cause crustal fracturing on their top, forming rifts and graben, like the 
Red Sea (Girdler, 1962). Ultimately, a real sideward spreading under gravity 
of the crustal cover will occur. The tensional cracking of the continental 
shield is generally accompanied by voluminous extrusions of plateau basalts 
(called “flood basalt&’ by Tyrrell). 

As another example, we may mention the first signs of the opening up 
of the Norwegian Sea in Old-Red time (Westoll, 1965). This rift may have 
extended into the area of the North Atlantic Basin but, since the Paleozoic 
this northern part of the Atlantic Ocean has been quiet for a long time. After 
the Cenozoic the section of the Atlantic Ocean between northwestern Europe 
and Greenland widened to its present size, which process was accompanied 
by the eruption of the flood basalts of the Thulean province. 

Table II gives a provisional chronological scheme of the post-Cambrian 
mega-undations of the earth’s surface, based on various considerations, such 
as the age of the accompanying flood basalts, the offset of the riftzones on 
the crest by younger sections, and other related geotectonic phenomena. The 
existence of such large deformations of the earth’s surface is demonstrated 
by gravimetric and photographic observations from artificial satellites 
(Kaula, 1963a, b). But their chronological succession, as indicated in Table 
II, is only a first attempt, which certainly needs further elaboration in the 
future. Nevertheless, the different ages of plateau basalt provinces, torsional 
phenomena of the crest lines, and other geotectonic features clearly indicate 
that the mega-undatory deformations of the earth’s surface (now character- 
ized by a great and more or less continuous system of oceanic rift belts on 
their crests) are not synchronous. They developed during the course of some 
hundreds of million years. Some parts are already extinct and others are 
only at the beginning of their life cycle. For instance, the continental shield 
of northeastern Africa and Arabia seems to be subjected to a young arching 
up which causes median fracture zones and graben on the crest, but as yet, 
no considerable crustal spreading has occurred (Girdler, 1962; Bailey, 1964). 

Moreover, three major groups of mega-undations can be distinguished 
in the Pacific, Indian and Atlantic oceans (see Fig.3). These groups might be 
called respe&ively the East Pacific, the Indian, and the. Atlantic Mega-Unda- 
tion sensu lato. They grew out, spread stepwise and coalesced,.so that they 
now form a system of bulges and depressions of the geoid with a world en- 
circling system of rift valleys on the crest of the upwarps, as was first rec- 
ognized by Ewing and Heezen in 1956. 

The geodynamic reactions to these deformations of the earth’s surface 
will also show a successive development, Therefore, in order to understand 
the mechanical meaning of the secundary tectogenesis which results from 
these primary-tectonic mega-undations, a chronological analysis of the geo- 
tectonic processes concerned is necessary. 

Tectonophysics, 1 (5) (1964) 385430 
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Fig.3. Geotectonic features of the earth’s surface. Left: Pacific her 
right: Indian hemisphere, (According to Van Bemmelen, 1965a, with 
alterations and additions.) 
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EVOLUTION OF THE ATLANTIC MEGA-UNDATION 399 

We will first discuss the kind of geodynamic reactions that these mega- 
undatory bulges of the earth’s surface may cause according to the concept of 
general gravitational tectonics. These expectations (the prognosis) of the 
working hypothesis will then be tested by the observations of a case history 
(the diagnosis). The development of the Atlantic Mega-Undation, and the 
related drift of South and North America, is a good example. The drift of the 
North American Shield and the accompanying geodynamic phenomena, will 
be particularly dealt with in some detail in the section “development of the 
Atlantic Mega-Undation”. 

Geodynamic reactions to Mega-Undations 

When masses move inside the rotating earth, Coriolis forces influence their 
movements; due to their inertia rising masses experience a westward retar- 
dation with respect to their environment, whereas subsiding masses are rel- 
atively accelerated, pushing eastward in the direction of the rotation. Masses, 
drifting to higher latitudes, will tend to precede eastward in relation to their 
surroundings, and those wandering toward the equator are subjected to a rel- 
ative retardation in a westward direction. 

The mega-undations are thought to be the result of physico-chemical 
processes in the inner mantle (called the “deep cambium” by Van Bemmelen, 
1962, 1964, 1965a). When the heavier constituents of the original cosmic ag- 
glomeration are segregated towards the core, the density of the residual 
matter is reduced proportionally. The matter, enriched in heavier constit- 
uents, subsides and it is relatively accelerated in the direction of the earth’s 
rotation. After joining the core, these segregations will promote the magneto- 
hydrodynamic turbulence in the outer core. The matter, which has become 
lighter, rises and it is relatively retarded. Matter that rises and sinks, due 
to the thermal changes of density, will be affected in the same way by the 
phenomena of inertia in the rotating earth (Coriolis forces). 

Knopoff (1964) has shown that Bullen’s region C (called “sclerosphere” 
by Lustich, 1962; Van Bemmelen, 1962) is strong enough to prevent mantle- 
wide convection from occurring, whether the transition between the outer 
and inner mantle involves’ a phase transition or represents a chemical in- 
homogeneity. Oxburgh (1964) also questions the occurrence of convection in 
the outer mantle on petrological evidence. 

Therefore, the currents in the inner mantle will merely cause bulges 
and depressions of the boundary between the outer and inner mantle, and the 
former will be subjected to adjustments by plastic flow. The rises and sub- 
sidences of the boundary between the inner and outer mantle are transmitted 
by the outer mantle to the surface where they form mega-undations. The 
actual height of the mega-undations will be very restricted, due to the fact 
that because of the slown‘ess of these extensive epeirogenic movements, there 
is ample opportunity for plastic adjustments in the outer mantle. The bulges 
will spread under gravity towards the adjacent depressions, as indicated by 
Fig.4. 

The actual height of the mega-undations of the earth’s surface will be 
small, due to this concomitant spreading, though the amplitude of the bulges 
and depressions of the boundary plane between the inner and outer mantle 
may reach dozens of kilometers. 

Tectonophysics, 1 (5) (1964) 3385-430 
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PHASE P OF THE An.#nc LEO*-am iS.L.) 

fopukq of thr North-&tkntk (Imk) 

Fig.4. Scheme of the mass-circuits during phase II of the Atlantic Mega- 
Undation. Schematic section along 35’ N. 

The sideward spreading of the top part of the rising mega-undations 
will cause the exposure of relatively deep parts of the outer mantle which 
are rising to the surface. The great reduction of pressure of this hot outer- 
mantle matter (pre3~~ly of peridotitic composition with some am~lbole 
content according to Qxburgh, 1964) will Cause the segregation of a basaltic 
magma. This magma has a lower density than the surrounding parent matter. 
It will rise along tension-fissures to the surface, where it builds up basaltic 
volcanoes and aprons of flood basalts. 

The upper structural levels (“Stockwerke”) flow sidewards, toward the 
adjacent depression. Each mass-particle can migrate by meansof its own 
potential energy without being pushed, dragged or transported passively (by 
a current at its base). Therefore, each level can advance farther sidewards 
under gravity than the next one underlying it. Thus, the amount of structural 

Tectonophysics, 1 (5) (1964) 385-430 



EVOLUTION OF THE ATLANTIC MEGA-UNDATION 401 

overlap of these spreading structural levels diminishes with depth, and it 
becomes zero at the basal starting point of the sideward flow. 

This is a general principle of gravity flow, independent of scale. It 
can be applied to a tilted stack of cards or books, as well as to nappes of 
sedimentary strata of the helvetic type, or even to a gravity flow of geo- 
tectonic dimensions. The tectonosphere (s.str.) glides and flows over the 
underlying asthenosphere; the latter over its sclerospheric base. In the 
sclerosphere itself the barrier of the yield strength is also periodically 
surmounted, so that lamellae shift sidewards, one over the other, separated 
by horizons of plastic deformation. 

This mass-circuit in the outer mantle and crust strives for the pres- 
ervation of isostatic balance. The rock column in the centre of the mega- 
undations tends to become heavier due to the upward bulge of lower mantle 
matter. This excess of weight is carried off by the sideward spreading under- 
gravity, resulting in a new ocean basin originating on its culmination, and 
the excess of weight at the base is compensated by a reduction of weight at 
its top. It can be surmised that the amplitude of the bulge of the boundary 
between outer- and inner mantle is of the order of 100 km. In that case the 
weight of the rock column in continental areas above the mega-undatory de- 
pression will equal more or less the weight of the rock column underneath 
the newly formed oceanic basin. 

The sideward movements of the structural levels of the mega-undatory 
upwarp toward the adjacent depression will be accompanied by earthquakes. 
These sudden releases of accumulated sirain particularly occur in the frontal 
parts, where these movements are obstructed and brought to a halt. The foci 
of the normal earthquakes are situated in the tectonosphere (s.str.); the earth- 
quake foci of medium depth are related to the relatively high rates of plastic 
flow in the asthenosphere; the deep foci are especially grouped along the slide- 
lamellae in the sclerosphere. 

This distribution of the shallow, medium and deep foci of earthquakes 
along the front of the advancing levels of the outer mantle and crust is in 
harmony with their distribution and character, as has been analysed by 
Koning (1952, 1953) and more recently by Harrington (1963). However, this 
geodynamical concept, as exposed above, is in contrast to the current idea 
of most contemporary geophysicists who suppose that the zone of earthquake 
foci, which slopes from the ocean under the continent, results from “convec- 
tion currents” that spread from the mid-oceanic ridges and plunge underneath 
the continental shields. 

When a mega-undation has a longer north-south axis the spreading will 
be westward due to the Coriolis forces, whereas the eastern flank will be 
much less active, showing extension accompanied by normal faults and rifts 
and some volcanic activity (Fig.5). This deduction is based on the application 
of the principles of the general theory of gravity tectonics to the spreading 
of a mega-undation. It is supported by the diagnostic fact that the great frac- 
ture zones, with strike-slip movements of the Mendocino type, extend for the 
greater part westward from the crest of the East Pacific Rise. Other diag- 
nostic confirmations are obtained by the geotectonic analysis of Europe and 
Africa on the eastflank of the Atlantic Mega-Undation. North and South 
America developed the Cordilleran System along their westside, whereas no 
counterpart is to be found along the eastside of Europe and Africa. The 
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Fig.5. Scheme of the geodynamic relations between a rising mega-undation 
(primary tectogenesis) and the continental disruptions and drtft of the over- 
lying crust (secondary tectogenesis or gravity tectonics on a geotectontc 
scale); North Atlantic type. 

erogenic inacttvtty of Africa cannot be explained by the convection current 
hypothesis, whereas it is a logical prognosis of our concept. 

The differential sideward flow of the wesfflank of a mega-undation will 
cause a frontal zone of overthrusting compression and geosynclinal subsi- 
dence at the western side of a wandering shield (the “stem”) and normal 
faulting and rifting at its eastern side (the “stern”)‘. The eclogitic basement 

’ A crustal unit that is subjected to drift has a frontal- and a rear-side, comparable 
to the stem and the stern of a ship. Elaborating this comparison, we can also speak 
of a starboard-side with dextral shear and a port-side with sinistral shear (see Fig.5). 
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of the continent will be exposed in the newly opened ocean basin to the east 
of the drifting crustal shield. In such areas of tectonical denudation the 
exposed base of eclogite will undergo a considerable reduction of pressure, 
which promotes the phase trasition from eclogite to gabbro or to basaltic 
magma, so that a geotumor may develop at the leeside of a wandering con- 
tinental shield. The Bermuda Rise is a good example of this phenomenon 
(Engelen, 1964; Van Bemmelen, 1964). 

When a mega-undation has a more or less circular outline, the over- 
lying crust will spread in centrifugal directions. The Indian MegaLUndation 
(s.1.) underneath Gondwana caused a drifting apart of the crustal fragments, 
as is indicated on the righthand hemisphere of Fig.2 (see also Van Bemmelen, 
1965a). 

Finally, it has to be pointed out that in general some time lag is to be 
expected between the rising of a mega-undation (accompanied by the frac- 
turing of the overlying shield and the effusion of plateau basalts) on the one 
hand, and the sideward drifting apart of the cratonic fragments on the other. 
This is of special importance when the displacements of the continental units 
are ascertained by means of paleomagnetic observations. The paleomagnetic 
shift of the continent’s virtual pole becomes significant only when a consider- 
able displacement has already occurred. 

Therefore, in the following analysis of a case-history, which is largely 
based on geological observations, the initiation of the successive mega-unda- 
tions already occurs in a somewhat earlier phase than is indicated by Van 
Hilten (1964) on account of his paleomagnetic reconstructions. 

A test of this geotectonic hypothesis will be given in the next chapter, 
in which the development in space and time of the Atlantic Mega-Undation 
(s.1.) and the corresponding geodynamic processes in North America will be 
discussed. 

.ll 

THE DEVELOPMENT OF THE ATLANTIC MEGA-UNDATION 

The Atlantic Mega-Undation (sensu l&o) 

After the foregoing short explanation of the concept of mega-undations and 
the expectations (prognosis) about the geodynamic reactions to them, we wi 
now apply this idea to a case history, namely the evolution of the Atlantic 
Mega-Undation (Fig.6). 

The Atlantic Mega-Undation, in its larger sense, is a feature of the 
earthns surface which extends from the Antarctic-Indian Ocean in the south 
to the Arctic Basin in the north. Its development has been accompanied by 
a progressive opening-up of the ocean basins between South and North 
America on the westside and Africa-Europe-Siberia on the eastside. 

Phase 0 

The process started in the Southern Hemisphere by the fracturing of the 
primordial Gondwanaland, followed in the RhZit-Liassic by the intrusion and 
outflow of the Gondwana dolerites in South Africa (Kkroo Basalts), 
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Fig.6. Geotectonic features of the Atlantic Mega-Undation. 

Antarctica, Tasmania, Australia, etc. 1 The Parana basalts in the southern 
part of South America are of the same composition and age. This phase is 
called phase 0 of both the Atlantic and the Indian Mega-Undations (see Fig.2, 
Table II). 

’ In the text the term “basalt” alone is used, independent from the age and the question 
of position (intrusive or extrusive). So only the chemical composition of the corre- 
sponding magma is indicated. 
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Phase I 

Thereafter the northern part of the South Atlantic Ocean began to open up 
(between Brazilia and Africa). Beurlen (1961) analysed the successive stages 
of the drifting apart of North andSouth America (Reconcavo Basin, etc.). 

This rifting process occurred in a succession of stages, the age of 
which can be determined stratigraphically from the Upper Trias to the Upper 
Cretaceous. The westward drift of South America then became more apparent 
in the Upper Cretaceous and it may have been proceeding up to the Present 
(Harrington, 1963). The Kamerun volcanism at the eastern side of the South 
Atlantic had already begun in the uppermost Cretaceous and continued till 
the Present. This indicates that, although the South Atlantic Mega-Undation 
started in the older Mesozoic, the resulting westdrift began with some retar- 
dation but once started, it continued over a very long time, up to the Present. 

This phase of the opening up of the South Atlantic Ocean is called 
“phase I of the Atlantic Mega-Undation s.1.” 

Along the crest of the South Atlantic Mega-Undation a rift-valley devel- 
oped which is still active (volcanic, seismic, higher heat flow, gravimetric 
and magnetic anomalies). This southern part of the Mid-Atlantic Rift system 
extends from south to north between 55O S. and the Equator; it has a length 
of about 6,000 km. 

Phase II 

In the younger Mesozoic the Atlantic Mega-Undation s.1. grew farther in 
northward direction, invading the realm of the present North Atlantic Ocean. 
This phase II of its development may have already started in the Jurassic, 
causing the initiation of the subsidence of the Laramic geosynclinal belt along 
the western side of North America (for instance the transgression of Jurassic 
red beds with evaporites in the Sulf of Mexico area). However, it started 
somewhat later than the South Atlantic section, because, on crossing the 
Equator, the crestline of the Atlantic Mega-Undation s.l., passing thus from 
the Southern to the Northern Hemisphere, suffered a retardation with respect 
to the southern section. These torsional movements caused left-lateral off- 
sets between the southern and northern part of the mid-oceanic ridge. The 
apparent cumulative offset of these wrench-faults is about 3,500 km, distrib- 
uted over a belt of about 1,500 km width. 

However, we do not know whether the crest of the North Atlantic Mega- 
Undation was originally a direct northward extension of the South Atlantic 
one, or whether it had already initially developed in more westward longi- 
tudes. In the first case northwest Africa should also have drifted westward, 
because, at present, Monrovia (Liberia) lies due north of the South Atlantic 
mid-oceanic ridge. Such westward movements of Africa fit in the system of 
right-lateral transcurrent faults of the Tethys Belt (Pavoni 1961, 1962, 1964; 
De Boer, 1963, 1965; Van Hilten, 1964; Van Bemmelen, 1962, 1965a). The 
still active dextral South Atlas Fault (“Agadir Fault”) and the dextral South 
Pyrenean Fault are other instances of the great wrench faults which accom- 
pany the westward drift of the crustal shields at the eastside of the North 
Atlantic Basin. 
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The North Atlantic. section of the mid-oceanic rift-valley extends be- 
tween the Equator at about 45O N., having a north-south length of about 
5,000 km. 

Phase III 

The next phase of growth of the North Atalantic Mega-Undation (phase III) 
started with the Lower Tertiary outflows of the Thulean flood basalts. It was 
accompanied by the gradual opening up of the northernmost part of the 
Atlantic Ocean, The Thulean Ocean Basin between Greenland and north- 
western Europe. Here again the retardation of the rotation of the crustal 
upwarp caused a torsional deformation and left-lateral offsets with respect 
to the North Atlantic section. This sinistral offset amounts to about 1,500 km 
in a belt of about 1,000 km width. The length of the Thulean section of the 
mid-oceanic rift-valley is some 4,000 km. 

In the Young Cenozoic the outpouring of flood basalts was revived in 
Iceland where the so called “Grey Suite” (“Graue Stufe”) covers with a slight 
unconformity the older series of plateau basalts (Van Bemmelen and Rutten, 
1955). 

Phase IV 

Finally, a fourth phase can be distinguished in the development of the 
Atlantic Mega-Undation s.l., the formation of the Arctic Basin. The bulging 
up of the polar calotte was accompanied by its centrifugal spreading under 
gravity, which caused the opening-up of the Arctic Ocean Basin. This mega- 
undation also caused a torsional left-lateral displacement of the mid-oceanic 
riftzone (between Greenland and Spitsbergen, and perhaps also an oroclinal 
torsion of Nova Zembla with respect to the Ural Mountains. The longest 
axis of the Arctic Basin (between Spitsbergen and the Beaufort Sea) is about 
3,000 km. 

Thus the Atlantic Mega-Undation s.1. grew out in the course of about 
220 million years over a distance of about 18,000 km, that is with an average 
rate of growth of 8-8 cm/year, measured in south-north direction. Four 
phases of growth can be distinguished, producing successive sections which 
are stepwise shorter: phase I, 6,000 km long; phase II, 5,000 km long; 
phase HI: 4,000 km long; phase IV, 3,060 km long. The transitions between 
these successive sections are marked by left-lateral off-sets due to the 
torsional effect of the Coriolis forces (see Fig.6). The sinistral offset 
amounts to several thousands of kilometers in the nelghbourhocxi of the 
Equator, between sections I and II. It reduces to about 1,500 km between the 
sections II and III at about 45’ N. and, finally, it is rather insignificant at 
80’ N. between the sections III and IV. 

In the next subchapters the geodynamic processes in relation with the 
second phase (North Atlantic), third phase (Thulean), fourth phase (Arctic) 
will be discussed. 
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Phase II: The North Atlantic Mega-Undation 

According to the working hypothesis, exposed in the preceding chapter, the 
westward drift of North America was caused by the North Atlantic Mega- 
Undation (see Fig.4, 5). Such a continental drift will be accompanied by 
transcurrent faulting along the port- and starboard sides, geosynclinal 
subsidence and orogenesis in the frontal belt (stem): and extension phenom- 
ena at the rear (stern). We will now consider how far the diagnosis of the 
geotectonic observations is in accordance with the theoretical expectations 
(prognosis) of the working hypothesis. 

Geodynumics along the port of North America 

The northernmost of the left lateral shear faults, which offset the mid- 
oceanic rift-valley of the North Atlantic Basin with respect to the South 
Atlantic section, might be linked up with the left-lateral strike-slip faulting 
along the northern side of the Caribbean area as suggested by Hess and 
Maxwell (1953) (see Fig.3, 6). 

The southernmost of this sinistral shear fault system in the Atlantic 
Basin extends westward along the coast of the Guyana Shield. There it is cut 
at a sharp angle by a right-lateral strike-slip fault, which borders the Carib- 
bean Basin at its southern side, and which extends along the northcoast of 
Venezuela and Trinidad. The opposite direction of the movements along 
these faults represents a mechanical complication which needs a closer anal- 
ysis. The stratigraphical and structural analysis of the Caribbean area by 
Woodring (1954) and Butterlin (1956) leads to the conclusion that this area 
was occupied in the older Mesozoic by a landmass which provided sediments 
to the surrounding area. This landmass, called “Caribbea”, then subsided 
below sea level in the younger Mesozoic and Lower Tertiary, which process 
was accompanied by intensive and widespread volcanic activity. 

The cause of the subsidence of Caribbea is not, however, a point for 
discussion here. I suggested in 1958 a basification of the sialic crust by the 
magmatic activity and a corresponding increase of its main density (see Van 
Bemmelen, 1958, pp.ll-17, fig.5). But in relation to the case-history now 
under discussion, it is of importance to note that the collapse of the Carib- 
bean crustal segment will cause an eastward push in the crust, due to the 
inertia of this mass which had to rotate with a radius that became some 
kilometers shorter. The effect of this eastward push is the development of 
sinistral shear movements along the port of the Caribbean Basin, Jamaica, 
Hispaniola, Puerto Rico, and right lateral shear movements along its star- 
board (the Oca Fault along the northcoast of Venezuela and Trinidad), where- 
as the push itself caused the warping of the arcs of the Lesser Antilles at 
its eastern side. 

A similar geodynamic process, due to inertia of collapsing crustal 
segments promoted the formation of the East Asiatic island festoons. 

The dextral shear in the Venezuelan coastal belt, from Santa Marta in the 
west to Trinidad in the east (1,800 km), may have made use of the same, 
pre-existing zone of weakness, which was formed by the sinistral shear 
zone that extended from the Mid-Atlantic Ridge to Nicaragua. Thus, the ap- 
parent mechanical controversy found in this zone of transcurrent faulting, 
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can be explained by distinguishing two entirely different fields of forces (the 
one created by the upwarp of the North Atlantic Mega-Undation and the other 
resulting from the downwarp of the Caribbean “geo-tumor”). These fields 
were successively active, but the geodynamic reactions made partly use IX 
the same lines of weakness in the tectonosphere. 

Important sinistral strike-slip faults can be distinguished along the 
port of the westward drifting North American Shield. The first one extends 
westward along the northside of the Puerto Rico Trench and the Cayman 
Trench, ending in the Guatemala Graben at 15’ N. The second one is the 
Saltillo-Torrkon fracture zone of Mexico at about 25O N., which causes a 
left-lateral offset in the Sierra Madre Oriental. According to Murray (1961) 
it is a deep-seated fracture similar to the Mendocino-type fracture of the 
East Pacific Rise. It probably had already originated by the Late Jurass~, 
during the beginning of the formation of the Mexican geosynclinal, and it may 
have been active till post-Laramide time. Its orientation is N 70° W. The 
third one underlies the Rio Grande embayment, extending from Matamorosa 
west-northwestward along Laredo to El Paso. Its farther west-northwest 
extension in Arizona has been called the Texas lineament by Moody and Hill 
(1956, p.1222, fig.11); these authors suggest a sinistral strike-slip character. 
This Texas lineament marks the northern boundary of the Jurasso-Cretaceous 
Mexican geosyncline. 

A fourth system of sinistral strike-slip faults occurs in the transverse 
ranges of California, north of Los Angeles. The east-northeast-wrest-southwest 
trending Garlock Fault belonging to this system has a left lateral offset of 
about 60 km. It is, in its turn, somewhat displaced some miles in a right- 
lateral sense with respect to its westward extension in the Big Pine Fault, 
due to the San Andreas Fault. The mechanics of the conjugated San Andreas- 
Garlock system has been analysed by Hill and Dibblee (1953). These authors 
come to the conclusion that most probably the block at the eastside of the 
San Andreas and north of the Garlock has been moving southward (Hill and 
Dibblee, 1953, p.456). 

The age of this movement is post-Upper Cretaceous, because the 
Garlock Fault offsets a dlkeswarm of Upper Cretaceous age. The strike-slip 
movements and drag phenomena along the conjugated San Andreas-Garlock 
Fault system would thus correspond in age with the Cenozoic southwestward- 
southward drift of the North American Shield. 

Therefore, the Garlock Fault probably does not belong to phase II of the 
North American geodynamics, discussed in this subchapter, but rather to the 
Cenozoic geotectonic features, discussed in the subchapters on phase III and 
Iv. 

Geodpamics of the stem of North America 

Along its frontal side, the westward drifting of the North American Shield 
promoted the formation of a Young Mesozoic belt of geosynclinal subsidence, 
which was succeeded by the Laramic orogenesis. 

We have already mentioned the Mexican geosyncline in the southern 
part of the frontal belt. North of the Mexican geosyncline, i.e., north of about 
30° N., the western part of North America is occupied by a broad mobile 
belt, which has existed since the Early Paleozoic. This older geosyncline 
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belt is the zone of normal continental growth arourid a continental nucleus, 
in casu around the western part of Laurasia (the Laurentian Shield). The 
transformation of its geosynclinal deposits into zones of crustal accretion 
was accompanied by pre-Laramide erogenic cycles. 

In Late Mesozoic and Early Tertiary times again a series of deforma- 
tional pulses occurred, which are known in literature as the Laramide 
orogeny. This Laramic orogenesis is thought to be the reaction to the Young 
Mesozoic geosynclinal subsidence, which was engendered by the westward 
drift along the entire westside of South and North America. 

Both continents moved westward, as is now generally accepted on the 
base of paleomagnetic and geologic data. This westward drift is thought to 
be in relation with the northward growth of the Atlantic Mega-Undation. The 
westward movements are still active in South and Central America, as ap- 
pears from the occurrence of medium and deep earthquakes. 

Due to this westward drift an additional confining pressure occurred 
in the gabbroic lqwer part of the crust, which promoted its transformation 
into denser eclogite. The isostatic sinking of this newly formed eclogite 
caused a belt of geosynclinal subsidence. During the later stages of evolution 
the physico-chemical reactions to such geosynclinal subsidences caused 
cycles of meso-undations (orogenesis). These chain-reactions are discussed 
by Van Bemmelen (1965a, b). In this way the andine-type orogenesis along the 
westside of South and North America can be interpreted as the indirect re- 
sult of the westward drift of these shields. 

Geodyamics along the starboard of ,Vorth America 

The strike-slip faults along the starboard-side are not as clear as those 
along the port-side. It might be surmised, that North America rotated clock- 
wise, around an imaginary hinge point situated somewhere in the arctic 
region; thus no dextral strike-slip movements are to be expected along the 
northern side of the shield. Nevertheless, there are two well-defined dextral 
transcurrent faults in the northern part of the eastern seaboard and the 
eastern shelf area of North America. 

The first one occurs at about 40” N. It is almost 1,000 km long and it 
has a right-lateral offset of about 180 km under the shelf (Drake, 1963). The 
movements occurred in the post-Late Triassic, but certainly stopped before 
the Upper Cretaceous. Woodward (1964) analyses the westward extension of 
this fault into an in echelon system of dextral shear faults, which cuts across 
the Apalachians where it has a cumulative right-lateral offset of about 120 km. 

Gilliland (1962) surmised that this Eastcoast Fault might be an exten- 
sion of the Mendocino Fracture of the westcoast. 

But, although both are east-west fractures of great length along 40’ N,, 
the present author is of the opinion that they are of different geotectonic 
relationship. The Mendocino Fracture is a left-lateral transcurrent fault on 
the westflank of the East Pacific Mega-Undation whereas the Eastcoast Fault 
at 40” N. is a right-lateral strike-slip fault on the westflank of the North 
Atlantic Mega-Undation. 

The second one is a southeast-northwest trending, right-lateral trans- 
current fault, which passes through the strait between Newfoundland and New 
Brunswick. It extends along the southwestern side of the Grand Banks and 
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the Newfoundland Ridge towards the crest of the mid-oceanic rise. Murray 
(1961, p.19) remarks that the Appalachian structures in New England, New 
Brunswick and Nova Scotia offset eastward in Newfoundland. This offset 
might be related with dextral shear movements along the starboard-side of 
the westward-drifting North-American Shield. Dextral strike-slip faulting 
might also occur along the northcoast of Labrador and Newfoundland. 

Older transcurrent displacements and rotations are also known in this 
area. The northeastsouthwest Cabot Fault System shows Young Paleozoic 
sinistral strike-slip movements (Wilson 1962). Black (1964) concluded from 
paleomagnetic data that Newfoundland has rotated anti-clockwise around its 
northpoint. This rotation occurred at the end of the Devonian, and it might 
be related with the initial opening of the Thulean Basin in the Devonian 
(Westoll, 1965). 

West011 (1965) advances strong stratigraphical arguments that the sin- 
istral Cabot Fault System was originally the southward extension of the sin- 
istral Great Glen Fault in Scotland. If so, the Cabot system has suffered, 
after its formation, a right-lateral offset with respect to the Glen Fault over 
a distance of more than 3,000 km. Though we have as yet no direct observa- 
tions regarding the age of this offset, it seems quite possible that it partly 
occurred during the younger Mesozoic in relation with the westward drift of 
North America. 

The foregoing considerations indicate that the North Atlantic Ocean is 
bounded to the north by a zone of right-lateral strike-slip faults. These faults 
extend from the South Pyrenean Fault at its eastside across the ocean along 
45” N. to the northcoast of Newfoundland at its westside. This zone of dextral 
transcurrency at the northern side of the North Atlantic Mega-Undation is 
probably related with the westward drift of North America in the Young 
Mesozoic. It is older than the left-lateral offsets in the belt between 45O N. 
and 54” N., which originated during the Lower Cenozoic, in relation with the 
development of the Thulean Mega-Undation (see the section relating to phase 
III). 

Geodynamics of the stern of North America 

The westward spreading of the North Atlantic Mega-Undation has caused 
extension phenomena at the rear-side of the North American Shield. Along 
the eastcoast normal faults and grabenstructures came into existence in the 
Late Mesozoic and Cenozoic, according to the author (Van Bemmelen, 1956, 
fig.3) and Engelen (1963). 

In the North American Basin, between the eastcoast of the United 
States and the Mid-Atlantic Ridge, the ocean floor shows a curious upwarp 
with an elliptical outline - the Bermuda Rise. It is about 1,000 km long, 
500 km wide, and it rises some kilometers above the surrounding abyssal 
plains. The volcanic cones on this rise are truncated by Late Tertiary and 
Pleistocene erosion. In one boring eocene microfossils were found on top, SO 
that the volcanic activity was probably of Late Cretaceous age. This Bermuda 
Rise has the size of a geo-undation (Class II of Table I), The upwarp of the 
Bermuda geotumor has been explained by Engelen (1964) and the author 
(Van Bemmelen, 1964) as the effect of the tectonic denundation of the 
eclogitic continental base, formerly below North America, during the 
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westward drift of the North American Shield. The overlying crust slid off, 
thus exposing this deeper crustal layer. The reduction of pressure in this 
eclogitic base and its relatively high temperature were both factors that 
favoured the phase-transition of the eclogite into basaltic magma. A blister 
of basaltic magma was formed (an “oceanic asthenolith”), which was pushed 
up isostatically, thus forming the Bermuda Geo-Undation. 

Hence the geodynamic processes at all sides of the North American 
Shield provide strong evidence for its westward drift, which has probably 
occurred since the Upper Jurassic: left-lateral strike-slip faults along its 
port, right-lateral strike-slip faults along its starboard, Young Mesozoic 
geosynclinal subsidence, followed by the Laramic orogenesis, at its frontal 
side (the stem), extension phenomena and tectonic denundation of deeper 
structural tiers at its rear-side (the stern). 

Phase III: The Thulean Mega-Undation 

The Thulean Basalt-province extends from the eastcoast of Greenland across 
Iceland and the Farber Islands to northwest Scotland, now a belt of more than 
2,000 km width. The eruptions started in the Lower Tertiary, probably 
Oligocene, and they represent a clear indication for the disruption and 
crustal extension on the top of a growing mega-undation. This Thulean 
Mega-Undation occurs in the area where formerly, in the Devonian, a mega- 
undation had already occurred (Westoll, 1965), but since then it had been 
quiet. The Thulean Mega-Undation is younger than the North Atlantic one 
and it represents the third phase of growth of the Atlantic Mega-Undation s.1. 

Geodynamics at the southern side of the Thulean Basin 

Because of the rotational retardation the mid-oceanic ridge on the crest of 
the Thulean Mega-Undation was displaced in a left-lateral sense with respect 
to the mid-oceanic ridge of the North Atlantic Basin. This offset occurred 
in a belt of about 1,000 km width and the cumulative westward displacement 
amounts to about 1,500 km. 

The northernmost of these left-lateral strike-slip faults extends per- 
haps from the Mediterranean to the Labrador Sea. It begins at its eastern 
end by a north?lorthwest-trending section which cuts off the Betic Cordil- 
lera’s (the Baleares Islands) and the Pyrenean range. It then curves in a 
northwest-direction, possibly embracing the massifs of the Montagne Noir 
and Mouthoumet by means of east-west trending in echelon strike-slip 
faults, and it passes along the southwest-side of the Central Massif of 
France. Next it embraces the lenticular granite batholith of Mortagne in the 
Department of Vendbe. This batholith is bounded on all sides by mylonitic 
fault zones, partly cemented by Uranium-mineralizations, which are prob- 
ably descendant enrichments which provide France with some of her Ura- 
nium-ore reserves. The transcurrent fault system curves in the Vendke from 
a southeast-northwest into an east-west direction, and it then passes south 
of Bretagne and farther westward along the boundary fault between the West 
European Basin and the British Shelf. Still farther westward it causes a left- 
lateral offset of the Reykjanes Ridge with respect to the North Atlantic 
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mid-oceanic ridge between 50° N. and 55O N. Beyond this offset its course 
is less clear; it might be surmised that it ends in the Labrador Sea, or that 
it passes with a northeast-southwest-direction through the strait between 
Newfoundland and Labrador. 

There is a mechanical contrast between the right-lateral offset of the 
great shear fault which displaces the Great Glen Fault of Scotland to the 
Cabot Fault system in Newfoundland on the one hand, and the left-lateral 
strike-slip zone, which causes the offset between France and Newfoundland, 
on the other hand. 

The mechanical meaning of these contrasting directions of transcur- 
rency can only be understood, if we realise their chronological succession, 
and their geodynamic relationships. The,right-lateral system is the older 
one, because it is geodynamically related to the opening up of the North 
Atlantic Basin in the Young Mesozoic; whereas the left-lateral system is 
younger, being formed during the widening of the Thulean Ocean Basin in the 
older Cenozoic. The older transcurrent movements occurred along the star- 
board of the North American Mega-Undation, and the younger ones along the 
port of the Thulean Mega-Undation. 

Geodynamics of‘ the top o_f the Thulean Mega- Undatio?z 

The widening of the Thulean Basin was the result of the spreading of the top 
part of the Thulean Mega-Undation. The drifting apart of Greenland and 
northwestern Europe is shown by the displacement of another geotectonic 
lineament of the Caledonian Mountain System, namely its western marginal 
overthrust, called the “Maine Thrust” in northwestern Scotland. 

If Bullard’s reconstruction of the best fit of the 100 fathom line is used 
(Bullard, 1965), it appears that the eastern margin of Greenland was orig- 
inally situated north of Scotland. In the Scouresb:I Sound area this eastern 
margin is occupied by the Caledonian erogenic bklt, according to the work 
of Lauge Koch et al. Recently Wager and Hamilton (1964) have demonstrated, 
by means of radio-active age-determinations, that the Scottish “Moine 
Thrust” extended originally north-northwestward to the eastern margin of 
Greenland where it separates the Basement Complex to the west of it (age 
16-26 * 10e years) from Caledonian Rocks in Scotland, the Shetland Islands 
and the Scouresby Sound area to the east of it (age 4 - l@ years). 

At present the Greenland section of the “Moine Thrust” linearnent lies 
west of the mid-oceanic rift-valley and the Scotland section to the east of it; 
in other words, they are now about 1,800 km apart. The connecting line be- 
tween their southern, respectively northern ends passes across Iceland. 
Bodvarsson and Walker (1964) found that in the Young Cenozoic the Mid- 
Iceland Graben suffered an east-west extension of 400 km. Bernauer (1943), 
basing himself on detailed measurements across lava fields dissected by 
gaping fissures (called “Gjar” in Icelandic), had already estimated the post- 
glacial extension in this central zone of Iceland at 3.50 m/km in a thousand 
years (see Van Bemmelen and Rutten, 1955, p.161). The data of Wager and 
Hamilton (1964) and Bodvarsson and Walker (1964) indicate that the average 
rate of the w\idening of the Thulean Basin amounts to about 3 cm/year. 

Because the western margin of the Caledonian Mountain System ex- 
tended north-northwest-south-southeast, it crossed the northwest-southeast 

Tectonophysics, 1 (3) (1964) 3x3-43(1 



EVOLUTION OF THE ATLANTIC MEGA-UNDATION 413 

trending Reykjanes-Iceland Ridge and its northern and southern sections 
drifted apart, thus producing a left-lateral offset of about 1,800 km. 

In somewhat higher latitudes, between 70” N. and 75” N., the mid- 
oceanic ridge makes a curious eastward bend. Heezen (1962, p.260, fig.19) 
interprets this bend as the result of dextraf transcurrent faulting. Our con- 
cept is also in favour of such an interpretation, because the westward spread- 
ing of the top part of the Thulean Mega-Undation would cause dextral offsets 
at its northern side, such as those between 70’ N. and 75O N., and sinistral 
offsets at its southern side, such as those between 50° N. and 55* N. 

It is interesting to note on Heezen’s map that the course of the 
Mid-Atlantic Ridge is influenced by six systems of transcurrent movements, 
which cause alternating sinistral and dextral deformations. This picture has 
little mechanical sense when considered as synchronous torsional deforma- 
tions of the Mid-Atlantic Ridge. If, however, the development in space and 
time is considered, the mechanical meaning becomes apparent. There are 
three successive sets of two systems, which correspond with the successive 
phases I, II, and HI of the Atlantic Vega-Undation s.1. 

The first set shows a sinistral torsion in its southern part (along the 
east-uvest lineament that extends from the Falkland Islands to Bouvet Island) 
and a dextral torsion in its northern part (from the Eameroon along the 
Guinea Ridge and north of Ascension Island to the Reconcavo Basin of Brazil). 
This set is mechanically related to the westward spreading of the South 
Atlantic Mega-Undation (and the correlated westward drift of the southern 
part of South America). 

The second set shows sinistral torsion in its southern part (offsetting 
the Mid-Atlantic Ridge between the Equator and 10 o N.) and dextral torsion 
in its northern part (offsetting the Mid-Atlantic Ridge between 30” N. and 
55” N. as well as between 40” N. and 45” N. This second set is mechanically 
related to the westward spreading of the top part of the North Atlantic Mega- 
Undation (and the correlated westdrift of the southern part of the North 
American Shield). 

It should be noted that the equatorial offset of the Mid-Atlantic Ridge 
is enormous, and that the northern part of South America (the Brazilian and 
Guiana Shields) occupies an intermediary position between the westward 
drifting southern part of South America and the westward drifting North 
American Shield. The sinistral transcurrency between the southern and 
northern parts of South America has to be considered in this light and thus 
obtains its mechanical sense. 

Finally, there is a third set of sinistral and dextral transeurrent faults 
across the Mid-Atlantic Ridge. Its southern part is sinistral and displaces 
the Ridge between 50 o N. and 55 o N. The northern part is dextral, causing a 
torsion of the Mid-Atlantic Ridge between 70” N. and 75 Q N. This third set 
is mechanically related to the westward spreading of the top part of the 
Thulean Mega-Undation. 

Thus the transcurcent east-vvest movements, which deform the course 
of the Mid-Atlantic Ridge alternating in a sinistral and dextral sense, appear 
to be mechanically logical geotectonic elements, provided their relation to 
the successive phases of evolution of the Atlantic Mega-Undation is taken 
into account. 
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Geodynamics of northwestern Europe at the rear-side 0-f the Thulecul 
Mega - Unda tion 

Northwestern Europe is situated at the rear-side of the Thulean Mega- 
Undation, and it shows geodynamic phenomena which are related with the 
evolution of this mega-undation. In northwestern Scotland and Ireland a 
north-northeast-south-southwest belt of Tertiary igneous dikes and central 
igneous complexes succeeded the outflow of plateau basalts. This is clearly 
the effect of extension movements in the margin of the European Shield. But 
also farther inland indications of east-west tensional movements are found, 
such as the north-south graben and rows of volcanic extrusions in central 
France (e.g., the Chalne des Puys near Clermond Ferrand, the Vichy Graben 
and the Bhone Graben), and the Rhine-Graben with the Kaiser&h1 and 
Vogelsberg volcanoes in West Germany. These extension-phenomena all be- 
gan in the Lower Tertiary, in the same period as the outpouring of the 
Thulean flood basalts, and they proceeded during the Cenozoic. These ob- 
servations indicate that northwestern Europe drifted westward, while being 
stretched in a westward direction. 

This westward drift of northwestern Europe led to repercussions still 
farther away in the lee, in the area of the Alpine orogenesis, as appears 
from recent paleomagnetic and structural investigations. De Boer (1963, 
1965) has built up a paleomagnetic stratigraphy for the Vicentinian Alps, 
which are situated in the southeastern flank of the Alpine range. This paleo- 
magnetic stratigraphy extends from the Permian to the Mid-Tertiary. It 
shows that this area had drifted during the Mesozoic from east to west along 
the Tethys geosyncline over some thousands of kilometers, but, in the Lower 
Tertiary suddenly changed its drift-direction becoming southeast-northwest. 
This southeast-northwest drift may have covered hundreds of kilometers. 
Later on, De Boer’s rather disconcerting results were confirmed by the 
paleomagnetic work of Guicherit (1964) in the Carnian Alps (south of the 
Alpine Tauern-culmination). Furthermore, they have also been supported 
by the independent analysis of the geodynamic processes in the southeastern 
Alps by Van Bemmelen and Meulenkamp (1965). This structural analysis 
shows that the east-west trending AlpineDinaric Boundary Fault (Puster 
Fault, DrauGail Fault, Karawanken Fault) has been displaced by younger 
transcurrent faults in a right-lateral sense, during the interval between the 
Upper Cretaceous flysch-phase and the Mid-Tertiary molasse-phase (the 
northwest-southeast trending right-lateral strike-slip faults of Lavantal, 
Mbll-Drau, Isel-Drau, etc.). This sudden change of the geotectonic drift- 
directions from east-west into southeast-northwest was originally just a 
diagnostic fact which had to be accepted by us, although we did not under- 
stand its mechanical meaning. The present analysis of the geotectonic rela- 
tionships with the evolution of the Thulean Mega-Undation unexpectedly sheds 
a new light on it. 

The change of the drift-direction becomes senseful by bringing it in 
relation with the drifting away of the West European foreland, a lee-effect 
of the Thulean Mega-Undation. 

The drift-direction of Africa tended always to be northwestward away 
from the Indian Ocean Mega-Undation, but it was deflected into a westward 
direction by the obstruction of the Eurasiatic Shield. This deflection caused 
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the dextral east-west “Tethys Twist” analysed paleomagnetically by Van 
Hilten (1964), and discussed geotectonically by Van Bemmelen (1965a, b). 
Then, in the Lower Tertiary, the northwestern European foreland receded 
in relation with the Thulean Mega-Undation, and in its lee a promontory of 
the African Shield was able to advance in a northwestward direction. 

This geotectonic displacement (drift) of central Europe is independent 
of the erogenic evolution of the Alpine System in this section by means of 
meso-undations, as interpreted by the present author (Van Bemmelen, 
1960a, b). The tectonic effects of these meso-undations are superimposed 
on the geotectonic effect of the mega-undations. 

Thus, the geodynamic concept of the undation theory is fixistic for the 
description of the regional tectonic movements of the orogenesis, and it is 
mobilistic for its description of geotectonic drift-movements. The ultimate 
effect is a combination of both geodynamic processes, so that at present the 
undation theory has a ‘yrelativistic” character (Van Bemmelen, 1962). 

The above mechanical interpretation of the geodynamic processes in 
northwest and central Europe during the Lower and Mid-Cenozoic stands in 
contrast to the idea that the European foreland has underthrusted the Alpine 
Mountain System, as is advocated by many geologists of our time. On the 
other hand, it agrees excellently with the picture provided by the modern 
geological and geophysical diagnostic facts. 

Geodynamics of Greenland and North America at the frontal side of 
the- Thulean Mega- Unda’tion 

At the western side of the Thulean Mega-Undation the drift of Greenland and 
North America opened the Greenland Basin (between Greenland and the mid- 
oceanic rift-valley) and the Baffins Bay Labrador Sea (between Greenland 
and Canada). 

The northward outgrowth of the North Atlantic Mega-Undation into the 
Thulean section initiated an encircling envelopment around the North 
American Shield, which also continued during the next phase (phase Iv: the 
Arctic Mega-Undation). The North Atlantic Mega-Undation was situated due 
east of North America, but the Thulean one occupied a northeastern position. 
Consequently, in the Lower Cenozoic, the westward drift of North America 
backed to a southwestward direction’. 

This change of the drift-direction has been more or less gradual and, 
therefore, the drifting shield may have made use - as long as possible - 
of the existing zones of transcurrent faulting, which were zones of weakness, 
extending hundreds of kilometers downward into the outer mantle. But, ulti- 
mately, younger lineaments had to come into existence as railings for the 
new drift-direction. 

In the latest phase of the northward outgrowth of the Atlantic Mega- 
Undation s.1. (phase IV: the Arctic section) the encircling of the North 
American Shield by this mega-undation progressed. The Young Cenozoic 
Arctic Mega-Undation is situated to the north of North America. 

’ The verb “to back” has been used here in the sense of a counter-clockwise change 
of direction. For instance, a backing direction of the wind in contrast to a veering 
wind which means a clockwise change of its direction. 
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Consequently, the drift-direction of this shield backed further in a counter- 
clockwise sense, becoming southward (see the section relating to phase IV). 

We will now analyse the geodynamic phenomena in relation with this 
new drift-direction. First we will consider the geotectonic pattern along the 
port (eastcoast). 

Along the eastern seaboard of North America a remarkable system of 
alternating northeastsouthwest and north-south lineaments exists. Murray 
(1961, fig.3.5) reproduces a map (designed by Hobbs in 1904) in which these 
northeastsouthwest and north-south lineaments are distinguished. A modern 
structural analysis is necessary, however, to determine whether or not 
these lineaments have functioned as strike-slip faults. 

On Fig.6 it has been provisionally indicated that the following linea- 
ments with alternating northeast-southwest and north-south directions along 
the eastern seaboard of North America have acted successively as sinistral 
strike-slip faults during the older Cenozoic southwestward drift and the 
younger Cenozoic southward drift of North America: St. Lawrence (northeast- 
southwest), Champlain-Hudson (northsouth), southeastern coast from Cape 
Hatteras to the isthmian link of Florida (northwest-southeast), the Florida 
Strait between the Bahama Plateau and Florida (north-southXthe northwestern 
tail of Cuba near Havanna (northwest-southeast), and the eastern seaboard 
of Yucatan (north-south). 

However, this is only a tentative prognosis of our geodynamic concept. 
It might also be surmised that the counterclockwise backing of the drift- 
direction from east-west via northeastsouthwest to north-south caused a 
rotational movement of the North American Shield around an imaginary hinge 
point somewhere in the Bermuda region. In that case, the pattern of linea- 
ments in the eastern part of the United States represents rather a pattern 
of mega-fractures without actual strike-slip displacements along them. 

For the main effect of the southwestward and southward drift-direction 
we have to study the starboard in the west (along the western margin of the 
North American Shield) and also the frontal side in the south. 

Along the starboard right-lateral offsets are to be expected, according 
to this working hypothesis of a backing drift-direction, and, indeed, along the 
western side of the shield the dextral transcurrent faults of the San Andreas 
System were active in the Cenozoic. According to Crowell (1962) this fault 
system of about 1,000 km length originated in the earliest Tertiary. Its post- 
earliest Miocene offset amounts to at least 260 km. This offset will be the 
combined effect of phase III and phase IV (see the section relating to phase Iv) 

There is, however, a complication in the geotectonic pattern of the 
western part of North America, due to the rise of the East Pacific Mega- 
Undation in the Lower Cenozoic, which rise extends below the continental 
margin between 20’ N. and 40’ N. This rising section of another mega- 
undatory system obstructed the southwest- and southward drift of North 
America, deflecting its course. Consequently, the right-lateral transcurrent 
faulting along the starboard of North America obtained in the San Andreas 
System a northwest-southeast direction, parallel to the crest of.the East 
Pacific Rise, instead of trending northeastsouthwest or north-south, as 
might be expected according to the working hypothesis on the relations be- 
tween the development of mega-undations and the drift-direction of the 
overlying crustal shields. 
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The initial stages of the development of the East Pacific Rise are ac- 
companied by the outflow of the Eocene plateau basalts in the Olympic-Coast 
Range and the Puget Willamette Trough, which have a volume of about 
170,000 km3 (Waters, 1955, p.705). 

These upwelling basalts and their additional heat supply caused anatexis 
and the formation of palingenic magmas of a more intermediary composition. 
Subsequently, this magma gave rise to the Oligo-Miocene andesite complex of 
the Cascade Mountains of Washington and Oregon. 

A later pulse of geotectonic deformation produced the Columbia Plateau 
Basalts of Mio-Pliocene age, which flooded an area of 260,000 km2, and the 
still younger basalts of the Snake River Valley. This second pulse is presum- 
ably related with the development of the Arctic Mega-Unction, which will be 
discussed in the next subchapter. 

The great heat supply of the East Pacific Rise caused also a melting of 
the base of the granitic layer farther south, in the Great Basin District. These 
acid palingenic magmas formed an asthenolithic blister of low density matter, 
together with and on top of the upwelling basalts of the East Pacific Rise. The 
buoyancy of this asthenolith caused the arching up and fissuring of the over- 
lying crust, which process was accompanied by the eruption of ignimbritic 
“flood tuffs” with an aggregate volume of more than 200,000 km3, according 
to Mackin (1960, p.83). 

The present author interpreted the tectonics of the Great Basin District 
as a gigantic upwarp of the Cordilleran System, with a wavelength of about 
800 km and a potential amplitude of 6 km (Van Bemmelen, 1963, p.166). The 
cause of this crustal upwarp is the buoyancy of the magmatic blister, which 
was formed on the top of this East-Pacific Mega-Undation and at the base 
of the overlying crust. The collapse of this upwarp and its spreading towards 
the Pacific Ocean pushed the San Andreas Fault System somewhat westward 
(as is indicated by Van Bemmelen, 1961a, fig.2). This interplay of two major 
geodynamic processes (development of the East Pacific Mega-Undation under 
the Cordilleran System, and the right-lateral strike-slip faulting parallel to 
the coast due to the Thulean and Arctic Mega-Undations) caused the curious 
incongruity of the westcoast tectonics. 

Similar deflections of the dr~t-d~ection due to obstacles, such as 
other continental areas or other mega-undations, are found elsewhere. We 
have already mentioned the deflection of the African drift from southeast- 
nor#west to east-west along the southern border of Laurasia. The dextral 
strike-slip faulting in the coastal belt of Chili might result from the deflec- 
tion of the westward drift of the southern part of South America by the sec- 
tion I of the East Pacific Rise (see Fig.3). 

Thus far in this subchapter on the Thulean Mega-Undation we have 
discussed the extension phenomena in the rear of the southwestward drifting 
North American Shield, the pattern of frac~re-lineaments along its port, 
and the transcurrent faulting along its starboard. The latter process appears 
to be complicated by the presence of the East Pacific Rise underneath the 
Cordilleran System. We now have to turn our attention to the frontal side of 
the North American Shield in the area of Mexico and the Gulf of Mexico. 
However, in the evolution of this area the influence of the Thulean and Arctic 
Mega-Undations cannot (as yet) be separated, so that the frontalside geo- 
dynamics will be discussed in the next subchapter, which deals with the 
evolution of Arctic section of the Atlantic Mega-Undation s.1. 
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Phase IV: The Arctic Mega-Vndutio?~ 

The Arctic section of the Atlantic Mega-Undation s.1. is the northernmost 
and smallest of the series of its successive phases of outgrowth. 

It is younger than the Thulean section, because its mid-oceanic ridge 
suffered at about 80” N. a small torsional, left-lateral offset with respect 
to the Thulean Mid-Oceanic Ridge. Between Nova Zembla and the Ural 
Mountains, at ‘70” N., presumably some left-lateral oroclinal drag also oc- 
curred. It is clear that the Coriolis forces become smaller in going from 
the Equator to the poles (see p.406). 

However, the radial spreading under gravity of this polar calotte was 
as important as the westward spreading of the other sections. 

The Arctic Ocean Basin 

The top of the Arctic Mega-Undation is formed by the Arctic Ocean Basin. 
This basin has a longer axis of 3,000 km (between the Beaufort Sea and 
Spitxbergen) and a maximum width of 2,000 km (between Greenland and the 
Lena Valley), 

The Arctic Basin is separated into four smaller ones by transverse 
ridges. The first of these smaller units is the Beaufort Sea. It is about 
4,000 m deep and separated from the next one by a ridge, which extends 
underneath the margin of the polar ice shield from Banks Island westward 
in the direction of Wrangel Island (called “Chukchi Caf’ by EardIey,-1962, 
p.644, fig.40.7) 

The next basin (Basin A on the map published by Eardley, 1962, p.643, 
fig.40.6) is over 3,500 m deep (maximum depth 3,820 m) and separated by 
the “Alpha Range” from Basin B. The Alpha Range (called “Mendeleev Range” 
by the Russians; see Eardley, 1962, p.645, fig.40.8) is concave towards 
105-110 * W. long. It is a threshold of less than 2,500 m depth (the plateaulike 
part -of the seafloor which separates Basin A from Basin B); Basin B is 
called the “Makarov Basin” by the Russians; it also has a depth of more than 
4,000 m and is separated in its turn by the remarkably straight Lomonosov 
Ridge from Basin C (Nansen Basin), which also attains depths of over 4,000 m 
(maximum depth 5,220 m). The peaks of the Lomonosov Ridge rise 2,500- 
3,000 m above the adjacent ocean floor and the highest peak yet sounded is 
954 m below the ocean surface. The course of the mid-oceanic ridge is in 
the Thulean realm a well defined seismic and volcanic ridge, extending across 
Iceland and Jan Mayen. It then continues itis c-se beyond-the channel be- 
tween Spitsbergen and Greenland as a low rise with seamounts and a central 
rift-valley (Eardley, p.644, fig.40.7; p.649, fig.40.13), which has a west-east 
course, more or less parallel to the Lomonosov Ridge. 

The Lomonosov, Mendeleev and Chukchi Caf Ridges are a-seismic 
ridges, and they might be stretches of crustal matter, comparable to what 
Carey’has described under the name “nemathats” (Carey, 1958). These ridges 
in the Arctic Ocean Basin differ from Tuzo Wilson’s a-seismic lateral ridges, 
in the fact that they are more or less parallel to the central mid-oceanic 
ridge with rift-valleys, instead of extending transversely to the median ridges 
(Wilson, 1963). This Arctic type of a-seismic suboceanic ridges might result 
from the fact that the Arctic Mega-Undation, which occupies the Northpole 
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area, did not only spread in an eastwest direction, like the other sections 
of the Atlantic Mega-Undation, but more in a centrifugal way, towards the 
Verghoyansk Arc, the Aleutian Arc and the North American Shield. 

Geodynamics along the port and starboard of North America 

The North American Shield obtained in the Young Cenozoic a southward 
drift-direction, as is indicated at the east- or port-side by sinistral wrench- 
faulting between Greenland and Ellesmere Island, and at the west- or star- 
board-side by the dextral wrench-faults of the Cordilleran System (the 
Alaskan strike-slip faults; the Rocky Mountains Trench). 

The “Rocky Mountain Trench” is the most prominent single lineament 
in the Rocky Mountain System. It stretches at least from 48” N. to 60” N., 
but may extend farther north and south. It has, therefore, a total length of 
at least 1,600 km, but may be well over 2,300 km long. The trench appears 
to form the physiographic and structural boundary between the Rocky 
Mountains on the east and the in echelon ranges of the Interior Cordilleran 
System on the west (North and Henderson, 1954, fig.1). The different trend 
of the ranges at both sides of the trench and its remarkably strait course 
over great distances are arguments in favour of its transcurrent character, 
though, as yet, strike-slip movements have not yet been recognized by means 
of direct diagnostic facts. 

Thompson (1962) did not find indications for strike-slip faulting in the 
section of the Rocky Mountain Trench in southeastern British Columbia. 
This author suggests a mechanism of Cenozoic block-faulting for this section 
in contrast to the strike-slip faulting and thrustfaulting reported from other 
segments of the trench. 

The Alaskan faults are clearly dextral strike-slip faults (St. Amand, 
1957), which are still active, as appears from the Alaskan earthquake of 
July 10, 1958 (Tocher, 1960) and March 27, 1964. 

Farther south the right-lateral San Andreas System got an added im- 
pulse in the Young Cenozoic, so that its present strike-slip displacement is 
even greater than the average speed of the Cenozoic offset. Still farther south, 
in Baja California, a dextral northwest-southeast in echelon wrench-fault 
system, parallel to the southern section of the San Andreas Fault originated 
(Agua Blanca, Sal-si-Puedes, and Santa Rosalia Faults). These faults opened 
up the Gulf of California according to Rusnak et al. (1964). 

It has already been remarked in subchapter the section “geodynamics 
of Greenland and North America at the frontal side of the Thulean Mega- 
Undation” that the direction of the right-lateral strike-slip movements along 
the west- or starboard-side of the southward drifting North American Shield 
has been deflected by the East Pacific Rise. This caused a complicated oro- 
clinal structural pattern, which has been recognized by Wise (1963) following 
up Carey’s (1958) concept. Wise cautiously calls his concept an outrageous 
hypothesis, but it falls in line with the expectations (prognoses) of the working 
hypothesis exposed in this paper and, therefore, it adds to our confidence 
in the mechanical validity of our concept. 
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Geodynumics at the frontal side of North America 

After this short discussion of the geodynamic phenomena at the rear and 
alongside of the North American Shield in the Young Cenozoic, we now turn 
our attention to its frontal side in the south. 

Here the following structural elements can be distinguished (west-east): 
Baja California with the Gulf of California; Mexico; Gulf of Mexico with 
Florida. 

Baja California and the Gulf of California. Baja California and the Gulf of 
California originated in the Young Miocene (Wilson, 1948). It is at present 
generally accepted that the Gulf of California is a young rift-structure. It 
might be compared with the Red Sea Graben which originated on the crest of 
the AfrpArabian Mega-Undation. However, the Gulf of California is a more 
complex structure. In the upper two-thirds of the Gulf right-lateral motion 
has been dominant along in echelon faults of the San Andreas System, where- 
as in the lower one-third westward dilatation created a wedge-shaped break 
(Rusnak et al., 1964). The right-lateral transcurrent fault system (Agua 
Blanca, Sal-di-Puedes, Santa Rosalia) has an offset of about 260 km. It can 
be the combined effect of the southward drift of North America and the 
westward sliding of Baja California, away from the crest of the East Pacific 
Rise. The southern half of Baja California has swung to the west around a 
postulated hingepoint, located just north of Conception Bay. This displacement 
may have been caused only by the sliding away from the crest of the East 
Pacific Rise. 

The gravimetric analysis of the Gulf of California by Harrison and 
Mathur (1964) shows that high-density matter (density 3.20), with some 
gabbro-basalt on top (density 2.90), has risen in the Gulf of California be- 
tween the crustal segments at both sides. The latter are about 25 km thick, 
consisting of 5 km of granitic matter (density 2.73) and 20 km of gabbroic 
matter (density 3.03). 

Medico. Mexico consists of an extensive uplifted plateau, bordered at its 
westside by the volcanic Sierra Ha&e Occidental, at its eastside by the 
laramic Sierra Madre Oriental. Mexico is bordered to the south by an west- 
northwest-east-northeast trending, Young Cenozoic, erogenic system. This 
system of meso-undations consists of a volcanic inner-arc (the Trans- 
Mexico Volcanic Belt, which has Late Pliocene-Recent volcanism) and a 
non-volcanic, southward overthrusted outer-arc (Sierra Madre de1 Sur). The 
west-northwest-east-southeast trend of the outer arc along the southcoast 
of Mexico (between 150* W. and 90° W.) makes an acute angle with the more 
or less northwest-southeast direction trends of older erogenic systems, 
namely the laramide erogenic belt of the Young-Mesozoic Mexican geo- 
tectonic cycle and the metamorphic rocks of the Paleozoic jaliscoan geo- 
tectonic cycle (see De Cserna et al., 1961). 

According to our concept these features can be interpreted as follows: 
(1) The jaliscoan geotectonic cycle represents the normal accretion of 

the North American Shield, which formed the westernmost nucleus of the 
great Laurasiatic Continent. 

(2) The laramic geotectonic cycle is related with the Young Cenozoic 
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westward drift of the North American Shield during phase II of the develop- 
ment of the Atlantic Mega-Undation. 

(3) The uplift of the Mexican Meseta and the volcanism along its western 
margin is probably the effect of the extra heat-supply from the East Pacific 
Rise. This additional heat flow has caused the phase-transition from eclogite 
to basalt magma (accompanied by downward migration of the seismic Moho- 
discontinuity), and the magmatisation and/or anatexis at the base of the sialic 
crust. These processes resulted into the formation of a huge magmatic 
blister (an “asthenolith”), which - due to its buoyancy - ascended, striving 
for isostatic balance. This magmatic blister also caused the volcanic activ- 
ity on its culmination. This explanation might also be valid for the arching 
up of the isthmian link between North and South America and the volcanic 
activity on its crest. 

(4) The transverse erogenic system in the south of Mexico emanates 
southward from the geosynclinal belt along the southern side of North 
America. It is a typical system of meso-undations, comparable with the Sunda 
System described by the author from Indonesia (Van Bemmelen, 1949, 1954), 
and the Alpine System of West Europe (Van Bemmelen, 1960a, b; 1965a, b). 
From north to south the following structural units can be distinguished in 
this erogenic system of southern Mexico: 

(a) The backdeep of Queretaro 
(b) The volcanic inner-arc of Mexico between Tepio and Veracruz 
(c) The inter-deep of the Tepalcatepec-las Balsas Valley 
(d) The non-volcanic outer-arc along the Mexican southcoast from 

Cape Corrientes to the Gulf of Tahuantepec. Here it links on to another non- 
volcanic arc at the southside of Yucatan, which extends from Chiapas to 
British Honduras. This element belongs to the Gulf of Mexico section to be 
discussed hereafter; 

(5) The Foredeep (the Fossa Mexico-Messamericana). 
The width of each of these structural belts is some 100 km, and the 

entire system of meso-undations is about 500 km wide. 

The Gulf of Mexico. In contrast to the Cenozoic rise of Mexico, the area of 
the Gulf of Mexico has been subsiding during the Cenozoic. Since long ago 
this area has been a subsiding belt, loaded by the neptonic products of the 
erosion of the North-American continent. Recent drillings in Florida have 
found weakly metamorphic Paleozoic sediments beneath the Jurasso- 
Cretaceous cover, and it can be supposed that these mio-geosynclinal depos- 
its also extend beneath the Gulf of Mexico. 

A second cycle of subsidence began in the Middle Jurassic, with the 
transgressive deposition of red beds and their Louann salt layers. In the 
section “geodynamics of the stem of North America” we have brought this 
Young Mesozoic geosynclinal subsidence in relation with the westward drift 
of the North American Shield during phase II of the development of the 
Atlantic Mega-Undation s.1. 

After a break between the Upper Cretaceous Washita (Comanchean) and 
Woodbine (Gulfian), a third cycle of geosynclinal subsidence started in the 
uppermost Cretaceous, attaining a maximum of subsidence in the Eocene 
(Wilcox). This cycle of subsidence can be interpreted as a volumetric com- 
pensation to the laramic orogeny in the west. 
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Finally, in the Upper Cenozoic (from Miocene to Recent), a lourttr 
cycle of subsidence occurred, creating the present relief with the abyssai 
Sigsbee Deep in the centre. According to our concept the latter cycle of 
subsidence is probably mechanically related with the southward drift of 
North America. 

The seismic investigations by Ewing et al. (1962) showed that - although 
the sedimentary column is much thicker than that in a typical oceanic basin - 
the crust beneath the Gulf of Mexico is practically identical with that in ocean 
basins. These authors concluded from this diagnostic fact that it is highly 
probable that the Gulf of Mexico is a permanent ocean basin, which has never 
been land or shallow sea. 

However, in this case of geophysical reasoning a premise (namely the 
unwarranted supposition that the crustal structure of oceans and continents 
is a permanent feature) leads to a deduction (a prognostic view) which is 
entirely untenable in view of the diagnostic geological facts. Ewing et al. 
(1962) found that the Sigsbee Knolls in the abyssal part of the Gulf are salt 
domes of the Louann Beds, like those occurring in the Gulf Coast (Texas, 
Louisiana). The Louann Beds apparently continue across thesigsbee Basin 
to beyond the Campeche Scarp of the Yucatan Peninsula. Ewing et al. (1962), 
by accepting the premise of the oceanic permanence of the Gulf of Mexico, 
are forced to the conclusion that these Louann Beds, which are now situated 
at a depth of 8 km below sealevel, were originally deposited in water depths 
up to 5 or 6 km. 

Now this conclusion is evidently unacceptable on account of the geolog- 
ical doctrine of uniformitarianism. According to the scientific method of the 
prognosis-diagnosis test (Van Bemmelen, 1961b), the diagnostic facts being 
true, there must be something wrong with the premises of the working 
hypothesis. This controversy started in 1958, when I drew attention to the 
improbability of the geophysical premise that the depth of the Moho-dis- 
continuity is permanent in continental areas. I discussed the Caribbean area 
as an example of the basification and transformation of a crustal segment. 
In consequence, this crustal segment subsided isostatically. Kennedy (1962) 
advocated that the phase-transition from gabbro to eclogite might be another 
mechanism for the upward migration of the Moho-discontinuity and a con- 
comittant downward isostatic pull. At present I favour the concept that both 
physlco-chemical processes may occur, either alone or in combination and/or 
succession (phase-transition mechanism and volcanic migrations of matter 
in a magmatic state; see Van Bemmelen, 1965a). Boyd (1964, p.5) shows that 
there is an approximate fit between the expected pressure-temperative range 
of the transition zone for the reaction basalt-eclogite and the expected pres- 
sure-temperature range of the Moho-discontinuity. 

Several other arguments, on the other hand, lead Boyd to the conclusion 
that it seems improbable that this seismic discontinuity represents a dyn- 
amic equilibrium between basalt and eclogite. Boyd favours a chemical dis- 
continuity (basalt-peridotite), but his arguments are based on the premise 
that the Moho has the same character under continents and oceans. This as- 
sumption can be questioned in the light of recent evidence furnished by the 
analysis of the seismic Rayleigh waves (see literature references in Van 
Bemmelen, 1965a). 

Boyd’s opinion is correct for the oceanic Moho, but not for the conti- 
nental Moho, which probably is a phase-transition. 
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The argument which weighs heaviest for Boyd is the fact that the ob- 
served depth of the Moho in continental and oceanic areas cannot be cor- 
related with variations in the flow of heat from the earth’s interior. Von 
Herzen and Uyeda (1963) -and independently Collette (1964) have shown that 
the heat-flow variations above oceanic ridge systems have a very shallow 
origin, They might be of volcanic origin or produced by the exothermal pro- 
cess of serpentinization of peridotite (Schuiling, 1964). The heat-flow varia- 
tions in oceanic areas indeed indicate that there the Moho represents a chem- 
ical discontinuity. However, the continental Moho has another character 
(Van Bemmelen, 1956, 1965a). 

In the continental regions a high average heat flow will occur above 
magmatic pockets and blisters (basaltic and/or granitic in composition) 
which are temporary present in the lower part of the crust, the bathyderm. 
These “asthenoliths” may cause plutonic activity in the meso- and epiderm 
as well as an external volcanic activity. 

The heat-balance of the basalt &Z eclogite reactions at greater depth 
will generally be overshadowed by these magma pockets, and also by the 
radioactive heat production in the overlying granitic mesoderm with its 
sedimentary skin. 

In oceanic areas (though the average heat flow apparently does not dif- 
fer very much from the average of the continental heat flow) the regional 
variations are much greater, ranging from almost zero to more than 
8 ‘ 10m6 Cal/cm2 sec. 

Summarizing it can be said, that our present knowledge about-the pos- 
sible range of the temperature- and pressure-conditions occurring at the 
level of the continental Moho-discontinuity brings this seismic feature most 
probably entirely within the reach of the P-T conditions of the basalt & 
eclogite phase transition, as determined by modern high-pressure research 
(see Boyd, 1964, fig.2, table I). 

Applying this concept to the Gulf of Mexico, its Young-Cenozoic sub- 
sidence can be interpreted in relation with the southward drift of North 
America. This southward drift caused an additional confining pressure in the 
frontal belt which promoted a phase-transition in the lower part of the crust 
from gabbro to eclogite. Thus the Moho-discondinuity migrated upward and 
caused the ~ansformation of a continental to an oceanic type of seismic 
layering. 

West of the Gulf of Mexico, the proximity of the East Pacific Rise with 
its additional heat flow caused a.rever’se process of transformation, namely 
from eclogite to basaltic magma and the anatexis of the base of the granitic 
crust. So there the Moho-discontinuity migrated downward and the Mexican 
crustal segment was elevated isostatieally. But in the Gulf of Mexico the 
additional pressure of the southward drift of North America dominated and 
here the crustal segment subsided isostatically. 

This collapse of the Gulf of Mexico caused an eastward Coriolis-push, 
due to the inertia of this crustal segment in the rotating earth. Consequently, 
Florida was arched up at its eastern side, just as the Lesser Antilles Arc 
originated at the eastside of the collapsing Caribbean Basin (see p.403). 

South of the Gulf of Mexico we find an erogenic system of meso-unda- 
tions, like the one which borders Mexico to the south. It might be called the 
Chiapas Orogene. 
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The isolated volcanic complex of Punta Zapolithan at the northcoast of 
the Tehuantepec Isthmus is rather a volcanic inner-arc of the Chiapas 
Orogene, than representing a westward outlayer of the transverse Mexican 
volcanic belt. The non-volcanic outer-arc of the Chiapas Orogene begins at 
96i” W. Festoonlike, it takes the place of the outer-arc of the South Mexican 
Orogene which ends in the Gulf of Tehuantepec at 95“ W. The Chiapas Arc 
extends westward across Guatemala to the eastcoast of Yucatan. Here it is 
terminated by the northsouth fault-system along the eastcoast of the 
Yucatan Peninsula. These faults might be interpreted as structural linea- 
ments which belong to the fracture system of the left-lateral offsets along 
the eastern side of the southward drifting North American Shield. 

Thus the southward drift of the North American Shield in the Upper 
Cenozoic is supported by the converging evidence of geodynamic processes 
at all sides: extension phenomena at the rearside (in the Arctic region), left- 
lateral transcurrent movements at the eastside (port), right-lateral trans- 
current movements at the westside (starboard), and compression phenomena 
(with corresponding geosynclinal subsidence and orogenesis) at the frontal 
side in the south. 

CONCLUSION 

This paper applies the “prognosis-diagnosis test” of scientific research to 
the concept of mega-undations. This test means that the theoretical deduc- 
tions or expectations of a working hypothesis (the so-called “prognosis”) 
have to be compared with the various geological and geophysical facts of an 
example in nature (the so-called “diagnosis”). A good correspondence between 
the prognosis and the diagnosis means a support for the correctness of the 
premises of the working hypothesis, whereas contradictions should lead to 
the revision of the latter‘(Van Bemmelen, 1961b). 

In the first part of this paper we considered the largest class of bulges 
and depressions of the earth’s surface, called “mega-undations”. On account 
of their great extent these mega-undations probably have a deep-seated cause. 
The author surmises that - apart from some radioactive heat development - 
the liberation of free potential energy by physico-chemical processes in the 
lower mantle is the major source of endogenic energy during the third phase 
of the evolution of the earth (Fig.1, 4). 

The expectations, regarding the ensuing mass-displacements, have been 
discussed in the section “geodynamic reactions to the mega-undations” ac- 
cording to the principles of general gravity tectonics. This leads to a theo- 
retical concept of the geodynamic processes in the outer spheres of the earth, 
which are to be expected as reactions to the formation of mega-undations. 

In the second part of this paper a case history is analysed, the develop- 
ment of the Atlantic Mega-Undation s.l., and the geotectonic reactions re- 
lating to it, occurring in the North American continent. 

The theoretical prognosis, derived from the concept of mega-undations, 
is amply verified by the converging evidence of the geodynamic features of 
this test-case. 

The growth of the Atlantic Mega-Undation in the course of the Mesozoic 
and Cenozoic caused an encircling of the North American Shield, and 
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consequently the change of its drift-direction from east-west via northeast- 
southwest to north--south. During phase II of the Atlantic Mega-Undation the 
North Atlantic Ocean widened and North America drifted westward; during 
phase III the Thulean Ocean opened up, so that Greenland and North America 
drifted southwestward; and during phase IV the Arctic Ocean Basin came into 
existence and the drift-direction of North America turned southward. 

The drift-movements of the phases III and IV have been hampered and 
deflected by the post-laramic rise of a section of the East Pacific Mega- 
Undation, the crest of which passed underneath the western margin of the 
North American Shield between 20” N. and 40° N. Due to this deflection by 
the East Pacific Rise, the front of the southward wandering North American 
Shield has been narrowed. It consists of three parts with widely different 
structural aspects (Gulf of California, Mexico and the Gulf of Mexico). This 
difference in geotectonic behaviour can be explained by the presence of the 
East Pacific Rise with its additional heat flow underneath the western part 
of the frontal side. 

Apart from this complication of the geotectonic picture due to the in- 
fluence of another mega-undation, the drift of the North American Shield in 
relation with the Atlantic Mega-Undation represents an excellent test-case 
for the general principles of the undation theory, as applied to its largest 
features, the mega-undations. In every phase of development of the mega- 
undation there was a corresponding drifting away of the outer structural 
levels from the crest of the mega-undation. This drift is accompanied by 
phenomena of extension and tectonic denudation in the rear, by right-lateral 
transcurrent faults at the right side (starboard) and left-lateral wrench- 
faults at the left side (port), whereas the frontal belt shows geosynclinal sub- 
sidence (followed by orogenesis). Moreover, a zone of shallow-, medium-, 
and deep foci of earthquakes dips from the continental margin land inward, 
due to the oceanward shifting of the structural levels of the crust and outer 
mantle (see Fig.4). 

The northeastward drift of the Australian Shield towards the Pacific 
Ocean is another test-case for this theoretical concept of mega-undations 
(see Van Bemmelen, 1965a). This drift was also accompanied by extension 
phenomena at the rearside, great transcurrent fault-systems at the sides, 
and geosynclinal subsidence (resp. orogenesis) in the frontal belt. This 
Australian drift was obstructed at its frontal side by the Darwin Rise in the 
Pacific Ocean. This obstruction has caused a broadening of its geosynclinal 
and erogenic front (from New Guinea in the west to Tonga - New Zealand 
in the east). Its broadening is in contrast to the narrowing of the frontal belt 
of North America during its Cenozoic phases of southward drift. 

As a general conclusion it can be stated, that the application of the 
prognosis-diagnosis test has provided an excellent verification of the validity 
of the undation theory in its largest aspects, namely those of the mega- 
undations. 

The foregoing analysis of the drift-direction of the North American 
Shield, in relation with the progressive opening up of the Atlantic Ocean, is 
largely based on geological and geotectonic evidence. The resulting picture 
bears a strong resemblance to the reconstructions by Van Hilten (1964), 
based on paleomagnetic data. Because paleom~net~m provides US with an 
independent set of diagnostic facts, this correspondence between the 
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geotectonic and the paleomagnetic analysis signifies a further corroboration 
of the scientific soundness of our working hypothesis. 

Yet a final remark has to be made; namely the possibility of the earth’s 
expansion. Van Hilten (1964) favours the possibility of a considerable expan- 
sion of the earth, because a paleomagnetic prognosisdiagnosis test, devised 
by him (1963), indicates rates of expansion as advocated by Carey (1958) and 
Heezen (1962). 

For the present concept of the undation theory this possibility of a 
considerable expansion of the earth (in the post-Cambrian) is only of second- 
ary importance. If such an expansion occurs, it will certainly not be sym- 
metric, but accompanied by the formation of extensive bulges and depressions 
of the geoid, such as have been stated by geodetic, gravimetric and artificial 
satellite observations. These asymmetric deformations of the geoid are called 
“mega-undations” by the author, and the geotectonic reactions to these mega- 
undations are discussed in this paper. 

On the other hand, the author wants to keep an open mind on this pos- 
sibility of the expansion of the earth, because it might result from the re- 
duction in the course of time of the factor of gravity (g), as has been proposed 
by Dirac (1938). This reduction of the general gravity in the Universe due to 
its expansion is still an open question in astrophysics (see Van Bemmelen, 
1965a). 

FUhUME 

Les MBga-Undations sont la classe la plus grande des deformations de la 
surface terrestre, ayant des diam&res de milliers de kilom&res. Elles 
resultent de circuits de matieres Q tres grandes profondeurs, probablement 
dans le manteau inferieur. 

L’amplitude potentielle des m&a-undations pourrait Btre dans l’ordre 
de grandeur de 100 km. Cependant leur hauteur reelle ne d&asse pas quelquer 
dizaines de mbtres. Cela tient du fait que la surelt!vation est partiellement 
compensde par un &.alement en sens horizontal des niveaux supdrieurs sous 
l’effet de la gravite. Ainsi, la balance isostatique est plus ou moins conservee 
pendant ce processus. 

Si les mega-undations se developpent dans des sires continentales 
(telles que Gondwana et Laurasia) de nouveaux bassins oceaniques s’ouvriront 
sur leurs dos et des chaInes mddio-oc&niques marqueront leur sommet. 
Dans ces oc&ms nmveaux des parties relativement profoncles du manteau 
superieur s’Cl&eront vers la surface, tandis que les &ages structuraux plus 
hauts se deplaceront latbralement. Ces processus gt%dynamiques se deroulent 
comme le basculement d’une pile de livres, c’est-i-dire, le livre sup&ieur 
avance le plus loin tandis que le livre en bas montre seulement un bascule- 
ment, sans aucun ddplacement lateral. 

Ce m&anisme de la derive continentale se dbroule sous l’effet de 
l*Bnergie potentielle prdsente dans chaque particule de masse. 

Le craton en derive sera accompagn6 de tous cot& de ph&rom&nes 
geodynamiques tr&s ca.ract&ist@ues: a Pavant se formeront des gt!osyn- 
clinaux (suivis d’orogeni!se); a Parr&e dee processus d*btirement DuPont 
lieu; & %&orb on observera des decrochements dextraux, tandis qu% 
‘Wborb’ ces decrochements seront sintstraux. 
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Cette hypothese de travail est verifiee par l’analyse d’un exemple, 
l’evolution de la Mbga-Undation Atlantique (en sens large) et la derive cor- 
respondante de I’Amerique du Nord. Cette analyse conduit a une image gee- 
tectonique, qui est en parfait accord avec les expectations de la theorie. 
Pest une belle confirmation de la validite de la theorie des ondes terrestres 
(undations), aussi quand a son application aux undations les plus grandes, 
les mega-undations. 
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