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PREFACE

Tuis book has been written with the object of
providing an account in general language of the
modern study of the Physics of the Earth, for the
benefit of those interested in natural phenomena
and their causes. In the present edition I have
tried to give some account of recent progress, as
far as it is possible without greatly increasing the
length. Fuller details and references will, I hope,
appear in a new edition of my larger book, The
Earth.

I again acknowledge with thanks the permission
of several authors and publishers to reproduce
illustrations from published work. Particulars
will be found at the respective places.

HAROLD JEFFREYS
St. JonN’s COLLEGE

CAMBRIDGE
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CHAPTER I

SOLIDS AND LIQUIDS

‘. .. but who attempts to eat an orange without first disposing
of the peel, or what manner of a dwelling could be erected unless an
adequate foundation be first provided ?

—Ernest Bramah, Kai Lung’s Golden Hours, 144.

GEeoPHYsICS, in its most natural definition, may be
held to include everything observable on the earth,
and therefore the whole of science. Most of us have
had at some stage of our lives the wish to know every-
thing, but in practice we find that some limitation is
imposed on us. The reaction to this limitation is
that the geophysicist tends to resemble the arm-chair
detective. He is provided with a mass of data obtained
by numerous independent means, and his task is to
co-ordinate them. In some respects, however, he is
not so well off as the detective of fiction. As the Ace
of Detectives has remarked,* ‘“not only must all
prejudices and preconceptions be avoided, but when
information is received from outside, the actual un-
deniable facts must be carefully sifted from the in-
ferences which usually accompany them”. It often
happens that two different lines of investigations lead
to data capable of two inconsistent interpretations ;

* R. Austin Freeman, The Great Portrait Mystery (Percival Bland’s
Proxy).



2 EARTHQUAKES AND MOUNTAINS

but when we consider both sets of data together we
are led to a third interpretation different from both,
which agrees with both sets of data but disagrees with
both the previous interpretations. Unfortunately in
geophysics the testing of the third interpretation is
usually as difficult as for the first two together. Con-
sequently the geophysicist is in the position of the
detective when he has formed a provisional theory
and the various clues are falling into their places ;
but the last chapter, in which the theory leads to con-
clusions of its own, and these conclusions are all
verified, is far from being written.

The facts that show some approach to co-ordination
are those of petrology, stratigraphical geology, seis-
mology, gravity determination, earth tides, crustal
temperature, and geological time. Meteorology hardly
enters into the general scheme; we should expect
that the large amount of material obtained in the study
of terrestrial magnetism would be relevant to the
constitution of the earth, but so far little progress has
been made in co-ordinating its results with those of
the physics of the earth, as distinct from the atmosphere.

So many of the problems are mechanical that it
seems best to begin with some account of the mechanics
of solids and fluids, particularly as they involve matters
of definition, and different authors sometimes use
different definitions. There seems to be no clear-cut
distinction between a solid and a fluid. In practice
everybody would agree that iron at ordinary tempera-
tures is a solid, and water a liquid ; we call treacle
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and tar very viscous liquids; but whether we call
glass or pitch a solid or a liquid will depend on what
definition we are using. The only procedure to avoid
confusion is to state the facts as determined in the
laboratory. The fundamental problem is that of the
relation between stress and strain. Stress specifies
the nature of the internal forces within the material ;
strain specifies the changes of size and shape arising
from those stresses. If we hang a weight on the end
of a wire, the wire is stretched and becoms2s somewhat
thinner ; the tension within the wire is a stress, the
changes of length and thickness are strains. If we
compress a ball by a uniform pressure all round it,
we reduce its volume ; here the pressure is a stress
and the reduction of size a strain. If we twist a wire
by trying to turn one end one way and the other end
the other, there is no change of volume, but there are
changes of shape.

Stress is measured by the force per unit area across
a surface within the material. In a perfect fluid
(which does not exist), or in a real fluid at rest, this
force is perpendicular to the surface ; but in a solid
or in a fluid undergoing changes of shape it may be
at any angle to the surface. To specify it completely
we therefore need the components of the force in three
perpendicular directions. As the surface may be
drawn in any direction through a given point, this
suggests that the specification of stress may be a matter
of great complexity ; but actually it can be proved
that it is enough to consider only three directions for
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the surface, for if we know the stress-components
across three perpendicular surfaces we can find those
across any other. Thus nine components are ap-
parently needed to give the stress, but six of them
can be shown again to be equal in pairs, leaving only
six that are independent. If we take axes at the
point parallel to the (perpe. Icular) axes of x, ,
and z, the force per unit area across the plane of x

z

Prx
Pyx l
Pry
Pyyl Par
Pyr ’)'P zz Y
B
Pzy

Prr

X

Fic. 1.—Diagram of stress-components across unit areas of three

perpendicular planes.
constant tending to pull the matter on the negative
side in the direction of x increasing may be denoted
by p..; the force per unit area tending to pull it
in the direction of y increasing is p_,, and is equal to
the force per unit area of the plane of y constant
tending to pull the matter on the negative side in the
direction of x increasing, which would naturally be
denoted by p,..
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This is the most general specification of stress pos-
sible. But a simplification is possible if we choose
the directions of our axes suitably. No matter what
the state of stress, three perpendicular directions can
always be found such that the stress across a plane
containing any two of them is wholly along the third.
These stresses are called the principal stresses. Their
magnitudes and directions usually vary from point
to point of the material. If we take a rectangular
block and pull on two opposite faces with equal forces,
so as to keep the block at rest, the force per unit area
over those faces is a principal stress. We can apply
similar pairs of forces over the other faces, and then
we have the three principal stresses acting across the
faces and at right angles to them. In a perfect fluid
the principal stresses are all equal, but in general
in real solids and fluids they differ somewhat. If they
happen to be equal we say that the stress is kydrostatic.

When forces are applied to an element of material
it may move in several different ways. Suppose
that the element is a rectangular block. The simplest
type of motion is that the centre may move ; this
we call translation. But even if the centre remains
where it was the block may rotate without any change
in the lengths of the edges. Both types of displace-
ment are possible in a rigid body (which, like a perfect
fluid, does not exist). But in addition to these types
there may be changes of size or shape ; the lengths
of the edges may change, as also the angles between
them. These changes constitute the strain. It may



6 EARTHQUAKES AND MOUNTAINS

happen that the faces remain rectangles and that all
change in the same ratio; then the change is a
simple volume expansion or contraction. Sometimes
there is no change in volume but there is a change
of shape ; then we call the strain a pure distortion.
In general both volume and shape change. As for
stress, the specification can be simplified by a suitable
choice of axes. If in any small region we consider
rectangular elements with their edges in different
directions, they will be distorted in different ways
as they move ; but we can find three directions such
that if the edges of the rectangular clement are origin-
ally in these directions it remains rectangular. These
directions are called the principal axes of the strain,
and the stretches per unit length in these directions
are called the principal extensions.

All the above is equally applicable to elastic solids
and real fluids. The difference between them lies
in the relation between stress and strain. But cven
here there is similarity up to a point, namecly, where
the stress is hydrostatic. If we compress a solid
uniformly all round (which is most casily done by
immersing it in a liquid and then compressing the
liquid) and wait till it has come to rest, the result is
a contraction in volume. Take the stress off; and
the solid returns to its original dimensions. A liquid
does precisely the same. In accordance with the
molecular theory of matter we should expect a slight
loss of energy in the process, leading to a rise of tem-
perature, but experimentally this cffect is too small
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to be detected. We may sum up these facts by saying
that both solids and liquids are perfectly elastic for
hydrostatic stress.

For distortional stress, on the other hand, there is
a striking difference. Hang a weight on a wire ;
so long as the weight is not too great the wire settles
down to a constant extension after a few vibrations.
But pour treacle from a spoon ; it continues to flow
under its own weight till surface tension steps in and
breaks the column. Twist a solid bar by a constant
couple applied at the ends ; it turns a certain amount
and then stops. But suppose we have a liquid in a
circular trough with a flat bottom, and that a circular.
horizontal plate is immersed in it. Turn the plate
in its own plane by a constant couple, and it goes on
turning at a constant rate till we take the couple off.
The liquid in contact with the plate turns with the
plate ; that in contact with the bottom remains still.
Thus we can produce as much distortion as we like
by keeping the stress on long enough.

These facts can be expressed by separating the
stress and strain each into two parts. Take the
mean of the three principal stresses, and denote it
by p. Subtract it from the three principal stresses
and we are left with three quantities whose sum is
zero. We can call these the distortional stresses.
Similarly take the mean of the three principal exten-
sions ; it is equal to } of the change of volume per
unit volume. Subtract it from the principal exten-
sions and we are left with a pure distortion. Then
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both for solid and liquid we have a relation that
the change in p is proportional to the volume expan-
sion, and independent of the distortion. The change
of p per unit volume expansion is called the bulk-
modulus, or sometimes the incompressibility £ ; its
reciprocal, the fractional change of volume per unit
change of p, is called the compressibility.

For a solid it is found that the distortional stress
applied is in proportion to the increase of distortion
produced. The ratio is expressed in practice in terms
of a further property of the
material, called the rigidity.
D D C_C The meaning of this is seen
most easily by considering a
rectangular element deformed
by forces in opposite faces.
Suppose the stress, or force per
unit area, over CD is S, and
that as a result CD moves
to CG'D’. Then the ratio DD’/AD is the shear. It
is proportional to the stress in CD, and the ratio is
the rigidity p. Stiff materials like iron have high
rigidity ; flexible ones like india-rubber have low
rigidity.

For a liquid it is found that under given stress the
shear is not constant, but is proportional to the time.
The ratio of the stress to the shear per unit time is called
the wviscosity.

For all liquids the results of this theory are found
to agree with experiment. For most solids also they

FiG. 2.
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agree with experiment, provided the distortional
stress is not too great. But when the distortion of
a solid reaches a certain amount the strain ceases to
be proportional to the stress, and many complica-
tions arise, which cannot yet be said to be fully under-
stood. The general result is that at great distortional
stresses every solid begins to partake to some extent
of the properties of a liquid Copper at moderate
stresses satisfies the laws of elastic solids ; but when
the stress is great enough it can be made to flow
through a tube like water, and afterwards shows no
appreciable tendency to recover its shape. Other
solids under sufficient stress will fracture ; thence-
forward the parts on the two sides of the fracture move
independently, and one can acquire any amount
of displacement with respect to the other. The dis-
tortional stress needed to produce such permanent
changes in a solid may be called its strength. Just
what determines it is uncertain. In part it is
obviously characteristic of the material. According
to the usual theory permanent change arises when
the difference between the greatest and least of the
principal stresses reaches a certain value.* This
quantity is called the stress-difference.  On this theory
the value of the intermediate stress does not matter.
On a recent theory due to Mieses, however, what
matters is the sum

(pl - /)2)2 - (/).' o l):;)?' +- (P;: - /}1)2’
* This 1s equivalent to Coulomb’s hypothesis of the maximum shear,

published in 1776, and to the hypothesis of the maximum shear stress,
as was shown by W. Hopkins, Camb. Phil. Trans., 8, 456-466, 1849.
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and G. I. Taylor and H. Quinney have shown that
for some metals at any rate the beginning of per-
manent flow corresponds better with a constant
value of this quantity than to a constant stress-differ-
ence. For geological purposes, however, the difference
between the old and the new theories is probably
unimportant. If p, is the intermediate stress, the
Mieses function ranges only from 3(p, — p5)? to
2(p; — ps)? as p, varies. Thus even if the theory of
Mieses is right the stress difference required to give
failure varies only in the ratio 1 to 44/3, or 0-866.
This is well within the range of variation of strength
of most of the materials that occur in geology, and
for our purposes it is sufficiently accurate to say that
failure is determined by the stress-difference. So
far, however, the new theory has been tested only
where yield takes place by continuous flow; it re-
mains possible that the old one may be more accurate
for fracture, but in any case the difference is not
serious.* In this work I always mean by the strength
the stress-difference needed to produce permanent
deformation, whether it is flow or fracture.

The strength is obviously a property of the first
importance to geology. Rock strata that must origin-
ally have been plane or nearly plane shects are found
in places to have been bent into deep arcs, in others
to have been folded back to back like the bellows of
a concertina, and in others again to have been
definitcly broken across, one side bheing displaced

*CF G, L Taylor, Pioc. Roy. Soc., 145A, 1-18, 1934.
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by anything from inches to thousands of fcet with
respect to the other. We wish to know what stresses
are required to produce these inelastic changes, and
why the change is different in kind in different cases.
A complete answer is not yet possible, but a good
deal of relevant information is available, and we can
at least exclude a sufficient number of theories, all
more or less plausible at first sight, to be able to frame
significant questions. We must not be disappointed
if these cannot all be answered at once. In scientific
work a question, once asked, often suggests at once
the procedure for answering it; the really difficult
part is to ask the right question.

So far we have seen that thrce physica: properties
are associated with the mechanical behaviour of
solids, namely the bulk-modulus, the rigidity, and
the strength. It is plain from elementary experience
that thesc are different for different substances ;
granite has more rigidity than rubber, and more
strength than shale. But all are influericed also by
pressure, temperature, and, in the case of single
crystals, by the direction of the principal stresses.
It is well known that the refractive index of a crystal
for light depends on the direction of the incident
ray ; similarly its clastic properties under tension
depend on the direction of the tension with respect
to the axes of the crystal, and if the stress difference
becomes great enough to give permanent deforma-
tion the crystal shows a strong preference for sliding
internally on planes determined by its structurc
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rather than on others. Such materials really need
more than two constants to express their purely elastic
behaviour ; the least symmetrical types of crystals
actually need 21. In most geophysical problems,
however, two constants are enough. The reason is
that rocks are usually mixtures of crystals, which
lie in all sorts of orientations, and even though any
individual crystal may have special properties with
reference to particular directions, the assemblage
of millions of crystals has not. In addition some
rocks are genuinely non-crystalline, like glass; how
abundant such materials are is uncertain, but their
elastic behaviour is expressible in terms of two con-
stants. The directional properties of rocks, there-
fore, hardly concern us here, though they may
possibly arise in stratified material, where we may
reasonably expect different properties along and across
the planes of sedimentation.

Temperature and pressure are certainly important.
If we try to bend a piece of cast iron at ordinary
temperatures, it either shows no visible effect or breaks
right across; make it red hot and it bends perma-
nently under a moderate stress. We notice that
temperature here affects both the strength and the
type of yield. In general rise of temperature seems
to reduce the strength and to favour continuous
distortion rather than fracture. Rise of pressure
requires more elaborate technique before we can
investigate its effects. In general it increases the
strength, but also favours continuous distortion. In
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the classical experiments of I. D. Adams and E. G.
Coker, it was found that marble under a sufficient
stress-difference at a high pressure could be made to
flow continuously ; this is impossible at low pressure,
since it breaks. The combined effect of pressure and
temperature may be expected to favour continuous
deformation, since each has this effect separately ;
but the stress-difference that produces such de-
formation 1is raised by pressure and lowered by
temperature. It is certain that in the earth both
temperature and pressure increase with depth, so
that permanent bending in rocks that would fracture
under stress under surface conditions is evidence that
they have been deeply buried; but there are diffi-
culties about experimenting with high temperatures
and pressures simultaneously, and the influence of
depth on the strength can hardly be estimated from
laboratory determinations. We can proceed best
by seeing what the earth itself has to tell us.
Temperature and pressure also affect the bulk-
:modulus and the rigidity. These are raised by pressure
but lowered by temperature in most cases, though
a few exceptions are known. Here again there are
difficulties about the application of the experimental
results. Pressures up to about 30,000 atmospheres
have been obtained in the laboratory. In the
earth’s crust the pressure increases with depth at the
rate of about 1 atmosphere in 4 metres, so that a
pressure of 30,000 atmospheres would correspond
to a depth of 120 km. The temperature rises with
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depth at an average rate of about 30" C. per kilo-
metre, so that a temperature of 1800°, which would
melt nearly all rocks, would be reached at a depth
of 60 km. if the rate of rise was maintained. It appears
therefore that the ranges of variation of pressure and
temperature attainable in the laboratory are enough
to cover those involved in geological processes; on
the other hand, they do not cover more than a fraction
of the whole radius of the earth (6370 km.), and any
extrapolation to great depths would be dangerous.
Nevertheless we cannot approach a full understanding
of what we observe at the surface without considering
what is going on at great depths, and our laboratory
knowledge has to be supplemented from observation
of the earth itself.

The foregoing account of the relation between
stress and strain might suggest that the distortions arc
proportional to the differences between the principal
stresses right up to the breaking point. This is still
an over-simplification, though there are so many
problems (chiefly in engineering) where accurate
proportionality holds that we must regard it as having
a high degree of generality. In any case it seems to
be accurately true of the immediate results. When
a bar is bent by hanging different loads on it, the
immediate displacement seems to be accurately pro-
portional to the load. For many substances, so long
as the load is not too great, nothing further happens
as long as the load is left on; and when the load is
taken off the bar returns to its original form. But
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sometimes when the load is left on the displacement
continues to increase for a long time; and the rate
of increase is not necessarily proportional to the load.
In some substances, such as pitch, it may increase
indefinitely if the load is left on, till all resemblance
to the original shape has disappeared. Such sub-
stances may be called plastic or elasticoviscous. But
with other materials the displacement does not
increase beyond a certain amount, however long the
load is kept on. When the load is removed, the bar
springs back by an amount equal to the original
elastic displacement. But then it goes on recovering,
and finally, possibly after a long time, it returns to
its original form as accurately as we can measure.
Such behaviour is called elastic afterworking. In a
sense it involves no permanent deformation, but it
is a true 1imperfection of elasticity. The weight
while it is left on is doing work on the bar, which is
converted into heat by some kind of internal resist-
ance, and this energy is not restored during the
subsequent return.

It sometimes happens that a load once applied
does not give fracture immediately, but that when
the load 1is left on the bar breaks after a certain time
when the displacement has reached a certain stage.*
It is therefore sometimes necessary to distinguish
between the stress-difference that produces fracture
immediately and that which produces it when it is

* D. W. Phillips, Trans. Inst. Mining Engineers, 80, 212-242, 1931 ;
82, 432-450, 1932.



16 EARTHQUAKES AND MOUNTAINS

maintained for a long time. This fact has a geological
application. We often see rock strata bent into an
arch without fracture ; but sometimes the top of the
arch is broken. The stress has here produced a con-
siderable amount of continuous flow, but at some
stage after flow has begun it has given place to fracture.

These types of imperfect elasticity represent a com-
promise between the behaviour of elastic solids and
liquids. If we apply a stress to an elastic solid gradu-
ally,* so as to avoid setting up oscillations, the whole
of the work done by the stress reappears as potential
energy of the strain. If the stress is again taken off
gradually, the solid does just as much work against
the stress during recovery, as the stress did on the
solid in the first state; there is complete recovery
of form and no loss of energy. But if we do the same
thing to a liquid the stress is doing work on the liquid
as long as it flows, and this work is converted into heat ;
there is no perceptible tendency to recover when the
stress is removed. To understand what happens in
intermediate types of substance really presupposes
that we understand liquids, and it is unfortunate that
nobody has any real idea about why liquids exist.
We understand crystals in terms of the arrangement
of their constituent atoms in a repeating pattern ;
they are stable systems, and their elastic properties
can be quantitatively explained. We also under-
stand gases in terms of the kinetic theory, according

* If we put it on suddenly and leave go, oscillations are set up, and
part of the work done goes into the kinetic energy of the oscillations.
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to which the gas consists of molecules moving inde-
pendently except when in collision. But we do not
understand why there is a range of temperature such
that the crystalline and gaseous states are both un-
stable, and are replaced by the curious compromise
that we call the liquid state. Liquids resemble solids
much more closely than gases in their densities and
their bulk-moduli, and examination of them by
X-rays indicates that a considerable part of the crystal
structure persists. The atomic pattern is more dis-
turbed than in a crystal, but clots of many molecules
in about the same relative positions as in a crystal are
found at any moment. The difference is that they
are not permanent. The thermal agitation is con-
tinually shaking molecules off the outside of the
clots, so that there are also freely moving molecules
as in a gas, which in turn often combine with one
another or with existing clots. Thus the clots, while
they exist at any moment, have no permanent in-
dividuality. Such a constitution gives a qualitative,
and in some respects a quantitative, representation
of the properties of liquids. The mechanism of
viscosity, which is what concerns us now, is as follows.
Suppose the liquid is between two parallel plane solid
surfaces, and that we apply to one of these a stress
in its own plane. The clots in contact with it are
moved along with the wall, being held together
temporarily by the. interatomic forces. But molecules
on the other side of these clots become detached by
thermal agitation, and in time become attached to
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more remote clots, to which they convey the mo-
mentum acquired from the boundary. Thus the
momentum supplied at the boundary gradually be-
comes dispersed through the whole. But the other
wall remains at rest, and momentum reaching the
clots in contact with it is removed. Thus all points
of the liquid are set in motion except at the fixed
wall; and momentum is continually being transferred
through the body of the liquid from the places of
higher velocity towards the fixed wall. The essential
difference between the liquid and the crystal is that in
the latter the momentum is transferred directly through
it by the atomic forces. Once the lattice is distorted,
even if the distortion is not increasing with the time,
these forces are altered in direction and produce a
transfer of momentum. To maintain a steady dis-
tortion in a crystal therefore requires forces to remove
the transferred momentum, and therefore stress over
the boundaries. In a liquid, once the clots are at
rest, there is nothing to make more of the free molecules
move forwards rather than backwards, and transport
of momentum stops.

Such a theory explains also the variation of viscosity
with temperature and pressure. If the temperature
is raised, there is more violent thermal agitation,
and the free molecules become more numerous at
the expense of the clots. But within the clots
momentum is transmitted by elasticity, and an elastic
wave travels much faster than a free molecule. Thus
temperature reduces the rate of redistribution of
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momentum ; in other words, the viscosity decreases as
the temperature rises. A quantitative theory of this
aspect of the problem has been given by Andrade,*
who obtains a good agreement for many liquids.
Pressure reduces the volume, the free molecules
have not so far to travel before striking clots, and the
viscosity rises. This is in qualitative agreement with
the facts as ascertained by Bridgman,} but the quan-
titative theory is still incomplete.

But our distinction between quasi-solid clots and
quasi-gaseous free molecules may be too sharp.
Imagine a nearly level surface, with a number of
slight elevations and depressions. In some of the
latter marbles rest. Such marbles are in stable
equilibrium, and may be likened to the atoms in a
solid. Apply a small force to a marble, and it is
slightly displaced, rcturning to its original position
when the force is removed. But if we apply a large
enough force the marble may be pushed over an
elevation into a neighbouring depression, giving a
permanent displacement, not recoverable when the
force is removed.  With a little more force the marble
may be unable to come to rest anywhere, and we
have an analoguc of deformation increasing with
the time. This is, however, too simple to fit the
facts. It'would suggest that the stress needed to pro-
duce permanent deformation in a crystal would have
to be enough to move each atom in a layer into the

* Phil. Mag., 17, 497-511, 698-732, 1934.
t The Physics of High Pressure, 1931.
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position of the next; a sodium chloride crystal, for
instance, should not break until its square faces have
become parallelograms with angles of 45° and 135°.
This would mean that the strength should be of the
same order of magnitude as the rigidity. Such
strength is attained by rubber, but by no crystal.

Our model, however, neglects the effect of heat.
To imitate this the marbles must be supposed not to
be at rest, but to be oscillating about their positions
of equilibrium with different amplitudes. If the
amplitude of the oscillation is great enough a marble
may be able to wander freely from one position of
equilibrium to another; there are no permanent
positions of equilibrium, and we have an analogue
of a fluid. The phenomenon of melting is probably
of this nature. But suppose that the agitation does
not reach this amount ; it nevertheless aids permanent
displacement when a force is applied. If the same
force is applied to every marble, those with the greatest
amplitudes may be pushed over, while others remain
in their original pits. The motion of the former is
resisted by friction, of the latter by gravity. Thus
if we consider the system as a whole, both elastic and
frictional resistances may occur. Returning to the
solid, we see that some atoms may behave as if free,
while their immediate neighbours stay near their
permanent positions. But the energy of the thermal
motions is being continually interchanged between
one atom and another, so that we cannot regard one
atom as permanently free and another as permanently
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fixed. The question becomes very complicated, and
little progress has been made towards a solution.
It appears that pure single crystals of metals and
at least some compounds behave as if they possessed
no strength ; they acquire strength only when impur-
ities or irregularities of the internal arrangement
partly destroy the regular crystal structure.* We
have to recmember at the same time that the force in
a crystal tending to keep an atom near a fixed position
is not an external one like gravity, but arises from the
attractions and repulsions of its neighbours, so that if
one atom is displaced and loses much of its thermal
energy, it will pass this on to the surrounding ones,
some of which will become more easily displaced.
These considerations suggest that when a solid is
undergoing flow we must regard the distortional
stress as composed of two parts, one proportional to
the strain and resisted by rigidity, the other pro-
portional to the rate of increasc of strain and resisted
by viscosity. Such a theory was first suggested by
Maxwell, and developed by J. G. Butcher, Sir G. H.
Darwin and more recently by Mises and Reuss.
When strength is finite the viscosity must be regarded
as infinite so long as the stress-difference does not
reach the .strength. When there is no strength the
substance may be called liquevitreous or elasticoviscous.
Is there then any essential difference between an
elasticoviscous solid and a liquid ? The foregoing
account would suggest that the criterion should be

* G. I. Taylor, Proc. Ray. Soc., 145A, 362-415, 1934.
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that the liquid possesses no rigidity, while the solid
does, and I have adopted this test in previous work.
The difficulty, however, is in applying this test experi-
mentally. The interatomic forces in a liquid must
be expected to be much the same as in a solid, and
in both the rigidity would be expected to be compar-
able with the bulk-modulus. In water we should
expect a rigidity of the order of 10 dynes per square
centimetre. But the viscosity of water is only 1072
in c.g.s. units. If then a distortional stress persists
for as long as 10712 second the viscous displacement
would equal the elastic part, and therefore, even if
water has rigidity, there is no practical possibility
of detecting its effects except under forces varying in
what seem to be impracticably short periods. It
is only when the viscosity is high that the effects of
rigidity would be detectable.

Now single crystals do not occur naturally. In
most solids there are interfaces between crystals, and
at these the crystal form is distorted; the atoms
have to divide their allegiance between the adjoining
crystals. In glasses we cannot detect any crystalline
structure by ocular or microscopical examination,
though traces of it can be found in very small regions
by X-rays. At low temperatures these conditions
make for strength. The chief source of weakness
in a crystal is that when one atom becomes displaced
out of a position of equilibrium it increases the
probability that its neighbours along a certain plane
will be displaced too, and fracture or flow will take
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place along crystal planes. But in a crystal aggregate,
an impure crystal, or a glass, there are no such planes
for the body as a whole, and the principal source of
weakness is removed. If a single metal crystal is
deformed repeatedly, it partly loses its crystalline
structure, as X-ray observations show, and at the
same time the strength increases. On the other
hand, at a high temperature an imperfectly crystalline
substance loses much of its strength, for its atoms
have different ranges of oscillation before they become
able to change their mean positions, and some at any
rate are in this sense less stable than in a crystal, and
inelastic deformation can set in at a lower stress.
Thus we should expect that far below the melting-
point non-crystalline substances should be stronger
than crystals of the same material, but that near the
melting-point this relation will be reversed. This
is true; at ordinary temperatures silica, with a
melting-point of about 1700° is much stronger as a
glass than as a crystal, but sulphur, with a melting-
point of 445° has no strength at room temperature
in the amorphous state known as  plastic sulphur .
Glasses in this state are liable to crystallize, or
 devitrefy,” though other glasses may retain their
state for thousands or millions of years.

If a glass or an imperfect crystal is acted on by a
distortional stress, it at once acquires an elastic dis-
placement. If the stress is maintained, atoms are
displaced inelastically and the strain increases, in
some cases indefinitely. But if only a fraction of the
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atoms are capable of inelastic displacements, the
strain will grow only until the stress is borne entirely
by the elasticity of the rest of the structure. If the
stress is removed, the less stable atoms do not at once
spring back ; the immediate recovery of strain will
be equal to the original elastic strain, but these atoms
will be gradually pulled back to their original posi-
tlons by the elasticity of the rest of the structure.
Thus the mechanism explains elastic afterworking.*
Now if such imperfections of crystal structure are the
cause of elastic afterworking we should expect it to
be absent from perfect crystals, and it is. Crystals
that have a finite strength at all are found to be free
from elastic afterworking.

It appears therefore that known mechanisms can
account qualitatively for the characteristic mechanical
properties of crystals, liquids, and solids showing
plasticity and elastic afterworking. The theory has
not yet been worked out in full quantitatively, and
is certainly very difficult. But it is important for
geophysical purposes to have all the possible alter-
natives stated, especially as it has sometimes happened
that properties have been described as mutually
inconsistent that quite certainly are not. Thus some
authors define a solid explicitly as a crystal, others
as a substance possessing a finite strength, and argu-
ments are then based on the postulate that nothing
but a crystal can have a finite strength. This is simply
untrue ; pure single metal crystals have no strength, and

* Jeffreys, Proc. Roy. Soc., 83A, 283-297, 1932.
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the strongest material known is silica glass. Again, any
sort of imperfection of elasticity is sometimes thought
to imply that the substance concerned will be de-
formed to an indefinitely large extent by any force,
however small, provided that this is kept on long
enough ; this is not true, because it confuses the
characteristically different properties of plasticity and
elastic afterworking. Unfortunately we know very
little about the effect of high pressure on all these
properties, especially when the temperature is also
high, and we cannot therefore make theoretical
predictions about the constitution of the earth’s
interior from present data. All we can do is to call
attention to the variety of the combinations of pro-
perties that do occur; for their geophysical applica-
tion we must ask the earth itself and trust its answer,
not assuming that one property necessarily implies
another when it is known that they do not always go
together even under laboratory conditions.

The practical definition that will be adopted in
the following pages is that a substance is regarded
as solid if it can be observed to transmit distortional
waves. The alternative definition, that a solid is a
substance with a finite surength, is apparently con-
sistent with this one, but cannot be applied in such
detail ; we can say of every part of the earth whether
it does or does not satisfy the first definition, but the
second criterion can only be applied in general terms.
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NOTES

THE theory of liquids outlined in the text is based on investigations
by A. A. Griffith, C. V. Raman, and E. N. da C. Andrade ; for
references and further discussion, see H. Jeffreys, Proc. Camb. Phil.
Soc., 24, 1928, 19-31.

A different theory, which, however, appcars to lead to very simi-
lar results, has becn given by H. Eyring.* The essential difference
is that Eyring regards a liquid as a solid containing a large number
of mobile holes, so that at any instant all parts of it are connected
by cohesive forces. The theory in the text regards it as a highly
associated gas, there being no cohesion at any instant between
different clots. R. H. Fowler preferred Eyring’s theory. The
differences do not appear, however, to affect anything based on
the clot theory in this book. A more recent theory still, based
on more fundamental principles, is being devcloped by M. Born
and H. S. Green.}

* 7.Chem. Phys., 4, 1936, 283-291 ; §, 1937, 726--736 (with R. H. Ewell).
t Proc. Roy. Soc., A, 188, 1946, 10-18; 189, 1947, 103-118; 190,
1947, 455-474 ; Nature, 159, 1947, 251-254.



CHAPTER 11

EARTHQUAKES

““ As the Book of Verses indicates,  The person who patiently awaits
a sign from the clouds for many years, and fails to notice the earthquake
at his feet, is devoid of intellect *.”*
—The Wallet of Kai Lung, 16.

THe study of earthquakes really consists of three
parts: the causes leading up to the earthquake,
the motion produc?&.#b‘)‘? it in the earth, and the
effects of this motion on humanity. To begin with
a very abbreviated statement, we may say that an
earthquake is the result of an internal stress leading
up to a fracture. This fracture generates waves,
which travel through the earth. These are strongest
in the neighbourhood of the fracture, and often
produce a motion of the ground of sufficient intensity
to be felt, or in extreme cases to damage buildings.
The last phase of the problem attracts the most pop-
ular attention, even in a country like England where
destructive earthquakes are practically unknown ; but
it depends on the nature of the waves, which also pro-
vide more detailed information about the structure
of the earth than is provided by any other line of
investigation. They are found to show that the earth
is solid, in the sense defined at the end of the last

27
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chapter, to a depth of about half the radius; the
material at greater depths appears to be liquid.

The nature of earthquake waves may be illustrated
by comparison with the motion produced in air by
an cxplosion. An explosion gives a sudden local
increase in pressure. This extra pressure acts on
the surrounding air in “two ways : it compresses it
and at the same time pushes it outwards. But the
air driven outwards then presses on other air, and
so the disturbance spreads. If instead of an explo-
sion we have a continuous vibration, as in an engine
whistle, the motion in the air is a train of waves.
At every point in the air the medium is vibrating in
and out, and at the same time the pressure is varying ;
the pressure is high where the air is moving outwards
from the source of sound, low where it is moving in-
wards. The waves travel outwards with a character-
istic velocity, the velocity of sound in air. In, the
case of an explosion, it is found that at distance :
from the explosion the air remains at rest, with no
change of pressure, until time 7/c after the explosion,
where ¢ is the velocity of sound. At this time the air
is suddenly displaced outwards and the pressure
rises. It is necessary for some purposes to distinguish
between a wave train, which is a long train of waves,
and a pulse, which is a single displacement such as
an explosion produces, but the velocity is the same
for both.

In water similar waves and pulses can be pro-
duced. But another type of wave is conspicuous
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in water when acted on by a wind or when a solid
is thrown into it. The surface of the water is then
thrown into waves travelling away from the source
of disturbance. On deep water these have the
property that their size is greatest at the surface ;
at a depth of a wave-length or more the displacement
at any point is a small fraction of what it is at the
surface. Such waves are called surface waves.

In an elastic solid two different types of waves exist,
besides surface waves. If an outward force is applied
over a sphere inside the solid, it sends out a wave
of the same character as in a fluid. But a distor-
tional stress also produces a wave. If we apply a
shear stress over all points in the plane x = o, tend-
ing to pull them in the direction of increasing y,
they are displaced elastically, but matter at some
distance away remains undisturbed for a time. The
difference of displacement gives a shear, which implies
by the laws of elasticity a stress on this more distant
matter, which 1s therefore set in motion. Thus a
wave of distortion travels out, every particle being
displaced transversely as the wave passes. We have
to distinguish carefully in seismology between these
two types of wave, because they differ both in
velocity and in the motion produced. In the former
type, as the wave advances each particle of the solid
is displaced in the direction of travel of the wave ;
in the latter the displacement is at right angles to the
direction of travel. The former type of wave is there-
fore longitudinal, like a sound wave ; but the latter
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i transverse, as in a light wave. The transverse
waves resemble light in showing polarization. If
the waves are travelling along the axis of x, displace-
ments in the directions of the y and z axes are com-
pletely independent, in the sense that either can exist
without the other. If they both exist they are trans-
mitted with the same velocity, but differences arise
on reflexion and refraction, again as in the case of
light. :

The velocity of the longitudinal wave is {(k + $u)/p}},
where & is the bulk-modulus, p the rigidity, and p
the density ; that of transverse waves is (u/p)t. The
former 1s the greater, so that if the original disturb-
ance is partly outwards and partly transverse, the
longitudinal wave will be the first to arrive at any
other point. For this reason the longitudinal wave
is often called the primary and the transverse one
the secondary, and these words are conveniently
abbreviated into the standard notation of P and S.
As the late Professor H. H. Turner remarked, the
letters P and S may also be regarded as descriptive
of the character of the motion; P gives a push (or
sometimes a pull) and S a shake.

Surface waves also can occur in a solid. In general
features they resemble surface waves on water, except
that they are controlled by elasticity, whereas the
surface waves on water are controlled by gravity,
which is negligible in earthquake waves. They are
of two types. In one, predicted theoretically by the
late Lord Rayleigh, the displacement of the surface
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is partly vertical and partly in the direction of pro-
pagation. It can exist on a uniform solid; the
velocity of travel is about 0-92 of that of an S wave.
The other type was discovered by Professor A. E. H.
Love. It is possible only if the material is not uni-
form. There must be a superficial layer resting on
another layer, the velocity of distortional waves being
less in the upper layer than in the lower. The
displacement in these waves is wholly horizontal and
at right angles to the direction of propagation. They
show the phenomenon of dispersion; that is, the
velocity of travel depends on the wave-length, which
is not true for P and S waves. More strictly, the
velocity depends on the ratio of the wave-length to
the thickness of the layer, and thercfore if the velocity
is found by observation for a number of wave-lengths
we have a means of finding the thickness of the layer.
The velocity of Rayleigh waves similarly depends on
the wave-length if the crust is not uniform, and can
be made to provide similar information, but the theory
is more complicated.

The waves P and S, which travel throughout the
material, may be called “ bodily ” waves to distinguish
them from the two types of surface waves. They
were predicted theoretically by Poisson in 1829, while
Rayleigh’s discussion appeared in 1887. But it was
not until 1goo that the three types were distinguished
in ‘actual records of earthquakes by R. D. Oldham.
This delay was chiefly owing to the fact that instru-
mental seismology is a comparatively new subject.
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The fundamental principle of most seismographs is
that of a pendulum. Suppose that a pendulum is
hanging at rest, and that the earth’s surface is sud-
denly displaced horizontally, carrying with it the
shaft that the pendulum hangs from. The bob of
the pendulum does not begin to move at once ; the
immediate result is a change in the inclination of the
string, which is proportional to the displacement of
the ground if it takes place sufficiently suddenly.
Thus a simple pendulum, if we can record its changes
of inclination, is suitable for recording the motion
of the ground. But actually the simple pendulum
suffers from certain defects, which make it unsuit-
able until modifications have been introduced. The
actual movement in an earthquake is an oscillation
with a period of some seconds, while a pendulum
has to be inconveniently long if it is to have a period
of more than one or two seconds. Now if the support
moves in a period long compared with the natural
period of the pendulum, the bob has time to follow
the support, and the inclination, which is the only
thing we can measure, varies very little. To get a
good record we need an instrument with a period
longer than that of the waves in the earth, which
may be about 7 seconds for P and longer for other
waves. But a simple pendulum, to have a period of 10
seconds, say, would have to be 25 metres long! We
therefore need first of all a device for lengthening
the period. In many seismographs, especially the
Galitzin and Milne-Shaw machines, this is done by
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making the pendulum swing about a nearly vertical
support, to which it is hinged like a farmyard gate.
The support must not be exactly vertical, of course,
otherwise the instrument could remain at rest in any
position. But with a small inclination to the vertical
the period can be made as long as we like : natural
periods of about 10 seconds are obtained in actual
instruments with booms about 20 centimetres long.
With such a device we need separate instruments
to record the motion of the ground to the north and
to the east. Thus if the boom is hanging to the east
its direction 1s affected by displacements of the
ground to the north or south, but not by displace-
ments to east or west. If we wish to record both
the easterly and northerly components of the dis-
placement we need two pendulums. In the in-
struments of Wiechert the pendulum is abandoned.
These instruments consist of a heavy mass on a
vertical rod, hinged at the bottom. This would
simply fall over with a heavy crash if it was left to
itself (in the three types of Wiechert machine the
masses are respectively 8o kilograms, a ton, and
17 tons) but it is kept in position by four springs.
When the ground moves the springs yield elastically
and displacements in both directions are recorded.
In the Wood-Anderson instrument a cylindrical
mass is fixed eccentrically to a vertical wire; when
the earth moves the wire is twisted, and its tendency
to untwist itself provides the restoring force.

Other instruments have been designed to record
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the vertical movement, but only a fraction of the
observing stations possess them. The difficulty of
obtaining a long period is greater than for horizontal
instruments, but it can be overcome, and for recording
some waves the vertical instruments are the most
valuable.

Instrument design would be a fairly simple matter
if we had to record only the first movement. The
motion due to an earthquake involves a large number
of identifiable phases, and each one has to be recog-
nized by the motion it produces in the instrument.
Difficulties will arise in identifying any phase if the
motion due to the previous ones has not died down.
We try therefore to ensure that the motion due to
any phase will have disappeared before the next
arrives. This is done by introducing damping. The
motion of the mass is resisted by a force proportional
to its velocity, which may be producéd either by
fluid viscosity or electrically. In the former case the
motion may be made to drive a small vane through
oil, or air through a narrow orifice. In the latter,
the boom carries a small magnet, which moves near
a coil of wire. When the magnet moves it induces
an electric current in the wire. The resistance in
the wire puts the current out of phase with the motion
of the magnet, and the force of the current on the
magnet gives the resistance required. If there was
no damping and the instrument was once set in
motion, it would go on vibrating for ever: it turns
out also that if damping is too heavy the displacement
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disappears unnecessarily slowly, so that there is an
optimum degree of damping. The usual arrange-
ment is that each swing is about % of the one
immediately before it.

In this way we make the displacement of the bob,
whatever the form of the instrument, resemble that
of the ground as closely as is physically possible. It
is usually still too small to be visible: it must be
magnified, and a permanent record must be made.
In the Wiechert type of instrument the magnifica-
tion is done by a system of levers, and a fine point is
ultimately made to move about 200 times as far as
the heavy mass. A cylindrical drum carries a sheet
of smoked paper and rotates at a uniform rate, the
fine point being in contact with the paper. As the
point moves it scrapes the soot off the paper ; mean-
while the drum rotates, carrying the paper in a direc-
tion perpendicular to the motion of the point. The
result is a white line on a dark ground, which is
effectively a graph of the displacement of the heavy
mass with respect to the time. In the Milne-Shaw
and Wood-Anderson instruments the paper used is
photographic, and the moving parts are made to re-
flect a small spot of light upon it. When the paper
is developed we get a dark line on a white ground.
This arrangement has the advantage that solid friction
is absent or nearly so: in the smoked paper machines
friction in the levers is considerable, and can be over-
come only by making the instrument very heavy.
In the machines designed to record very small move-

-
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ments, with magnifications of about 2000, the mass
is usually about 20 tons. An independent mechanism
connected with the observatory clock is made to
mark exact minutes on the record : this is necessary
because in practice the drum never rotates as uni-
formly as we should like, and times have to be read
to a second or less.

There are now some hundreds of seismological
stations in various parts of the world.

Oldham’s study showed that the record of an earth-
quake at any station showed a sudden commencement,
which can be identified with P: this was followed
by a train of waves, but after some time there was
another sharp movement, usually larger than P;
this was identified with S. The times of arrival of
these two phases at different distances were found to
give two smooth curves, which gave the first empirical
knowledge of the times of transmission of elastic waves
through the earth. S was followed by a series of
smooth waves, with amplitudes larger than that of
S. They increased in size up to a maximum and
then slowly died down. These were considered at
first to be the Rayleigh waves. Their comparatively
large size can be understood from their mode of
spreading. In a uniform solid the bodily waves
spread out symmetrically, downwards as well as
horizontally. The energy transmitted must be the
same at all distances, and therefore the energy crossing
unit area of surface must vary inversely as the square
of the distance. But the surface waves do not penctrate
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more deeply as they advance, and the energy per
unit surface at small depths is inversely proportional
only to the distance. Hence at great distances, and
for observations at ground level, the surface waves
may be expected to be larger than the bodily ones.

This interpretation of the surface waves was, however,
too simple to cover the facts. Rayleigh waves involve
displacement in only two directions, vertical and
in the direction of travel. They should give no
horizontal displacement at right angles to the direction
of travel. Actual records showed strong movement
in this direction. This was explained by Love in
his theory of surface waves when there is a superficial
layer. The two types of surface wave have been
clearly separated by Stoneley. Earthquakes were
found such that the waves from them arrived at Kew
Observatory from due east; then the Rayleigh
waves were shown on the vertical and easterly records
and the Love type on the northerly. The two types
begin at different times and the movements in any
given minute have different periods.

We should expect that the time needed by surface
waves to travel a given distance would be proportional
to the distance measured over the surface, and this
is found to be true. But if the earth was uniform the
time of travel of bodily waves would be proportional
to the distance measured in a straight line from the
origin to the observing station, and this distance in-
creases less rapidly than the arc. Consequently it was
expected that the times of travel of the bodily waves,

a4
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when plotted against the distance measured over
the surface, would give a curve with a downward
curvature. This actually happened ; but it was
found that the time was not even proportional to the
chord. If we estimate a mean velocity as the length
of the chord divided by the time of travel, this velocity
is found to be greater the greater the distance. The
only possible interpretation of this result is that the
velocity increases with depth. Further, given the
times of transmission to different distances, we can
actually calculate the velocity at any depth reached ;
the theory is somewhat involved, because the rays
arc not straight but curved upwards when the
velocity increases with depth, but the solution is quite
definite.

The usual practice in seismology is to measurc a
distance as an angle subtended at the centre of the
earth, so that a distance of 9o° means that the origin
and the station are a quadrant, or 10,000 kilometres,
apart. At a distance of about 105° the P and S waves
seem to fade out. Waves reaching this distance must
have penetrated to a depth of about gooo kilometres,
nearly half the radius of the earth, and their velocities
at this depth are about 1-7 times those at high levels.
Oldham found that a new wave, apparently of P
type, emerged at distances over 140° up to the antip-
odes. If such a wave travelled through the inner
region with the same velocity as it had at a depth of
3000 kilometres, it should reach the antipodes about
16 minutes after the shock: the actual time is 20
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minutes. The only interpretation of these waves
is that their velocity in the central region is about
g km. per second ; the velocity at a depth of 3000 km.
is 13 km./sec., the reduction accounting for the
observed delay. Waves of S type through the central
region cannot be identified.* This of course suggests
strongly that the central region is incapable of trans-
mitting distortional waves, and therefore is liquid.
Later work has confirmed this suggestion. It is
found that we must regard the earth as composed of
a solid shell, reaching nearly half-way to the centre,
and resting on a liquid core capable of transmitting
P but not S waves. When an S wave reaches it, it
is partly transmitted as a P wave and partly reflected.
These P waves in the core travel on until they strike
its boundary again, when they are again partly
reflected and partly transmitted as a pair of P and S
waves, which go on in the shell till they reach the
surface. Such waves are recognizable on the records
and give further information about velocities in the
core. Gutenberg has found it possible to calculate
the times of travel of waves reflected both at the
outside and the inner surface of the core, and move-
ments are found on the records at practically’ the
calculated times. These waves are of special interest,
because they show that the boundary of the core is
not merely a gradual transition, but a sharp interface.
*Dr. L. Bastings (Nature, 134, 216, 1934) claims to have detected

such waves now, but I think that his interpretation raises other diffi-
culties and is not the only one possible (Nature, 134, 324, 1934).
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If the transition was gradual, the reflected waves
would be so spread out in time as to be unrecognizable.
The nature of the material of the core cannot be
determined by purely seismological methods, but
other information is given by gravity, and indicates
that the fall of velocity is associated with a rise of
density, and that the core probably consists of a heavy
metal in the liquid state. It appears that the
primitive earth consisted of two immiscible materials,
and that the denser sank to the centre and has
remained liquid ever since, in spite of the changes
that have gone on outside it.

We have seen that the existence of Love waves
implies a considerable change of velocity of distor-
tional waves at a small depth. Now such a change of
materials was inferred by Suess on purely geological
grounds. There are many types of igneous rocks
known, which have been in some way melted under-
ground and have arisen to be poured out over the
surface or intruded into rocks near the surface that
have become exposed to view by denudation. The
two most abundant types may be described roughly
as granite and basalt, though rocks in each class vary
appreciably in chemical. composition and state of
crystallization. Further, one of the most abundant
sedimentary rocks, sandstone, consists principally of
quartz grains that have been derived from granite
by chemical weathering. Granite is found all over
the continents, and the abundance of sandstone
indicates that there has been even more of it in the
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past. But in oceanic islands granite is distinctly rare.
Thus for the Pacific Ocean, P. Marshall * records
some granite on Viti Levu (Fiji), but none elsewhere.
These islands are mostly made of basalt, with the
intermediate rock andesite, and tending towards
rocks more remote from granite in silica content than
basalt is. There is a strong suggestion that basalt
is a universal rock, whereas granite represents an
upper layer characteristic of the continents. The
first seismological recognition of such a structure in
Europe was due to Professor A. Mohorovidié. He
noticed in a Balkan earthquake that the P movement
consisted of two phases. At short distances there
is a large sharp movement, followed after some
seconds by a larger S movement that appears to have
followed much the same path. At distances of more
than about 150 km. both these movements are still
conspicuous, but the large P movement is preceded
by a smaller one ; the greater the distance the greater
is the interval between the two P movements. The
S movement is duplicated in the same way. It is
clear that the smaller wave in each case travels faster ;
but when we compare the times of transmission we
find that it seems to have started later. For all four
waves the time of arrival gives a straight line when
plotted against the distance ; in other words, the times
are closely equal to expressions of the form a + Ay,
where A is the distance, v the velocity, and a a constant
which we may call the apparent time of starting.

* Handb. d. Regionalen Geologie, Bd. 7[2, Hell g.
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That is to say, the times are the same as they would
be if the wave had started at time a and travelled
the distance with velocity ».  But not only v, but also
a, has a different value for each wave. The smaller
P wave usually has a value of a exceeding by 6 or 7
scconds the value for the larger one. Now on the
supposition of a layered structure these facts are
immediately explained. Suppose that we have an
upper layer resting on a lower one, the velocities of
P and S being less in the upper layer than in the
lower one. If an earthquake happens in the upper
layer it sends out P and S waves in that layer, which
travel directly to the observing stations with their
appropriate velocities. But the P and S waves will
strike on the interface between the two layers, and
will there be refracted into the lower layer, the ray in
cach case being bent away from the normal. Thus
refraction will give also P and S motion travelling
horizontally in the lower layer : this can be refracted
up again at any distance. The apparent velocity
is the velocity in the lower layer: but such an
indirect wave wastes a certain amount of time in
travelling down and up in the upper layer, and this
loss of time accounts for the apparent delay in starting.
At short distances the direct waves arrive sooner than
the indirect ones, for much the same reason that up
to distances of five miles or so we shall usually arrive
sooner by using a bicycle instead of a car, because
it takes time to get the car out of the garage.

Similar results have bheen obtained in a number
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of other earthquakes, in Europe, California, Japan and
New Zealand. The general picture, however, tends to
become more complicated. Earthquakes in which the
upper layer waves are recognizable are technically
known as ‘ near earthquakes ”, because at a distance
of about 8oo km. these waves lose their distinctive
character.

The identification of the layers depends on the
comparison of the obscrved velocities with laboratory
determinations of the elastic properties of rocks.
Given the velocities of the P wave and the correspond-
ing S wave we can calculate £/p, the ratio of the
bulk-modulus to the density. But the density and
the bulk-modulus can be found directly in the labor-
atory. It 1s found that the velocities of P and S in
the upper layer are a little lower than those found in
direct tests on granite, but this could be explained if
the layer is largely glassy. It was expected that the
lower layer would be basalt, but it has turned out that
this 1s not the casc. The velocities arc definitely too
high to fit basalt or any of its ordinary modifications.
They do [it olivine, a mineral composed of a mixture
of magnesium and ferrous orthosilicates. It is a common
mineral in basalt and other rocks, but scldom forms the
chief constituent of a rock accessible at the surface.
Such a rock exists. and is known as dunite, but is rare.

The recognition of the high bulk-modulus of the
lower layer makes our natural theory of the origin
of basalt untecnable. Basalt contains a considerable
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percentage of calcium, sodium, and aluminium, all
of which are absent from olivine. It therefore cannot
apparently have come from the lower layer. (We
reserve at present the possibility that the lower layer
may consist of different minerals from basalt, but
with the same general composition.) We therefore
need an alternative cxplanation of the origin of
basalt.

Laboratory investigation of the properties of rocks
has led to the recognition of a number of general
rules, which can be applied even when the exact
composition is doubtful. Most rocks are chemically
silicates, made up of silica in combination with
different amounts of various metallic oxides. Silica
is regarded as an acid-forming oxide, just as sulphur
trioxide is considered an acid-forming oxide in
sulphuric acid and the sulphates. It occurs by itself
as quartz. The metallic oxides are on the whole
denser than silica, and as a general rule the greater
the amount of metal associated with a given amount
of silica, the greater is the density of the mineral or
rock. In addition, increase of the metal increases the
bulk-modulus even more than the density, so that the
velocities of transmission of elastic waves also increase.
Incidentally quartz has a high thermal conductivity,
and on the whole high silica content is associated with
high conductivity. We have therefore the general
rules that as the silica content of rocks decreases, the
density and the velocities of elastic waves rise, and
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the thermal conductivity falls. There are some excep-
tions to these rules, but what matters to us is that the
commoner rocks and minerals follow them.

Now if the igneous rocks found at the surface can
be considered as derived from layers within the crust
we shall expect the denser rocks to lie below the lighter
ones. The density of granite is about 2-7, that of
olivine about 3-3; basalt, with a density of about
3-0, would then be expected to lie between the granitic
and olivine layers. It was thercfore expected that
seismology would reveal an intermediate layer with
the properties of basalt. Recent work has shown
that an intermediate layer exists. The first evidence
for it was obtained by Professor V. Conrad, who
detected in an Austrian earthquake a wave of P
type with a velocity of 6-2 km./sec. But this is too
low for crystalline basalt ; the velocity in this would
be about 7:0 km./sec. Adams and Gibson * find
that tachylyte, which is basalt in a glassy state, would
give a velocity of 6-4 km./sec. So far as these facts
go, we should be entitled to suppose that the inter-
mediate layer is basalt only if that basalt is glassy and
not crystalline. There are some difficulties about such
an interpretation, and personally I have always pre-
ferred to speak of the ‘ intermediate layer > without
specifying its composition, unless the composition is
relevant to the question immediately under discussion ;

* L. H. Adams and R. E. Gibson, Proc. Nat. Acad. Sci., 15, 713-724,
1929.
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fortunately in many of our problems the composition
is not important, on account of the intimate relation
that holds between velocity and density. But further
work has led to more complicated results still. The
velocity of the wave in the upper layer, which is now
usually known as P, is about 5-6 km./sec. ; that in the
lower layer is about 7-7 km./sec. in most regions ; but
the velocity in the lower layer appears to be somewhat
higher (about 8-1 km./sec.) in Western Europe than in
other regions. Later work has given a velocity nearer
6-5 km. /sec. for the P of the intermediate layer in Europe.
Gutenberg, in California, finds two intermediate layers
where the velocities of P waves arc 6-05 and 6-83 km. /sec.
In Japan and New Zealand the upper layer waves
P, S, are much weaker than in Europe and the inter-
mediate layer waves stronger. It is not surprising that
there should be such differences from place to place,
but their actual determination should lead to more
detailed knowledge about the corresponding variation
of crustal structure.

The constant terms in the times of arrival of the
various waves are affected, as we have remarked,
by the time lost in travelling down to and up from
their characteristic layers. Conscquently they give
information about the thicknesses of the layers. The
differences are small, the whole time lost by P, (the
pulse of speed 77 km./sec.) in comparison with P,
being about 6 or 7 seconds ; the others are naturally
smaller, and each is uncertain by a second or so in
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any individual earthquake. On the most natural
interpretation of the data they indicate thicknesses of
about 15 km. for each of the granitic and intermediate
layers ; but the data show uncxplained discrepancies
from any simple theory, and the uncertainties of these
values are fully 5 km.

All these earthquakes appear to have had their
origins in the granitic layer. This layer is usually
covered by a layer of sediments which are visible
at the surface. They have been investigated seismo-
logically to a considerable extent in geophysical
prospecting, where the methods of the study of near
earthquakes are applied to the waves sent out from
an artificial earthquake produced by an explosion.
The methods are found to give good determinations
of the thicknesses of geological formations, which are
verified by actual boring. But in natural earthquakes
the sedimentary layer gives little result on account
of its small thickness, probably about 2 km. on an
average. A P wave in it has been detected in several
earthquakes, but is not traceable to great distances.
This is probably due to the irregular structure of the
layer ; every interface between different materials
must produce some scattering of a wave in it.

The geological evidence suggests that near earth-
quakes occurring under the oceans should differ
considerably from those in the continents. We should
not expect any granitic layer, and the intermediate
ones may differ in thickness and even in composition,
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Hitherto no work has been done on these lines, for
geographical reasons. To determine the latitude and
longitude and time of occurrence of a near earth-
quake we need three observing stations recording the
same wave ; and these must be within 8oo km. at
the very outside. In the whole of the Pacific Ocean,
covering nearly half the earth’s surface, the only
stations are Honolulu, Apia (Samoa), Suva (Fiji),
and Guam. Our chance of being able to carry out
a discussion of a Pacific earthquake similar to those
that have been done in Europe and California is
therefore very slight. Surface waves appear to afford
the most promising line of investigation at present.
They are certainly less dispersed when following
oceanic than continental tracks, which suggests a
smaller variation of the velocity of S waves within
the upper layers, but an estimate of the thickness
must await more knowledge of the velocities.

Surface waves have given additional information
about continental structure. As we have remarked
already, different periods in these waves should travel
with different velocities, and the variation should
determine the thickness of the upper layer if there
is only one. Stoneley has obtained an estimate
allowing for two surface layers, and finds that the
dispersion agrees with a thickness of 12 km. for the
granitic layer and 24 km. for the intermediate layer.*
This is in good agreement with the results from near

* M.N.R.A.S., Geophys. Suppl. 2, 429, 1931.
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earthquakes. Further, the near earthquakes studied
are all in Western and Central Europe, so that the
thicknesses inferred from them refer also to the same
region. But Stoneley’s data are derived from Euro-
pean observations of surface waves from shocks in
Eastern Asia, and thereforc are average values for
the whole of Europe and Asia. It is important that
it should have been verified that the near earthquake
results are general and not a purely local condition.
The majority of earthquakes give practically the
same times of travel of the P and S waves, within a
second or two, irrespective of the position of the
epicentre.* This fact shows that the velocities within
the earth vary very little so long as the depth is the
same. But it is found that the waves in some earth-
quakes arrive anomalously early at great distances ;
if the time of occurrence is found from stations 20°
away, the P waves at go° and those through the core
may be carly by 30 seconds, and the S waves by 50
seconds. This phenomenon was first detected by
Professor H. H. Turner; at first it seemed possible
that it might be due only to errors in the times of
transmission that he was using, these being known to
be inaccurate, but with the more accurate times now
available the fact is thoroughly established. Turner
attributed it to depth of focus. The waves arriving
at stations near the epicentre have travelled nearly
horizontally, and their times of arrival are affected

* The focus of an earthquake is the place where it actually happens ;
the epicentre is the point on the surface vertically above the focus.
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litle if the origin of the waves is at some depth.
But the waves arriving at great distances have begun
by travelling nearly vertically downwards. A deep
focus, therefore, implies that these waves have not
so far to travel and consequently arrive after a shorter
time. Depths of up to 0-06 of the earth’s radius,
or 380 km., are fairly frequent. Thus in 1929 the
staff of Oxford Observatory, in their work on the
International Seismological Summary, studied 592
earthquakes in all : of these, 29 had focal depths of
o-o1 of the earth’s radius or more. Depths as great
as 0-09 of the radius, or 570 km., have occasionally
been recognized.

Three independent verifications of the focal depths
have been given. The first, due to K. Wadati, de-
pended on the times of the pulses at near stations in
Japanese earthquakes. The second, due to Stone-
ley,* rests on a fundamental dynamical theorem on
small oscillations. If a system is disturbed it can
vibrate in a number of ways, called normal modes,
each with its own period. In any one of these modes
there will be a number of points of the system that
do not move during the vibration. These are called
nodes. If the system is struck at a single point, in
general all the normal modes are excited, and any
particle of the system moves with the motion due to
all the modes together. But if the disturbance is
at a node of any mode, that mode is absent from the
resulting vibration. The principle is used in stringed

* Gerlands Beitrage =ur Geophysik, 89, 417-135, 1931.
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instruments. One of the harmonics of a string has
a period } of that of the fundamental, and is dis-
cordant with those with periods L and 1 of the latter.
But by striking or bowing at a node of this mode we
avoid exciting it, and there is no discord. Now
the surface waves in earthquakes are really an aggre-
gate of normal modes, all of which produce no dis-
turbance at great depths. Hence by this principle
these modes should not be excited by a shock at a
great depth, and surface waves should be small or
unobservable in deep-focus earthquakes. This pre-
diction was tested by Stoneley, and found to be
correct. The bodily waves are as clear as in normal
earthquakes, or more so, but the long train of large
surface waves is absent.

‘I'he other principle is due to F. J. Scrase.* The
waves sent out from the focus of any earthquake
undergo reflexion at the surface, and the resulting
rcflected waves can be recognized. But in a deep
focus shock there should be some additional waves
arising from reflexion near the epicentre. Scrase
finds that these waves are present, and his results
have been confirmed by Stechschulte.}

Accordingly the reality of deep fori is thoroughly
established.

The records at a single station are often enough
to tell us a great deal about the position and time of
the earthquake, and even, since the work of Stoneley

* Proc. Roy. Soc., 132A, 213-235, 1931 ; Phil. Trans., 231A, 207-234,
1933. t Bull. Seism. Soc. Amer., 22, 81-137, 1932.
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and Scrase, about the depth of focus. The P move-
ment arriving at a station is always either upward and
aWay from the epicentre, or downward and toward
the epicentre. Consequently if a station records all
three components of displacement, the vertical com-
ponent specifies whether the first displacement is away
from or toward the epicentre, and then the ratio of the
two horizontal components gives the direction of the epi-
centre, In a normal (shallow) earthquake the interval
between P and S determines the distance from the
station. Cases of deep focus can be recognized directly
by the smallness of the surface waves ; then the waves
reflected near the epicentre are found, and the intervals
between the reflected and direct waves, and between
P and S give a pair of equations connecting the focal
depth and the distance, which can therefore both be
found. Hence a fully equipped station can by itself
give a determination of the epicentre and the depth of
focus. At least two widely separated stations are needed
to do this if they have records of only the horizontal
components, and three if each records only one com-
ponent. In any case, of course, more accurate deter-
minations become possible when many stations have com-
municated their information to a central organization.
The times of P and S vary smoothly with distance,
and correspondingly the velocities vary smoothly with
depth, except at the interfaces between the upper layers,
the core boundary, and at two other places recently:
noticed. One is deep within the core ; the nature of
this is not yet understood, but some features of the core
waves require an inner core, about 1000 km. in radius,
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where the velocity of P is distinctly higher than in the
rest of the core. The other, noticed first by P. Byerly
and I. Lehmann and confirmed by Bullen and me, is
at a depth of about 400 km., and is shown by a sharp
increase of the apparent velocities of P and S over the
surface at a distance of about 20°. It is usually known
as the 20° discontinuity. The changes of velocity
across it amount to about 10 per cent.

The cause of an earthquake is in most cases,
probably in all, a fracture. All mountains and
variations of depth of the ocean floor must have
needed distortional stress to produce them, and all
need such stress to prevent them from flattening out
as water does when it is left to itself. If the dis-
tortional stress reaches the strength of the material
some type of yield must take place. If this is
continuous flow no sudden wave will be sent out.
But if fracture occurs the tangential stress across the
plane of the fracture is instantly removed, and it was
just this stress that was preventing sliding along this
plane. Thus we have a sudden change of stress
leading to the generation of an elastic wave. We
may safely say that every fracture visible at the surface
has at some time or other been the seat of an earth-
quake, the majority of many.

Earthquakes are not wuniformly distributed over
the earth. They tend to be concentrated along
definite belts. One runs along the Pacific Coast of
America from Alaska to the Andes, and in the other
direction through the island arcs to Japan and the
Philippines. Another extends from the Alps through
the Balkans and the East Mediterranean to the
Himalayas and the Malay Peninsula; the Italian
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earthquakes occur- along a branch from this belt.
Off these great belts earthquakes are .much less
frequent, though they occur in all regions occasionally.
But we can be sure that when the mountain systems of
Scotland and Wales were being uplifted these countries
were much more exciting seismologically than Japan
is now. The most active regions at the present time
are those of the Tertiary mountain formation, and
most present earthquakes can be regarded as the
aftermath of that upheaval.

Many attempts have been made to discover regular-
ities in the time of occurrence of earthquakes, but the
results are unsatisfactory. For instance, it is some-
times said that earthquakes are more frequent by
night than by day. If we take a long period and
classify the carthquakes according as they occurred
between 6 p.m. and 6 a.m. or between 6 a.m. and
6 p.m., it would be a remarkable accident if the two
classes were exactly equally numerous : a mere differ-
ence found statistically is not necessarily significant
of any general rule. But the difference in a purely
random set of times would not be expected to exceed
a certain amount; if the difference actually found
exceeds this substantially we have adequate grounds
for saying that it is rcal. The same applies to all
types -of periodicity. Criteria for reality have been
given by Sir Arthur Schuster and Sir G. T. Walker.
Unfortunately they are seldom applied in published
work ;  Professor Conrad has applied them to a large
number of periodicities that have been obtained at
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various times, but not one has been found to satisfy
the conditions consistently.* It is to be wished that
editors of journals would make it an absolute rule
not to publish papers on periodicities if these criteria
are not applied ; if the results are not significant
they are worthless, and if they are significant opinion
is prejudiced against them in advance. In some
cases periodicities appear fairly clearly in observations
of the felt movement in earthquakes, but when the
instrumental records are examined the periodicity
disappears. Except in one respect the distribution
of earthquakes in time seems to be wholly erratic
and unconnected with any other phenomenon. This
exception concerns the fore-shocks and after-shocks
of a large earthquake. Such an earthquake is usually
preceded by a number of smaller shocks and followed
by another series, all from the same place. The
number per day increases up to a maximum just before
the main shock, and again falls off fairly regularly
after it. The fore-shocks thus often provide a warning
that a great earthquake is to be expected, though they
give little information about the time when it is to be
expected. It has also been noticed by Imamura in
Japan that earthquakes are frequently preceded by
a tilting of the ground, which again serves to predict
the place but not the time. This phenomenon recalls
Phillips’s observation that a stress may not produce
immediate fracture, but produces elastic afterworking
which leads to fracture if it proceeds far enough.

*'Handbuch der Geophysik, Bd. 4, Lief. 4, 1932.
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The tilting noticed by Imamura may well be this pre-
liminary creep. The after-shocks also suggest elastic
after working. The great change of stress occurring
in a fracture must lead to a redistribution of stress
in the neighbourhood, which may give further creep,
leading to other and smaller fractures when it has
gone far enough, and these to further ones, until the
stress-differences everywhere have been reduced below
the limit needed to produce fracture even when left
on for a long time.

The actual focus of an earthquake is probably
always a small region, not more than a few kilometres
in linear dimensions at the outside. If it was larger
it would be impossible to separate the later phases
on the seismograms as clearly as we usually can.
It is sometimes thought that the P and S waves sent
out originally can shatter the rocks elsewhere, but
this seems to me to be impossible. The stress-
difference at the focus was just enough to produce
fracture ; if it was more the fracture would have
occurred sooner. When the earthquake occurs the
change in stress-difference spreads out in the elastic
waves, but its amount necessarily decreases with
distance and consequently cannot be enough to
produce fracture anywhere else, except possibly in
regions themselves already on the verge of fracture.
The statical change seems to be more important.
When a crack is once formed the stresses needed to
maintain equilibrium are considerably increased ;
even in the casc of a spherical hole the stresses near



EARTHQUAKES 57

it are about twice those at a distance large compared
with the diameter, and for elongated cracks the
increase is greater. When the elastic waves have
been sent out the stress-differences near the focus
will therefore in general exceed the strength of the
material, even if they were below it before, and the
fracture will extend until it reaches regions where the
stress-difference is very considerably below the strength.
The rate of extension is probably very much less than
that of the travel of a distortional wave.

The most conspicuous phenomenon of earthquakes is
a movement that can be felt, and in extreme cases may
damage buildings. Scales of intensity have been
constructed, the degrees of the scale corresponding
to the visible or palpable movements. The intensity
diminishes with distance, and contours of equal in-
tensity can be drawn. The centre of the innermost
contour is near the epicentre. By these macroseismic
methods the epicentre can often be fixed within
20 km. or less, so that they give valuable information
supplementary to the instrumental data. In most
cases the important factor in determining the felt
intensity seems to be the horizontal acceleration.
It is clear that so long as the ground is at rest or in
uniform motion horizontally, a man or a building
can stand up vertically without any trouble; it is
only when the velocity is varying that any difficulty
arises. But when the velocity changes the standing
body behaves more or less like a pendulum (the
wrong way up), and if the area of support is so dis-
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placed that the centre of gravity is no longer over it
the body will fall over. A uniform acceleration of the
ground can be shown to be equivalent in its dynami-
cal effects to a steady tilt. Thus a body dropped
from a height when the ground is accelerated to our
right will fall under gravity with its original horizontal
velocity, but meanwhile the ground is gaining velocity
and the stone will strike it to the left of the point
that was originally below the place of projection.
Stones dropped at different heights from a vertical
building will fall at distances from the foot proportional
to the original heights, exactly as if the ground was
still and the building inclined to the vertical. Now
the construction of a building depends on the principle
that the weight of the upper parts is transmitted
vertically through the walls, and this is why we make
the walls vertical. If the building is tilted, or if the
ground is accelerated horizontally, the forces needed
to hold it together no longer act through the walls,
and stresses are set up in the direction of the floors
which may be enough to break the walls. An
acceleration of a tenth of gravity, such as often occurs
in strong earthquakes, would be equivalent to a
tilt of 6°; a man would certainly fall over if he tried
to stand at such an angle to the vertical, and few
buildings would stand it.

For smaller accelerations the results are less obvious.
We may notice at once that the acceleration just
mentioned would not necessarily make a man fall
over if it was reversed before he had time to fall;
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on the other hand, if it was steady he could com-
pensate it by standing at a suitable inclination. To
throw a man over the acceleration must persist for
a sufficient time, and there is a suggestion that what
matters is not the maximum acceleration but the
range of variation of velocity. The effect on a build-
ing depends on its natural period of vibration, which
is recognized when the building sways in the wind.
If the period of the ground motion is near the natural
period, the motion of the top of the building may be
much greater than that of the ground, and the direct
effects of acceleration are much magnified. In seismic
countries buildings must therefore be designed so that
the free periods avoid those that usually occur in near
earthquakes, mostly near 1 or 2 seconds. The period
can be made short if the building is stiff, long if it is
flexible. It must not be made too long, otherwise
there is a danger that the building may become un-
stable under its own weight. In a short-period
building what matters is the maximum acceleration ;
in a long-period one the maximum displacement.

The periods arising in the ground motion are fairly
uniform, and probably represent the intervals between
various waves reliected internally. Thus the macro-
seismic observations, however obtained, give some
information about the variation of the amplitude of
the motion from place to place.*

The actual size of the vibrations varies greatly with
distance and with the particular earthquake. In

* Cf. K. Suyehiro, Proc. Amer. Soc. Civil Engineers, 58, g-110, 1932.



6o EARTHQUAKES AND MOTUNTAINS

the Hereford earthquake of 1926 the amplitude in
the S, phase, the largest, ranged from 12 at West
Bromwich, distant 63 km., to o-4 at Ziirich, distant
g6o km., the unit being a thousandth of a millimetre.
This was a small earthquake. In strong Japanese
earthquakes amplitudes up to 17 cm. have been
recorded. Amplitudes down to a hundredth of a
millimetre or less can be felt, though they may escape
notice unless conditions are unusually calm in other
respects. Damage may arise, however, not only from
the vibration but from an effect progressing from
one oscillation to another. The San Francisco earth-
quake of 1906 gave permanent horizontal displace-
ments up to 8 metres of the ground on one side of a
fault with respect to the other, over a length of some
hundreds of kilometres. This could not be the result
of a single oscillation, but of a series of fractures all
tending in the same direction and occurring all along
the plane of the fault. If a building happens to be
across such a fault it cannot escape being torn in
two, though a suitably designed one not crossing the
fault may survive the vibration. Again, where loose
sediments occur, especially on a slope, vibration may
encourage settling under gravity, and buildings may
collapse under the resulting tilts. Consequently such
areas of alluvium often constitute isolated areas of
destruction when there is little damage on the firmer
rocks around them.

Depth of focus has some relation to the distribution
of the intensity, though it has not yet been brought
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into relation with our knowledge of the structure of
the upper layers. We should expect that in a homo-
geneous crust the maximum displacement in the P
and S phases would be nearly inversely proportional
to the distance from the focus. If we find a place
where the displacement is half what it is at the epi-
centre, its distance from the epicentre should be
proportional to the depth of focus. In comparison
with a shallow shock of the same intensity, a deep
focus one should be less violent at small distances,
but should be felt over a greater area. This is true;
for instance the shock of 1926 June 26, which had an
epicentre near Cos (Sporades), did damage in Crete at
a distance of 250 km. and was felt in Palestine at nearly
1000 km. Its depth of focus is somewhat uncertain, but
probably about 100 km. The chief earthquake studied
by Scrase was felt up to 1300 km. away, whercas the
great Tokyo onc was not felt beyond 800 km. The
former had a focal depth of 370 km., while the latter
was shallow, though a much larger shock. When
more material has been analysed it should become
possible to determine the reclation between depth of
focus and the distribution of felt intensity more
accurately, and then the macroseismic data should
be of great use in finding focal depths. With foci
in the upper layers the chief felt waves are probably
the train that follows S,, which spreads horizontally
in the sedimentary and granitic layers, and the
distribution of intensity is probably quite different.



CHAPTER III

GRAVITY AND THE SHAPE OF THE EARTH

‘“ How is it possible to suspend topaz in one cup of the balance and
weigh it against amethyst in the other ; or who in a single language
can compare the tranquillizing grace of a maiden with the invigorating
pleasure of witnessing a well-contested rat-fight ?

—Kat Lung’s Golden Hours, 258.

WE all learn at the age of eight or thereabouts that
the earth is a sphere, as a result of arguments that.
mostly will not bear much inspection later. Then
we learn that it is a spheroid shorter along the polar
axis than across the equator. But when we come to
consider how the earth’s size and shape are measured
we find that we do not quite know what these terms
mean. Do we, for instance, mean the shape of the
ocean surface or that of the solid surface? In what
sense can an observer at the top of the Matterhorn
say that the earth is a spheroid ? A little thought
shows that we cannot mean the solid surface; the
difference in level between Mount Everest and the
deepest part of the Pacific Ocean is about 20 km.,
and the difference between the polar and equatorial
radii is about the same. But the former difference
is considered a mere matter of local inequalities,
the latter as an expression of a general fact. Yet all
our surveys are done on the land ; very few observations
are made at sea-level, and no measurements of distance
62
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at all on the sea itself. On the face of it our surveys
seem to be made where the sea is absent, and to de-
scribe the shape of a buried surface that we choose
to call ‘“ sea-level ’, but which nobody has ever seen.
Clearly the definition of sea-level in land areas must
play an important part in our notion of the earth’s
shape.

The practical definition of sea-level is intimately
connected with gravity. A liquid in a tank settles
until its surface is flat; we hang up a plumb-line
and find that it is exactly perpendicular to that surface.
A level surface is one such that gravity at all points
of it is perpendicular to it. In this sense the surface
of any liquid at rest is level. The surveyor’s standard
of level is the spirit level : the elevation of a distant
object is the inclination of the line of sight to it to the
surface determined by the positions of the level as it
is turned round. The sea surface itself is not level
at any one moment, being disturbed by waves and
tides, but these can be dealt with by taking the average
height over a long period. This average position of
the sea surface at any place is called “ mean sea-level ”,
but even this is disturbed a little by steady forces
arising from the action of prevailing winds over the
surface and from differences of temperature and
salinity. Thus even mean sea-level is not strictly
level ; the spirit level is better isolated from dis-
turbances, and in comparison with it the mean sea
surface shows small but measurable departures from
levelness.
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When we go from one place to another we find
that the direction of gravity changes. In Cambridge
I see the Pole Star at an average altitude of about
52°; but an observer in Spitzbergen sees it at 80°,
one at the equator sees it practically on the horizon,
and one in the southern hemisphere never sees it at
all, but instead sees groups of stars to the south that
are permanently visible to him and never seen from
the northern hemisphere. Now these differences are
not due to any differences in the actual directions
of the stars as seen from the different places; if they
were, different stars would certainly be affected’
unequally, but the angles between the directions of
different stars are strictly independent of the position
of the observer. The stars are so distant that their
directions as seen by all observers are the same. The
variation of their altitudes, as judged by the plumb-
line or the level, can mean only that the direction
of the plumb-line is different at different places.
In Spitzbergen the plumb-line is inclined at 10°
to the direction of the Pole Star; in Cambridge the
angle is 38° at the cquator go°, and in Australia
greater than go°.

Since the introduction of the chronometer, and
especially since wireless communication has become
general, we can extend this argument to cover differ-
ences of longitude as well as of latitude. An astronomer
or a navigator (and all navigators are astronomers)
knows the Greenwich time at any moment and what
stars are then visible at Greenwich. But he himself
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sees a different set of stars, and the diflerence again
can be attiibuted only to a difference of the direction
of his horizon. An observer in New York sees a star
come to the meridian 5 hours later, one in Japan
9 hours earlier, than it does at Greenwich. In New
Zealand no star is visible that is visible at the same
instant in Spain; similar relations hold between
Nanking and Buenos Aires, and between Perth (Western
Australia) and the Bermudas. The directions of
the vertical at these places are therefore actually
opposite. It follows that the earth is at any rate an
isolated body with a surface that completely sur-
rounds it. The visible surface does not of course
coincide with a level surface, but to a first approxima-
tion it does; even on the Matterhorn an inspection
of the horizon leads to a general distinction between
upwards and downwards which is in fair agreement
with that indicated by gravity.

To determinc the earth’s shape quantitatively we
must have recourse to measurement. The standard
chosen is the length of a degree of latitude. In the
course of a day all stars appear to revolve about a
point in the sky, which we call the pole, and which
represents the direction of the earth’s axis of rotation.
The angular clevation of this point above the level
surface is the latitude of the place of observation.
As we go north or south the latitude changes, and we
can measurc the distance we have to go to make the
latitude change by 1°. If the level surface coincided
with the carth’s surface the degree of latitude would
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be the distance such that the directions of gravity
at its two ends differ by 1°. It is found that this'
distance is on an average about 111 km., but it
varies appreciably with latitude. The degree of
latitude is shorter near the equator than near the
pole by about 1 part in 100. This variation differs
somewhat in different longitudes, but it is always
in the same direction, and the variation in any one
longitude is very much greater than the difference
between its amounts in any two different longitudes.
The only interpretation of the data is that the earth
is approximately a spheroid more strongly curved
near the equator than in high latitudes, that is to say
flattened along the polar axis.

This ellipticity is an effect of the earth’s rotation,
partly direct and partly indirect. If the earth was
spherical and at rest, gravity at any point outside it
would act towards the centre, and the level surfaces
would be spheres. But in an ocean rotating with the
earth every particle is describing a circle about the
axis of rotation, and requires a force at right angles
to the axis to make it do so. If the earth is thought
of for a moment as a sphere covered by water, and
we consider a small portion of water reaching to the
surface, this is acted upon by two forces; gravity
towards the centre, and the pressure of the other
water along the normal to the surface. If the surface
was a sphere these could give no component along
the tangent towards the poles, so that there would
be nothing to keep the water revolving about the
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axis. But when the surface is an oblate spheroid
the two forces are not quite in the same direction,
and their resultant gives the requisite acceleration.
Actually the body of the earth is also oblate, and this
fact is found to intensify the oblateness of the ocean.

We must now consider the effect of height: what
do we mean when we say that the height of Mount
Everest is 29,141 feet? To understand this state-
ment we must consider the actual method of measur-
ing height. The geodesist making an observation
first levels his theodolite by means of a spirit level,
and then finds how much his telescope must be tilted
up to make a distant mark appear on the cross-wires.
The distance of the mark is found by triangulation,
and then he calculates the product of the distance
and the sine of the inclination. This is interpreted
as the difference of height between the distant mark
and the observing station. He then proceeds to the
mark and makes observations on a higher point,
obtaining a new difference of height. The height
of the top of a mountain is the sum of the differences
of height found as we proceed from sea-level to a place
where we can see the top. These differences are
measured normally to the level surfaces through the
various points of observation, that is, in the direction
of gravity. The question of the shape of the level
surfaces does not enter into the method.

The height obtained in this way is not strictly
unique : we should expect slight differences according
to the place we start from and the route we follow.
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There is a quantity called the geopotential, however,
that is unique. It is the sum of the gravitational
potential at a place * and the kinetic energy per
unit mass of a particle there due to its rotation with
the earth. The difference between the geopotential
at two places is the work we have to do on a particle
of unit mass to transfer it from one to the other. All
points on the same level surface have the same geo-
potential. If the difference of height between any
two successive points of our survey is dh, and gravity
is g halfway between the points, the difference of
geopotential is gdh. If we add up all the increments
of gdh along our survey we get the difference of geo-
potential between the top of the mountain and sea-
level, and this will be the same whatever our route.
The sum of the bits dh, however, will not always be
the same, because on different routes ¢ may not vary
in the same way with 4. The practical difference,
however, is unimportant, and could easily be evalu-
ated if gravity is known along the route.

Geodesists are in the habit of introducing at this
point a surface called the geoid, and heights as
measured are considered to be héights above this
surface. The geoid is defined as coinciding with
sea-level on the sea. Where there is land it passes
underground in such a way that the geopotential
at all points of it is equal to the value at sea-level.

* The attractive force between two masses m, m’ is fmm’[r?, where
r is the distance between them and fan absolute constant. The gravita-

tional potential at the position of m’ is the sum of the values of fin/r
for all the surrounding masses m.
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If narrow trenches were cut through the land so that
the sea could flow in and occupy them all, the surface
of the water in these would lie along the geoid. In
practice of course this is not done, and the use of
the geoid merely introduces unnecessary complica-
tions in the theory. For our purposes it is enough,
and in theory actually better, to regard the geoid as
an inaccessible surface at a depth below the visible
surface equal to the measured height.*

The importance of this practical geoid rests on a
theorem due to Stokes. Gravity can be measured to
a few parts in a million by means of a pendulum. If
it is known at all points of a closed nearly spherical
surface, and we also know the geopotential at all
points, we can determine the earth’s gravitational
field at all external points. Stokes showed that the
problem can be reduced to a simpler one. The ob-
served value of gravity at every place is multiplied
by 1+ 2k/a, where a is the mean radius of the earth ;
this modification is called the ‘ free-air reduction .
We then imagine a level surface with no matter outside
it such that gravity at all points of it is equal to actual
gravity so modified. There is a definite rule for
finding the form of such a surface when the modified
value of gravity is known, and then the earth’s field
is known at all points outside the visible surface.
We cannot at once infer anything about the field at
internal points, because this depends on the internal
distribution of density. The level surface is naturally

* Jeffreys, Gerlands Beitrage, 31, 378-386, 1931 ; 32, 206-211, 1932.
6
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taken to correspond to the ocean surface, and it passes
at depth /& below the solid surface. Some minor cor-
rections are needed for complete accuracy, but Stokes’s
theory is correct for all quantities depending on the first
power of the departure of the form from a sphere, and
could be adapted to allow for higher powers if the
theory reaches such development as to make this worth
while. The chief reason why the theory has not yet
been applied in detail is that full observational data
about the distribution of gravity have been lacking.
But most countries now include the determination of
gravity in their surveys, afid Vening Meinesz has devised
a technique for measuring it in a submarine, which has
already been applied over much of the ocean surface.

Knowledge of the field outside the earth cannot
by itself determine the distribution of density com-
pletely, as we can easily see. A uniform sphere has
exactly the same field outside it as either a particle
of the same mass at its centre or a uniform shell of
the same mass over its boundary. With any external
field we can find an infinite number of distributions
of density that would give it. But a large number of
these are excluded by physical considerations. The
density cannot be negative anywhere, and we shall
not be ready to suppose that it decreases with depth.
When we have excluded distributions that violate
these conditions we find that there is a strong family
resemblance between the remainder.

Suppose that we have a planet, most of whose surface
is a sphere, but that extra mass is piled on a limited
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region to give a plateau. What is the effect on
gravity ? Clearly above the plateau the extra mass
gives an extra attraction downwards, and at the
sides the attraction is towards the mass. A plumb-
line hung at the side of the mass is deflected towards
it, and the level surfaces, which are at right angles
to the plumb-line, slope upwards towards the mass.
A level surface that coincides with the surface of the
sphere a long way from the plateau will lie above it
within the plateau, and the measured height will be
somewhat less than the actual height above the sphere.
The difference is small for irregularities of small
horizontal extent, but considerable for widespread
inequalities ; small, for instance, for mountains,
but important for continents. At the same time
gravity above the extra mass will exceed that in a
place in the free air at the side, but at the same
distance from the planet’s centre, by the attraction
due to the mass itself. It would not, of course, be
fair to compare gravity above the mass directly with
that at ground level outside it, for above the mass
we are further from the centre of the body and there-
fore the attraction due to the planet as a whole is less
in accordance with the inverse square law. The
local variations in the form: of the level surfaces are
also measurable when latitude and longitude are
determined, the spirit level as usual being our stan-
dard of uniform height; they are shown by irregu-
larities in the distance corresponding to 1° increase
of observed latitude or longitude.
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On the actual earth such disturbances are super-
posed on the general field, which includes the effect
of rotation and oblateness.

We have therefore two types of observational data
concerning gravity, one with respect to observed gravity
itself, the other to the form of the level surfaces. Their
quantitative analysis is complicated. Strictly, if either
set of data was complete over the whole surface, it
would suffice to determine the other, but as neither
is in fact complete they must be used to supplement
each other. A general working rule can be given
fairly easily. If the extra mass per unit area is
2'5 X 10% grams per square centimetre, it increases
gravity above it by o-105 cm./sec.2. This mass is
about that of a kilometre of surface rock. As a rough
rule, then, an extra thickness of a kilometre corre-
sponds to an extra o1 cm./sec.? in gravity, or 100
milligals in the usual unit. The pressure due to such
a load is 25 X 10® dynes per square centimetre.

If an excess load, instead of being at the surface,
is at some depth, its disturbing effect on gravity is
more spread out horizontally.

A remarkable fact of observation, first noticed in
the Andes by Bouguer, and since extended to most
of the major mountain systems, is that they produce
much less disturbance of gravity than would be ex-
pected if they were simple added loads. This applies
to the Rocky and Appalachian mountains, the
Pyrenees, the Alps, and the Himalayas: in fact to
all that have been studied from this point of view,
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Thus in Central Europe the region where observed
gravity is more than 100 milligals less than gravity,
calculated on this simple hypothesis, practically coin-
cides with the main mass of the Alps; while spurs
of smaller defect of gravity correspond to the Apen-
nines, Carpathians, and the mountains of Bavaria.
Meinesz finds over most of the Northern Pacific
anomalies of gravity of 25 milligals at most, in com-
parison with a formula chosen to fit North America ;
the depth of the ocean reaches 4 km. within a few
hundred kilometres of the Californian coast, so that if
the Pacific meant simply a replacement of rock by water
anomalies of about - 300 milligals would be expected.
Over the North Atlantic the anomalies of gravity
are systematically positive. Now there is nothing
in geophysics more reliable than the law of gravitation ;
the mountains are solid structures and must make
their contribution to gravity, and there is a defect of
mass over the oceans which must produce a diminu-
tion of gravity. If we allow for these effects, which
must exist, we are left with the effect of underground
matter, which is what we want to know. The
result is then that the invisible matter produces an
exceptionally low attraction below mountains, an
exceptionally high one below oceans. This can
mean only that elevations of the surface are associated
with reduced density below sea-level, depressions with
increased density. It is found in most cases that on
the whole the lack of mass below mountains, and:
the excess below oceans, are about enough to balance
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the excess and defect of mass due to the visible in-
equalities. We call this relation isostasy, and the
subterranean variations of mass the compensation.

The distribution of this compensation with depth is
one of the main problems. Hayford and Bowie, in
the United States, have
worked with thehypoth- ______— L
esis that it is uniformly
distributed down to a
certain depth, called the —7>77777777>777>
depth of compensation ;
below a mountain the
density is below the | L
average for the samc B
depth, the defect being
the same at all depths.
Heiskanen, on the other
hand, interprets the
phenomena on the lines C
indicated by seismology
and geology. He sup- /
poses that there is an
upper layer of light  Fig, oo Compnpion of Hoytrd
material resting on a
denser one, corresponding to the upper and lower
layers of seismology. Below a mountain range the
surface of separation between these is lower than
elsewhere, so that a part of the depth that would in
plains be occupied by the denser matter is actually
occupied by the lighter. Both the American geodesists

A
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and Heiskanen assume that the defect of mass due
to the exceptional density below is equal to the excess
due to the elevation of the surface. On the whole
Heiskanen’s hypothesis gives slightly better agreement
with the observed values of gravity ; a great differ-
ence is not to be expected, and I think the chief reason
for preferring his theory is that it is in agreement
with seismic evidence. His estimated depth of the
interface is about 40 km., but if, as we may expect,
the compensation is somewhat spread out in the
horizontal direction, this depth would be reduced.
It is in any case in reasonable agreement with the
results of the study of near earthquakes.

Isostasy is not, however, complete anywhere, and
in some places is not even a first approximation to
the facts. In the East Indies Meinesz finds long
strips where gravity is abnormally small ; changes of
gravity of 100 to 430 milligals are to be found within
distances of the order of 100 km.* The small values
lie near the long narrow strips of great depth that
are known as deeps. This would naturally suggest
that the deeps are uncompensated ; an extra depth
of 4 km. of rock replaced by water would mean a
reduction of about 300 milligals. But actually the
smallest values of gravity do not lie over the deepest
places, but some way to the side. To explain the
facts we need a rather complicated anomaly of density,
probably through a depth of some 40 km. In any case,
however, the anomalies are inconsistent with isostasy.

* Ergebnisse der Kosmischen Physik, 2, 153-212, 1934.
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In India, again, isostasy gives no representation of
the facts, except close to the Himalayas. De Graaff
Hunter finds that the form of the level surfaces requires
in the Ganges Basin a defect of mass corresponding
to 2 km. of surface rock, changing to an excess of 1 km.
near Nagpur.* These would correspond to anomalies
in gravity of — 200 and + 100 milligals. Whether we
take as standard the mean or the maximum departure of
gravity from that predicted by the theory of isostasy, it
is several times the observational error, both in India
and in the United States, the departures in India being
the larger. Further, the anomalies often keep the same
sign over considerable distances, as just noted for
India, and cannot be accounted for by local 1rregular—
ities of density near the surface.

In computing a gravity anomaly we compare ob-
served gravity with a standard formula corresponding
to a spheroidal level surface with an average value
of the ellipticity. If we correct this formula for the
height above sea-level, simply allowing for the fact
that the place of observation is further from the earth’s
centre, we obtain the ‘free-air”’ anomaly; if we
also allow for the attraction of the visible excess or
defect of matter we get the Bouguer anomaly (so called
because Bouguer was surprised to find it). If we
also allow, in our theoretical estimate, for the dis-
turbance due to any form of compensation, we are
left with an  isostatic  anomaly. It is unfortunate
that in published work the last is often the only one

* MN.R.A.S., Geophys. Suppl. 3, 42-51, 1932 : E. A. Glennie, loc. cit.,
170-176, 1933.
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given. To determine the earth’s external field we
need the free-air anomaly ; while all the information
gravity can give about the distribution of density is
summed up in the Bouguer anomaly. The isostatic
anomaly is really of no interest except to test a
particular hypothesis ; if it turns out to be unreason-
ably large the hypothesis is disposed of, and the iso-
static anomaly is of no use until we have undone the
work of calculating it.

The general variation of gravity with latitude at
sea-level is intimately connected with the ellipticity,
and in fact gives one of our best means of determining
it. But it also gives information about the distribution
ot density in the interior, which, when combined with
the evidence of seismology, provides full knowledge
of the elastic properties all the way to the centre.
The associated part of the earth’s field can be summed
up in its moments of inertia.* When the moment
of inertia is known, the mass being already known
from the mean value of gravity, we have information
about the distribution of density along the radius.
But we have other information from seismology,
namely, that there is one great discontinuity of
properties in the earth about halfway to the centre,
with which no other change is comparable. As a
trial hypothesis we assume that the earth has one
density down to this level, and another below it, and
we choose the densities to make the mass and moment

* The moment of inertia of a body about any line is found by taking

each part of its mass, multiplying by the square of its distance from
the line, and adding all the results.
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of inertia right. The result is that the shell has to
have a density of 4:3, and the core 12. This, however,
is not all, since both core and shell are heavily com-
pressed by the weight of the overlying material ;
but the velocities of the elastic waves tell us how
much the compression would be. If the pressure
was taken off, the mean densities would fall to about
34 and 8, nearly those of olivine and iron at ordinary
pressures. These results are very reasonable; the
seismic data, which depended on the velocities of the
waves, not on the density, pointed to olivine for most
of the shell, and iron is the commonest heavy metal
at accessible depths.

Other evidence is provided by the moon. We
should expect it to be composed of much the same
materials as the earth, though its smaller size may
go with a great difference in their proportions. Its
density is 333, and astronomical data make it difficult
to suppose that it has any appreciable central con-
densation, as De Sitter has shown. But on account
of its smaller size and gravitational effect we should
expect its matter to be compressed very little; the
density at low pressures would be 3-2 or 33, which
would again agree with olivine as the chief constituent.

Accordingly we have a fairly complete idea of the
constitution of the earth. Most of the rocky shell is
probably an olivine, while the core is most probably
liquid iron. Near the surface there are layers of
lighter rock, the uppermost in the continents being
sedimentary and granitic. The intermediate layers
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in the continents and the upper ones below the oceans
can be identified at present with much greater doubt.

The ellipticity adopted for the earth, however, rep-
resents only the largest part of its deviations from
a spherical form. Apart from mountain ranges,
which we can regard as local phenomena, there are
widespread anomalies in gravity, of small amount,
but keeping the same sign over great distances.

To summarize the data it is found convenient to use
mean free-air anomalies over regions bounded by lines
of equal latitude and longitude, at equal intervals.
Over intervals of 10° and more the mean free-air and
isostatic anomalies are nearly equal. The data can be
represented by a mean-square departure of 4 15 milli-
gals for 30° squares, with a mean-square departure of
4 21 milligals for 10° squares superposed on it. The
error of observation is usually from 1 to 2 milligals.
It is probable that some of the variation can be usefully
represented by ‘ spherical harmonics of low order "—
speaking roughly, by smooth variations that keep the
same sign over distances comparable with a quadrant—
but this is not definitely established. It is quite im-
possible, in any case, that these inequalities correspond
to isostatic compensation at the usual depth of 50 km.
or anything like it. If they did, the mean height would
on an average be greater where the gravity anomaly
is high than where it is low, by a few kilometres, which
could not fail to be noticed. Comparison of the actual
height with the gravity anomalies shows no such
association.

A similar inequality has been known since the time
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of Laplace to exist in the figure of the moon. If a
body that is not spherical is acted on by the attraction
of an external body, the total attraction does not
act through the centre of mass ; there are also couples
tending to turn it about the centre of mass, whose
magnitudes depend on the differences between the
moments of inertia about different axes. It is for
this reason that the attraction of the sun and moon
on the earth produces the precession of the equinoxes
and its associated nutations. In the moon the visible
results are different on account of the slower rotation,
but they are clearly observable. One effect is that
the inclination of the moon’s axis to the plane of its
orbit is kept constant, in such a way that while the
pole of the moon’s orbit revolves about that of the
ecliptic in 19 years, the moon’s axis of rotation keeps
in the same plane as these two, and at a constant
angle to both. The magnitude of this angle deter-
mines the difference between its greatest and least
moments of inertia, the greatest being about its axis
of rotation and the least about -an axis pointing nearly
to the earth. This difference is 16 times what it would
be if the moon was of uniform density (which is not
far wrong) and the outer surface was a level surface.
The natural explanation in the light of the theory of
tidal friction is that the moon solidified when it was
at about o-4 of its present distance from the earth,
and has ever since maintained the figure it had then ;
the tide raised in it at that stage by the earth has per-
sisted ever since, being maintained by the strength
of the moon’s material. But the immediate conse-
quence is that the inequality of external figure is one
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that produces a disturbance of the moon’s gravitational
field and therefore cannot be isostatically compen-
sated, except at the cost of an enormous increase in
the inferred ellipticity of the outside.

On the classical theory of the figure of the earth,
which is largely due to Clairaut, the earth was
supposed to be almost entirely fluid, with only a thin
solid crust. The argument was effectively that the
temperature rises by about 30° for each kilometre
of depth, and at this rate the melting-point of any
reasonable material would be reached at a depth
of 50 km. Below that level the matter was supposed
to be fluid, and a theory of the ellipticity of the layers
of equal density such that it could remain in steady
rotation under its own attraction could be constructed.
Even with our present knowledge the theory still
needs to be taken seriously, because if we work out
the consequences of supposing the earth to be devoid
of any permanent strength, the differences between
them and the observed facts give us a means of finding
how far the theory is wrong ; that is, we can estimate
the earth’s strength. On the earth we can observe
three quantities associated with its figure: the mean
value of gravity, the ellipticity (or the variation of
gravity with latitude) and the precessional constant
(G — A)/C, where A and C are the moments of in-
ertia about the equatorial and polar radii respectively.
By a theorem due to Radau it turns out that the
distribution of density with distance from the centre
makes hardly any difference to the results. If we
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choose any distribution that makes the precessional
constant right, the ellipticity inferred for the outside
will always be practically the same, and so will the
mean moment of inertia. As the precessional con-
stant is known to a very high accuracy it gives a
very accurate determination of the ellipticity, which
is in good agreement with the best geodetic values,
though these have a larger uncertainty. But the theory
leads to other consequences that are certainly wrong,
namely that the other widespread inequalities in gravity
are impossible ; it allows no variation in surface gravity
except the symmetrical elliptic one. Nevertheless it
is interesting that, while gravity varies by about 5000
milligals from equator to pole, the theory of the fluid
earth represents this variation to within about 6 milli-
gals, which is less than the widespread irregularities ;
it would have been very disturbing had the other varia-
tions of the order of 30 milligals been associated with
an error of, say, 1000 milligals in the result given by
the theory of the fluid earth for this largest inequality.

The general result is, then, that the supposition
that the interior of the earth is under hydrostatic
stress alone gives a good approximation to its external
figure ; but there are real departures which can only
be attributed to an inaccuracy in the hypothesis ;
in other words, the stress is not exactly hydrostatic,
and stress-differences exist. The evidence of the
theory of the figure of the moon gives us every reason
to believe that these can be supported for intervals
of time comparable with the whole age of the earth.



CHAPTER 1V
THE STRENGTH OF THE EARTH

“ ¢It is well said that after passing a commonplace object a hundred
times a day, at nightfall its size and colour are unknown to one’, replied
Pe-Lung.”

—Kai Lung’s Golden Hours, 196.

THE existence of any differences of height on the earth’s
surface is decisive evidence that the internal stress
is not hydrostatic. If the earth was liquid any eleva-
tion would spread out horizontally until it disappeared.
The only departure of the surface from a spherical
form would be the ellipticity ; the outer surface would
become a level surface, the ocean would cover it to
a uniform depth, and that would be the end of us.
The fact that we are here implies that the stress de-
parts appreciably from being hydrostatic ; if it was
hydrostatic the inequalities of the surface would
spread round the earth in the time it takes a gravity
wave to travel from one elevation to the next depres-
sion, a matter of a few hours at most in a mass the
size of the earth. The amount of the departures
gives an indication of the stress-differences needed
to support them. They imply differences in the load
(weight per unit area) over a level surface near sea-
level ; our problem is to find out what stress-differences
these imply in the interior.

7 85



86 EARTHQUAKES AND MOUNTAINS

The problem has no unique answer. If the stress
in the earth was originally hydrostatic and the earth
was an elastic solid, we could find out just what
stresses would be produced in the interior by given
surface loads ; this problem was solved by Sir G. H.
Darwin for a uniform earth. It has applications to
the changes introduced by denudation and deposition.
The stress in the interior of a plateau may be approx-
imately hydrostatic to start with, and so may that
near the mouth of a river. But when rivers cut deep
valleys in the plateau the load is reduced in the
plateau by the weight of material carried away, and
when it is redeposited it produces a corresponding
increase in the load in its delta. The change of load
produces elastic deformations, which give new non-
hydrostatic stresses in the interior. If the material
has a finite strength these will persist until the change
of load has been enough to make the stress-differences
reach the strength ; then fracture or flow will take place.
The loaded region is then insufficiently supported and
will sink, while the valley will rise. At this stage the
pure elastic theory has of course broken down.

But there is no reason to suppose that the theory is
applicable to the inequalities represented by moun-
tains in comparison with plains, and continents in
comparison with oceans. A mountain system has
not been produced by the deposition of extra mass
on the surface; it is the result of a complicated
movement through a considerable deptn. This move-
ment has visibly involved fracture and contortion
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and therefore must have arisen from the existence of
stress-differences. There were stress-differences before
the mountains, and the elastic stresses due to the
weight of the mountains, while perfectly real, are not
superposed on a hydrostatic stress, but on a system
in which part of the original stress-differences has
almost certainly survived. In other words, if the whole
of the Alps were planed down to sea-level, the internal
stress-differences would not sink to zero ; it is probable
that enough new elastic stresses would be produced
to make new fractures. We have no means of saying
how the present stresses are distributed ; if one dis-
tribution can be found that would give equilibrium,
there will be an infinite number of others. This
ambiguity can be understood if we consider a rect-
angular block exposed to pressure on the ends. It
is compressed to a definite shape, with a definite
stress-difference inside ; but this shape might equally
well be the natural shape of another body with no
internal stress at all.

We can, however, be quite sure that stress-differences
exist, merely because mountains and continents do
not disappear in a few hours. Many different arrange-
ments of the internal stress would be capable of sup-
porting them, but they all involve stress-differences.
In any one of these distributions there will be a place
where the stress-difference has a value not exceeded
anywhere else, but with some this maximum will be
greater than for others. We can now ask how great
this maximum needs to be ; if every system of stresses
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capable of supporting the visible inequalities implies
that a certain value of the stress-difference is exceeded
somewhere, we can assert that the visible inequalities
imply that the earth is capable of supporting at least
that stress-difference. In other words, we obtain a
lower limit to the strength of the earth.

The solution depends not only on the maximum
surface load, but on its horizontal distribution. The
cases that have been investigated are, first, harmonic
loading, which represents a series of parallel ranges
and valleys ; second, a single range with precipitous
sides; and third, a single range sloping gradually
from the centre.* In the last case we obtain the
surprising result that with a given maximum height
the load can be supported with as small a maximum
stress-difference as we like, provided the load is dis-
tributed sufficiently widely and in a special way.
But this is the kind of exception that proves the rule ;
we can support one range in this way, but not two,
unless they are at an impossible distance apart. In
all cases with any resemblance to actual ones we get
very much the same result: the maximum stress-
difference has to be about a third of the range of load.
Thus if a mountain stands at a height of 5 km. above
the nearest plain or the bottom of the nearest valley,
the range of load, assuming a density of 2-5 for the
surface rocks, is 980 X 2:5 X 5 X 10% or 1-2 X 10°
dynes per square centimetre, and the strength needed
to support it is 4 X 10® dynes/cm.2. For the great

* M.N.R.A.S., Geophys. Suppl. 3, 30-41, 60-69, 1932,



THE STRENGTH OF THE EARTH 89

oceanic deeps the strength needed is greater, both
the range of depth and the density being more than
we have just supposed. Now these values are within
the range indicated by laboratory measures of the
strengths of rocks. The stress needed to crush a
column of granite is about 10° dynes/cm.?, for basalt
somewhat more. It appears therefore that if this
strength is maintained to a sufficient depth there is
no difficulty about accounting for the support of
surface inequalities. In all the cases so far considered
the maximum stress-difference occurs at a depth
about equal to the horizontal distance between the
highest and lowest points of the surface. If a mountain
ridge is 2 km. from the nearest valley, the maximum
stress-difference is at a depth of about 2 km., and so
on ; at greater depths the stress-differences are smaller.

The phenomena of isostasy indicate that these
results need some modification for the larger inequali-
ties of height ; we know the surface load, but we also
know that there is a deficiency of mass below the
greater mountain ranges, and that below a depth
of about 50 km. most of the variation of load has dis-
appeared. When the deficiency was noticed in the
Himalayas by Pratt, an explanation was at once
suggested by Airy. At that time the earth was gener-
ally believed, on account of the temperature gradient
measured in mines, to be liquid at depths of 50 km:
and more. This is now known not to be true, but
it remains possible that the material at these depths
may be very much weaker than similar material
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would be at the surface. Then we can find the effect
of loading the outer surface over a region whose
horizontal extent is large compared with the depth of
the strong layer, on the supposition that the lower layer
has the greater density. The crust will be bent down
under the load, so that its lower surface is more deeply
immersed in the lower material. If the lower material
is too weak to behave elastically, it is displaced out-
wards like a fluid ; but as the pressure increases with
depth the depression of the crust brings in an extra
pressure over the interface, which balances the surface
load when the depression is great enough. But when
the lower material is driven out below the load the
mass per unit surface is reduced, and it turns out that
balance is attained when the loss of mass due to the
expulsion of the lower matter nearly balances the
extra mass on the surface. This result is true as
an approximation whether the crust breaks or merely
bends. In either case it explains the observed com-
pensation of mountains ; below a surface load there
is a nearly equal defect of mass at some depth, due
to the replacement of part of the denser matter of
the lower layer by an extra thickness of the lighter
upper layer. The mountain mass may be likened
to an iceberg ; the upper surface is elevated, but the
conditions of floating require that its base also pro-
jects downwards into the sea, the extra mass on top
being just balanced by the deficiency below sea-level.

We can explain in this way the smallness of the
disturbance of the earth’s gravitational field by



THE STRENGTH OF THE EARTH 91

mountains and continents as due to the weakness
of the lower layer, this in turn being due to its high
temperature.* The actual stresses in the wupper
50 km. remain arbitrary to a large extent; as we
have just remarked, the depression of the interface
and the effect on gravity will be very nearly the same
whether the crust breaks or merely bends, but there
is a great difference in the stresses in the crust in the
two cases. We must therefore proceed as we did for
a uniform earth, and ask the following question.
Given the surface inequalities, together this time with
the principle that the stress-differences are zero at
depths over 50 km., what is the smallest strength at
depths less than 50 km. that would suffice to maintain
the surface inequalities? Evidently if the surface
inequalities are of small horizontal extent the extra
condition makes little difference. If the distance
from a mountain top to the nearest valley is only 5 km.,
the load can be supported elastically by stress-
differences of about one-third of the range of load to
a depth of about 5 km., but at greater depths the
stress-differences rapidly become less. It makes little
difference if we suppose the stress-differences to be zero
below 50 km., because in this case they are negligible
at these depths anyhow.

The change, however, is serious for loads of great

* It is here that I differ fundamentally from Wegener and his
followers. They consider weakness as characteristic of the lower
material and not due to difference of temperature, and then proceed
to infer a weakness of the ocean floor that is contrary to all direct
indications. ‘
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horizontal extent. Suppose the centre of a mountain
mass is 200 km. from the nearest plain. If we were
free to distribute the stress-differences as we liked, we
could support such a load with the greatest stress-
difference equal to about a third of the range of load
as before; but the greatest values would occur at
depths down to 200 km. In the present case our extra
condition excludes the existence of stress-differences
at the depths where the simpler theory needs them
most, and equilibrium can be preserved only by means
of greater stress-differences than before, which car
be only in the top 50 km. It turns out that this can
be done with the smallest possible stress-differences
in the following way. There must be no tangential
stress across vertical planes, that is, one of the prin-
cipal stresses at any point is vertical. The weight
of any surface load is simply transmitted vertically
to the interface, where it is supported by the extra
pressure in the lower layer. The stress-difference
in the upper layer is then equal at all depths to the
excess load. This condition determines the depth of
the interface to a closer approximation than before,
and is found to be practically equivalent to the
condition that the mass in a vertical column is inde-
pendent of the load. If we try to support part of the
load by tangential stresses over vertical faces the
stress-differences become much larger.

We can now estimate the strength needed to support
a compensated mountain system. If we take the
average height of the Himalayas as 5 km. the excess
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load is about 12 X 10° dynes/cm.?, and this is the
strength needed to support their general form.
Within them there are deep valleys, but the average
distance between these is only of order 100 km., so that
the most conspicuous relief can be supported by stresses
at depths less than 50 km. and the extra strength
needed to support them is only about a third of the
range of load. This may be important, because we
do not need as much strength to hold up Mount
Everest, the top of which is only 70 km. from the
Arun gorge, as we should if the whole Himalayan
area was at the level of its highest point. In any
case, however, it seems that the Himalayas require
the full strength of surface igneous rocks to support
them ; there is no room for any reduction of strength
with depth in the upper layer, and we may have to
infer an increase.

It is important to emphasize the fact that the
mechanism of compensation implies a greater strength
in the upper layers than we should need without
compensation ; many writers have too readily extended
the probable weakness of the lower layer to the upper
ones. Compensation means that the lower layers are
not contributing by their strength to the support of
the visible inequalities, and consequently the upper
ones have to do more, not less. If the upper layers
were also weak there would be no surface inequalities
at all.

The supposition that there are no stress-differences
in the lower layer is, however, only approximate.
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It provides an explanation of the general distribution
of gravity and of its behaviour near large mountain
ranges, but at the best there are still anomalies far
exceeding the errors of observation, as we remarked
towards the end of the last chapter. The widespread
inequalities of gravity can be interpreted only as due to
a real variation of the mass in a vertical column, and to
support this by stress-differences in the upper layers
alone would require an impossible strength. Such a
mass may be compared with one resting at the end of
a thin beam clamped at the other end ; if the beam
is supported below, the stress-differences are confined
to the neighbourhood of the load and are comparable
with the load ; but if the beam is free it will be bent
much more, much greater stress-differences will be
required throughout its length, and it may break
near the fixed end. These inequalities of gravity
therefore imply a variation of load on the lower layer,
and require stress-differences in the lower. layer.
To make these as small as possible, they must be
distributed through a depth of some thousands of
kilometres on account of their great horizontal extent,
and therefore through the whole of the earth’s rocky
‘shell. The strength needed is of order 10® dynes/cm?2,
If we deny any strength at depths of 600 km. and more,
the strength required * is of order 3 x 10® dynes/cm?.
These are smaller than the strength indicated for the
upper layers, but not inappreciable. The excessive
ellipticity of the moon implies internal stress-differences
of at least 2 x 107 dynes/cm?2. in its interior.
* M.N.R.A.S., Geophys. Suppl., 5, 1943, 86-87.
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The significance of these values can perhaps be best
visualized by comparing them with the measured crush-
ing strengths of building materials, as given by Unwin.*
His data, expressed in the present units, are as follows :(—

Material Strength (10® dynes/cm.?)
Basalt . . . . 116 to 17°0
Granite . . . . 77 to 173
Limestone . . . 43 to 157
Sandstone . . . 186 to 62

Bath Stone . . . 102

Brick . . 0:93 to 50

The strengths of the stronger basalts, granites, and
even limestones approximate to that required to sup-
port the greater mountain systems, but without much
to spare. The strength inferred for the greater part
of the rocky shell is of the order of that of Bath Stone
or brick. Material with such a strength would still be
serviceable for building purposes. Assuming a density
of 3, a column o0-3 to 1 km. high could stand without
crushing under its own weight. The corresponding
value for the strongest basalt would be 56 km.

The existence of an appreciable strength in the
lower layer is confirmed to some extent by the
existence of deep focus earthquakes. The bodily
waves in many of these are as strong as in the greater
normal earthquakes, and we may reasonably suppose
that the stress-differences at the foci, the release of
which gives rise to them, are equally as great. A
material devoid of strength would never have ac-
cumulated such stresses; it would have broken or
flowed before they were reached. As it happens,

* The Testing of Materials of Construction, 1888.
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the region of large gravity anomalies found by Meinesz
in the East Indies is subject to deep-focus earthquakes,
and the same may apply to all the Pacific deeps.
The strength here at depths to 300 km. or so may be
much greater than usual, so that these places may be
abnormal. But the earthquake of 1926 June 26, in
the East Mediterranean, and that of 1929 February 1,
in Afghanistan, had focal depths of about 140 and
160 km. respectively, so that even in mountainous
regions and in comparatively shallow seas there is
evidence of strength at great depths.

To sum up, the observed distribution of height and
of gravity requires strengths in the neighbourhood of
those of the strongest surface rocks down to depths of
about 50 km. There is evidence that the strength in
most regions falls off considerably below that level, but
it must remain appreciable at least to a depth of 600 km.,
if a prohibitive strength is not to be required in the top
50 km. It is possible that in the regions subject to
deep-focus earthquakes the reduction of strength does
not begin until depths of the order of goo km. are
reached.

It is natural to attribute the decline of strength with
depth to the rise of temperature, but our experimental
data are not sufficient for a quantitative determination,
and while a theoretical determination may be possible
none has yet been given. We are therefore not in a
position to estimate the distribution of temperature
from that of strength, or conversely, except in quali-
tative terms.



CHAPTER V

RADIOACTIVITY AND THE EARTH’S
HISTORY

“ As to this, says the Wise One, * When two men cannot agree over
the price of an onion, who shall decide what happened in the time
of Yu?’”

—Kai Lung’s Golden Hours, 76.

So far we have been concerned with the earth’s
present state. Both in the earth itself and in its
astronomical relations we find reasons for believing
that this state is changing, slowly by human standards,
but quite decfinitely. Rivers are continually carrying
sediments and dissolved salts to the sea, derived from
the erosion of rocks on the land. Some of these
rocks are sedimentary, but igneous rocks are exposed
at the surface over large regions, and when an igneous
rock is eroded there is no way of reassembling the
constituents into a rock similar to the original onec.
The particles of quartz and much of the felspar and
mica ar¢ deposited in the sea and in lakes to form
sandstone ; the clay derived from the decomposed
felspars gives shale. The chief dissolved metals are
sodium and calcium. Calcium in the sca goes to
form the skeletons of living organisms, such as shells,
corals, and foraminifcra. When these die and
become buried under others they form limestone.
97
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Sodium, however, remains in solution and is converted
into salt. Thus the total quantity of sedimentary
rocks on the earth’s surface is continually increasing ;
so is the salt in the sea. As we look back in time,
therefore, we see the oceans fresher and fresher, and
the total amount of the sedimentary rocks less and
less, and we have an indication of an early time when
the whole surface was covered by igneous rocks and
the sea was fresh. Estimates of the times needed
for these changes, on the supposition that the rates
of transfer to the sea have been uniform, are about
300 million years; but these can be taken only as
suggesting an order of magnitude, because there is
every reason to believe that the present rate of erosion
is abnormally high.

The source of the chlorine that helps to form the
salt in the ocean is somewhat of a mystery. Chlorine
is not abundant in rivers ; most of the sodium is in the
form of carbonates or sulphate. But chlorine is promi-
nent in the free state and as hydrochloric acid in the
gases emitted from volcanoes ; and an ocean contain-
ing sodium carbonate would certainly absorb these
gases from the air until either the whole of the sodium,
or the whole of the chlorine, had been converted into
salt. What is not clear is why there should be so little
excess of either element, seeing that their sources are
quite independent. It is not as if hydrochloric acid
was the chief agent of chemical denudation; then
we might expect the sodium extracted from rocks
to balance the chlorine, but then the balance would
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hold in rivers as well as in the sea, and it does not.
The problem is very serious for biology, for if either
sodium or chlorine had ever been strongly in excess all
life in the ocean would have been destroyed. It seems
that either the excess of sodium or that of chlorine
must act directly on the ocean floor and extract enough
of the other to maintain the balance, but it is not
clear how this happens. A small variation of the
supply of either would not affect neutrality, because
the ocean contains alsc a good deal of magnesium
and calcium as chlorides. A temporary deficiency
of chlorine would precipitate these metals as car-
bonates, while an excess would redissolve the lime-
stones until neutrality was restored. But an excess
of chlorine large enough to dissolve all the limestones,
or one of sodium enough to precipitate all the calcium
and magnesium, would make the ocean too alkaline
or acid, and life in the sea would have to start again
from scratch.

Analyses of igneous rocks and sediments show that
in the conversion of the one into the other about
two-thirds of the sodium is lost, presumably to reappear
in the sea ; thus the total amount of sodium in the
sea gives information about the total quantity of
sediments, which is enough to cover the continents
to an average depth of about 2 km.* The actual
depth certainly exceeds this in places, but this device
is the only clue at present to the average thickness
of the sedimentary layer.

* Jeffreys, Gerlands Beitrige, 28, 58-60, 1930.
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The tides raised in the ocean by the sun and moon
are subject to a continual loss of energy due to fluid
friction ; this energy has to be continually replaced
from the earth’s rotation and the moon’s motion.
The effect is that the earth’s rotation is becoming
slower and the moon going further off. The effect
of friction on the tides is observable in shallow seas
such as the Irish Sea, the English Channel, and the
Yellow Sea, and its amount just explains an apparent
steady acceleration of the moon’s motion which used
to present a scrious difficulty in the lunar theory.
If we look back in time, we see the moon closer to
the earth and the earth rotating more rapidly ; but
there is a minimum possible distance between their
centres, which is about twice the earth’s radius. If
the distance was ever less than this the moon would
have approached the earth and fallen into it. If we
take the present rate of loss of energy as a guide and
allow for the more rapid rate in the past due to the
smaller distance, we find that the moon must have
been at its minimum distance about 4000 million
years ago. This estimate is only a rough one, because
the distribution and area of suitable seas have certainly
changed, but it does show that we cannot take the
history of the earth back more than a certain interval
of time. If the moon was never so near, the possible
age is correspondingly shortened.

Other limits to the age of the earth are imposed
by the phenomena of radioactivity. The heavy
elements uranium and thorium have a habit of
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breaking up to give lighter elements. The final
result of the break-up of an atom of uranium, of atomic
weight 238, is an atom of lead of atomic weight 206
and 8 atoms of helium of atomic weight 4. An atom
of thorium, of atomic weight 232, gives an atom of
lead of atomic weight 208 and 6 atoms of helium
of atomic weight 4. The two kinds of lead differ in
atomic weight but have the same chemical properties ;
they have been separated by Aston, who uses a method
depending directly on the mass. Both are present
in ordinary lead, of average atomic weight 207'1,
together with a third kind of weight 207. Such varieties
of an element, which have the same chemical properties
but different atomic weights, are known as isotopes.
This is not the place to discuss the nature of isotopes,
which would lead to problems of atomic structure, but
it may be remarked that Aston has shown that the
majority of the chemical elements are actually mixtures
of isotopes. The rates of the transformations are known,
and are found to be independent of temperature and
pressure. In a specimen of uranium one atom in
6600 million breaks up every year; for thorium the
rate is more difficult to measure and is less accurately
known, but seems to be about one in 19,000 million
per year. If, therefore, we have a specimen of what
was once a pure uranium compound and determine
the present amounts of uranium and either lead or
helium in it, we can find how far the disintegration of
the uranium has proceeded and hence the age of the
compound. The same can be done for thorium

8
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compounds. Unfortunately, in spite of the obvious
advantages of such a method in determining the time
since a given piece of mineral crystallized, there are a
number of practical difficulties. If lead was present to
begin with, the lead we find is not all the result of
radioactive processes, and the estimate of age will be
too high. If lead has been removed by percolating
water, the age will be underestimated. If we use the
helium method, some of the helium has probably been
lost by diffusion, and more in the actual preparation
of the mineral for analysis, so that ages found by the
helium method are systematically too low. This
method has consequently received less attention than
that based on lead. In the lead method we must
confine attention to minerals that contain little original
lead and have been unaffected by changes due to
external causes. If these conditions are not satisfied
no useful determination can be made. It is possible
to test for original lead by an atomic weight deter-
mination or by Aston’s method ; external changes
are perhaps more insidious, especially for thorium
compounds. Holmes has pointed out that lead formed
in a uranium mineral would form lead uranate, which
is very insoluble and would stay where it is ; but lead
in a thorium mineral would form oxide, which is fairly
soluble and would be carried away if water reached it.

In spite of these difficulties a large number of good
determinations have been made. The technique is
most fully described by A. L. Kovarik and the results
by A. Holmes in the recent Bulletin of the U.S. National
Research Council on the Age of the Earth. Minerals
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with ages up to about 2100 million years are known ;
the Cambrian period, which contains the oldest
identifiable fossils, began about 450 million years
ago; the Permian period was about 200 million
years ago, while the Tertiary era began about 40
million years ago. These ages are obtained from
the lead ratios. Many more ages have been deter-
mined in this way, but it is often difficult to attach
definite positions in the geological time-scale. The
lead ratio gives an absolute measure of age, but it
requires the existence of igneous rocks containing
minerals with a high content of uranium, which are
not common. Thus it can be applied to only a frac-
tion of the igneous rocks that .exist. Further, to find
the geological -date of an igneous rock is one of the
most difficult problems of geology. Stratigraphical
geology depends on the fact that sedimentary rocks
are deposited in layers, each upon the preceding
one ; if three beds are found in order, A, B, C, B
resting on A and C on B, we can say that A is older
than B and B than C, but as a rule we have no means
of saying how much older. Approximate equality
of age of rocks in different parts of the earth is estab-
lished by fossils. When a new species of animal or
plant comes into existence it spreads rapidly over
the surface where conditions are favourable to its
survival ; when we find the same new type appearing
for the first time in two widely separated places we
can say that the first rocks containing it in the two
places are of the same age. Presumably they cannot
be exactly the same age, but the time needed to spread
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appears to be short compared with a geological period.
If it were not, and we considered two types originating
at the same time in Europe and North America, we
should find the European type at the lower level in
Europe and at the higher level in North America.
This does not happen. We are therefore entitled
to suppose that spreading is rapid enough to be con-
sidered géologically instantaneous. A species may
perhaps take millions of years to reach all the places
accessible to it and adapted to its survival, but a
million years is a short time in geology. But we
must notice that to fix the geological date accurately
depends on the presence of sedimentary rocks with
identifiable fossils. When a region is above the sea
for a long period the only organisms found in it will
be in occasional lake and river deposits ; in a desert
even these will be absent. Thick beds of rock without
fossils are often formed even in the sea. Thus there
are long gaps in the geological record at any place,
which can be filled in only by comparison with other
places. Now what happens in the case of an igneous
rock poured out over the surface? It perhaps lies
on one set of fossiliferous rocks, and is therefore newer
than these ; another set lie on top of it, so that we
have upper and lower limits for the geological age
of the igneous rock. If the rocks above and below
contain the same fossils, the difference of age is neg-
ligible. If, further, the igneous rock 1is obliging
enough to contain a wuranium mineral, we can
determine its absolute age, and therefore we have
the absolute age corresponding to a particular geo-
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logical age. With a sufficient number of such deter-
minations we could calibrate the geological time-scale,
and the dates of intermediate points could be filled
in with fair accuracy bv interpolation on reasonable
assumptions about the rate of deposition of sediments.
In fact, however, these conditions are seldom satisfied.
The igneous rock may be deposited on a land surface
and may lie exposed for ages before any fossiliferous
sediments are formed on it, so that its geological age
may be known only within wide limits.

In the pre-Cambrian era, when no fossils are found,
the geological difficulties are even greater. The only
way of establishing identity of age between sediments
a long distance apart is actually to trace a given forma-
tion all the way. This task is necessarily slow and
troublesome, especially since these old rocks are usually
altered from their original condition. Nevertheless
with modern technique much progress can be made ;
correlation has been achieved, for instance, right across
the Highlands of Scotland.* On the other hand, there
is no way of connecting Scotland with North America.
But if we can find the absolute ages we can establish
identity of age even at these distances, so that in the
pre-Cambrian era the lead-uranium ratio is becoming
a method of pure geological technique.

The helium-uranium ratio has attracted less atten-
tion than the lead-uranium one, since it was found
that it gave ages that were systematically too low.
It appears now, however, that it may be useful for
dating igneous rocks containing litgle uranium, and

* H. H. Read, Trans. Roy. Soc. Edin.. 55, 1928.
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if so it has a great advantage over the lead method.
The latter is useless unless the uranium content is
high, since the original lead will be comparable with
that formed from uranium. But helium is a gas, more
mobile than any other except hydrogen, incapable of
forming chemical compounds, and indisposed to enter
into solution. For all these reasons original helium is
unlikely in a rock; when the rock was fused the
helium would rise to the top and escape into the air.
Again, in a rock containing a small but generally
diffused amount of uranium, it does not matter much
if the helium generated has spread out by diffusion.
This only makes for uniform concentration, and if the
uranium itself is uniformly spread the helium will be
uniformly spread when it is formed ; there is nothing
for diffusion to do. A method based on these principles
has been introduced by V. S. Dubey and A. Holmes
within the last few years. It has given determinations
of the ages of the Whin Sill of the North of England
(end of the Carboniferous) and of the Cleveland Dyke
(Tertiary), and seems likely to become one of the most
valuable practical methods.

These methods have two uses : they assign absolute
dates to geological events and hence give a time-scale
for geological processes, and they give a lower limit
to the age of the earth, which must exceed that of
the oldest rocks known. We can say quite definitely
that the age of the earth is more than 1500 million
years. There are also two methods based on radio-
activity that fix an upper limit. We are in the
habit of thinking of uranium and thorium as rare
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elements, but this is really only because they seldom
occur in such concentration as to make it profitable
to extract them. The average amounts by weight
are respectively about 6 and 15 parts in a million.
A cubic metre of average rock of density g will contain
18 grams of uranium and 45 grams of thorium. But
lead also is generally distributed. Some of this lead
is presumably original ; hence if we proceed on the
supposition that the whole of the lead has come from
the uranium and thorium during the existence of the
earth we shall overestimate the age. This device was
introduced by H. N. Russell. With some corrections
introduced later by Holmes and myself it is found
to give a maximum age of about 3000 million years.

The other line of argument is due to Rutherford.
The isotope of lead found by Aston, with atomic weight
207, cannot be derived from either uranium or thorium
which give lead with atomic weights 206 and 208.
This lead is now known to be derived from a kind of
uranium with atomic weight 235, which was used in
the atomic bomb ; the degeneration products had long
been known as the actinium series. It appears from
the properties of this series that the age of the crust is
not greater than 3000 million years.

We can therefore say that the age of the earth lies
between 1500 and 3000 million years, and this is
consistent with the results of other lines of investiga-
tion, though none of the others is so definite. I am
inclined to think that tidal friction may give a closer limit
when tidal theory is more fully developed ; the diffi-
culties of the theory lie in working out the mathematics.
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An astronomical method is as follows. It is well
known that in the light from a receding body the spectral
lines are displaced to the red. In the fainter nebulae
the displacement is great ; so great, in fact, that if we
had not specimens of less faint nebulae showing inter-
mediate displacements we might hesitate to accept the
identification of the lines as coming from the same
element. On a natural interpretation we can use the
displacement to estimate the velocity. The distances
of such remote bodies are more difficult to estimate ;
essentially they are found by studying the total lumin-
osities of nebulae at more moderate distances and
supposing that those of the remote nebulae are similar.
The results are that, apart from the amount of fluctua-
tion we might reasonably expect from differences of
luminosity among the nearer nebulae, the velocities of
recession are nearly proportional to the distances.
Supposing them to have remained constant, we find that
2000 million years ago the nebulae must all have been
very close together. There are other interpretations
of the data, but in any case a time-scale of this order
seems to be indicated. The age of the Earth is com-
parable with that of the Universe.

The idea that the earth had a beginning leads us
at once to ask where it came from ; and here geo-
physics borders on cosmogony. All cosmogonists, even
before we were in a position to give an upper limit to
the age of the earth, supposed the earth and the other
planets to have been formed in some way from the
sun, though they disagreed about the method of
formation. For purely geophysical purposes, once
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the solar origin is granted, the details are not of great
importance ; any matter ejected from a gaseous star
must have been gaseous, and we need consider only
how the earth passed from, a gaseous state to its present
one, in which about an eighth of the volume is liquid
and the rest solid. But some statement of the main
features of the problem is worth while here. The
solar origin meets with a great difficulty at the outset.
We require the planetary matter to have been ejected
from the sun, and this implies some cause making for
expansion ; but we also réquire it to have collected
again into separate bodies, many of which are denser
than the sun, so that we also need an explanation of
the subsequent condensation. It is anything but
obvious that there is a possible cause of the first pro-
cess that would not prohibit the second, and it cannot
yet be said that the existence of one is established.
The densities of the planets possibly provide our most
definite indication of their mode of origin. They range
from 55 gm./cm.? (the earth) to 0-7 gm./cm.? (Saturn).
The four inner planets and the moon have densities
from 3-3 to 5'5, the great outer ones have densities
near 1. Until fairly recently it was believed that the
outer ones were largely gaseous, on account of their
retention of a large amount of internal heat, and that
their surfaces in consequence were at high temperatures.
The densities of the inner ones are closely related with
size, the order Moon-Mars—-Venus-Earth being that of
increasing density and also of increasing diameter.
(Mass and diameter measurements for Mercury are too
uncertain for us to say from them whether its density



110 EARTHQUAKES AND MOUNTAINS

is more or less than that of Mars.) This relation was
believed to be due to compression, the inner parts of
the earth, for instance, being more compressed by the
weight of matter above them than the inner parts of
the moon. Both these explanations have broken down
in the light of recent work, which has, however, pro-
duced more satisfactory alternatives. I pointed out in
1923 that if the surfaces of the outer planets were as
hot as the earth’s equator their radiation would have
had time to dispose of any reasonable store of internal
heat many times over ; if they were red hot, as was
generally supposed, the loss would of course have been
more rapid. I inferred that they have had ample time
to cool until the temperatures of the surfaces were main-
tained, not by internal heat, but by solar radiation as
for the earth. The surface temperatures would then be
very low, in the region of 100° to 150° absolute. This
was verified soon afterwards by Coblentz and Menzel,
who measured the infra-red radiation from the planets
directly and found temperatures of this order. Much
further work has been done since on the structure of
the great planets, especially by R. Wildt. The chief
point for our present purpose is that, though the
atmospheres are extensive, the density must increase
with depth, on account of the pressure, so rapidly that
within a few hundred kilometres of the surfaces the
densities approximate to those of the corresponding
liquids. The low mean densities are therefore not due to
high temperature but to an abundance of light material.

For the inner planets, seismology provides a relation
between compressibility and density. L. H. Adams was
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the first to show that the differences of density were too
great to be explained by compression, and must be
attributed to differences of composition. The obvious ex-
planation is then in the relative sizes of the metallic cores.

Thus the explanation of the greater part of the
differences of density among the planets is to be sought,
not in differences of temperature or in compressibility,
but in differences of composition, and any attempt at
explaining their origin must explain these differences of
composition if it is to be satisfactory. Now if at one
time the planets were all hot an explanation of the
greatest difference, that between the inner and outer
planets, suggests itself. For though the earth’s gravita-
tion and that of Venus are strong enough to retain
oxygen, nitrogen, and water at the surface, they would
not be strong enough if the surfaces were red-hot ; the
outer planets however could retain both these substances
and the lighter gases methane and ammonia, which are
abundant in their atmospheres. Hence a high original
temperature would explain how the outer planets could
have retained these constituents, while the inner ones
lost them, and thereby acquired higher densities. An
alternative hypothesis, that the planets were always
cold and have grown by accumulation of cosmic dust
on their surfaces, would not explain the difference
because all would pick up the same mixture. Again,
if the earth and Venus, for which the densities most
strongly require large cores, were once fluid, we see at
once why the dense core material should collect to the
centre. There is no such explanation for permanently
cold planets.



112 EARTHQUAKES AND MOUNTAINS

By itself an originally heated state would not explain
the differences of composition between the inner planets
(including the moon). R. A. Lyttleton has suggested
that they may have originally formed only one or two
bodies and that these were broken up by too rapid
rotation after the core material had settled ; if so, the
smaller detached portions would have relatively small
cores or none. His argument rests on a result of
E. Cartan. It had been supposed 1 all previous work
on the stability of a rotating mass that changes would
be gradual, viscosity keeping the body rotating as if
rigid even while fission was taking place. Cartan
showed that in the final fission this would not be true ;
and Lyttleton, in a detailed argument, inferred that a
planet breaking up by too rapid rotation would not
produce a planet and satellite, as had always been
supposed, but two planets of considerably different
masses moving independently about the sun. The
association of the earth and moon would then be
attributed to later capture.

A former liquid state naturally suggests a still earlier
gaseous one. This raises the question of how the
planets could hold themselves together while gaseous.
If the velocities of agitation in the gas were greater than
the velocity of escape from the surface, the whole body
would dissipate at once. It is actually found that bodies
of ordinary composition, if less than about 2000 km. in
diameter, would have been unable to hold themselves
together while gaseous. Now all the asteroids and many
satellites are less than this. But its gravitation is not
the only means of holding a body together; a solid
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surrounded by gas could grow by condensation like a
snowflake, whatever its size, if the density of the gas
exceeded the saturation vapour density. It has been
shown by A. L. Parson that for ordinary planetary
materials, even if only a small fraction of the present
plariets was spread through the system, this condition
would be satisfied and that snowflake growth is a
possible explanation of the smaller bodies. Incidentally
at least one of them suggests such an origin directly,
namely Mimas, the innermost satellite of Saturn. Its
brightness gives a least possible value for its size ;
combining this with the mass we find that its density
cannot be more than o-3, so that it must be a loose
aggregation and not a solid body.

These remarks on the origin of the solar system are
included only to indicate the direction of modern
lines of inquiry. For our present purposes we need
only notice that they imply a gaseous earth, rapidly
liquefying and collecting into a single mass, and then
solidifying as cooling proceeded further by radiation
from the surface. The method of solidification, how-
ever, needs discussion. The heavy metals would settle
quickly to the centre, where they still remain. The
rocky shell would cool by what is usually called con-
vection, a rather complicated process, which requires
special attention.

Everybody knows that water can be heated more
quickly from the bottom than from the top. When
it is heated from the top the upper layers expand and
become less dense ; they can then rest on the lower
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ones till further notice. Transfer of heat downwards
is then by conduction, a slow process. But if the
heating is from below, the warm lower layer breaks
up, rises towards the top, and mixes with the rest.
Thus as fast as new heat is supplied it is redistributed
through the body of the fluid. The essential differ-
ence between the two cases is that water heated from
the top and conducting heat downwards is stable:
water heated from the bottom .is unstable. If the
water was originally exactly at rest, the bottom
perfectly plane, and the rate of supply of heat uni-
formly distributed over the bottom, it would theoreti-
cally be possible for it to remain at rest in spite of the
heavier water being on top; but the slightest dis-
turbance would produce currents carrying the warm
water up and replacing it by colder water descending,
to be heated in its turn. The more rapidly the heat
is supplied, the stronger are the currents and the more
quickly it is redistributed. With the same rate of
supply of heat, the fall of temperature with height is
less, usually much less, in this convective state than
if it were carried up by pure conduction.

This description is too simple in two respects, both
of which are amenable to theory. The instability
depends, we have seen, on the heated water at the
bottom being less dense than that higher up. But
wheén two layers are interchanged each is under the
pressure corresponding to the new depth, and the
change of pressure itself involves a change of density.
If the rising water is not lighter than the water in its
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new position when it gets there there will be no in-
stability. This condition is found to imply that in-
stability cannot arise until the rate of decrease of
temperature with height reaches a certain amount
depending on the thermal properties of the fluid.
We do not often have to deal with such a depth of
water that the difference of temperature between the
top and bottom is conspicuous, but we do in the
atmosphere. Dry air can become unstable only if
the temperature decreases with height at a rate ex-
ceeding 10° C. per kilometre : for air saturated with
water vapour the rate is about 6° per kilometre.
When the ground is strongly heated a rising current
of air is produced ; as it rises it cools under the reduced
pressure and may reach such a temperature that
some of its water has to condense. On rising further
more water separates, and the result is a cumulus
cloud. This is the explanation of the large woolpack
clouds that are so prominent on hot days in summer.
The rate of variation of temperature with height,
on the supposition that each part of the air receives
no heat from its surroundings as it rises or falls, is
called the adiabatic lapse rate; and our first principle
is that the fluid is stable as long as the lapse rate does
not exceed the adiabatic one.

To produce instability it is actually necessary for
the lapse rate to exceed the adiabatic one somewhat.
We cannot simply interchange two layers by moving
one up and the other down : they would get in each
other’s way. There must be ascending currents in
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some places and descending ones in others. The
rising fluid, when it reaches the top, spreads out
horizontally till it reaches a place where the fluid
is sinking, and then descends again. This motion
is resisted in two ways. It involves distortion and
is. therefore resisted by viscosity, and conduction
between the places of higher and lower temperature
at the same level tends to destroy the differences of
temperature, which are necessary to maintain the
movement. Thus some variation of temperature
beyond the adiabatic rate is needed to prevent the
currents from being immediately stopped by conduc-
tion and viscosity. In a deep layer this excess is usually
negligible, but in a shallow one, with high viscosity,
it may be very important.* An important practical
instance is in the cooking of porridge in a single pan.
If it is not stirred the swelling of the grains produces
a large increase of the effective viscosity, and it can
be shown that a difference of temperature of several
hundreds of degrees between the top and bottom may
be needed before instability arises. Thus the upper
surface may- be well below boiling-point while the
bottom is charring. Stirring of course destroys this
great temperature difference by mixing the layers.
We notice that the existence of the currents requires
that they shall have room to pass. If water is heated
in a long vertical tube, instead of being in a vessel
broad in comparison with its depth, the rising current

* Jeffreys, Phil. Mag., 2, 833-844, 1926 ; Proc. Roy. Soc., 118A,
195-208, 1928 ; Proc. Camb. Phil. Sor.. 28. 170-172, 1930.
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must be on onc side and the descending one on the
other, and if the tube is narrow the viscous resistance
will be much increased. This fact is probably con-
nected with the behaviour of geysers. The water
may be unable to conduct the new hecat away except
at such a temperature gradient that boiling must
occur at a certain depth, while viscosity prevents
convection. Thus steam is formed internally, with
an increase of volume which expels some of the upper
water. This produces a relief of pressure which
vaporizes more water until the whole has been blown
out. New water soaks in from the surrounding
rocks and the process is repeated. A proper adjust-
ment of conditions is needed to give the periodicity
characteristic of so many geysers, but an explanation
on these lines is at least qualitatively possible.

In molten rocks the adiabatic lapse rate is about
0-3° per kilometre. So long as the earth was liquid
a negligible increase above this would be needed
to produce instability, and rapid cooling at the top
would take place by radiation. Thus the cooling
would be by convection, and the adiabatic lapse
rate would be maintained until solidification began.
But the melting-point in turn depends on the pressure.
In substances that contract on freezing the melting-
point is raised by pressure, so that the melting-point
at great depths is higher than at the surface. The
rise of melting-point with depth at low pressures is
about 3° per kilometre : it probably decreases some-
what at greater depths, but it is very unlikely to become

9
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less than the liquid adiabatic gradient at any depth.
Thus while the earth was liquid the temperature would
increase downwards, but the melting-point would
increase faster, and as the whole would cool at a uni-
form rate the melting-point would be reached first
at the bottom. The rocky shell therefore solidified
from the bottom upwards. The core, however, would
remain liquid. At ordinary pressurcs iron has a lower
melting-point than the more basic silicates, and its
melting-point is probably lowered by pressure,* so
that when the lower parts of the shell became solid
the core was still far above its melting-point. The
core was therefore trapped below a layer of badly
conducting silicates and has cooled little further.
It should have been expected from thermal considera-
tions that the central core would still be liquid, though
as a matter of history it was not.

The whole process of solidification probably did
not take more than some tens of thousands of years.
If there was no further supply of heat we could use
the present thermal state to determine the age, and
this method was used by Kelvin. We must notice
here that the temperature at the surface is controlled
almost entirely by solar radiation ; it is such that the
loss of heat due to radiation into space just balances
that received. The average rate of supply of heat

* This statement scems to depend on the degree of purity of the iron ;
the possibility of casting implies a slight expansion in solidification for
cast iron, but wrought iron contracts. In any case, however, the change

of volume must be less than for silicates and it remains true that the
melting point would rise, if at all, more slowly with depth.
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from the sun over the surface is 0-007 calorie per square
centimetre per second. The rate of conduction from
the interior varies from place to place, but is of the order
of 1 to 2 X 107 calorie per square centimetre per
second. In determining the present temperature the
internal heat is therefore entirely negligible. If the
surface temperature has varied during geological time
it is due to meteorological causes and perhaps to changes
of solar radiation : internal heat has nothing to do with
it. The point needs emphasis, because the contrary
opinion was stated as a fact in an important geological
text-book published only a few years ago. Cutting off
internal heat entirely would only lower the surface
temperature by about o-or°.

It is only recently that fairly reliable estimates of the
1ate of outflow of heat have been made. The rate of
outflow, per unit area of the surface, is the product of
the thermal conductivity of the rocks and the vertical
temperature gradient in them. Many determinations
of both had been made, but in spite of the obvious
importance of the product it was found in 1935 that
there was not a single place where both had been
measured. The British Association in that year set up
a committee to investigate the matter, and valuable
work stimulated by it has been done by E. C. Bullard,
A. E. Benfield, L. J. Krige, and E. M. Anderson. In
Britain the heat outflow ranges from about 12 to
1-8 X 10-% cal./cm.? sec. ; in South Africa it is about
1-2 X 10~%cal./cm.2sec. The difference is quite small ;
the temperature gradients differ by a factor of g or so,
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but this is counterbalanced by the difference in the
conductivities. In fact the low temperature gradients
long known to exist in South Africa, which make mining
at great depths possible, are due to a normal heat
outflow combined with so high a conductivity that the
heat can be carried up at a low temperature gradient,

The heat being conducted out of the earth is partly
a relic of the original heat and partly heat generated
more recently by radioactivity. The latter part is the
greater. All rocks found at the surface contain small
but measurable amounts of uranium and thorium. In
addition the common metal potassium is very slightly
radioactive. It does not form helium, but one of its
constituent isotopes, of atomic weight 40 (ordinary
potassium being 39), loses electrons and is converted
into ordinary calcium. These radioactive changes give
rise to heat. The concentration of the radioactive
elements in rocks of given type shows some systematic
variation with region. For British and South African
granites the mean rates of generation would be, respec-
tively, about 5 x 10-!® and 7 X 10-!? cal./sec. per
cm.? of rock. Thus the whole heat outflow could be
provided by the radioactivity of a layer of the average
granite of the region, about 28 km. thick for Europe
and 16 km. for South Africa. This leaves nothing to
be supplied by radioactivity below such a layer or by
original heat. The thickness of the granitic layer
indicated by seismology is about 15 km. Supposing
this to have the same radioactivity at all depths, it
follows that the whole radioactivity below 15 km. depth,
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together with the original heat, supplies no more heat
to the surface than the top 15 km. do. This leads to
the consequence that the rad‘ioactivity must decrease
rapidly with depth or, in other words, that in the early
history of the earth nearly all its radioactive constituents
must have become concentrated near the surface.

It is not very clear how this happened, but there
can be no doubt that it does happen in suitable con-
ditions and that we are led to impossible conclusions
if we try to evade it. Holmes, for instance, has noticed
that in a series of granites from Finland the radium
content was multiplied by 2:6, thorium by 6, and
potassium by 2 as-time went on. Here we have a series
of samples at successive dates from the top of a magma,
indicating that as time goes on the radioactive elements
tend to move upwards. The radioactive generation
of heat from average European basalt is about
0’50 X 10712 cal./cm.? sec.; from dunite, a rock
composed almost entirely of olivine, 0-13 X 10-12
cal./cm.? sec. On comparing these data with those
for granite we see that there is a strong tendency for
the radioactive elements to become associated with
the more acidic and lighter rocks. But even for dunite,
a layer 200 km. thick with the above radioactivity.
would provide all the heat coming out of the earth,
and the whole thickness of the rocky shell is 3000 km.
We must suppose that the radioactivity continues to
decrease with depth even in the lower layer.

The reason for the upward concentration of potas-
sium is fairly clear. In the cooling of the crust the
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first compounds to crystallize would be those form-
ing olivine, which are also the densest and would
sink. This would continue till the composition -of
the liquid was so much changed that new
constituents began to crystallize, beginning with
those containing sodium and calcium, and finishing
with those containing potassium. The second stage
corresponds to the formation of the intermediate
layer and the last to that of the granitic one.
For uranium and thorium the explanation is more
difficult. These elements and their compounds are
very dense and might be expected to sink in a
magma : the fact is, however, that they do not.
Holmes suggested that they rise because they form
volatile compounds, which would be carried up by
the steiam .generated during crystallization. This
remains a possible explanation, though it is hardly
established. Differences of solubility could also explain
the facts.* What seems to be the most probable
explanation has been given by V. M. Goldschmidt.t
Investigation of the structure of crystals by means of
X-rays has led to precise determinations of the
arrangement of the atoms, which are built up into
a regular repeating pattern. In silicates the structure
is mainly determined by the oxygen atoms, which
are larger than the others; the oxygen atoms are
packed as closely as possible, while the silicon and

* Ether dissolves carbolic acid out of an aqueous solution, although
carbolic acid has a density of 1-06 ; the ethercal solution floats on the
aqueous one.

t Die Naturwissenschafien, 18, 9gg-1013, 1930.
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metallic atoms are packed into the interstices where
there is room for them, in just sufficient numbers
to hold the whole together. For any atom to enter
into a silicate it must have the right size to fit into
the vacancies left by the oxygen atoms. It appears
that the atoms of the radioactive elements are larger
than those of magnesium, iron, and aluminium, about
the same as those of calcium and sodium, and rather
smaller than those of potassium. The metals in olivine
are magnesium and iron. It appears that uranium
and thorium could be accommodated only in the
minerals containing calcium, sodium or potassium, and
not even there without some rearrangement of atoms,
on account of the difference in valency. A liquid
containing a little of these elements and crystal-
lizing will deposit crystals that are quite free from
them ; they will stay in the solution till the last stage.
In actual rocks they are found to be confined to the
interstices between the crystals, as we should expect
on this theory. In a deep magma the crystals sink
to the bottom, leaving the uranium and thorium in
the solution on the top. When the magma is hundreds
or thousands of kilometres deep, as in the early history
of the earth, the interstices will be closed by. the
pressure and the solution will be squeezed up to
the top. It is probable therefore that below a
certain depth there are no radioactive elements at
all.

I think that the reduction of radioactivity with depth
is generally accepted by writers on the earth’s thermal
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state, but there is a difference of opinion about its
amount. If the temperature gradient at the top of
the lower layer is, say, 10° per kilometre and supplied
by radioactive heating below that level, fusion tem-
peratures would be rcached below 200 km. and we
should have to regard the whole of the earth below
that level as liquid. This on the face of it disagrees
with the evidence of seismology, the strength of the
shell, and with the height of the bodily tide. It can
be shown that if there was any continuous fluid layer
within such a distance of the surface the outer surface
would be deformed by tidal forces as much as the
ocean, and no tides would be observable. Further, if
the earth was in such a state there is no obvious
reason why the same should not apply to the moon,
and the differences between the moments of inertia
of. the latter should have disappeared. Even this
gradient implies that the average radioactivity in
the lower layer needed to maintain it is only 2 X 10-15
cal./cm.3sec., 31y of that of granite. In any case,
therefore, a rapid decrease of radioactivity with depth
is required ; there is no room for appreciable radioactive
heating at depths beyond 200 km.

To put the matter in a slightly ditferent way, we know
enough about the conductivities of rocks to say that
heat generated 107 years ago at any depth less than
30 km. -has had time to reach the surface ; 10° years
ago, any depth less than 300 km. These results are
enough to show that accumulation of heat, as such, is
impossible at the depths stated. Nothing can stop heat
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conduction. There is only one suggestion of a trans-
formation of heat into some other form of energy that
might be retained, namely that of Joly, that fusion might
occur and the heat become latent. But then further
transfer would be by convection, a much more rapid
process than conduction, and this suggestion makes
matters worse ; heat from still greater depths would
now be reaching the surface and would be shown in
the rate of outflow of heat.

On my view we must regard the shell as solid and
the heat transfer within it as due to conduction.
Starting with a state where the temperature every-
where was equal to the melting-point at the corre-
sponding depth, and allowing for radioactive heating
near the surface, we have a definite problem to find
the distribution of heat at any later time. In a long
enough time, if we neglect radioactivity in the lower
layer, the temperature in the lower layer and the
core would become uniform and equal to that at the
surface ; but this would take hundreds of thousands
of millions of years, and the radioactive elements
would have disappeared. The age of the earth is
actually short compared with the lives of uranium
and thorium, and it is better to suppose that the rate
of generation of heat has been constant. We can
then estimate the thickness of the upper layers that
would give the observed temperature gradient at the
surface after the actual time, and infer the cooling
at other depths. The gradient is found to be con-
sistent with thicknesses of 11 and 22 km. for the



126 EARTHQUAKES AND MOUNTAINS

granitic and intermediate layers respectively, which
agree with those indicated by seismology. The cool-
ing has, of course, been greatest at the surface; at
other depths it consists of two parts. If we ignore
the variation of melting-point with depth we find a
cooling of about 800° at the top of the lowest layer,
200° at a depth of 300 km., and practically none at
depths beyond 600 km. But the variation of melt-
ing-point with depth implies an original rise of
temperature towards the centre ; even if there was no
radioactivity and the surface was originally cool this
would imply conduction outwards and therefore cool-
ing at all depths. The effect is not important near the
surface, but it appears that at depths exceeding: 600
km. or so there has been a cooling of the order of
50° from this cause. This effect was overlooked until
1932 and must be added to that shown in earlier
estimates.*

The temperatures within the earth are very relevant
to the cause of volcanoes and other igneous phénomcna.
The above results were obtained on the supposition
that the material of the lower layer would have a
melting-point of 1400° ; this is rather low for olivine
if dry, the normal value being 1500° to 1600°. A
basaltic magma would begin to deposit crystals at
1250° and a granitic one at 1000°, according to J. H. L.
Vogt. When the lower layer became solid the upper
ones still remained fluid on top of it for some time.
But the crystallization of the lower layer would drive

* M.N.R.A.S., Geophys. Suppl. 3, 6-9, 1932.
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most of its volatile constituents upwards and into the
upper ones; this applies especially to water. The
presence of water in the upper layers must reduce
the melting-point considerably. Basalt in the crater
of Kilauea may remain liquid down to 600°; but
when it once solidifies its water is expelled into the
atmosphere, and it cannot be melted again below
1200° or so. It seems to be largely owing to the effect
of water that igneous activity can occur at all ; the
calculated temperatures at all depths in the upper
layers at the present time are well below the melting-
points of the dry rocks, but not much, if at all, below
those of the same rocks if they contain much water.
R. W. Goranson has shown * that under a pressure
of about 4 X 10° dynes/cm.2, corresponding to a depth
of 15 km., a granite magma can hold g per cent. by
weight of water in solution; at a quarter of this
pressure it can hold 6 per cent., and its melting-point
is only 720°. E. M. Anderson and E. G. Radley
have found glassy inclusions in an igneous rock in
Mull, where crystallization seems to have been pre-
vented because the water was unable to escape.}
These facts suggest that much of the water in the upper
and intermediate layers has been held in them by the
pressure, and that they have consequently failed to
crystallize. In such conditions the cooling would
leave the rocks in a glassy state. This is contrary
to the usual geological opinion, which holds that
* Amer. J. Sci., 22, 481-502, 1931 ; 28, 227-236, 1932.\

t+Q.7. Geol. Soc., 71, 205-217, 1915. 1 am indebted to Dr. L.
Hawkes for the reference.
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these deeply buried rocks would cool slowly and
form large crystals; but if the retention of water
would prevent crystallization this argument loses its
force. At present it seems quite likely that the
intermediate layer is still glassy and identifiable
with glassy basalt or tachylyte. It is certain that
lava arriving at the surface contains enough volatile
constituents to lower its melting-point by several
hundred degrees.

The calculated temperature at the base of the
intermediate layer is 650°, not much below the prob-
able fusion point. Any increase of the temperature
due to chemical action, a temporary but occasionally
important phenomenon, or to an excess of radio-
activity would lead to fusion. The resulting basaltic
magma would then melt its way upwards by con-
vection, aided by the reduction of density associated
with melting. This agrees with the fact that the
more basic magmas, which would be expected to
have come from the greater depths, are usually the
first to appear at the surface; though crystallization
during intrusion alters the composition and complicates
matters.

The water expelled at the surface naturally finds its
way into the ocean, the total volume of which must
be increasing. When the earth was fluid at the sur-
face it could have little atmosphere and no ocean.
It is probable that most of the ocean has come out
of the earth during geological time. A fact noticed
by Aston supports this view. The amounts of the
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inert gases in the earth and the atmosphere together
are of the order of a millionth of those of even the
rarer of the other elements. This is explained at
once if the earth was originally heated ; for these
gases, being unable to form compounds, would have
no possible resting place except in the atmosphere
and would be lost by diffusion into space. The
materials of the present atmosphere and ocean, being
volatile and having molecular weights less than those
of krypton and xenon, would also be lost, and must
therefore have been enclosed in compounds within
the earth.* The water and carbon dioxide have
presumably been expelled as such, and most of the
carbon dioxide has been converted into oxygen and
organic compounds by plants. Goldschmidt ¥ has
noticed that the present oxygen is about enough to
combine with all the organic remains; and the
atmosphere of Venus appears to consist chiefly of
carbon dioxide. These facts agree with our hypoth-
esis and indicate that there is no plant life on Venus.
The nitrogen of the atmosphere was probably expelled
as ammonia, which is an important constituent of
the atmospheres of the great planets.}

Meteorites are found to consist chiefly of silicates,
a nickel-iron alloy, and of sulphides, principally ferrous
sulphide. The silicates are analogous to the earth’s
rocky shell and the metallic alloy to the core. If we
can regard meteorites as a sample of the kind of

* Jeftreys, Nature, 114, 934, 1924.
t Fortschr. d. Mineralogie, 17, 112, 1933.
1 R. Wildt, Gattinger Nachr., 171-180, 1932.



130 EARTHQUAKES AND MOUNTAINS

material that the earth was made from we should
expect also that the earth would contain a layer of
sulphides. The amount of meteoric accretion is so
small that we cannot suppose that the earth has grown
much from this cause ; the present rate would give
a deposit a small fraction of a millimetre thick in the
whole age of the earth.* But it is possible that both
the earth and meteorites are specimens of some other
body. Goldschmidt points out that in the liquid
state the alloy, the sulphides, and the silicates would
not mix, and expects therefore that there woula be
a thick layer of sulphides within the earth. Geo-
physical investigation has not revealed such a layer,
but can say where it must be if it exists. The density
of ferrous sulphide is nearly 5, and if such a density
existed near the outside the moment of inertia would
be too high. Seismic waves show no sign of a sudden
change of velocity at any depth between 300 km.
and 000 km., so that the whole of the shell must be
formed of silicates. The sulphides, if they are im-
portant, must therefore form the upper part of the
core. They are more fusible than iron, and would
therefore be liquid.

If such a sulphide layer was more than a tew kilo-
metres thick, however, there would be reflexions from
both its inner and outer surfaces, which are not ob-
served ; and it would complicate the times of waves
that travel for short distances in the core in a way that
again is not observed. It appears that if there is a
sulphide layer it is not much more than a tarnish.

* Juffreys, Nature, 182, 934, 1933.
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The method introduced by L. H. Adams for discussing
the density distribution within the earth has been
extended by K. E. Bullen, using the most recent
seismological data. For a single material of given
density at zero pressure, the seismic wave velocities
would provide enough information about the compres-
sibility to determine the distribution of density com-
pletely. We could if we liked choose the density at
zero pressure to make the mean density come right ;
but assuming suitable densities at given pressures for
the materials of the shell and the core we could fit both
the mean density and the moment of inertia. Bullen
did this and found that the density of the shell material
would have to be too high to fit olivine, the probable
material of the lower layer. There must be a change
of density somewhere not indicated by the compressi-
bilities. The obvious place is the 20° discontinuity—
the inner core is too small to have much effect anyhow.
He found that if the density increases with depth by
about o5 gm./cm.? at a depth of 400 km. he got
agreement. There was no apparently suitable material
to account for this, but Bernal pointed out that a
compound of similar structure to olivine, namely
magnesium germanate, exists in two crystalline forms,
one similar to ordinary olivine and the other cubic.
The latter is of higher density. The material from
the 20° discontinuity to the core might then be olivine
in a cubic form due to high préssure. This could be
checked by comparison with the moon, because the
pressure at a depth of 400 km. in the earth is nowhere
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reached in the moon. Consequently, if the 20° dis-
continuity represented a new material, the moon might
be expected to contain a great deal of it and to be
substantially denser than ordinary olivine ; if it was a
pressure change the moon would have the density of
ordinary olivine. The latter conclusion is verified by
observation.

The early history of the earth must apparently be
regarded as the record of the stages of crystallization.
The first substances to crystallize would sink to the
bottom, and this would continue till the extraction
of these had so altered the constitution of the mother
liquor that it was saturated in respect of some new
constituent. This would then proceed to separate
until a third stage entered ; the upper layers are
to be regarded as the record of these successive stages.
It is here that geophysics makes contact with the
chemical side of petrology. A great deal is now known
about the physical chemistry of the silicates, and it
should become possible to find out in the near future
how thick the layers of transition between the fairly
uniform layers indicated by seismology should be.
Separation in this manner does occur in igneous in-
trusion, but more work needs to be done before we can
test its quantitative application to geophysics.

Special attention will probably have to be paid to
the problem of eclogite. This is a rock with the same
general chemical composition as basalt, but consists
of a different set of chemical compounds with higher
densities. It appears to be formed from basalt under
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high temperature and pressure. Consequently it was
suggested by Fermor that in the deeper parts of the
crust basalt would normally be replaced by eclogite,
and many geologists are disposed to believe that the
greater part of the rocky shell is actually eclogite. 1
do not personally think that this is likely. Eclogite
is a mixed crystalline rock, and a magma with the
general composition of eclogite would separate in
crystallization into layers; I cannot conceive an
eclogite layer reaching nearly half-way to the centre.
Laboratory tests on the compressibility of eclogite
indicate a velocity of the P waves rather too “high
for the upper part of the lower layer, which does seem
to fit olivine. Now the constituents of eclogite contain
aluminium ; olivine does not. It would be tempting
to suppose that the lower layer down to 300 km. is
olivine, with eclogite below that level, but it is
improbable that we could have a layer free from
aluminium separating the upper layers from a deep
layer, all containing it as an essential constituent. A
high-pressure modification of olivine seems a more

likely constitution for the matter between a depth of
300 km. and the core.

I0



CHAPTER VI
THE BODILY TIDE AND TIDAL FRICTION

‘ When hcaven itself goes out of its way to set a correcting omen
in the sky, who dare disobey ?
—Kai Lung’s Golden Hours, 116.

Tipes arise from the fact that the earth has a finite
size ; the gravitational attraction of the sun and moon
is not the same at all points of it. The nearer parts
are attracted more strongly than the centre, the more
remote ones less strongly. The total force produces
the acceleration of the centre ; the part due to the sun
maintains the carth’s motion about the sun, while
that due to the moon maintains a monthly revolution
about the centre of mass of the earth and moon to-
gether. These motions would be just the same if
the earth was a rigid body. But in the actual earth
the excessive attraction on the near side and the
deficiency on the far side tend to stretch the earth
along the line of centres; these constitute the tidal
forces. They can be represented by what is called
a gravitational potential corresponding to a spherical
harmonic of thc second order: that is, the level sur-
faces due to the earth and the tidal forces together
are ellipsoids. The elevation of the level surface
due to the tidal force alone is easily calculated, and
is called the equilibrium tide; it is not the actual
134
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tide, but is a convenient intermediary for theoretical
purposes. If the ocean covered the whole earth,
and had a negligible density, and the sun or moon
remained in the same place with reference to the
earth’s surface, the ocean surface would settle into
such a position that its height at any place was equal
to the equilibrium tide. In fact, all of these postulates
are untrue, but the equilibrium tide serves as so
useful a standard of comparison that it occupies a
prominent position in all theoretical work.

If the body of the earth was fluid, and the tidal
forces constant, the whole of it would be distorted
in such a way that each layer of equal density was
a level surface. The upper and lower surfaces of
the ocean would be raised or lowered by practically
the same amount, and there would be no visible tides
in the ocean. The existence of tides is evidence that
the earth has rigidity. On account of the irregular
form of the ocean and the difficulty of carrying out
tidal observations except on the shore it is not possible
at present to work out the tidal theory for the whole
ocean, but useful results can be obtained from observa-
tions of water in long pipes, where we can measure
the variation of level at the ends, and from enclosed:
bodies of water such as the Red Sea and Lake Baikal.*
It appears that the tidal elevation is about 0-6 of the
equilibrium tide. Other information is given by
what is known as the 14-monthly variation of latitude.
A rigid body could rotate permanently about any of

*S. F. Grace, M.N.R.A.S., Geophys. Suppl. 2, 301-318, 1931.
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three perpendicular axes at its centre of mass, which
are called its principal axes of inertia. But if it is
set rotating about any other axis, the axis of rotation
is not fixed in the body. For an oblate spheroid rotat-
ing about an axis near its axis of figure, the axis of
rotation revolves around the axis of figure in a period
A/(C — A) times the period of rotation, where C is
the moment of inertia about the polar diameter and
A that about a diameter in the plane of the equator.
This ratio is known for the earth from the rate of
precession, and gives a period of 305 days. This
should be observable, because latitude is measured
as the inclination of the horizon to the axis of rotation,
and if the axis of rotation is moving in the earth thc
latitudes as measured should vary in this period.
This result was predicted by Euler, but the observed
period is about 430 days instead of g05. The differ-
ence was explained by Newcomb as due to the earth’s
being elastic instead of perfectly rigid. The earth’s
ellipticity can be regarded as composed of two parts.
If the rotation was stopped and the earth continued
to obey the laws of elasticity, the ellipticity would
sink by the amount due to the rotation, but a part
would remain. In the actual motion the former
part corresponds to a symmetrical bulge about the
axis of rotation, the latter to one about a fixed axis,
and it is only the latter that affects the variation of
latitude. Thus the period of the variation of latitude
gives further information about the earth’s elasticity.
These two data together were shown by Love to
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give an actual determination of the earth’s tidal
yielding ; the elevation of its surface is 06 of the
equilibrium tide. From this we can find what rigidity
the earth would have to have if it was uniform, in
order that it might yield by this amount. The
result is slightly more than the rigidity of steel. This
seemed so surprisingly large when it was first obtained
(by Kelvin) that it was generally believed for a long
time that the whole of the earth must be extraordinarily
stiff. But the results of seismology and the theory
of the figure of the earth have now shown that the
lower layer at its top is about two-thirds as rigid as
steel, and the base of the rocky shell more than twice
as rigid. The average rigidity of the shell is con-
siderably more than that of steel. Further, on
account of the concentration of mass in the core, the
tidal forces per unit volume are less than for the uni-
form earth. We find now that there is no room for any
rigidity in the core ; if the core had any appreciable
rigidity the tidal yielding would be less than it is.
This is the decisive evidence that the core is liquid,
and not merely a solid that admits distortional waves
but damps them out before they have passed through.*

The maximum tidal bulges produced by the moon
in the earth would be exactly under and opposite to
the moon if the earth was perfectly elastic or per-
fectly fluid; in a deep ocean covering the whole
carth to a uniform depth the same would apply if
we could neglect viscosity. Actually there must be

* Jeftveys, AMLN.R.A.S., Geophys. Suppl. 1, 371-383, 1926 ; .. Rosenhead,
2, 171-196, 192,
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some imperfection of elasticity in any real material,
and there is no such thing as a non-viscous liquid.
There is therefore a continual loss of energy in the
tides, which has to be supplied from somewhere. It
appears as a resistance to the rotation of the earth.
The actual high tide at a place is somewhat after
the moon has reached the meridian, so that the tides
are out of alignment with the moon, and the moon’s
attraction on them tends to turn the earth in the op-
posite sense to its rotation. Thus the earth’s rotation
becomes slower. At the same time the reaction on
the moon tends to pull the moon forward. Rather
surprisingly at first sight, the result is to make the
moon go further off and revolve more slowly. The
reason is that the forward pull on the moon increases
its angular momentum about the earth; but the
angular momentum is the product of the mass, the
orbital velocity, and the distance. The velocity
varies inversely as the square root of the distance, so
that the angular momentum increases as the square
root of the distance.  If the angular momentum in-
creases, so therefore must the distance.

The tides in the actual ocean are much more com-
plicated on account of the irregularities of form and
depth. In some places high tide comes after, in others
before, the moon’s meridian passage. This is not a
matter of friction ; it would happen even in a friction-
less ocean where the tidal wave has different velocities
in different places on account of the differences of
depth. But so long as there was no dissipation of
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energy the attraction of the moon on the tide would
give no resultant couple tending to resist rotation ;
in places the tendency would be to accelerate rotation,
in others to resist it, and on the whole the effect
would just cancel. These phase-differences are so
large that the effect of friction cannot be disentangled
except in limited regions. We can, however, estimate
the loss of energy by two methods due to Professor
G. I. Taylor. The frictional force in a liquid flowing
over a solid is about 0002 pv? per unit area, where
p is the density, v the velocity of slip, and 0-002 is a
numerical constant. The formula is empirical and
applies only when the motion is turbulent; that is,
in nearly all practical cases, including wind and the
flow of water through pipes and channels. The
rate of dissipation of energy per unit area is thereforc
0-002pv? taken without regard to sign. Given the
velocities in tidal currents we can therefore find the
dissipation of energy. The other method is to con-
sider a shallow sea. The tide in such a sea is produced
by the pressure on its oceanward side due to the tide
in the open ocean ; variations in the level of the ocean
push the water of the sea landwards and allow it to
flow back when the ocean level falls again. We can
find the rate of performance of work on the sea by
the pressure of the ocean, and as the energy of the sca
is not steadily increasing or decreasing the rate of
dissipation within the sea must be equal to this rate.
The two methods give consistent results.

It appears that in the main oceans the tidal currents
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are too gentle to give any important dissipation of
energy. It is only in shallow seas around the coasts
that the currents are so magnified as to make the
dissipation matter. The reaction on the tides in
the main oceans must, however, be important, for
it seems that the dissipation in the shallow seas is
enough to destroy the tidal energy present in the ocean
at any one moment within about a day. The tide may
be regarded as generated in mid-ocean by the attrac-
tion of the moon and spreading out as a wave ; when
it reaches the coast most of its energy is absorbed by the
friction. This resistance affects the phase of the reflected
wave and therefore alters the tides over the whole ocean.

Knowing the ratc of dissipation we can find how the
carth’s rotation and the moon’s distance are altering.
The observable effects are an apparent steady ac-
celeration of the sun and moon in longitude, arising
from the fact that the earth’s rotation, which is
altering, gives us our practical standard of time.
This can be detected from observations of ancient
eclipses and occultations of stars by the moon. The
amount agrees as well as can be expected with that
inferred from the dissipation in shallow seas, so that the
theory is adequately checked. The earth’s rotation is
at present becoming slower at such a rate that the day,
120,000 years ago, was I second shorter than it is now.

There is no reason, therefore, to suppose that any
large fraction of the dissipation of energy in the
tides is in the body of the carth. Some of it must be,
but not more than a fifth of the whole and probably
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a good deal less. For this reason Sir G. H. Darwin’s
theory of the process needs re-examination. He
took the friction to be entirely due to viscosity in the
solid earth, and constructed a monumental theory of
the effects not only on the periods of rotation and
revolution, hbut also on the eccentricity of the moon’s
orbit, and thc inclinations of the equator and the
moon’s orbit to the eccliptic. Tracing the changes
back to an early time, he showed how the moon can
have receded from a position so close to the earth that it
revolved and the earth rotated in about 5 of our present
hours, the original eccentricity and the inclination of
the moon’s orbit to the equator being insignificant. We
do not know yet how the transfer of the friction to the
shallow seas affects the results for the eccentricity and
the inclinations ; the variation of the periods is hardly
affected, because it depends on more fundamental con-
siderations of energy and angular momentum, which
will hold whercver the dissipation occurs.

On account of the smaller distance of the moon in
the past the tides were larger and the changes more
rapid. It does not seem likely that there has been
much change during the last 1000 million years or
so, but the whole of the changes must have been con-
fined to something of the order of 4000 million years
at the outside. Uncertainties in tidal theory and in
the past distribution of shallow seas make an accurate
estimate impossible at present ; but as the non-dissipative
forces are proportional to the current and the dissipative
ones to the square of the current it seems likely that
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a good approximation for the remote past will be found
by supposing the dissipation to be as rapid as possible.

The former proximity of the moon to the earth leads
naturally to the suggestion that the moon was once
part of the earth. The combined body would rotate
in about 4 hours. This would make the period of
the tide raised by the sun at any one place equal to
2 hours, which is about the period of the free oscillation
that would ensue if a fluid mass was distorted into
an ellipsoidal form and left to itself. We should there-
fore have the effect known as resonance, which is
now generally familiar in the reception of wireless
waves. It seemed likely that the solar tide would be
so much magnified in these conditions that the mass
would be so elongated as to become unstable and
break up into two. This is the resonance theory of
the origin of the moon. It has had a somewhat
chequered career, having at several times met with
apparently fatal objections which have afterwards
been overcome, but at present the evidence is against
it. The friction at the boundary of the core would
dissipate the energy of the tide so rapidly that it
could never reach an amplitude more than about
1/20 of the radius, which would be far too small to
give instability ; * and it seems, according to Nolke,
that the velocity of the detached mass, if any, would
be so small that it would at once fall back into the
primary. The rotation would not be rapid enough
to produce disruption without assistance, and it seems

* M.N.R.A.S., 91, 16g-173, 1930.
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that we cannot suppose the moon to have been part
of the earth at any time since the latter had a distinct
individuality. It is probably as old as the earth and
an immediate result of the same process as gave
birth to the other planets and satellites.

The effect of tidal friction on the moon is even more
conspicuous than on the earth. The tendency of
friction is to destroy the difference between the rate
of rotation of the body and the rate of revolution of
the tide-raising body about it. For the earth this
will not happen until the moon’s distance is 1-2 times
what it is now. But the tides raised in the moon by
the earth would be much more effective in bringing
the moon’s rotation into agreement with its period
of revolution, and this is why the moon keeps the
same face always towards the earth. In the same
way Mercury, and probably Venus, keep the same
face always towards the sun, and all the other satellites
whose rotations have been measured keep the same
faces towards their primaries. It is unlikely that
any of these bodies have ever had shallow seas on
their surfaces analogous to those on the earth, so that
the friction must have been internal. It should be
possible to get lower limits to its amount, which would
be interesting, because the study of the earth by itself
gives nothing but upper limits. The imperfection
of elasticity is probably elastic afterworking in all
cases : there is some evidence of damping in seismic
waves that can be attributed to this cause, but it can
equally well be attributed to scattering of the waves
at interfaces and their ultimate absorption in the core.



CHAPTER VII
THE MECHANICS OF GEOLOGY

¢ The matter is as long as The Wall and as deep as seven wells,’
grumbled Sheng-Yin, ‘and the Hoang-Ho in flood is limpid by its

side.””
—-Kai Lung’s Golden Hours, 115,

WE have already considered the strength needed to
support continents and mountains ; but this tells
us only something about their present state. If we
ask also how they have come into existence we shall
want an explanation of the stresses needed to produce
them. The elevation of a mountain system repre-
sents work done against gravity. Further, the stresses,
so far as they are frictional, simply resist a change
of form. At present the strength of the crust is pre-
venting gravity from making the surface level ; but
when the mountains were being formed it was aiding
gravity in resisting the stresses that made them. To
explain the origin of mountains we must providé
such stresses as will overcome both the strength of
the earth and gravity, for in a symmetrical body both
would act together in opposing any change of shape.
The only agency that seems capable of supplying
such stresses is contraction of the interior. Any
internal contraction means that the outer portions
144
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either have to stay behind unsupported except by
their own internal stresses, or must sink so as to
remain supported on the interior. It is easy to show
that when gravity is taken into account the latter
alternative is correct ; the stresses across horizontal
surfaces due to contraction would always be pressures
and would not detach a spherical shell from its interior.
But a sinking crust has to acquire a shorter circum-
ference to fit the new size of the interior, and this
implies an extra pressure across vertical planes to
shorten it. The normal stress over the outside is
only atmospheric pressure, the variation of which is
negligible, so that the contraction of the interior will
produce a set of stress-differences at the outside such
that the pressure across vertical planes exceeds that
across horizontal ones. When these become great
enough fracture or flow will begin. These stress-
differences will be world-wide, and yield at any point
will increase those in its neighbourhood, so that
when yield begins readjustment will proceed until
several great circles have been shortened enough to
bring the whole of the stress-differences again below
the strength. The shortening needed can be esti-
mated from what we know already. Young’s modulus
for granite is about 8 X 1o!! dynes/cm.2, and the
strength is about 10° dynes/cm.? Thus granite can
be compressed by about 1/800 of its length before it
is crushed. The circumference of the earth being
40,000 km., the shortening needed to give fracture
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is about 50 km., and when the outer crust has ac-
commodated itself to this by yield the yield will stop.
Any further internal contraction will then accumulate
until the crustal stresses have become enough to pro-
duce a new yield. We should therefore expect the
visible readjustment to occur intermittently, each
stage corresponding to a shortening of the crust by
about 50 km.

Now geology shows that the great mountain
systems have been elevated at intervals with long
intermediate stages of quiescence. Also the great
epochs of mountain formation have been world-wide.
The three most important ones in Post-Cambrian
time are known as Caledonian (Silurian), Hercynian
(Permo-Carboniferous), and Alpine (Tertiary). The
Caledonian system can be traced in Wales, Scotland,
Scandinavia, Siberia, Africa, Australia, and South
America. The Hercynian movement accounts for
many of the mountains of Great Britain, Germany,
the Urals, and the Appalachians. The Alpine sys-
tem includes most of the present great ranges, from
the Pyrenees to the Himalayas, the Rockies, and the
Andes. The earlier systems are harder to trace as
continuous belts of mountains, because they have
been heavily denuded and can often be recognized
only by special attention to the folding involved in
them. It is therefore likely that future work will
make their mapping much more complete. There
are also signs of three movements of comparable
intensity in the Pre-Cambrian. It is therefore natural
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to identify the stages of crustal yield with the successive
great periods of mountain formation.

This inference can be checked by comparing the
cstimated crustal shortening with that indicated by
the mountains themselves. The latter can be found
from considerations of isostasy. The present great
systems are all compensated, and it is reasonable to
assume that gravity was normal before they were
formed ; in other words, that the formation has not
disturbed the uniformity of distribution of mass.
The place where mountain formation began would
be determined by some local weakness, possibly quite
trifling. But the crustal shortening implies that an
extra thickness of the upper layers is piled up in one
place. To re-establish isostasy an equivalent mass
of the lower layer must be pressed out, but its thick-
ness would be less than that of the lighter upper layers,
and an elevation would remain. From the amount
of this elevation we can estimate the crustal shortening.
Suppose, for instance, that the upper layers consist
of 1 km. of sedimentary rocks of density 2-4, 10 km.
of granite of density 2:6, and 20 km. of tachylyte of
density 2-9. If the intermediate layers are not
tachylyte 2-9 will still be near their mean density.
Suppose also that the mountain formation doubles
all these thicknesses. Then the thickness of the upper
layers is increased by 31 km. But if the lower layer
has density 3'3 the restoration of isostasy will expel
26-2 km. of the lower layer, and the remaining elevation
is 48 km. For smaller elevations the thickening can
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be found by proportion. The heights of the mountains
therefore provide a means of finding the amount of the
compression that produced them.

The heights, however, are not now the same as
when the mountains were first formed. The steep
slopes that determine the appearance of mountain
scenery are not original ; they have been carved out
by erosion since the mountains were formed. Material
has been removed from the valleys to depths of perhaps
several kilometres, while little has come from the
mountain tops. But the removal of surface rocks,
mainly sedimentary, requires an inflow below to
restore isostasy, and this raises the whole region.
The mountain tops, on account of this secondary
effect, are higher now than when the ranges were first
formed. This elevation can be estimated from the
known depths of the valleys. Allowing for this effect
we find that the primitive height of the Alps and
Rockies was about -2 km., and that of the Himalayas
58 km. In this early stage the mountain ranges
would be continuous ridges with no valleys inter-
secting them. ,

A verification of this argument has been obtained by
L. R. Wager * from a study of the Arun River, which
rises on the Tibetan Plateau at a height of 22,000
feet, flows east for some distance, and then turns
south to cut through the Himalayan mass between
Everest (29,000 feet) and Kangchenjunga (27,600
feet), forming an enormous gorge. This mass was
certainly originally continuous, and for the river

* Geog. Journ., 89, 239-250, 1937.
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to cross it at its present height it would have had to
flow uphill. But the course could have been formed
if the original height was only 16,000 feet (4-9 km.),
the present height of the southern part of Tibet.
Within the main mass the volumes above and below
this level are nearly equal. Wager therefore infers
that the lightening of the crust due to denudation has
led to a general uplift of the Himalayas, which were
originally merely the southern edge of the plateau,
by 11,000 or 12,000 feet. A possible alternative
explanation might be that the river originally rose
on the southern slopes of the mountains and has cut
back through them, but Wager’s study of the sedi-
ments laid down by it in its upper course confirms
the view that the mountains were rising after the
river took its present course.

The primitive height leads, therefore, to an estimate
of the average thickening of the upper layers during
the formation of the ranges, and therefore to the
horizontal shortening that was needed to give such
a thickening over the actual width of the ranges.
For the Alps and Rockies the shortening needed is
about 70 km., for the Himalayas about 19o km.
Wager’s values suggest that the last may need some
reduction. The values for the Alps and Rockies are
in good enough agreement with what we inferred
from the strength.

The Himalayas present a difficulty not only by
themselves but still more when we consider also the
plateau of Tibet and the Kuen Lun mountains on its

II
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northern margin. The Tian Shan and Altai moun-
tains still further north are of Hercynian age, and
therefore do not represent part of the same movement.
If the whole of Tibet, with its marginal ranges, was
elevated at once, we should require a shortening of
about 1000 km. The contraction of the interior
would be expected to shorten all great circles by
about the same amount, and we have no explanation
of how such a large amount can be concentrated in
a limited region. It seems that the Tibetan region
is abnormal, but whether the abnormality consists
in a difference of local structure that would give much
more elevation with the sameé shortening, or to some
local effect that gives extra shortening, or whether
the elevation of Tibet is due to some other cause
altogether, we are not in a position to say. Evidence
from seismology or gravity might help, but at present
we have none. Apart from this region the shortening
required is consistent with theory.

It can be seen that there is a type of deformation that
would shorten all great circles by about the same amount.
Suppose that folding occurred by the same amount all
along the Greenwich meridian, and along the equator
from go° E, through 180° to go° W. Then every great
circle would intersect each of these arcs once and
therefore be shortened by about the same amount. It
is interesting to note that this resembles the Tertiary
mountain system ; this consists of the main arc of the
Rockies and Andes, with the Pyrenees-Himalayan
system—two detached arcs, roughly semicircular and in
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perpendicular planes. Precise agreement is of course
not to be expected, on account of variation of structure
from place to place, but the main features are in
accordance with a system of distortions consistent with
comparable contractions of all great circles.

Geologists have obtained independent estimates
of the contraction from study of the displacements
within the mountains themselves. These are on
the whole much more than the geophysical estimates ;
values of about 300 km. have been obtained for the
Alps and the Appalachian mountains. These are found
by mapping the folded strata and finding how much
they would have to be spread out to become flat again,
and by estimating the displacements in thrusts, where
one mass of rock has been pushed bodily over another.
But it is dangerous to identify the movement measured
in this way with the shortening of the crust. A pack
of cards can be made to slide over one another to any
extent without distorting the table. A well-known
geological phenomenon called “ hill-creep > is even
more pertinent. Sediments resting on a slope show
a tendency to slip downwards, and in doing so they
develop little fractures and folds closely resembling
on a small scale the great ones to be found in moun-
tains. The underlying firm rocks remain unaffected.
We cannot therefore assume without direct evidence
that the movement shown by folds and thrusts is any-
thing but a superficial one ; the displacements below
the visible surface may be very much less.

When we come to consider more in detail what
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would happen when the crust yields to a general
compression we find ‘that such shallow movement
is to be expected. When a solid is broken the fracture
may follow either of two directions. Under tension
it may break straight across, but this is not our case.
Under compression the plane of fracture is such as
to include the greatest and least of the principal
stresses, usually at about 30° to the direction of
greatest compression.* Yield takes place by the ma-
terial on one side sliding over this planc. The simplest
possible adjustment to a general compression would
be as follows. A fracture is formed at 30° to the sur-
face ; sliding would proceed along this till the horizontal
displacement was about 70 km. and the corresponding
vertical one about 40 km., producing an enormous
overhanging fault. Isostatic redistribution of load
would proceed to give outflow below, but would
do nothing to disturb the inequality of the distribution
of load at the surface. To support such a precipice
we should need a strength about ten times that of
granite. It would therefore fracture under its own
weight about ten times while it was being formed.
It may even seem that, as the stress-differences pro-
duced by the elevation are much more than before,
the last stage is worse than the first, and that fracture
does nothing to relieve the stresses. This, however,
is not the case. It has increased the stresses in the

* On the usual Coulomb-Hopkins theory the angle is 45°, but 30°

agrees better with experiment. The difference has been explained by
E. M. Anderson, Trans. Geol. Soc. Edin., 8, 387-402, 1905.
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immediate neighbourhood, but it has removed them
everywhere else. If it were not for gravity it would
also have removed the local ones. The stress-differ-
ences arising during fracture are then a secondary
effect due to gravity, are local, and can be relieved
by local movements. But as they would be so much
greater than the strength if the elevation reached
40 km. they will produce their own type of yield
before the elevation is complete. If the yield was
always fracture the edges would break off as they
rose and the result would resemble a load of bricks
newly turned out of a cart, broken and overturned
in all directions. Further elevation would give new
fractures, rocks always sliding or rolling from the
back of the cliff over the heap already formed.
This result resembles the facts sufficiently to be
probably part of the truth, though it is not the whole.
Blocks of rocks overturned in all directions are
characteristic of mountain systems, and it is found
that the rocks elevated later have proceeded from
the rear, travelled over those already in their final
place, and come to rest on the undisturbed ground
in front. The chief difference between this account
and the facts is that in great mountain systems the
displacements are chiefly continuous distortions ; frac-
tures are a regular feature, but are subsidiary to the
great folds. The theory, however, provides cqually
well for folding. We have already noticed that under
high pressure or temperature, or both, vield tends
to take the form of continuous distortion rather than
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fracture, and we are thinking here of rocks that have
been elevated from a considerable depth and are
still under a heavy load and hot. Fracture would
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Fic. 6.—Result of crustal shortening by oblique fracture. aa, sediments ;
bb, granite layer ; cc, intermediate layer ; dd, lower layer.

therefore be confined to small depths; at greater
depths we should have continuous distortion. The
details of the changes are less clear than for fracture,
but we shall still expect a strong elevation over a narrow
belt, and subsequent outflow due to gravity. This
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F1G. 7.—Result of crustal shortening by continuous yield.

will take the form first of a fold, matter flowing from
the elevated tract and coming to rest on the low
ground in front (called the foreland). * Further eleva-
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tion will give another fold, the matter coming from
behind the root of the first fold, but spreading over
it and finally coming to rest in front of it. Several
such folds may be formed in turn. This structure
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F1G. 8.—Secondary result of crustal shortening, with outflow above due
to gravity.

was first recognized in the Alps by Schardt, in 1894,
and has since become the foundation of Alpine geology
in the hands of Heim, Collet, Staub, and many
others. Sir E. B. Bailey has taken a leading part in
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Fic. g.—Ultimate result of outflow. ee, nappes. The symmetry is
probably exaggerated.

demonstrating a similar structure in the Highlands
of Scotland. But most of these writers have taken
it for granted that the displacements are the direct
result of horizontal pressures acting directly on the
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rocks involved ; these are supposed to have pushed
the rocks over the foreland and over the earlier nappes.
It is very hard to see what could produce such
stresses, apparently confined to a depth of a few
kilometres, and two other phenomena argue against
their existence : klippes and back-folding. A klippe
is a piece of a nappe found detached from the main
nappe but far in front of it. If the thrust had to be
transmitted through the nappe it could never have
pushed such a piece to a position that the nappe
never reached. But if the sliding is a downhill slip
due to gravity it is quite intelligible that the nappe
might break and that its front portion would move
on independently for some distance. Back-folding
is shown by folds with their fronts in the opposite
direction to the main nappes. On the theory of a
general horizontal movement these rocks would have
had to move against the main thrust. But if there
is a primary elevation along a narrow belt the result-
ing outflow might well be outwards on both sides.
The amount of back-folding in comparison with the
main nappes would depend on the degree of asym-
‘metry in the primary elevation.* If this was a single
fracture at a slope of 30° the tendency to forward
rather than backward folding would be overwhelming,
but in actual conditions the asymmetry may well
be less. We cannot yet follow out the changes in

* Figs. 7, 8, 9, show more back-folding than usually appears to occur.
But the number of theoretical possibilities is so large that I have not
thought it worth while to try to depict them all, and it seems that all of
them can be matched in reality !
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detail because they depend on the displacements in
materials at stresses above the strength, and at present
we have only the outline of a theory. It does appear,
however, that the idea of a primary elevation with
_successive stages of outflow due to gravity is in general
agreement with the geological structure of mountains.
But while the flow is going on near the surface other
flow must be happening down below to maintain
isostasy. We cannot say which would happen fastest.
When the stress-differences exceed the strength the
plastic flow seems to follow the same law as for a vis-
cous liquid, but we do not know the viscosities. All
we can be sure of is that both flows will proceed till
the stress-difference is everywhere below the strength,
and that from that time any further deformation will
be elastic unless the strength is again exceeded. The
distribution of viscosity with depth, when flow is taking
place, is our next objective. For stresses below the
strength the viscosity is effectively infinite ; this is
merely another way of saying that plastic flow does
not occur at such stresses.

The fracture that leads to a mountain system would
be expected to start at the weakest part of the crust.
Geological observation shows that mountain formation
regularly takes place along regions where sediments
have been deposited to a great depth and for a long
time. It appears that most of these places™ were
‘“ geosynclines ’, that is, long and rather narrow
arms of the sea, which were gradually filled up by the
sediments from the neighbouring land. We seem
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to have few geosynclines at the present day. The
Mediterranean and the North-west Passage approx-
imate to the geosynclinal form, but the Alpine system
of mountains, for instance, corresponds to an ancient
sea stretching from the Pyrenees to China. Now
such deposition provides in itself a source of weakness.
It means that any heat rising to the surface has to
penetrate an extra thickness of material, so that the
sediments act as a blanket. Higher temperatures
are therefore to be expected below regions of de-
position than elsewhere, and the heating makes for
weakness. The association of thick sediments with
mountain formation is therefore natural.

The blanketing effect provides an explanation
of another geological phenomenon and a partial
explanation of a third. At the base of 10 km. of
sediments the temperature would rise by about 250°
in about 100 million years.* This combination of
temperature and pressure is a necessary condition
for the formation of the iron garnet, which is char-
acteristic of sediments that have been buried to such
a depth. This thermal metamorphism has been
known for a long time, and has been used by Elles
and Tilley in the Highlands to determine the original
order of deposition where the rocks have in many
places been completely overturned by nappe forma-
tion. The direct effect of pressure in raising the
temperature is much smaller, only about 1°. The
sediments themselves would be cold when first de-

* M.N.R.A.S., Geophys. Suppl. 2, 323-329, 1931.
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posited ; the problem is to explain how they became
heated, and it turns out that conduction into their
base is about adequate for the purpose.

The other phenomenon is connected with isostasy.
On the face of it a depth of 10 km. of sediments appears
to imply that the sea was 10 km. deep at least. With
any smaller depth the sea would be filled up before
so much sediment had accumulated. Actually these
deep deposits show in most cases an alternation of
limestones, shales, and sandstones or rocks formed
from these by metamorphism. There is no sign that
the sea became much shallower during the process ;
on the contrary, the depth seems to have oscillated
somewhat through a limited range, but without much
systematic change in either direction. To understand
these thick sediments we need to know how 10 km. of
them can have been deposited in a sea that was probably
never more than 1 km. deep and possibly much less.

Isostasy gives a partial but unsatisfactory explana-
tion. Loading by sediments would produce outflow
in the lower layer and therefore a lowering of the
original surface. If it sank as fast as the thickness
of sediments increased the depth of the sea would
remain constant. But this would not be true, as
A. Morley Davies and E. M. Anderson have pointed
out ; as the density of the sediments is less than that
of the loewer layer the lowering of the original floor
would be less than the thickness of the sediments ;
10 km. of sediments would fill up a sea 3 km. deep,
and such an original depth seems to be inadmissible.
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The effect of thermal blanketing, on the other hand,
helps considerably. It would increase the temperatures
at all depths, and in particular those in the inter-
mediate layer. Thus in time the intermediate layer
would become weaker, and the load on it would squeeze
it out horizontally like the jam in a carelessly handled
sandwich cake. The isostatic movement is therefore
twofold. The first stage is outflow in the lower layer ;
but when this is complete the upper layers are still
under stress-differences comparable with the load,
and any weakening in them will produce further out-
flow. Compensation at this stage will be at the
expense of the intermediate layer instead of the lower
one, and the difference of density is much reduced.
It appears that if this happens 10 km. of sediments
can be laid down in water whose original depth was
only 1-6 km., which is fairly reasonable. A complete
theory, however, would have to explain also how the
original depth of 16 km. came about ; the original
difficulty is reduced but not removed.

This outflow in the intermediate layer probably
plays an important part in the later history of moun-
tains. The internal movement in the mountains of
Scotland and Norway is as strong as in the Alps, but
the mountains themselves are much lower. The
intensity of the original movement suggests that the
heights of these old ranges were once as great as those
of the Alps. Before geologists came to recognize
isostasy as an important influence there was no dif-
ficulty about explaining how mountains come to be
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lowered in the course of time; they were merely
supposed to have been worn down by the action of
rain and rivers. But it appears now that such wearing
at the surface reduces the load, and new matter
comes in below, thus raising the surface afresh. To
lower a mountain system by 3 km. would require
the removal of about 14 km. of rock. This would
remove the whole of the sediments, on any reasonable
supposition about their thickness, and also most of
the granitic layer. An old mountain range should
therefore contain no sediments, and the granitic and
even possibly the intermediate layer should be exposed
everywhere within it. Actually of course these old
ranges are mainly composed of sediments, much of
these having been laid down not long before the
mountains were uplifted. Denudation and ordinary
isostasy together therefore are hard to reconcile with
the presence of sediments in the old mountains. But
if we allow for the possibility of outflow in the inter-
mediate layer we arrive at an explanation. The
extra load due to a new mountain system begins by
producing outflow in the lower layer until compen-
sation is established, but stress-diflerences tending to
produce outflow persist in the granitic and inter-
mediate layers. These can squeeze out the inter-
mediate layer, while compensating inflow takes place
in the lower layer. The chief cause of the lowering
of mountains is then probably not surface denudation,
but the squeezing out of the intermediate layer.
This does not imply any lack of strength, because
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it is"only when the load approaches the strength that
the outflow can proceed. It appears that when the
strength is exceeded by the stress-differences the
geological time-scale requires a viscosity of between
1022 and 10?3 c.g.s. units in the intermediate layer.
This is an enormous stiffness by ordinary standards.
But if the lower layer has such a viscosity compensa-
tion can be established in some tens of thousands of
years. The difference in the times needed to squeeze
out the intermediate layer and the lower layer under
the same surface load is not chiefly a matter of differ-
ence in viscosity but of depth. In a deep layer the
deformation can occur at any depth and in fact will
occur down to a depth a few times the horizontal
extent of the load ; but in a shallow one the motion
is more analogous to that of water in a capillary
tube. Actually the lower layer, at least in its upper
parts, probably has a higher viscosity than the inter-
mediate one under equal stress, because it is made of
less fusible materials.

In general the hypothesis that the formation of
mountains is due to a contraction of the interior leads
to a very satisfactory co-ordination of the facts. The
explanation of the contraction itself, however, is more
difficult. The only cause that has survived criticism
is the general cooling of the earth, but this * thermal
contraction theory ” has been repeatedly attacked.
On the whole the force of the objections has dimin-
ished with increasing knowledge, but the theory in its
present form suffers from an indefiniteness that is likely
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to be very difficult to remove. On the theory of the
earth’s thermal history given in Chapter V the cooling
at any depth consists of two parts. The first is
confined to a depth of about 600 km., and leads to
a total contraction whose amount since the beginning
increases like the square root of the time. The
second, due to a variation of the original melting-
point with depth, leads to a cooling that is prebably
of the same order of magnitude at all depths. Near
the surface it is less than that due to the first part,
but it extends all the way to the centre instead of
being confined to the outer tenth of the radius. The
total contractions up to the present time due to the two
causes seem to be comparable in amount; but the
second part increases in proportion to the time instead
of to the square root of the time. Now the intervals
between consecutive stages of mountain formation
should correspond to the accumulation of enough
contraction to give fracture. If the earth is con-
tracting at a uniform rate these intervals should all
be equal, but if the rate decreases as time goes on
the intervals will become longer. The first part of
the contraction, if it is the more important, should
imply increasing intervals between the great intervals
of mountain formation ; the second part would leave
them nearly equal. From Holmes’s analysis it seems
that the second alternative agrees better with actual
determinations of geological time. Holmes actually
infers that the intervals have decreased, but I am in-
clined to think that this is merely because the more
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recent movements have been more thoroughly in-
vestigated. So far as I can see no existing theory
would account for a decrease in the intervals, Holines’s
own being no exception. On the face of it the
evidence seems consistent with the idea that the
contraction during geological time has mainly been
due to the cooling at great depths, whereas the chief
contribution from the changes of temperature down
to 600 km. was confined to the early Pre-Cambrian.
The difficulty in testing the theory in this form is that
the amount of contraction depends on the coefficient
of thermal contraction at great depths, and to a less
extent on the conductivity. At present we have no
knowledge of how these properties behave at high tem-
perature and pressure, and the theory cannot be
completed till we have much more knowledge of the
properties of matter at high pressures than is now
ready. By simply assuming that they are the same
as in the 'aboratory we get an estimate of the con-
traction in the last 1500 million years that is of the
right order of magnitude to account for about six
major epochs of mountain formation, so that at least
the theory is not obviously wrong and remains the
best available until some alternative can be shown to
fit the facts as well or better.

Until recently the theory of thermal contraction
has always been worked out on the supposition of
symmetry. There are strong reasons for believing
that this is too simple, and that the cooling has varied
considerably from place to place. The apparent
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absence of the granitic layer from the Pacific floor
is perhaps the most striking instance ; for in the con-
tinents this layer provides nearly half the heat outflow
at the surface. But even within the continents the
temperature gradient in mines varies from place
to place. We do not know enough about the varia-
tion of radioactivity to produce a theory capable of
detailed comparison with observation, but we can
obtain suggestive results in general terms. We should
expect, for instance, that at depths down to 600 km.
or so the cooling since the earth solidified has been
considerably more below the oceans than below the
continents. An immediate consequence is that the
rocks should be stronger below the Pacific than below
the continents. This is vgrified by the distribution
of the mountains around the Pacific. We have a
practically continuous chain or series of chains along
the western coasts of North and South America. This
would be expected if the ocean floor is the stronger,
because when contraction led to yield the strength
would be reached first in the weaker place, and the
continental rocks would be crumpled along the ocean
margin.

Any difference of cooling would lead also to a
difference of contraction. A body cooling uniformly
and left to itself contracts in the same ratio in all
directions. Where cooling is not uniform the body
is pulled out of shape by an amount that has to be
determined by the theory of elasticity. When a book
is held in front of a fire the exposed side loses water

12
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and contracts, and the result of the difference of
contraction on the two faces is that the edges curl
towards the fire. Thermal contraction can produce
similar effects. But as the differences are in any
case confined to a depth of about a tenth of the radius
any distortion is resisted by the rigidity of the interior.
The result is that the inner nine-tenths of the radius
is hardly distorted ; the whole of the volume con-
traction in the outer tenth is pushed into the vertical
direction, so that there is little change of dimensions
in the two horizontal directions, while the contraction
iri the vertical is three times what it would be if un-
constrained. The numerical results are affected by
our almost total ignorance of the radioactivity of
oceanic rocks, but it appears that with reasonable
variation of the cooling, assuming that the theory of
elasticity continued to hold, some places could have
sunk 10 or 20 km. more than others. The stress-
differences arising would, however, exceed the strength
several times, and readjustment would take place at
all depths in the cooled layer. This offers a possible
explanation of deep-focus earthquakes. There would
be little actual change of level in the readjustment ;
the tendency would be to restore isostasy, which is
already nearly satisfied, but not quite, by the elastic
theory.

These results may lead to an explanation of one
of the more difficult problems of geology, that of the
foundering of continents and land bridges. [t appears
that most of the sediments of the north and west of
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the British Isles and of Scandinavia were not formed
from Europe, but from a continent that used to occupy
the North Atlantic and sank below sea-level about the
end of the Cretaceous period. The present depth
between Britain and Greenland averages about 2 km.
Denudation might explain lowering nearly to sea-
level, but not below sea-level. The quantity of water
on the surface has probably increased considerably
during geological time, owing to emission from
volcanoes, and this must be taken into account in any
full solution, but it seems unlikely to explain the
whole of the facts. The distribution of animals and
plants in the past, both on land and in the ocean,
seems to imply former land connections across the
oceans, which both connected the faunas and floras
of the continents at their ends and separated those
of the seas on their opposite sides. These ‘land
bridges ’ have somehow sunk below the sea and can
now be traced, if at all, only by detailed measure-
ments of depth. Such changes of level could be ex-
plained by differences of cooling, but a proper test
of the theory would require measurements of the
radioactivity and the temperature gradient below the
present oceans, and the data are at present difficult
enough to obtain within the continents. There
seems to be also some possibility that differential
cooling may provide the initial difference of level
needed to start a geosyncline.

We cannot hope to explain all the earth’s surface
features in detail ; even if we had all the essential
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data, the observed facts are so complicated that it
would probably take several lifetimes to work out
the consequences. We may however, reasonably hope
for a theory that will represent the facts in general
terms ; then we can leave the details to the geologist.
It appears to me that the thermal contraction theory
gives the right amount of latitude.

The origin of the distinction between continents
and oceans remains very imperfectly explained ;
how did all the granite come to be concentrated in
less than a third of the surface? If we include
foundered continents in the original land surface the
ratio can hardly be increased to more than a half.
It seems clear that this separation could not have
arisen while the viscosity was small, for then the
fluid would necessarily settle down till the surfaces
of equal density and pressure coincided, and there
would be no room for variation in the thickness of
a surface layer, much less for the complete con-
centration of such a layer in certain regions. It is
equally clear that the separation could not have
originated after a finite strength had been acquired,
for that would mean that an originally uniform surface
layer had to be broken up and carried to limited regions
against both gravity and its own strength, and no
forces are known that would be adequate or of the
right kind to produce such an effect. With the right
degree of viscosity, however, such separation could
happen during solidification. In a liquid cooling
from the top currents are set up, rising in some places
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and descending in others. In suitable conditions
such currents can be._quite steady. They usually play
a greater part in the upward transfer of heat than
direct conduction does. If the temperature gradient
is just sufficient to excite them the vertical velocity
is in the same sense at all depths. At the surface
the motion is from the places where the liquid is rising
to those where it is sinking. If any material separates
at the surface at this stage it will be carried as a scum
to the latter places and will therefore collect in separate
patches. G. F. S. Hills* has suggested that the
formation of continents may be accounted for on these
lines. An earlier and rather similar idea was given
by J. Geszti,tf but he supposed the currents, if I
understand him correctly, to be in the still unsolidified
granitic layer. This seems to me to be less satis-
factory, because in all the problems of this type that
have been investigated the distance between the
rising and sinking currents is about 1-5 times the depth
of the layer. If the active layer was only the granitic
one, or even the whole of the upper ones together,
we might be able to account for islands about 100 km.
across scattered over the whole earth, but it seems
very unlikely that we could account for Asia and the
Pacific Ocean. If, however, the convection currents
existed throughout the rocky shell this difficulty
disappears. It does, however, raise a further one:
it seems to require the upper layers to have solidified

¥ Geol. Mag., 71, 275-280, 1934.
t Gerlands Beitrige, 27, 1-25, 1930 ; 81, 1-39, 1931.
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before the less fusible lower one. This is less serious
than might appear. The type of convection required
is the simplest possible, and could occur only when
the material is becoming so stiff that convection is
on the verge. of being stopped altogether. In these
conditions the heat carried into the upper layer, even
with allowance for convection, might be less than that
radiated from the free surface, and then the upper
layer would solidify while the lower one, though stiff,
was not definitely solid. Accordingly I think that
Hills’s theory is very promising, though it still requires
a full investigation.

Holmes, in some of his recent work, supposes that
these convection currents in the lower layer still exist
and are maintained by radioactivity.* For some
reason that I have not succeedcd in understanding
he refuses to admit that the tendency of radioactive
matter to rise to the top, which hc himself showed
in the Finland granites, has a general application.
He regards the deep-scated stress differences indicated
by the distribution of gravity as incidental to the
distortion involved in the convection currents. This
would be qualitatively possible. He appeals to the
stresses produced by the horizontal currents at the
base of the upper layers to produce yield in the latter,
thus accounting for mountain formation and con-
tinental drift. The interest of his theory, in my
opinion, is that it shows what kind of assumptions
are necessary if we insist on avoiding the view that

* J. Wash, Acad. Sci., 23, 169-195, 1933.
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radioactivity is sufficiently concentrated to the top
to permit the earth to cool. For this reason a full
quantitative examination of Holmes’s theory would
be worth while ; but it seems to be beyond the range
of our present knowledge of hydrodynamics, and
may require also a much more complete theory of
viscosity at high temperatures and pressures than
now exists. There are, however, a few obvious diffi-
culties. When a kettle of water is heated the motion
has not the regular pattern that exists when instability
has just arisen ; if the heat supply is too great further
instabilities arise and the result is a quite irregular
system of currents. The velocity at any given point
of the surface is continually changing with time, and
at any moment the velocities at points separated by
a small fraction of the depth may be opposite in
direction. In such conditions there would be no
uniformity of the stress over continental areas and for
geological periods such as Holmes requires to explain
geological movements. For his theory to work the
supply of heat in the lower layer must be enough to
produce the first instability but not the second ; and
in a deep layer this condition seems likely to restrict
its amount to a very narrow range. Nor can I see
anything in the theory to explain the observed inter-
mittence of mountain formation. The stresses it
implies act all the time, unlike those involved in the
contraction theory, which are relieved at every yield ;

thus they would apparently either produce mountains
all the time or not at all.
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Holmes was, of course, the originator of the funda-
mental principles of the theory of the earth’s thermal
history that I have developed, but he abandoned this
theory in 1923 on grounds that I have always con-
sidered inadequate ; and every relevant piece of evid-
ence that has arisen later seems to confirm his earlier
theory and to make any alternative more difficult to
maintain.

There is an obvious resemblance between Hills’s
theory of the origin of continents and Holmes’s
theory of the earth’s present state, but even if either
is acceptable by itself I doubt very much whether
it would be possible to maintain both. The initi-
ation of convection currents is due to instability ;
that is, a fluid layer heated below could remain
motionless for ever, provided the temperature was
a function of height alone, but with the slightest
disturbance the inequalities will increase until the
convective circulation is fully developed. A slight
reduction of density in any vertical column, for instance,
produces a rising current which draws up heated
fluid there from the bottom, thus reducing the density
further. There is no reason why the rising currents
should be in any one place rather than any other,
nor need they keep to the same places after they
are formed. On Hills’s theory the situations of the
continents are a matter of chance; the strength of
the crust keeps them where they were formed, but
their original location is a matter of small disturbances
beyond the range of investigation. But when con-
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tinents are once formed their radioactivity implies
a permanent disturbance of the thermal symmetry,
and if the lower layer is weak this will give currents
outwards. Similarly the currents will be outward
from a heated geosyncline. Thus they are in the
wrong direction to account for mountain formation,
which requires the crust near a geosyncline to be pushed
inwards. I think therefore, that Holmes’s theory is
inconsistent either with that of Hills or with geology,
and as between Holmes’s theory and Hills’s I prefer
the latter because there seems to be more need for it.

Large areas of the continents have been above
sea-level since the early Pre-Cambrian, notably much
of Canada, Siberia, Africa, and Australia. Other
parts of the present continents have been under the
sea at one time or another, and much of the present
sea has been land. The original continents and
oceans overlapped the present ones considerably,
but not entirely. The changes may have been due
largely to differences of radioactivity, and to the con-
sequent tendency of certain regions to sink and others
to rise, relatively to the mean. If this is right the
original differences of level must have been much
less than the present ones, and the existence of continents
at an early stage is due to the amount of water on the
surface having been less than it is now.

Other changes are possible that would give rise to
alterations of level ; change of state is one. We may
note that no physical evidence supports the view of
Wegener and others that the continents can drift
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horizontally. The essential feature of all these theories,
including the convection theories, is the hypothesis of
a finite viscosity in the shell ; that is, the assumption
that the material can be distorted by any shearing
stress, however small, to any extent, provided it acts
long enough. At the time when Wegener’s book was
published this was conceivable, because tidal friction
was supposed to be mainly in the body of the earth,
and if it was the effective viscosity would be about
10!% c.g.s. units. Also Hayford’s work on isostasy in
the United States was new and had led to a widespread
belief that isostasy was perfect everywhere. The last
led Wegener directly to the conclusion that the level of
the solid surface was determined entirely by the level at
which it could float ; and hence that the widespread
rising or sinking of the land required by geology
and palaeontology was impossible. So far his theory
could be regarded as consistent with the knowledge
available in 1915. But he added two features that
were absurd even then. One was the supposition that
the finite viscosity of the substratum extended right
up to the ocean floor ; but if it did the ocean floor
would be perfectly flat, contradicting every chart of
soundings that existed. The other was that a floating
mass would tend to drift at right angles to the force
acting on it. It had been shown by Eétvos that a
floating mass on the earth’s surface would be under a
small force toward the equator ; Wegener inferred that
it would actually move to the west. Wegener was
primarily a meteorologist, and in meteorology the fact
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that the wind is usually nearly along the isobars is
familiar, the deflexion of the wind from the pressure
gradient being due to the earth’s rotation. But this is
a characteristic of a fluid of small viscosity. It is easy
to show that even with the viscosity assumed by Wegener
for the earth, viscosity and not rotation would have a
controlling influence and the motion would be in the
direction of the force, and hence even if his assumptions
were correct a continent would not drift westward but
settle symmetrically across the equator ; which is quite
contrary to what has happened.

The hypothesis of weakness of the ocean floor is
essential to continental drift, at least to the extent that
it must be able to get out of the way of the continents
as fast as they advance ; otherwise the whole crust would
rotate as one piece. But the formation of mountains
requires horizontal stresses enough to fracture the
continents. If the continents were floating on weak
material, why did they not simply push it out of the
way ? The Rocky Mountains are hard to understand
if the ocean floor is weak, for the same reason ; but if
it is stronger than the continents, as thermal considera-
tions suggest, they are at once explicable as the result
of a large force pushing America against a resistant
ocean floor.

It is sometimes argued that mountain formation shows
that horizontal displacements have occurred, and con-
sequently that there can be no objection to supposing
that a continent can move as a whole. But in mountain
formation part of a continent has moved relative to
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another through something of the order of 50 km. ;
continental drift would be a displacement of a whole
continent through thousands of kilometres. On the
face of it the conditions needed for continental drift are
inconsistent with those needed for mountain formation,
and there is better evidence for the formation of
mountains.

The supposed perfection of isostasy led to the belief
in the impossibility of vertical movement and therefore
of the foundering of extensive land regions. However,
just about the time (1913-14) when Wegener’s book was
being written, J. Barrell was writing an important series
of papers in the fournal of Geology, in which he made a
careful analysis of the results of the United States Survey
that had provided the chief reason for the acceptance
of isostasy. These papers were the starting-point of
the work on the strength of the earth outlined in this .
book ; Barrell showed that there are widespread
departures from isostasy and that the data that had been
held to indicate absence of strength below a depth of
100 km. or so actually showed considerable strength.
It may be worth remarking that the alleged neglect of
geology by geophysicists in rejecting Wegener’s theory
puts the matter the wrong way round ; Wegener was
a geophysicist, Barrell a geologist.

Much evidence in favour of continental drift from
palaeontology and palaeoclimatology has been given.
It shows, however, strong signs of selection. At any rate
I have taken part in several discussions on the theory,
and one feature of each has been that after a case has
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been made out for it on these grounds, somebody has
pointed out a number of facts that are even more
difficult to understand with continental drift than
without it. It seems to me that the proper conclusion
to draw is that we do not know enough about how
species migrate or why climates change—and we knew
that already. What we need first of all is a compre-
hensive account of the facts relevant to former climates
and land connexions, not selected with reference to any
particular hypothesis.

Convection in the interior of the earth forms a feature
of many recent hypotheses on earth history. Some of
these are combined with continental drift and therefore
come up against the fundamental difficulty that they
appear to require the ocean floor to be both stronger
and weaker than the continents. Some of them violate
the equation of heat conduction. But all have in com-
mon the acceptance of a finite viscosity in the lower
layer, which is usually determined from the Fenno-
Scandian uplift. The argument may be stated as
follows. In the last glacial period several thousand feet
of ice accumulated in northern Europe, and have since
melted away. It is supposed that the accumulation led
to isostatic compensation and that the removal led to
inflow : with a considerable viscosity, neither outflow
nor inflow would take place fast enough to keep pace
with the formation and removal of the ice sheets, and
therefore inflow may still be going on. The region
around the Baltic is in fact slowly rising, and comparison
of the rate of rise with the amount of'ice and the probable
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date of its removal leads to an estimate of the viscosity,
which is then applied to the whole earth. Viscosities
of the order of 1022 g.g.s. are inferred. An objection
to this argument is that in such a slow motion inertia
is negligible and is in fact neglected in the calculation ;
but then if we know the disturbing forces now the previous
history is irrevelant. But over regions whose horizontal
extent is large compared with the thickness of the upper
layer the surface load is quite directly related to the free
air or isostatic anomalies of gravity, which are nearly
equal when means over such regions are taken. Hence
if the lower layer has a finite viscosity all over the
earth, all regions of positive gravity anomalies should
be sinking, all with negative ones rising. This is
contrary to the facts. The Fenno-Scandian region
itself is part of one of positive gravity anomalies, so that
the argument breaks down at the start. Bullard shows
that Cyprus is a region of strong positive gravity
anomalies, and has shown rio sign of sinking in historic
times, and has actually risen since the Pleistocene.*
The argument, even when first propounded, referred to
a selected region and needed proper reservations con-
cerning the necessity of testing it in other regions ; but
it continues to be used even after it has been shown to
break down in other regions.

The outstanding difficulty about any theory that
assumes a finite viscosity is that viscosity always tends
to even out the stresses, and makes it more difficult for
stress-differences to accumulate locally. A non-zero

* Geophys. Suppl. 3, 1939, 480.
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strength, on the other hand, automatically permits such
accumulation until the stress-differences reach the
strength. Consequently if secular changes are taking
place in the material, there is no difficulty with a non-
zero strength in seeing how stresses can increase over
long intervals so as to account for the intermittance of
mountain formation and for deep-focus earthquakes.
With finite viscosity the alternatives, on the face of it,
are mountain formation all the time or no mountains
at all. I am not denying that in some circumstances
continuous flow may take place ; but if it does take
place the principal phenomena that we need to explain
take place in spite of it and not because of it.

Special reference should be made to two theories of
convection due to C. L. Pekeris * and A. L. Hales,?
because they begin with fully stated postulates and the
conclusions follow from the postulates. I do not know
whether either author believes the postulates or the
conclusions, but the important thing, if a theory is to
be considered at all, is to know whether it explains what
it sets out to explain. Both theories are consistent with
the equation of heat conduction. Pekeris appeals to
differences of temperature produced by differences of
radioactivity in the upper layers and adopts the Fenno-
Scandian estimate of viscosity. He works out the conse-
quent currents, which are steady, and the associated
stresses. The stress-differences produced are of the
order of 10”7 dynes/cm.? (nearly independent of the
assumed viscosity) and therefore decidedly smaller than

* Geophys. Suppl. 3, 1935, 343-367. 1 Jbid. 3, 1936, 372-379.
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later studies of gravity have indicated. The outer
surface would be elevated where the currents are rising,
without considerable departures from isostasy. But as
the currents are steady there appears to be no mechanism
for change of elevation, or for more than one epoch of
mountain formation.

Hales considers the problem where enough radioactive
matter remains at great depths to maintain a substantial
part of the heat outflow, and finds the viscosity needed
to maintain stability in spite of the temperature gradient.
Supposing it insufficient to maintain stability, he finds
what speed the convection currents would have to have
before they could carry the heat up.: By what appears
to be pure coincidence his quantitative results are not
very different from those of Pekeris. As the instability
is supposed to be in the first stage, that of cellular
convection, the currents would again keep the same
sign over long distances. This requires rather a delicate
adjustment between heat supply and viscosity. If the
heat supply should be large enough to induce the stage
of irregular convection (which is what we should
naturally expect in a layer so deep if unstable at all)
it would no longer be true that the currents are steady
and varying slowly with position, and the lengths of the
great mountain systems appear unexplained. But
granting Hales’s adjustment, his theory seems to have
the same virtues and the same faults as that of Pekeris.

These two papers appear to me to be specially
important for two reasons, in spite of the fact that I do
not regard them as having immediate geophysical
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application. First, so much has been written on con-
vection currents that it was in any case important to
know what the associated phenomena would be.
Secondly, elasticity in the earth is not perfect, and if
we are to make progress in understanding isostatic
adjustment we must at some time take the imperfection
into account. This will be true even if, as I believe,
continuous flow does not occur to any important extent
until the stress-differences reach a critical value, which
may be a considerable fraction of the apparent strengths
of surface rocks. We shall then have to consider the
movement of such materials, which are now attracting
much investigation under the name of Bingham solids.
The mathematical treatment is very difficult, but
Pekeris’s theory may be regarded as an extreme case of
the problem.

Mountain formation is often likened to the shrivel-
ling of the skin of an apple. The interior loses water
by evaporation, and shrinks in volume, and the
skin accommodates itself to the interior by a general
puckering. This is such a natural analogy that the
reader must be warned that it is very incomplete.
It is not fundamentally a problem of fracture at all,
but of what is known in engineering as elastic in-
stability. The simplest case of this can be demon-
strated by holding a postcard lengthwise, between
the hands and then trying to bring the hands together.
So long as the force applied to the ends is not too
great the card remains plane ; there is some elastic
compression, but not enough to be visible. But

13
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under a sufficient force the card suddenly bends into
a deep arch. Take off the force and the card returns
to its original plane form. The whole movement is
therefore purely elastic. The fact is that for any
stress the plane form is a form of equilibrium. At
small stresses any small disturbance of the conditions
gives only a small dispiacement ; in other words, the
plane form is stable. But at a sufficient stress the
slightest disturbance gives a displacement which
proceeds to grow until the form is seriously altered.
This is what we mean when we say that the plane
form is now unstable. The instability need not give
fracture, but in some bodies the displacement may
lead to fracture when it becomes great enough ;
if we try the same experiment on a piece of common
cardboard it will probably crack. On the other
hand, a thick bar squeezed on the ends will never
become unstable, because it will break first.

This elastic instability is a well-known cause of
danger in engmneering. Thus a shaft carrying a
flywheel becomes unstable and bends violently if the
rotation is too fast; the next stage is that the shaft
breaks and the flywheel proceeds to some distant part
of the building. Such shafts have, therefore, to be
carefully designed so that they will not become
unstable at the rate of rotation to be put on them.

The slender North American tree known as the
white birch appears to provide another instance,
When it becomes too tall it bends over under its own
weight, unbroken but undignified. The same may
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be true of the bramble, which bends over till the
end reaches the ground and forms a new root, to the
danger of hasty walkers.

It appears, according to Southwell, that it is only
bodies of exceptional form that can become elastically
unstable. It is necessary that the length must be
many times the thickness. In all the engineering
problems the tendency to bend is resisted by the
rigidity, and the thinner the specimen the less is this
tendency to recovery. In the shrivelled apple there
is no fracture of the skin : instability is made possible
by the fact that the thickness of the skin is small
compared with the circumference. In the earth’s
crust, however, instability is opposed both by rigidity
and by gravity. It turns out that it cannot arise
before fracture if the solid crust is more than a few
metres thick, and therefore it is not of importance in
mountain formation. Fracture would always occur
first. This consideration also excludes the  tetra-
hedral theory ”, according to which the crust ac-
commodated itself to the contraction of the interior
by elevations in four regions corresponding to the
Antarctic Continent and three around Asia and
North America. It is possible, however, that some.
shallow contortions in alluvium are due to elastic
instability.*

The use of experimental models is specially dangerous
for this reason. A layer a few metres thick represents
an insignificant fraction of the earth’s radius, but it is a

* Cf. Geol. Mag., 89, 321-324, 1932.
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very thick one in the laboratory. Consequently labora-
tory tests intended to shew the consequences of con-
traction or convection are very liable to show elastic
instability instead, which leads to a completely different
pattern. ‘The general puckering of an apple is a case
in point ; fracture would lead to a crack beginning at
a point and gradually extending over something like
half a circumference, and as this would not shorten
circles lying near the crack one more semicircle at right
angles would be needed to reduce the whole size. The
two cracks would reduce all horizontal stresses below
the strength and the process would stop. Another case
has been given by A. J. Bull,* who tried the effect of
compressing a floating membrane horizontally and got
a pattern quite different from that required by mountain
formation. I pointed out immediately  that the
conditions of the experiment would lead to elastic
instability and not fracture. But Bull’s result has been
reproduced in a book by Holmes { without reference
to my criticism.

Volcanoes and igneous intrusions are among the
earth’s most striking features. Rock material in
these has been forced up from a considerable depth
in a liquid state, and has solidified again by cooling
at the surface or at a small depth. Our theory pro-
vides a natural explanation of these phenomena.
The temperature at the base of the intermediate
layer, in average conti{lental conditions, is almost

* Geol. Mag., 69, 1932. t Ibid., 321-324, 1932.
% Principles of Physical Geology, 408.
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enough to melt basalt with its actual water content.
Any disturbance of conditions tending to raise the
temperature locally will therefore be liable to produce
fusion. Such a disturbance is to be found in moun-
tain formation or in sedimentation, which produce
thickening of the crust and therefore blanketing ;
but there are probably others. Now fusion produces
an increase of volume, and this may be enough to
burst the upper rocks and enable the magma to pour
out on the surface or at least to accommodate itself
near the surfacee. When the magma fails to reach
the surface and accumulates instead in a mass at
some depth, which may be exposed later by erosion,
we have what geologists call a bathylith, a laccolith
or a sill, according to its form. These intrusions
may be of enormous extent; a bathylith in British
Columbia can be traced for over a thousand miles,
and the Whin Sill underlies most of Northumberland
and Durham. If magma reaches the surface we have
true volcanic activity. The magma may come up
through pipes or through long fissures. When the
activity is over these remain filled with igneous rock ;
a pipe gives a neck and a fissure a dyke. In some
cases a nearly circular piece of the surface has fallen ‘in{
and the magma has overflowed around the margin,
giving what is called a ring dyke several miles across.
Such ring dykes are responsible for Glencoe, Ben Nevis,
and other extinct volcanoes of Scotland.

An immediate question that arises in the case of
basaltic intrusions and  effusions is, what produced
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the pressure necessary to lift them to the surface or
nearly to it? Basalt is about 10 per cent. denser
than granite. The pressure at the fused region would
be simply that due to the weight of the layers above
it, and would be balanced by that due to a smaller
depth of basalt, so that a column of basalt would
apparently not be raised to reach the surface. But
two other factors help the uplift. Rocks expand in
melting by about 10 per cent. of their volume, so that
the densities of solid granite and liquid basalt are not
very different. A column of liquid basalt originating
near the base of a basaltic layer would be balanced
against the unfused basalt and rocks intermediate
between granite and basalt at higher levels, - and
could easily be driven up to the surface. The other
consideration comes from the water content. At
high pressures a considerable percentage of water is
held in the basalt, but in a magma rising to the
surface this is liberated and the result is a froth.
Water and chemically active gases are freely hberated
in the crater of Kilauea. This effect reduces the
density further. It helps to explain how not only
basalt, but the still denser rocks peridotite and dunite
have been raised to the surface in places, though much
less frequently.

We do not know yet how closely the igneous rocks
visible at the surface resemble the undisturbed rocks
that they were made from. Apart from the loss of
volatile constituents into the air there was probably
a change of composition during crystallization owing
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to the settling of the denser constituents. Basalt is
the commonest igneous rock on the surface, but it is
still far from certain that its constituents were in the
form of basalt before they were fused. It is very
unlikely that peridotites and dunites found at the
surface represent any deep-seated layer ; they appear
to be the result of the settling of the denser constitu-
ents from a basalt magma in process of crystallizing.
The real difficulty about vulcanism is not to see how
it can start, but how it can stop. The matter elevated
would in general be less radioactive than the outer
rocks, which would still be there though buried. Conse-
quently there would be thermal blanketing and the basal
temperature would become higher. It is easy enough
to suggest explanations of the past igneous activity of
the Highlands of Scotland ; but we know no reason
why there are no active volcanoes there now.
Volcanoes seem to have some relation to ordinary
mountains. The active volcanoes of the present time
on the land are all in association with mountain
ranges of the folded type, and such ranges as the
Rocky Mountains, the Alps and the Andes all contain
either active volcanoes or extinct ones. As we have
seen that excess heating is to be expected in moun-
tainous regions both before and after the uplift, this
fact is explained. Volcanoes in oceanic regions,
however, may depend for their existence on some
other factor. There is also some relation between
volcanoes and earthquakes, but it seems to be mainly
indirect. Both volcanoes and earthquakes are associ-
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ated with mountain ranges, and therefore tend to
occur in neighbouring places, but there is little or
no relation between them in time. Great earth-
quakes in Italy are not conspicuously associated with
eruptions of Etna and Vesuvius, nor are those of
Japan and Mexico more frequent when the neigh-
bouring volcanoes are active. This fact is surprising
at first sight. The formation of a fissure or a pipe
means a fracture and should generate elastic waves ;
their absence or smallness means apparently that
the volcano does not make new fractures of the
dimensions of those in large earthquakes. Small
earthquakes, felt at distances up to a few miles, are
frequent in volcanic regions, but seem to be explicable
as due to the load on the crust produced by the weight
of the volcano. Perhaps the original formation of
a volcano, and almost certainly the formation of a
fissure leading to a dyke, gave rise to major earth-
quakes, but it seems that present volcanic activity is
simply making use of old channels.
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