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EARTH CONTRACTION AND MOUNTAIN
BUILDING (I).
By

E. M. Anderson, Edinburgh.
(With

2

Figures.)

Summary: The surface flow of heat at present is probably less than
has been assumed by some recent writers. The actual value may not be far
from 1.633 x 10 -6 cal. sec. -1 cm. -2, the British Association figure. If it had
not been for the recent glaciation the amount would have been larger, but
probably not more than about 2 X 10 -6 cal. sec. -1 cm. -2. The low value is
in favour of low crustal temperatures, such as are assumed by supporters
of the Contraction Theory, but other considerations are against this.
Reasons may be given for presuming that the "granitic layer" of the
earth's crust has somewhat the same composition as the Scottish Lewisian
Gneiss. It must in that case have a lower radioactive content than normal
granite. The sedimentary layer which overlies it is in places at least 6 km. in
thickness, and this layer is also poor in radioactive constituents. By an apparent paradox, these facts make it possible to deduce higher temperatures for

the deeper continental layers.
1.

Introduction.

A cooling solid loses heat in the first place from its surface layers,
and afterwards from its interior. As the cooling must cause contraction,
an element near the surface will tend to shorten, in all three directions,
more than the solid as a whole. Such an element is free to contract
indefinitely in a direction normal to the surface. In a tangential direction,
however, shrinkage is limited. In the case of a homogeneous spherical
solid, radiating freely in all directions, the tangential contraction of
a surface element is limited to a fraction equal to that which denotes
the reduction in diameter of the sphere.
There will thus be a tension in the surface layer which, in an elastic
solid, may last until the cooling is complete, and the body is again,
as we assume it was initially, at a uniform temperature. Suppose
however that one is dealing with an imperfectly elastic solid. In such
a case the surface layer may be modified by permanent stretching so
as to relieve the stress.
In any cooling body the contraction, and consequent stress, will
close to the surface be almost instantaneous. In deeper layer
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process will take longer, and the tension will 'gradually travel down. recenti
But relief of tension will also travel downwards, if the body is imper- mainly
fectly elastic, as each element will have its tension relieved after it sense t]
(1)
has been near the temperature of the exterior for a sufficiently long
(2)
time. It will thus be correct to speak of a wave of tension, proceeding,
towards the interior.
extent
Ni
In a partially elastic sphere, however, the surface layers may not
end merely with a relief of tension. After a certain time has elapsed, his rea
these layers will suffer little further diminution of volume. The di- rapidly
minution in any one linear dimension may come in fact to be theoreti- Theory
cally less in unit of fime than the contraction which is taking place which
in the diameter of the sphere as a whole. This point can be proved by neither
applying the theory of conduction in a cooling sphere which was first date.
worked out by FouRIER'5). FOURIER'S solution neglected of course'
the alterations of volume, but these do not essentially modify the'
problem.
TI
It is plain that if a crust, not in the first place under tension, stage
overlies a core which is undergoing greater diminution of volume, one FlsHEr
of four things must happen:
compr(
(1) The core may actually contract so as to cease to have contact extent
with the crust. It can easily be shown, however, that in the case of the radioai
A
earth, a crust so situated would be under tangential pressures greater
than could be resisted by any known material, and would at once to the
collapse.
it is c
(2) The crust may be under tangential pressure so great as to argued
cause it to contract, and fit the core, without undergoing horizontal base o:
compression beyond the limits of elasticity. This hypothesis will be intervf
dealt with later.
But if
(3) The crust may undergo a uniform lateral compression beyond before
the limits of elasticity, accompanied by uniform vertical expansion, Once i
giving rise to no surface irregularities.
layers
(4) The lateral compression combined with vertical expansion may fusion
exceed the elastic limit, but only at certain times and in limited sectors possibl
of the crust, resulting in the formation of mountain ranges.
be prc
The fourth supposition is an essential part of any possible form be pc*
of the Contraction Theory of mountain formation. The thermal form
of this theory is the one which has received most attention in the past; develo
it assumes the contraction to have arisen in the manner which has Part
been outlined above. This is not however the only possibility, as has JEFFE
1
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down. recently been shown by NÖLKE.

In the present paper I shall discuss
¡raper- mainly the special assumptions made by the thermal theory, in which
'fter it sense the words "Contraction Theory" must usually be read. These are
y long,
(1) The actuality of the process of cooling, and
eeding
(2) the sufficiency of the ensuing contraction to account for the
extent of existing mountain ranges.
ly not
NÖLKE'S hypothesis does not depend on a cooling crust, and if
apsed, his reasoning is right the earth must at present be shrinking more
he di rapidly than it is at all necessary for supporters of the Contraction
eoreti- Theory to suppose. There are however certain fundamental postulates
place which are made by both forms of the theory. Unless these are true
red by neither form can be valid. I hope to return to this question at a later
s first date.
course
'y the

2. Actuality of the process of cooling?

The thermal form of the Contraction Theory appeared at one
nsion, stage to have been definitely disproved by the arguments of OSMOND
e, one FisHER13). He showed that, on the data then available, the supposed
compression must have been far too small to explain the elevation and
intact extent of existing mountains. But this was before the discovery of
of the radioactivity.
reater
A radioactive crust does not, at first sight, appear to lend itself
once to the hypothesis. Such a crust may be heating or cooling, and unless
it is cooling thermal contraction is impossible. Professor JOLY has
as to argued that there is no systematic cooling, but that the heat at the

.ontal base of a granitic layer forming the continents accumulates at definite
ill be intervals until it brings about the fusion of an underlying basalt23).
But if the radioactive layer is a thin one, it may be passed through
yond before temperatures such as must necessarily produce fusion are attained.
asion, Once it is passed through the temperature gradient of the underlying
layers will be much less than at the surface, and material well under
may fusion point may continue downwards to greater depths than it was
actors possible formerly to suppose. This means that cooling may not only
be proceeding, but may have gone deeper than could be presumed to
form be possible, were it not for radioactivity.
form
The case for contraction of a partly radioactive crust has been
past; developed by Dr. HAROLD JEFFREYS in a series of publications 20, 21, 22).
i has Part of the present communication will be devoted to examining
s has
JEFFREYS' method of procedure, and the geophysical data from which
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he starts. In doing so it will be easy to explain the entire discrepancy
between his results and those of Professor JOLY.
The earth's surface must have cooled after it solidified, but it is
uncertain whether cooling has continued, and the facts of volcanicity
appear absolutely to contradict this hypothesis. Intrusion and extrusion
of magmas were as widespread during the Tertiary period as during
the Palaeozoic. Nor was there any general change in the nature of the
magmas extruded. Such a change might have been expected if there
had been cooling, as the temperatures necessary for liquefaction could
only have been reached at greater and greater depths.
Professor JOLY was led to deny that there is continuous cooling
partly at least by these considerations. He argued that all volcanic
phenomena are primarily due to radioactivity 23), and his arguments
may be summarised as follows:
Granite is known to have a high content of radioactive substances,
enough at least in most cases to produce 8 X 10-13 calorie per second
per cubic centimetre. Assuming the continental crust to consist of
granite, its thickness can be estimated in different ways. If it is underlain by the basalt which also forms the ocean floors, it must extend
to a depth of about 31 km. to account for the fact of isostasy. This
figure is in accordance with seismological data, which show that there
must be a pronounced change in the constitution of the crust, somewhere about this depth.
Suppose now that the granitic layer reaches thermal equilibrium
in such conditions that its surface temperature is maintained at zero,
while there is no loss or gain by conduction to or from the layer below.
Then if d be the thickness, k the conductivity, and A the radioactive
evolution of heat per unit of time and volume, the basal temperature
2

will be

2k

Using JOLY's constants this amounts to 961° C., not

very much below what he assumes to be the melting point of basalt.
But the basaltic substratum is itself radioactive, and taking this into
account there is no difficulty in explaining the fact of vulcanicity.
JOLY indeed goes further and deduces other consequences of great
importance, if true, but which need not concern us here.
The figure of 31 km., for the thickness of the radioactive crust,
seemed when it was put forward to be in accordance with another
known geophysical datum. For 31 km. of granite, producing 8 X 10 -13
calorie per second per cm.3, -would cause a surface flow of heat of
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per second per cm.2, independent of heat derived
from any underlying radioactive layer, or of any flow which was due
to the earth's residual heat. This amount was supposed by JOLY to be
nearly equal to the actual loss, as shown by temperature gradients
at the surface.
It is now known that the radioactive substances in most (but not
all) granites produce more heat than was at the time supposed *). I have
also certain reasons for believing that the surface flow of heat which
was used by JOLY is greater than the actual. The deductions which
must be drawn from the new evaluation of these constants will become
evident as we proceed.
In the meantime it will be noted that a temperature of 961 ° C.,
constantly maintained (or exceeded) at a depth of 31 km. leaves little
room for progressive cooling of the crust. This is more especially the
case if the material just below that level is basalt, with the rather low
melting point which JOLY assumed. But JOLY'S estimate of crustal
temperature has not been allowed to go unchallenged. JEFFREYS had
already, writing in 1916, deduced much smaller values20), and although
he has since somewhat revised his results22), he still adheres to a temperature curve which is much lower, at any given depth, than Professor
2.48

x

10_6 calorie

JOLY'S.

If it is assumed that the earth is cooling, a certain part of its
present heat must be original and in process of dissipation. This may
be termed the "residual heat ", and a similar definition may be applied
to "residual temperature". If certain complicating factors be overlooked, JEFFREYS' method of investigation may be stated briefly as
follows. He assumes (in the cases I am referring to) that radioactivity
ceases abruptly at a certain depth, which may be called 2, and which
he proceeds to calculate. The residual temperature will be a function
of depth, and of the time which has elapsed since consolidation, which
is assumed to be at present 1600 million years. It is obvious however
that this temperature must also be dependent on the amount and
distribution of radioactivity, as the more the upper layers are kept
hot by this cause, the less is it possible for any part of the crust to cool.
The residual surface gradient at present may thus be expressed as a
function of íi; the same is true of the part of the gradient due to radio*) JOLY on this account revised his results (24). As however in this
later work he implied a value for the surface flow which I shall show to be
even more incorrect, it will only be given passing reference (p. 147, footnote).
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activity, and by equating the sum of these items to the known surfac
gradient the depth to which radioactivity extends may be ascertain.
The temperature at the base of the radioactive layers may then b.
easily calculated. In the following table I have given, for compariso
with Professor JoLY's, the constants which JEFFREYS now uses, an
his stated or implied results.
JEFFREYS (1929)
.008
32° C. km. -1
2.56 X 10-6 cal. sec. -1 cm.-'

Surface k
Surface gradient
Surface flow of heat
Surface flow, due to radio-

activity
k

2.22

X 10-8

cal. see.-1 cm. -6

For granite
.006
For layers below .004
For granite 13 X 10 -13

in depth

cal. sec.71 cm.-3
For tachylyte 3.6
cal. sec.-1 cm :3

A

Granite 11 km.
Tachylyte
22 km.
l
f

A

Temperature at base of
continental layers, due to
radioactivity
Total temperature at base

JOLY (1925)
.007

35° C. km.-1
2.45 X 10-6
2.45 x 10-6
.004
8 X 10-13

X 10

-1s

33 km.

31 km.

490° C.

961 °+

667° C.

961 °d-

JEFFREYS' estimate of basal temperature is thus at least 400° C
below that of melting basalt. This deduction, if true, is of the utmos
importance from the point of view of the Contraction Theory, as th
following consideration will show. Below 33 kilometres there must o
any supposition be a very great diminution of the gradient of tern

perature. The 400° or more of possible cooling which the rocks ma
have undergone will therefore only be slowly reduced as one procee .
in depth. JEFFREYS in fact says that an average cooling of abou,.
500° is to be expected through depths down to 400 km.
A study of the table shows somewhat readily why there is such
difference in the basal temperatures deduced. The surface flow of heal
at the present epoch may be denoted by F, and it will be seen as w
proceed that its value is of decisive importance for the temperatur.
problem. The two investigators assume nearly equal values of F, but a
JEFFREYS supposes that there is a residual flow, he deduces a radio
active flow which is somewhat the smaller. This in itself will tend t'.
reduce the temperature of radioactive equilibrium which must b:
.

;

Earth contraction and mountain building (I).

139

inferred. A more important reason is the following. On JEFFREYS'
assumptions more than three fifths of the total radioactivity which is
present is concentrated in the uppermost third of the crust. The heat
thus generated can therefore readily escape, without giving rise to any
large difference of temperature, and the process is made easier by the
rather large conductivity (.006) which granite is known to possess.
If the relative position of the two layers were reversed, the granite
being underneath, then using the same constants the basal temperature
of the whole crust, due to radioactivity alone, would be 1135° C.
In the most general case the temperature of radioactive equilibrium
at depth z1, may be expressed
z,

ao

f f Adz
dkz

where k and A are functions of z which may have any form. If the
Contraction Theory is true, less heat is generated in the crust than is
carried off by conduction, or
(1)

of

Adz <F

where F is the surface flow. It is this in fact which is the criterion
between JEFFREYS and JOLY, as JOLY believed that the inequality
should be reversed. If the relation holds as expressed in (1), this obviously sets a limit to the distributions of radioactivity which may
be assumed.
It may next be noted that whether or not (1) should be reversed,
it is unlikely that its two sides can be very unequal. In the two suppositiolts cases investigated by JEFFREYS 20' 22), the integral is
found to be respectively equal to .84 F and .87 F. That is to say the
part of the surface flow which is due to residual heat is only a small
fraction of the whole. Adopting JOLY's view, the excess in value of the
integral represents heat which is got rid of by vulcanicity, and by
another mechanism which he discusses. For a provisional estimate of
temperature and thickness, I shall assume that the two quantities are
equal. To do so is to neglect the smaller terms in JEFFREYS' equation,
which can afterwards be solved, if necessary, by successive approximations. I shall also for the meantime assume a crust which is uniform
in its constants, resting on a non- radioactive substratum.
The basal temperature, due to radioactivity, is then as before A.12/2 k.
Of the three quantities A, 2 and k, A and k will depend on the assump-
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tions which are made about the nature of the continental layer. A ca
only be deduced by inference, supported it may be by seismologicz
data which at the best are rather ambiguous. The one quantity whiti
is open to direct observation is AA, the surface flow. Writing this I
and the basal temperature 0,
(2)

A

-'

u

N

t

F2
0

2A k

There is thus the paradoxical result that the temperature infers
for the base of the crust is increased by decreasing its radioactivi
These formulae show how important it is to obtain a correct estima
F, of the surface flow of heat, and I shall attempt to test the val
of about 2.5x 10-6 cal. sec. -1 cm -2, which has been used both
JOLY and JEFFREYS. The difficulty of the attempt lies in the fact th'
while there are many measurements of surface gradient available, a
have been calculated for the most widespread types o.
rock, there are few cases in which the gradient, say in a bore, and
the conductivity of all the rocks passed through have been considereò
together.
In the majority of boreholes whose temperatures have been investi
gated it may safely be assumed that the beds are more nearly horizonta
than vertical. The dip of strata which differ from one another in conducti
vity will of course have an influence on the temperatures, but if it be
no more than about 20° its effect will not be marked, and may be
neglected in a provisional treatment of the problem. To evaluate the
surface flow from a known increase of temperature in horizontal strata,
it is better not to use k, the conductivity, of each bed passed through
but its reciprocal, the thermal resistance, which may be denoted by R
If then F be the flow of heat, 01 and 02 the temperatures at depths
and z2, we have
.

z1

-01 =F J Rdz =FI
Z2

02

Z,

say, where I is the resistance integral. The calculation of this integral
is essential for even an approximate determination of F, and the process
has rarely been carried out.
In the deep Balfour Bore in Fifeshire, the dip averaged about 10 °,
and although variable seldom exceeded 20°. In a study of the temperatures obtained here, I estimated the average thermal resistance of the
strata passed through both in this borehole, and in another at Blythswood, near Glasgow'). These were found to be 202 and 249 in c. g. s.
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units, corresponding to mean conductivities of about .005 and .004,
very different from the values (.007 and .008) used by JOLY and
JEFFREYS. I have recently revised my results, and extended the process
to some other bores, neglecting the effect of dip, and applying the
following thermal resistances :
Rock salt
78 2
Sandstone or sand (assumed wet) 125
Clay (assumed wet)
287
Shale (non -bituminous) . . . . 333
Shale (black,probablybituminous)602

Limestone
Chalk

214
269
Coal
1000
"Whin" (Basaltic intrusive rock) 263

Granite

172

These figures are derived, mostly by averageing, from the table

i.

of the British Association Committee on Thermal Conductivities [3) with
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Resistance Integral and Temperature curves ; Dubbeldevlei
Bore, South Africa.

correction noted in4)]. It is unfortunate that only one determination
is recorded by the Committee in the case of non -bituminous or "grey"
shale. Only one result
is given for ordinary or house coal.
1754
Cannel coal has a resistance of 885, but as most of the coals recorded
in the bores I have investigated, are "house" coals, the figure I have
used may be too low.
If the tabulated values of the resistance, and my methods of applying
them are reasonably accurate, the form of the resulting resistance
integral should follow closely the temperature graph of the borehole
which is being investigated. A large deviation could only result from
a variation of the flow of heat between different parts of the bore. In
Fig.

- -

1

I have reproduced the two curves for the interval between depths
the Dubbeldevlei Bore, South Africa, from the

of 22 and 4912 feet in

E. M. Anderson:

142

data given by KRIGE and Pmow2ó). The four steepest parts of the
temperature curve are from 75 to 875 feet, 1252 to 1504 feet, 1751 to
2006 feet, and 2465 to 2603 feet. These all correspond to intervals iu
which shale, or shale and mudstone are present in the borehole, and
this fact was noted by KRIGE and PIROw. The lower part of the section
consisted of granite, gneissic granite, "gneiss" and occasional quartzite,
and in this part the gradient was notably less steep.
In calculating the resistance integral I have assumed mudstone
to have the same resistance as shale (333), sandy shale and Dwyka
Tillite to have a resistance half way between sandstone and shale (230):
the Dwyka Tillite only occupied 123 feet. I have further assumed all
the strata in the lower part of the bore to have the resistance of granite.
(172), and I have made the beginning and end of the two curves to
correspond by using a suitable scale.
The similarity, though not perfect, is obvious; it would be increased
if a higher resistance (about 400) were used for the Ecca shales occurring
from 22 to 1033 feet. As the Ecca Series is coal-bearing, these shales
may perhaps be somewhat bituminous, and this would easily account
for the higher resistance required.
The ranges of temperature and depth, resistance integrals and
resulting flows of heat in the various bores investigated are tabulated
below.
A

C
D
6.29 11.67
1.417 3.35

E

F

G

52.1
15.56

24.95
8.44

48.1
14.90

2.05

3.52

9.14

35.58

6.60

35.5

234

248

273

229

78.2

238

1.56

1.79

1.28

1.464

3.87

1.36

B

Diff. of temp. ° C. . . 25.1
3.19
Diff. of depth, 104 cm. x 12.04
.875

Resistance Integral.
106 deg. cal. -1 sec. cm2 X

25.7
Average resistance.
deg. cal. -1 sec. cm.
213
Inferred flow of heat.
10-e cal. sec. -1 cm -2. x .977

A. Balfour Bore, Cameron Bridge, Fifeshire (1, 31).
B. Blythswood Bore, No. 1, near Glasgow (5, pp. 177 and 181).
C. South Balgray Bore, near Glasgow (5, pp. 179 -180).
D. Kentish Town Well and Bore, London (5, pp. 182 -187, and 6, p. 41).
E. Pont a Mousson Bore, Dept. Meurthe et Moselle, France (25, p. 122).

F. Sperenberg Bore, near Berlin 12).
G. Dubbeldevlei Bore, Carnarvon, South Africa

-

26).

In A, D and E differences are taken between the deepest thermometric readings, and assumed surface temperatures; in B, C, F and G
between readings at different levels within the bores. In the three
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Scottish borings proportions amounting respectively to 27, 7, and 28
per cent of the total thicknesses of strata belonged to types about which
no information is available in the British Association table. Much of
this is what is described by Scottish miners as "fakes ", intermediate
in character between sandstone and shale. I have therefore assumed
for these fractions an average resistance of 230, or approximately
(125

ne
ka

l).
all

+

333)

approximations for intermediate types which, along with marl, make
up 32 per cent of the whole.
Resistance
Clayey sand
Chalk marl
Sandy marl

to

g
s

t

I

I,

± 2.

In the case of the Kentish Town Bore I have assumed marl to have
the same resistance as shale, and I have used the following rough

to
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.

200
300
250

The data available about the Pont a Mousson Bore are rather
meagre. In estimating the resistance integral from KOENIGSBERGER'S
brief summary of strata, I have taken the whole of the Keuper as well
as the Lias to have the resistance given in the table for wet clay. From
805 to 1556 m. the bore passed through Westphalian Coal Measures,
interspersed throughout by mainly rather thin coal seams. For this
part of the succession I have assumed the same mean resistance (230)
as is given by the three Scottish bores, as being an approximate average
for coal -bearing Carboniferous strata. The Sperenberg Bore was entirely
in rock -salt in the part considered. Some of the resistances used for the

Dubbeldevlei Bore have already been mentioned. If the higher figure
of 400 is used for the Ecca shales, the flow of heat is reduced to 1.28
X 10-6 cal. sec.-1 cm. -2.
If the Sperenberg Bore be excluded, the average resistances in
the table vary only between 213 and 273, corresponding to conductivities of .0047 and .0037. The difference between these conductivities
for' surface sediments, and those before considered (.007 and .008)
is quite remarkable. It cannot be due to the methods
rough though
they are
which have been here employed. A large systematic error
in the British Association tables appears to be improbable. JoLY's and
JEFFREYS' figures would therefore seem to be unjustified, if taken to
be averages. They could only apply to exceptional cases, as for instance
where the succession consisted entirely of sandstone.
As a consequence of the lower conductivities, the bore gradients
as a whole lead to lower values of the surface flow than JOLY and

-

-
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great variation in these
values, that for Sperenberg being almost four times the amount which
has been obtained for the Balfour Bore. Omitting these two instances
there is more consistency, with a range of only from 1.28 to 1.79 in
the units employed.
It seems possible that the apparent high rate of flow at Sperenberg
had something to do with the unusual nature of the material through
which the bore was sunk. Neither however in this case, nor in that of
the Balfour Bore can a satisfactory explanation of the abnormality
at present be made. The average value of surface flow for all seven
bores is 1.744 X 10-6 cal. sec. -1 cm. -2. If the two exceptional cases be
JEFFREYS have adopted. There is however a
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pr
omitted it is 1.491 X 10 -6 cal. sec. -1 cm. -2.
With one exception all the evaluations refer to Europe, and the ti]
single rather low figure given by the Dubbeldevlei Bore is not enough tl
to establish a low value of the constant in South Africa. Tables have fa
been given by DALY showing, for comparison, temperature gradients h
recorded in Europe and North America°). The American gradients to
are lower, and this might be explained by a lower value of the constant. ci
This deduction would, however, perhaps be erroneous. DALY's table ti
does not include any instance of the very numerous and consistent
higher gradients which have been found in Artesian wells in Nebraska h
and South Dakota. These are higher than most European gradients10) a
and seem to be due to the fact that the Dakota Sandstone from which
the water is derived is overlain by a considerable thickness of Upper
Cretaceous shale, which must have a high thermal resistance. It is
clear, however, that in this part of the United States, at least, the
surface flow must be as great as it is in Europe.
The figure 1.5x 10-6 cal. sec. -1 cm. -2 may be taken as expressing
the value of the constant as nearly as experimental evidence will permit
at present. It is much below JoLY's and JEFFREYS' figures, and a little
below the average arrived at by the Underground Temperature Committee of the British Association, which was 1.633 x 10-6 in the same
units?). I think however that as methods of observation improve, a
slightly higher value than my average will probably be arrived at.
Temperature observations in the lower parts of boreholes are nearly
always a little influenced by convection currents, which bring down
water from higher levels, and thus lower the temperature. The precaution
is sometimes taken of shutting off a short column of water by placing
stoppers of some sort in the borehole, above and below the point investik
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gated. This was done at Pont a Mousson, and also at Sperenberg, where
a whole series of experiments were carried out with extreme care. It
seems probable, however that this precaution is not enough. Where
water has been circulating in a borehole for several days, a lowering
of temperature may not only have taken place in the basal part of the
water column, but may have penetrated for some distance into the
enclosing rock. Shutting off the circulation for a few hours will not
then be enough to restore equilibrium. If this difficulty could be overcome, the average flow might be found to be as large as the British
Association figure.
There remains the question as to whether the surface flow at the
present time is that of radioactive equilibrium. I am for the mean
time neglecting the extra terms in JEFFREYS' equation, expressing
the contribution which may be due to residual heat. But there is another
factor which cannot even at the present stage be neglected. It has
been assumed so far in the investigation that there is a constant surface
temperature. We know, on the contrary, that an ice age lasted until
comparatively recently. To what extent will the change from cold
to temperate conditions at the surface have affected the flow of heat ?
The possible effect of the last ice age on underground temperatures
has been investigated by Professor A. C. LANE, who thought that such
an effect could easily be demonstrated in the deep mines of the Lake
Superior district in North America 27). To find out the possible magnitude of the effect, one may make the following simplifying assumptions:
(1) That during the ice age the temperature was uniform, and
10° C. colder than the present average.
(2) That these conditions, after lasting indefinitely, ceased abruptly
in 7000 B. C., the date according roughly with DE GEER's period of
recession of the ice -sheet in the neighbourhood of Stockholm.
(3) That since that date the temperature has been uniform at its
present average level.
Then assuming a uniform resistance of 230, and a specific heat of
.5 per unit volume, one obtains the following expression for the part
of the temperature which is the after- effect of the glaciation *)
O

= -10° X

where z is the depth in kilometres.
*)

Erfx=

2

e

Erf
O
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,

is zero

at surface level, falling
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0
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9.96° at 2 km ratiox
8.48° at 1 km., and
to
5.26° at 500 in.,
negligible,
and
it might have
from
The
effect
may
thus
be
far
in depth.
detected by the production of an upward concavity in the graph of the s
temperature, drawn with regard to depth.
that
This concavity has never, 'so far as I know, been demonstrated in the
Britain. Its presence may partly be masked by the upward convexity exple
which must be produced by the radioactivity of the surface sediments, integ
If these emit only 1.66X 10-13 cal. sec. -1 gm.- however, as estimated perm
by Professor JOLY (23, p. 77), it can easily be shown that this effect
is comparatively negligible. On the assumptions which have been made earli
the curvature produced should only be one ninth of the former, at the JoLdepth of one kilometre.
earli
In the Balfour Bore there is a marked upward concavity in the But
graph of temperature, plotted against depth. This is however entirely vali
accounted for by the lower average resistance of the strata met with
in the upper part of the bore.
assi
The glacial effect on the temperature curve is thus imperceptible, is a
if this bore may be regarded as typical. But the assumptions made in oth
calculating O were intentionally somewhat unduly favourable. The this
ice-age, in 7000 B.C. had lasted a long time., but not indefinitely. Interglacial periods, and periods of greater warmth than the present that the
have occurred since the date mentioned, may both have had a contrary dis
effect, and JOLY's constant would probably be increased by about 50 not
per cent, if account were taken of the presence of potassium. Thus the wh
two curvatures may more nearly balance than in the case supposed. ab
col
Careful investigation of deeper bores is also clearly necessary.
that
there
is
a
glacial
effect
al
supposing
The theoretical reasons for
are so strong, that in estimating an "equilibrium" surface flow it will us
be safer not to neglect them. In the suppositious case which was investi- in
gated, the formula leads to the result that .497X 10-6 cal. sec. -1 cm.-2 is
is the amount of heat which should be passing downwards into the
earth as the result of the present warmer temperature. I shall take be
the actual heat passing upwards to be 1.633x 10 -6 in the same units, pi
a
the British Association figure. To this I shall add .367 X 10-6 units
b:
on account of the ice -age, obtaining the figure 2x 10 -6 cal. sec. -1 cm. -2
cl
as the amount which would now be passing upwards through the surface, had it not been for recent changes of surface temperature.
P
It is, of course, impossible at present to fix the value with any
a
degree of accuracy. My provisional estimate is founded on a conside13

-
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ration of only a very few of the innumerable bore temperatures which
have been recorded. Future work may show that different values of
the surface flow occur in the different continents. It may even show
that the constant is much more locally variable. This is suggested by
the observations of ARarowsKI2), which however may perhaps be
explainable by variations in conductivity. Until many more resistance
integrals have been calculated, and applied to determinations of tem-

perature, these questions must remain unsolved.
The value which I have adopted is more in accordance with JEFFREYS'
Wade earlier (1916) estimate, than with the figures later
used by him and
the JoLY*). At first sight this might appear to lend support to JEFFREYS'
earlier very low estimate of the temperatures beneath the continents.
the But in evaluating O by the formula (2), we have still to decide on the
rely values of A and le.
vitti
The problem now becomes one in which the geophysicist must be
assisted by the geologist. It appears to be generally assumed that there
tile, is a "granitic" layer in the continental crust, with the radioactive and
other constants of ordinary granite, and much depends on whether
Thep this assumption is correct.
ter
Granite certainly has a very wide distribution on the surface of
hat the continents, but except perhaps where it is Archean, it is always
displacing other rock. Moreover many of the largest "granite" areas are
50' not strictly speaking granite, but granodiorite. If a geologist were asked
the what material immediately underlay the sedimentary cover, the probed.
able answer would be Archean Gneiss. The term. Archean is used of
course to include a miscellany, some parts of which are sediments in
let a high state of metamorphism. But there is one division of the Archean,
Till
usually taken to be the oldest, which appears to have some characters
ti
in common, in whatever part of the world it is found. In Scotland this
is termed the Lewisian Gneiss, and it may be briefly described as follows.
he
The bulk of the rock is a gneiss consisting mainly of granite, but
Ice
banded with laminae which are darker in colour, and contain a larger
:s,
proportion of ferromagnesian minerals. This gneiss is interbanded on
ta
a larger scale with still more basic material, which may be amphibolite,
-,
biotite gneiss, pyroxenite, or in some cases ultrabasic rock. TEALL
rcharacterized the complex as follows 29): "Owing to the extreme
petrographic diversity of the Lewisian Gneiss it is impossible to obtain
gate

ffeet

111;

i!

*) JOLY in 1925 took the flow to be 2.45 x 10 -6 cal. sec.- 1 cm.-2
and in 1927 to be 3.45 x 10 -6 in the same units 24).
10*

23)i
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a fair sample of the mass; but if this could be done it would probabl
be found that the average composition is that of an intermediate rock not very different from the Criffel Granite." TEALL elsewhere describe
the Criffel Granite as "grey granite or quartz -diorite" ; it contains
biotite, hornblende, oligoclase, an alkali- feldspar and quartz. This rocl
would not in fact now be described as a granite, but as a granodiorite
In Scandinavia and Finland there are types which do not occis
in Scotland, but there seems regularly to be, in the oldest compler
an admixture of predominant granitic with subordinate basic consti
tuents, such as amphibolite. The same holds true in America of th
Laurentian gneiss, where the basic portions include mica-schist, horn'
blende- schist, gabbro and peridotite, and exactly as in Scotland there an
later intrusions of comparatively unaltered granite and pegmatite
VAN HISE remarks on the general similarity of this formation, in at
the parts of North America where it has been studied 30).
In spite of minor diversities, the Scottish gneiss may perhaps be
regarded as typical of what occurs in the world as a whole. The most
important difference is in the case of North America, where the Lau
rentian gneiss,, formerly called the "Fundamental Complex" is not
believed to be intrusive in its method of occurrence, and later than the
Keewatin series of sediments and volcanic rocks. There are however,
paragneisses associated with the Scottish Lewisian, and their relation
to the orthogneisses is uncertain.
From the fact of its world wide occurrence it may be argued that
this old complex forms a continuous layer, underlying, though perhaps
partly mixed with the sedimentary layer, throughout the whole of the
continents. There is no such definite evidence of the presence of a purely
granitic layer. If it exists it must underlie the Archean layer, whose
bulk composition, as has been indicated, is roughly that of a granodiorite.
Such a relation would be contrary to the general, and probable, assumption that the more basic parts of the crust underlie the more acid. It
would seem, in fact, that the Lewisian Gneiss may itself be the nearest
approach that exists to a granitic layer, and that more and more basic
material is to be expected in greater depth.
This conclusion, if true, is of some importance, and shows the
necessity for a careful study of the physical and chemical properties
of the various members of which the gneiss is composed. POOLE and
JOLY give the following figures for the radium and thorium content
of certain Scottish Archean types 28).
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Radium

Thorium

ock-

10 -12
2.27

10 -5 X
1.73

Granite, Cape Wrath
Granite, Loch Michard, Sutherland
Granogneiss, Coll
Granogneiss, Ballyhaugh, Coll
Hornblende Orthogneiss, Tiree

ribe
tain
rocl

mite

)ccu

1.58
1.84
1.66
1.20

149

0.51
0.52
1.97
0.64

The first estimate almost certainly refers, not to the granitic gneiss,
but to one of the later granite veins which are so prominent in the Cape
tb Wrath district. The same may apply to the granite of Loch Michard,
corn but the term " granogneiss" must mean the acid gneiss which usually
e an constitutes so much of the rock. In estimating bulk composition, perthe haps one -fifth may be taken to have characters similar to "hornblende
al orthogneiss ", and four -fifths to be more acid. The later granites and
pegmatites would not constitute two -fifths, but it seems best at present
to weight all five determinations alike. The average content is then
s be
nose;:. 1.71x 10 -12 of radium, and 1.07x 10 -5 of thorium. If one takes the
.au proportion of K20 to be four per cent in the acid members, and one
cent in the hornblende rock, this leads to an average of 2.8 per cent
am,
of
metallic
potassium. Adopting the usual radioactive constants, it
the
results that the complex must produce heat of amount 3.1 X 10-13 cal.
ver
gm. -1 sec. -1, or with a specific gravity of 2.75, 8.4 x 10 -13 cal. sec.- 1cm.-3.
This is much less than most granites, but the figure requires con firmation. For this a series of determinations of Ra, Th, and K would
hat
need to be made in some Lewisian district, along with a study of the
ape
proportion of the rock types in relative bulk.
the
eh
The thermal resistance of the complex as a whole must lie between
that
osc
of granite and basalt, but nearer to granite (see p. 141). I shall
adopt a resistance of 200, corresponding to a conductivity of .005.
te
1p
One may now apply the formulae (2) for thickness and basal temIt
perature, still assuming a continental crust which is uniform from top
st
to bottom. The result/is a thickness of 23.8 km., and a basal temperature
sic
of 476° C. This temperature is however such that the minor terms of
JEFFREYS' equation are not negligible, and the equation leads to a
he
still smaller value of the thickness 2. JEFFREYS' conclusions would in
es
fact be right, as opposed to JoLY's.
Id
But the assumption of uniformity in the crust is of course unjustist
fied. It is opposed both to the geological and to the seismic evidence.
In the first place there is the layer which overlies what may be called
ples'
,nsti

[

I
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the Lewisian layer, and which consists mostly of sediments. Thickness FE
as small as 1 or 2 kilometres have sometimes been assigned to then; Sc
sediments by geophysicists. The layer is undoubtedly variable, an Pr
absent where Lewisian rocks appear at the surface, but the estimat
referred to seem much too small to express an average. The thickness
which are present in geosynclinal areas, before or shortly after mounta
formation, must of course be regarded as exceptional. But apart from
these one may note such cases as that of the Old Red Sandstone d
Caithness. Here 5 kilometres or more, of this formation alone, are locally
present14). As another instance one may take the locality of the Balfour
Bore. The bore itself pierced through 1.38 km. of strata, and from
estimates given by Sir A. GEIK:E, the total thickness of Carboniferous
and Old Red Sandstone rocks here present must be about 3 km. 16. 17)
But beneath these comparatively unaltered rocks there must be further
sedimentary layers, which have been metamorphosed by Caledonian
(or possibly earlier) movements. If the bore could have been continued
down to the Lewisian, it would probably have had to pass through
a great thickness of Dalradian schists, and possibly also of Moine schists
and granulites. The thickness of these layers is impossible to estimate,
but it may well exceed that of the unmetamorpliosed sediments.
The sedimentary cover may thus be far from negligible. Suppose
as an extreme possibility that the continental layer consists of an underlying Lewisian division, and an overlying sedimentary division of equal
thickness. The formula A = F/A still holds exactly, if the value of A
taken is an average. If JoLY's radioactive value for sediments be increased
50 per cent on account of potassium, and the density be taken as 2.6,
the value of A. for the upper division is 6.5 X 10-13 cal. sec.-1 cm. -3.
The average value is then 7.45 X 10 -13 in the same units, and A becomes
26.8 instead of 23.8 km. If k = .005 be used for the sedimentary layer
one obtains for the basal temperature of the whole 569° C.
The constitution of the crust cannot however be se simple. This is
shown more especially by the analysis of earthquake records which has
been made by GUTENBERG18). He obtains no fewer than four layers
with different properties, overlying the fundamental P or P. layer,
which underlies continents and oceans alike, and extends downwards
for a long distance with comparatively little change. I give below the
longitudinal earthquake speeds in these different layers, together with
their estimated thicknesses. I have designated each layer by the symbol
applied to its longitudinal waves, and I tabulate for comparison JEF-
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results as given in "The Earth". GUTENBERG'S results are for
Southern California, but the Px and corresponding Sx waves had
previously been detected by CONRAD in Europe8).
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GUTENBERG
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velocity
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6.2 -6.3
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Pg and P*

Longitudinal
velocity
km. sec. -1
5.55
6.05
6.83
7.6
7.94

9

Totals.

30 -33

I

P to Px

39

The Lewisian layer may be GUTENBERG's Py layer. If its average
elastic constants are those of granodiorite, it cannot be anything lower
(see 22, p. 102). Thus there are probably two underlying divisions of
the continental cover, with different properties, at least in California.
These divisions must be more basic in composition than granodiorite,
and it is a fair assumption that their radioactive constants are less
than that which has been arrived at for the Lewisian. In short, the
Lewisian layer must be underlain, as well as overlain, by others in which
the value of A is smaller.
This is important if it be noted that by decreasing the value of
A for any part of the crust we increase the total thickness of radioactive material, according to our formula. This will tend to a net in'
crease of basal temperature, as may best be seen by the following
method of analysis.
In Fig. 2 suppose represents the radioactive flow of heat at any
depth z. Then diminishes from its maximum value F at the surface,
becoming zero at a depth where there is no underlying radioactivity.
.

f

f

-

The slope of the curve is given by the relation
= A, and the
dz
temperature of radioactive equilibrium at the point z, is

fkdz.
o

If k is constant, this is proportional to the stippled area, while the
temperature at the base of the radioactive layers corresponds to the
total area enclosed between the curve and the two axes.
Suppose now that the part of the curve BC corresponds to the
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T
sedimentary layer, while the somewhat steeper part CE (or CD) gives
the value off in the Lewisian layer. If all the remainder of the (radio- is ass,
active) crust has the same value of A as the Lewisian, the total thickness Subje
is 0E, and the basal temperature is represented by the area OBCE. A(z) i
If however the radioactive intensity is less below a point corresponding be in
to D, the curve becomes less steep at this point, and the basal tempera- total
ture is increased by the amount represented by the area DEG.
some
We may take.the P layer to consist of sediments, and the Pv layer
-13
to be Lewisian, and further assume radioactive constants of 6x 10

base
Fig. 2. Alternative forms of curve
showing flow of radioactive heat as

a function of depth.

.

and 4x 10-13 cal. sec. -1 cm. -3 to apply to the P. and Px layers, while k
has the value .005 throughout. A simple calculation then shows the
equilibrium temperature at the base of Py to be 931 ° C. This is not
much below JoLY's value, but in obtaining it our former method of
approaching the problem has been abandoned, and we have implicitly
assumed a surface flow of 2.5x 10 -6 cal. sec.-1 cm. -2. This, as has been
shown, is probably too large. It is, in fact, rather difficult to reconcile
a surface flow as small as the actual with basal temperatures as large
as must be assumed by JOLY. In the particular case which has just
been dealt with it may be impossible*). This is because of the relatively
large total thickness (39 km.) indicated for the continental layers. With
a smaller thickness it may not be impossible, as the following considerations will show.
As has been already stated, the equilibrium temperature O at depth
z1, in a radioactive crust is given by the formula
Zi
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f A(z)dz.
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It

is possible however

that the surface flow in Southern California

is greater than the normal. The gradients in Artesian wells recorded by
DARTOT (10, pp. 18 -21), include some that are low, along with others that

are unusually high. It would seem that the underground temperatures are
influenced to an abnormal extent by both downward and upward percolation
of water. Although it cannot be positively affirmed, the hypothesis that there
is a relatively large value of F in this region is at least permissible.

a
(
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The quantity [A (z) dz may be called the "radioactive total" and

rives
Ldio-

assumed at present to have the fixed value 2 X 10-6 cal. sec. -1 cm. -2.
Subject to this condition we may alter the distribution indicated by
CE.
A(z) in any way that seems desirable. The expression for O will evidently
ling
be increased by the downward transference of any part of the
eratotal radioactivity which lies above the level z1, as this will increase
ness
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Now radioactivity has hitherto been assumed to cease at the
base of the P* or Pz layer, but there can be no certainty that this is
the case. JEFFREYS neglects the possible effects of radioactivity in
the P or P, layer, and this seems to be a weakness in his hypothesis.
Even if this layer is dunite, similar to that occasionally exposed at the
surface, the value of A is about 1.3x 10-13 cal. sec. -1 cm. -3 (22, p. 143).
The only reason which could be advanced for supposing that there
is no radioactivity at this depth lies in the limitation which has been
imposed on the "radioactive total ". It might be argued that on any
theory of their composition this total must be made up within the layers
P to Pz, and that no radioactivity can be left over for levels below.
With the large thickness of 39 km. for the continental layers this
objection is perhaps valid (unless the "total" is locally increased).
If however we assume a thickness of only 30 km., then with the aid
of certain other suppositions. the difficulty can be met. We must suppose
that the part of crust indicated by P oder Pa includes both (a) the
sedimentary layer, and (b) the Lewisian layer, each of which may be
taken to be 5 km. in thickness. The total is then 10 km., in accordance
with the lower of JEFFREYS' estimates. We must also assume with
JEFFREYS

that

(c)

the "intermediate" layer, (corresponding perhaps

to Pi, Pm, and Pz) has the constant of 3.6x 10-13 cal. sec. -1 cm.-3,
which is characteristic of surface basalt. The three layers (a), (b), and (c)
contribute between them only 14.65x 10-7 cal. sec. -1 cm. -2 to the radioactive total, and this leaves us free to assign 5.35x 10 -7 unit to an underlying layer (d) of dunite. With the constant already mentioned the
layer can thus be 41 km. thick. The thicknesses, radioactive constants,
and resistances assumed for the different layers are given in the table
(p.154) below, which also shows the quotas contributed to the "total".

It can then be easily shown that the temperatures at the bases
and (d) are 212 °, 358 °, 806°, and 1082° C. respectively.
While putting forward this scheme as a suggestion, I do not mean

of (a), (b), (c)
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A
Quota
Thickness
-110-'
cal. sec. -1 Resistance
(km.) 10- 13cal.sec.
cm. -3 X

(a) Sedimentary layer.
(b) Lewisian layer . .
(e) "Intermediate layer"
(d) Dunite

.

.
.

5
5

20
41.2

6.5
8.4
3.6
1.3

CM. -2 X

3.25
4.2
7.2
5.35
20.0

230
200
250
250

that a distribution resembling it is the only, or even the most probable
solution of the problem. The different layers must be very variable in
thickness, and there may be no uniformity, even in the value of F. There
is also a very serious objection, which may be stated as. follows. It seems
probable that the Pn layer, to a depth of much more than 41 km.,
consists of rock no more basic than dunite. If say 100 km. of rock
is present with the same radioactive constant, the "radioactive total"
must definitely be greater than the value of F at which I have arrived.
This conclusion would apply even more certainly if the material had
the constant of eclogite, not to mention the possibility that rock with
the composition of basalt is present, in what may be described as an
"eclogite phase
The inference that should be drawn from the low rate of surface
flow is therefore uncertain. One may assume that this low rate is equal
to, or greater than the total radioactive production of heat, but this
is definitely an assumption. If it be true, then a low surface flaw favours
low crustal temperatures, though I have shown that in some circumstances this conclusion can be avoided. On the other hand the low rate
of heat transference is itself a reason for caution about making the
assumption.
If on the contrary more heat is generated in the crust than is
carried to the surface by conduction, the surplus must be got rid of by
vulcanicity, or some other mechanism like the shifting of the continents
which JOLY supposed. If this alternative is true, the crust is not, of
course, systematically cooling.
The facts of vulcanicity favour very strongly the views of crustal
temperature which JOLY adopted, but while I am personally on
this side, I think the problem must be regarded as still unsolved. Of
the two main lines of evidence which have been adduced, one, the low
surface flow, appears at first sight to be in JEFFREYS' favour. The
other is the fact that there is probably no continuous layer in the crust
.
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which has so large a radioactive constant as most granite, and this,
rather paradoxically, tells in favour of JOLY. It appears impossible to
decide at present whether the crust is cooling or not.
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contraction effect?

The experiments of DAY, SOSMAN and HOSTETTER 11) show that
"diabase" expands very slowly with rising temperature, except when
this is accompanied by change of state. A coefficient of expansion as
low as 2.52 X 10-5 deg.-1 is mentioned, and one is certainly justified
in assuming a dilatation of less than ten per cent for 1000° C., both for
basalt and basaltic glass, as a result of these experiments. The change
from the crystalline state to the glassy or molten is however accompanied by an expansion varying from 7.7 per cent at 0° to 12 per cent
at the temperature of fusion.
The amount of contraction which is deduced to have taken place
in the earth's radius, since solidification of the surface layer, depends
on certain assumptions. It may be conceded for the purpose of the
investigation that radioactivity is insufficient to account for the surface
gradient of temperature, and that there is a "residual" flow of heat.
It may further be assumed in the first instance that the outer part of
the earth has been entirely solid since the beginning of the cooling
process.
This is the case which is treated by JEFFREYS (22, pp. 149 -153
and 281 -282), and which has already been referred to at some length.
If the earth's crust expands uniformly at the rate of 10 per cent for
1000° of rise of temperature, a contraction of the radius amounting
to 18 km. is all that results from JEFFREYS' formula. This corresponds
to a shortening of the circumference of no more than 113 km., which
is much less than any estimate of the total which must have been
necessary for the production of existing mountains, and is less than
JEFFREYS himself has shown to be needed, in the case of the Himalayas
alone. The coefficient of expansion used is also probably too large.
The possibility that a change of state n2ay accompany the cooling
rather complicates the problem. If the latent heat involved is no more
than 100 calories per gram, or say 330 calories per cubic centimetre,
and if the volume of the glass or liquid is 12 per cent greater than that
of the rock after crystallization, the loss of 1000 calories per square
centimetre by conduction to the surface might in this way effect a
reduction in the radius of .36 centimetre. For purely thermal contraction
`
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the reduction is only .15 centimetre, assuming a capacity of .66 cal. cm. -3, This
base
and the same expansive constant as before.
or
cooling, instea
These figures are however only valid for change of state,
which takes place close to the surface. For greater depths the thermal remai
equivalent of the loss of energy caused by the settling of the overlying coolie
parts of the crust must be taken into account. Assuming a density of tryst,
3.3, the contraction by 1 cm. of a layer 100 km. from the surface will
befor
cause the generation of 3.2 x 1010 erg cm. -2 of heat, or about 770
flow
calories per square centimetre. The figure of .36 cm. of contraction
be p
by change of state is in this way altered to .284.
of a
of
state
The increased contraction which might arise from change
21)
:
hypo
was realized by JEFFREYS, who dealt with the following problem
raise
A liquid or "liquevitreous" globe, originally just above the temprof
perature of consolidation, cools with the formation of a solid crust,
to
remains
unaltered.
This
leads
underneath which the temperature
bees
a larger value of the contraction, if the time since solidification is the
dea:
same, though here also the possible amount of cooling is dependent
bet
on the extent of radioactivity in the surface layers. The rate of cooling
pos
also, as in the former case, decreases very considerably with time.
Such a hypothesis might give the requisite total contraction, but it
is
does not overcome the difficulty, which has been pointed out by
be
HOLMES 19), of explaining the formation of Tertiary mountains.
cal
JEFFREYS supposed that convection currents might be present
in the "liquevitreous" material which underlay the crust. At the time
of
of this investigation, however, the fact that adiabatic gradient is less
th
than solidification gradient had not been sufficiently realized. A layer
PE
in which there is convection will, when it reaches the temperature of
tr
solidification, solidify from the base, and not from the top. There can
ar
thus be no growing surface layer, in the case which we are supposing,
St
but crystallization may nevertheless have added a quota to the total
c
of the earth's contraction.
t]
Convection, by bringing nearer to the surface heat from below,
tends to accelerate the cooling which is in progress. The subject might
a
be treated mathematically by supposing any layer in which it is present
to be replaced by a solid with very high conductivity. Such a layer
will cool as a whole, while it will tnd to maintain the temperature,
and therefore the temperature gradient, of the layer above.
Suppose then that a solid surface layer is underlain by a much
thicker liquid or "liquevitreous" layer, in which there is convection.
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This will prevent the growth of the solid shell, while maintaining its
base at a relatively constant temperature. The surface flow of heat,
instead of diminishing as a function of the time, will therefore also
remain comparatively constant. This heat is not derived from the
cooling of the shell; the flow must thus result in the cooling, and eventual
crystallization, of the convective layer.
If however the convective layer is thick enough, it may be long
before its crystallization is complete. During all this time the surface
flow is a comparatively large one. It seems at first sight as if it would
be possible, by a supposition of this sort, to overcome the difficulty
of a decreasing amount of contraction, which is involved in former
hypotheses. It will be found however that the conditions now assumed
raise difficulties of their own, and lead no nearer to a solution of the
problem.

There is in the first place a limiting factor which has not so far
been considered. In each of the cases of purely thermal contraction
dealt with by JEFFREYS, the surface loss of heat due to cooling lay
between .3 x 10-6 and .4 x 10-6 cal. sec. cal. sec. -1 cm. -2. It is now
possible to assume a greater surface flow, but the amount cannot be
increased indefinitely. The present equilibrium flow, as has been shown,
is about 2 X 10 -6 cal. sec. -1 cm. -2. Much the greater part of this must
be of radioactive origin. That one quarter of the total, or .5 X 10-6
cal. sec. -1 cm. -2, is residual, is probably the utmost that can be assumed.
Bearing this datum in mind, one may consider the application
of the theory to the formation of Tertiary mountain ranges, such as
the Himalayas or the Alps. Both these systems were preceded by late
Palaeozoic mountain building, with somewhat the same direction of
trend. The interval between the episodes is known approximately,
and may be taken to be 200 million years, with an accuracy which is
sufficient for our purpose. This is a small fraction of the age of the
crust, which may be regarded as an additional reason for supposing
that the flow of heat has been approximately constant. With the residual
flow assumed above, the loss of heat due to cooling and change of state
during the interval has been 3.15 X 109 calóries per square centimetre.
JEFFREYS has estimated that a surface contraction of 70 km. has
been necessary to form the Alps, and that 190 km. or a little less must
have been needed in the case of the Himalayas. The former figure at
least is much less than has been adopted by most geologists, but the
method of calculation appears to be sound in principle. To produce
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tangential contraction the earth's radius must have shortened
by 11 km. According to DAY, SOSMAN, and HOSTETTER'S experiments
this might have resulted from the crystallization of a layer 100 km.
thick. If convection currents were present at the beginning of the
process, then using JEFFREYS' value for the adiabatic gradient (22,
p. 139); the top of this layer was only 30° cooler than its base. Assuming
however a solidification gradient of 3° per km., the crystallization of
the highest portion of the layer must have taken place when it was
300° below the original basal temperature. The top of the layer must
therefore to begin with have been 270° above its temperature of crystalli70 km. of

zation.
The convective layer was however in contact with crystalline
material above, and according to our premises no change of state can
have been effected in this material. The conclusion which has just been
reached therefore appears to be impossible: No difference of composition
could account for a difference of 270° in the points of melting or vitrification.
One is therefore limited to a convective layer which is less than
100 km. in thickness. Only a part of the contraction which produced
the Alps can then have been due to shrinkage on crystallization. With
regard to the Himalayas the difficulty is much more pronounced; in
this case much the greater part of the contraction must have been
purely thermal.
One may assume as an absolute minimum that the Himalayas
evolved from no more than 160 km. of tangential compression. The
diminution of the radius was then approximately 26 km. Suppose
that 20 km. of shrinkage were due to cooling, and 6 km. to change of
state, which took place at an average depth of 100 km. from the surface.
With the constants before arrived at the loss of heat must then have
been 15.4 X 109 calories per square centimetre. This is about five
times as much as the residual heat which can have reached the surface
between the two epochs of mountain building.
The explanation of Tertiary mountain ranges afforded by the
thermal form of the Contraction Theory is thus seen to be unsatisfactory.
This result is the more significant as the data chosen were extremely
favourable to the theory. Larger loses of heat must have been needed
if the mountains were produced by stresses affecting less than the
whole circumference, and it is hardly possible that as much as one
quarter of the surface flow of heat can be residual.
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EARTH CONTRACTION AND MOUNTAIN
BUILDING (II).
By

E. M. Anderson, Edinburgh.
(With

5

figures.)

Summary: The resistance of rock-masses to very long - continued pressures is at present unknown, and it cannot be tested in the laboratory. If the
Contraction -Theory is true, the upper layers of the earth's crust must be
able to resist a very large stress for millions of years, without being deformed
beyond the elastic limit. These layers must however "creep" over a substratum
which can only have about a thousandth part of the strength which exists
above. This is a necessary inference, which appears to tell against the validity
of the theory.

Zusammenfassung: Die Widerstandsfähigkeit der Gesteine gegen sehr
lang andauernde Drucke ist bis jetzt unbekannt und kann im Laboratorium
nicht überprüft werden. Wenn die Schrumpfungstheorie richtig wäre, müßten
die oberen Schichten der Erdrinde während Millionen von Jahren sehr großen
Drucken unterworfen sein, ohne über die Grenze der Elastizität deformiert
zu werden. Diese Schichten müßten sich jedoch über eine liegende Schicht
schieben, die nur etwa den tausendsten Teil ihrer Righeit besitzen kann.
Diese Folgerung ist unvermeidlich, und darum kann die Schrumpfungstheorie
kaum gelten.

4. Nölke's Contraction Hypothesis.
The earlier part of this paper dealt mainly with the thermal form
of the Contraction Theory. The special assumptions which are made
by this version of the theory were discussed, and it was found that
the hypothesis does not satisfactorily account for the extent of lateral
movement which must have been needed for the production of Tertiary
mountain ranges. This difficulty is avoided in the form of the theory
which has recently been advanced by NÖLKE (11, 12); who believes that
there is a contraction in process which can be roved from astronomical
evidence, independent of any hypothesis as to the method of origin.
His reasoning is based upon the Ieductions of MEYERMANN (10),
and depends on the observed secular accelerations of the sun and the
moon. From that of the sun it may be deduced that there is an actual
decrease of the rotational speed of the eart)
i
ting to about
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1100" per century per century. This is not however so large as should
theoretically be caused by the tides raised on the earth's surface by the
joint action of the other two bodies. There must therefore be some
counteracting factor which by itself would produce an acceleration,
and the only agency which can effect this is a shrinkage of the earth.
The shrinkage is too large to be caused by thermal contraction,
and according to NÖLKE it must arise from undetermined physical and
chemical changes, extending deeply down into the substance of the
earth. If the reasoning is valid, a radial shortening of at least about
6 cm. per century must at present be taking place. The maximum
contraction which could arise from loss of heat in the same period is
only about four- tenths of a centimetre.
MEYERMANN and NÖLKE's theory leads to diminutions of the
earth's circumference which are more than enough, even in the case
of the Tertiary mountain ranges. There are however certain necessary
postulates which have still to be considered; they are made by both
forms of the theory, and in the present communication I shall attempt
to decide whether they are justified. These assumptions are briefly:
(1) A certain definite relation between the stresses involved, and
the limit of resilience of the crust.
(2) The possibility of surface creep.
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5. Relation of Stresses to Elastic Limit.

fior

The stresses which must be involved in mountain-building, according
to any form of the Contraction Theory, are subject to two necessary
conditions. At the period, and within the zone of orogenesis they must
be capable of producing deformation, by overcoming the elastic resistance of the crust. Over much larger areas, and for times at least
as long, the crust must not only be resistant, but remain absolutely
rigid, under the action of a total thrust which is equally great.
These two conditions are not necessarily inconsistent, as it may
be assumed that there is local weakening, at the time of orogenesis,
within the affected zone. This may be produced by a rise of the isogeotherms, or possibly in other ways. The total resistance may conceivably
be reduced to one half, or even less, of what it is in an unaffected area.
But in any case there must be a downward, as well as an upward limit
to the thrust which can be operative in mountain -building.
In the thermal form of the theory it is supposed that there are
accumulations of energy in the surface layer, which continue for geo-
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logical epochs, and affect the whole, or at least large sectors of the
crust. Accumulation of this type has been termed "Aufspeicherung ",
the noun "Speicher" denoting a granary. The energy is in the form of
elastic strain, which relieves itself with comparative rapidity, by lateral
movement, when the mountains are being produced.
It seems uncertain whether, on NÖLKE'S hypothesis, it is necessary
to suppose that there are periods of "Aufspeicherung". NÖLKE thinks

that the deep -seated changes producing contraction are sometimes
more or less in abeyance. There may thus be periods of crustal quiescence, and at other times, when the reactions are more rapid, the
resulting horizontal pressures may grow so quickly that they are soon
partially relieved by the process of mountain -building. By supposing
that contraction proceeds p a r i p a s s u with mountain formation, it
seems possible to limit the magnitude of the stresses which have to
be taken into account. It must however be noted that NÖLKE himself
does not attempt to make this limitation; he estimates the horizontal
pressures as being in the neighbourhood of 1010 dyne cm. -2, or considerably greater than those which are postulated by the thermal
theory. I shall assume for the meantime that the stresses are of the
order of magnitude implied by the thermal theory, and consider what
must result.
One may calculate the compression of a great circle of the crust
from the lateral movements which have taken place during any particular case of mountain formation. By assuming the most probable
value of YOUNG'S modulus, a rough estimate may then be made of the
stress to be inferred at the end of the period of "Aufspeicherung ". We
have next to find out (1) whether the strength of the resistant layers
of the crust, in an unweakened part, is great enough to bear this, and
if so, (2) whether the ratio of strength to stress is such that it is reasonable to suppose that yielding may be produced by local weakening.
If, for instance, a normal portion of the crust could bear ten times
the stress which could arise from thermal contraction, this form of the
theory would probably have to be abandoned.
In conditions neither of tension nor thrust, it may be assumed
that the vertical pressure, which may be denoted by R, and the pressures in the two horizontal directions, are all equal. The compression
in any direction is then R/3 k, where k is the bulk modulus. If however
there is a lateral thrust causing the horizontal pressure in one direction
to be increased to P, while the other horizontal pressure is unaltered,
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the compression in the direction of thrust will be increased by the
amount (P R) /E, where E is YOUNG'S modulus. A pressure of
intermediate amount Q, in the other horizontal direction will reduce
this compression by a (Q R) /E, where a is POISSON'S ratio. For the
meantime we may neglect this possibility, and assume that in mountain
building the two smaller principal pressures are equal, as they are
in the laboratory experiments which will shortly be referred to.
YOUNG'S modulus for granite is about 8 X 1011 in the c. g. s.
system. The crushing strenth of granite in ordinary engineering tests
is about 8 X 108 in the same system. It can therefore be subjected to
a compression rangeing up to one part in a thousand, without being
crushed. JEFFREYS points this out, and argues as follows. The total
amount of compression of the crust which can be demonstrated, according to the thermal theory is about five parts in a thousand. "Hence
the compression at any place has had time to reach breaking stress
and undergo complete relief about five times" (6, p. 285). In this way,
it is implied, as many as five periods of orogenesis may be accounted for.
The above statement might be true, as regards rocks close to the
surface, but it involves supporters of the theory in inconsistencies.
For the production of the Himalayas JEFFREYS has deduced the fact
that a contraction of 190 km., or nearly so, must have been necessary*).
As the circumference of the earth is 40,000 km. approximately, there
must have been previous compression not of one part, but of over four
parts in a thousand. Unless the area affected extended in a great circle
completely around the earth, even more must have been required.
Hence it appears that there could not have been repeated orogenesis,
at least of mountains of the size of the Himalayas, having the same
trend, and in the same meridional belt.
It seems at first sight as if a compression of four parts in a thousand
could not possibly be sustained. This difficulty could, however, easily
be met, if it could be assumed, as I shall do for the mean time, that
one was dealing only with forces of short duration. Materials of nearly
every kind have a greater crushing strength when simultaneously
subjected to a hydrostatic pressure, and rocks are therefore stronger
at a depth. This fact is based on experiment, but is also to be expected
on theory. If P be the greatest principal pressure at any point in a

-

-

-

*) If the upper layer, down to 11 km., consisted entirely of sediments
of density 2.4, a contraction of 170 km. would still be required, according
to JEFFREYS' method of calculation.
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rock, and R be the least, the maximum shearing stress occurs, as is
well known, along planes perpendicular to the PR plane, and bisecting
the angles of the directions of P and R. But yielding does not take

this one has to assume an
"internal friction" tending to hinder rupture, and increasing along with
the pressure across the plane considered. The theory has been investigated by MOHR, NAVIER, and others, and has also been applied to
geology. (See for instance 3.) In its simpler form the friction is ,u times
the transverse pressure, where is a constant. Fracture will then take
place along two series of planes inclined at angles of 4- 0 to the direction of P, where 0 is determined by the condition.
place along these planes. To account for

-

+,u cos 2 0) -,u (P -}- R) = maximum.
This leads to cot 2 0 = u. For ,u = 1, B = 221/2 °. In the case
of normal faulting, P is vertical, and R in some horizontal direction.
Now it is a well known fact that normal faults are often inclined at
an angle of only slightly over 221/2° from the vertical. This I have
(1)

(P

R) (sin 2 0

often verified with regard to Carboniferous strata, by field observations,
and by measurements of the differences of horizontal positions of faults
in different coal seams, as recorded in colliery plans. One must therefore
infer for the Carboniferous strata in question a 'coefficient of "internal

friction" which is only a little less than unity.
The left hand side of (1) expresses the tangential stress along any
plane, diminished by the resistance to movement which is due to internal
friction. We shall assume that for rupture to take place this expression
must have a constant value C. Then substituting for 0 the value which
has been found

P= RylVi +ft2
+ß`+2C
+µ2 -,u

RV1

1

Vi

+2+

+,z2

-u

4- P0.
Here Po is the crushing strength in ordinary engineering experiments, where R = O. For ,u. = 1 the coefficient of R is 5 828. It can
thus be seen how largely the horizontal crushing strength of the rocks
of the crust, which is expressed by P
R, may be increased by depth.
Verification of the theory has been afforded by different experiments, and I shall refer first to those carried out by ADAMS and BANCROFT (2). In this instance transverse pressure was applied by confining
the test -pieces in closely -fitting steel tubes, and its amount was ascertained indirectly from the extent to which the steel was distorted
during the tests. The results were interpreted by L. V. KING, who
Vl

-i

+1,2

-
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drew curves to show P the longitudinal, as a function of R the transverse pressure, when yielding took place (8, Plate I and Plate II).
The experiments dealt with a whole series of rocks, but those on
granite and "diabase" have perhaps the most important bearing on
geophysical problems. The Lewisian layer whose existence has been
discussed must be supposed to have elastic properties not very unlike
granite. The underlying layers, unless they are glassy, are probably
coarser in grain than "diabase ", but must approximate more or less
to this type in chemical and perhaps also in mineralogical composition.
The curves for granite,
GRAN TE
deduced from ADAMS and
v
BANCROFTS' two series of experiments, do not agree very
well with one another. (Fig. 1.)
It is obvious that in both cases
the parts (for high values of
R) where d P/ d R is zero, or
negative, must be neglected.
I have drawn a line in Fig. 1
corresponding to an initial value
of P, (P0), of 8 x 108 dyne
cm. -2, and to a constant value
of d P/d R of 5.828. There is
iosy
z
x
fair agreement between this line
Fig. 1. Yielding relations of P and B for
and the curve expressing the
granite. I and II. ADAMS and BANCROFTs
'
earlier and later series of experiments. more reliable part of the second
series of experiments.
III. See text.
The earlier series deal on
the whole with lower values of R. They seem to indicate a higher
initial crushing strength for granite than I have assumed, and a value
of d P/d R about 6.8. It was assumed for both series that no 'frictional
effect existed between the test -pieces and the steel of the enclosing
cylinder. If such an effect existed it would tend to raise the apparent
value of P for a given transverse pressure, and to increase d P/d R.
If the relation between P and R be linear,
(2)
P = 8 X 108 dyne cm. -2 + 5.828 R
/
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is as probable as any other interpretation of the results.

For diabase or basalt, with an initial crushing strength of about
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dyne cm.-2, KING'S curves seem to lead to
P =109 dyne cm. -2 + 5 R
as a similar approximation. These formulae must at least give some
indication of the strength of the two classes of rock, at normal temperatures, up to values of R of about 1.86 x 109 dyne cm. -2.
One defect of ADAMS and BANCROFT'S experiments was that
neither the transverse, nor in some cases the longitudinal pressure
could be measured directly, but had to be estimated with the aid of
certain assumptions. TH. v. KáRMÁN's somewhat earlier experiments (7)
did not suffer from this disadvantage, but unfortunately, from the
geophysical standpoint, they dealt only with sandstone and marble.
Sandstone, being porous, is unlike any material which can occur in
109
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MARBLE
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relations of P and R for Fig. 3. Yielding relations of P and R for
sandstone. I and II. ADAMS and BANCROFT'S marble. I and II. ADAMS and BANCROFT'S
two series of experiments. K. K.4 mil
two series of experiments. K. KÁRnN.
Fig. 2. Yielding

dépth, and marble may be an unusually plastic rock. As however
AnAMs and BANCROFT'S list also includes sandstone and marble, it
is possible to compare the two sets of results. Figs. 2 and 3 show the
resistances of these two substances (I) according to ADAMS and BAN CROFT'S first series of experiments, (II) according to their second series,
and (K) as deduced by KáRMÁN. KÁ.RMÁN'S experiments began with
zero values of the transverse pressure, and dealt on the whole with
comparatively low values. As far as they went, however, they anticipated ADAMS and BANCROFT'S results, agreeing very well with these,'
especially in the case of sandstone. The methods adopted by the later
workers therefore appear to be reliable.
Neither marble nor sandstone, for large values of R, shows d P/d R
to be as great as it is for granite or diabase. This fact may have a par-
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ticular significance. KÁRMÁN's curves include in both cases a steep
initial portion, for ranges of R not dealt with in the later experiments.
They then rather suddenly assume a flatter gradient, and this was
interpreted by KÁitMÁN as follows. Below about 5 X 108 dyne cm. -2
of transverse pressure, the two rocks are "spröde" or brittle. In this
stage they break down by the formation of minute fractures or "Risse ",
with the usual relation to the planes of maximum shearing stress.
Beyond this limit both rocks break down by plastic flow. This was
very clearly shown in the case of marble by microslides of the tested
rock. The flow proceeded by the formation of twinning planes in the
calcite crystals; these planes could not be produced under lower transverse pressure.
KÁRMÁN analysed his results by the method of "MoHR's diagrams ",
and inferred that for large values of R the elastic limit of each rock,
represented by P
on yielding, would tend asymptotically to a
maximum, while dP/dR would diminish to unity. This is not however,
borne out by ADAMS and BANCROFT's experiments. For the highest
transverse pressures which were reached in these, d P/d R for marble
is at least 2, and for sandstone 2.3. In the initial parts of the curves
expressing KÁRMÁN'S results, the values are 3.15 and 4.8 respectively.
It appears from ICiRMÁN'S observations that (1) breakdown by
fracture, and (2) breakdown by plastic flow, may occur under different
transverse pressures in one and the same rock. Whether this applies
to the majority of materials is a matter for further experiment. The
curve given for lead by KING suggests that this metal is invariably
plastic, and that flow occurs whenever P
reaches a certain relatively small amount. In the case of granite and diabase, the high gradients suggest that these rocks were ` spröde throughout the whole
of the valid part of the experiments. If so, the experience gained with
marble and sandstone makes it doubtful whether the large values of
d P/d R will be indefinitely continued. The strength however, as given
by P
at the limit of validity (where R is about 1.86 X 109
dyne cm.-2) will at least be maintained. It seems on the whole to
be probable that there will be some further increase.
All the experiments so far referred to were carried out at normal
temperatures, but ADAMS had previously attempted to test the effect
of heat (550° C.) on the crushing strength of granite (1). He showed
that at this temperature the rock was uncrushed when P had the value
6.6 X 109 dyne cm. -2, but the conditions did not allow of an evaluation
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With the data now in our possession, it is possible to form some
estimate of the amount of lateral compression which the crust can
endure at any depth, without fracture or rapid distortion. It will
be accurate enough for our purpose to assume that the crust has the
same average properties as granite, with specific gravity 2.7, and that
YOUNG'S modulus (denoted by E), which for granite at normal temperatures and comparatively low pressures is about 8 x 1011 dyne cm.-2,
remains constant with depth. P is now a horizontal pressure, and R
the vertical pressure due to the overlying part of the crust. If R be
equal to the other horizontal pressure, the lateral compression is
(P -R) /E. If the Himalayas were produced by thermal contraction
of the crust, this quantity must first of all have somewhat exceeded
must therefore have been greater
four parts in a thousand. P
than 3.2 x 109 dyne cm. -2. If however, in accordance with JEFFREYS'
figures, the compression was less than five parts in a thousand, we
obtain an upper limit of 4.0 x 109 dyne cm. -2.
In order that fracture may not occur in cold granite
P 8 X 108 dyne cm. -2 + 5.828 R.
Hence 4.828 R + 8 X 108 dyne cm.-2 -K
R.
Applying the upper limit to the right hand side of this inequality,
we get
R -K 6.6 x 108 dyne cm. -2.
This condition will be satisfied wherever the depth exceeds 21/2 km.
At 2% km. the temperature will probably not much exceed 100° C.,
and will therefore have little influence. The 1.86 x 109 dyne cm. -2 of
vertical pressure, which corresponds to the limit of the ADAMS and
BANCROFT experiments, will be reached at about 7 km. of depth, where
the temperature must be less than 300°. The strength of granite and
of diabase at this level will therefore probably only be a little less than
*) This experiment formed one of a series which are difficult to interpret.
From the method in which pressure was applied, however, it seems possible
that, for a given material, the ratio R : P would be more or less constant
at each stage of every experiment, and it might not be much altered by heat.
Cold granite crushed when P was 1.38 x 1012 dyne cm-2. According to our
formula R should then have been 2.23 x 102 dyne cm-2., or less than onesixth of P, but the inference is made a little doubtful by the unusual duration
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this experiment, which lasted two and a half months. A shorter experiment
with about the same longitudinal pressure left the granite uncrushed.
of
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the values of approximately 1010 dyne cm. -2 and 8 X 109 dyne cm.-2
which were shown by the experiments. The resistance of a normal
part of the crust at this depth to forces of short duration will thus
be two or three times that which it is necessary to postulate, in order
that the Himalayas may have been formed, as a result of thermal

to t

contraction.
For greater depths we are beyond the limit of experimental evidence.
From what is known however, one may fairly deduce that the strength
will tend rather to increase than to decrease, apart from the effects
of heat. In this connection it must be remembered that supporters
of the thermal Contraction Theory are pledged to very low values of
crustal temperatures. According to JEFFREYS' formula (6) about 22 km.
of crust will be passed through before the temperature (550°) of ADAMS'
early experiment is reached.
It has so far been assumed that Q, the remaining principal pressure,
which acts in a horizontal direction parallel to the mountain chain,
is equal to R the vertical pressure. For various reasons, however, this
appears to be improbable. If Q is nearly equal to P the compression
is reduced from (P -R) /E to about
R) (1 v) /E, or in the ratio
of about four to three. The major stress necessary to have produced
a given compression will then be increased by nearly a third, but this
only slightly modifies the problem.
It appears therefore that advocates of the Contraction Theory
can consistently claim a crust which is strong enough for their purpose,
on the basis of the experimental work which has been carried out up
to the present. On this basis they might have more difficulty in showing
that the strength could be sufficiently lowered for mountain formation,
at the time and within the belt of weakening. I. believe however that
the case for so great a strength of the crust neglects one very important
consideration. In the experiments on which it is based, the times of
application of the stresses were comparatively short. Longer tests
might be instructive, but even an experiment lasting a lifetime might
give no indication of what could happen on the geological time -scale.
A single crystal, say of quartz or felspar, might be continuously
resistant to stresses which did not overcome its strength, as determined
in the laboratory. In such a case the element of time might not be
effective. Even this is doubtful, and there is much more doubt in the
case of a composite rock. A very significant fact, noted by KÁRMAN,
is that test -pieces such as he experimented with did not return exactly
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to their original shape, even after being subjected to stresses well
below the limit of rupture.

Numerous instances from the geological record show that folding
and faulting can proceed together. This shows that ILRMÁrr's theory
cannot express the whole of the facts. In order that faulting may take
place at all, the rocks must be "spröde" or brittle. Yet the deformation
which produces the fold must be carried cut by shearing stresses which
Vare insufficient to give rise to fracture. Otherwise the shattering would
not be confined to one plane, but would affect the whole of the rock.
One must suppose that the yielding by flow is so slow that it cannot
prevent the stress from accumulating. This periodically reaches breaking
point, and relieves itself by movement along the fault.
There are thus good reasons for supposing that for long-continued
pressures the strength with regard to flow is less than the resistance
to fracture, even in KÁRMÁrr's brittle stage. The fracture -strength
itself will probably not be affected by the duration of the forces applied.
Under high transverse pressures it is probable that very slow distortion
must begin with less longitudinal pressure than was necessary to induce
the comparatively rapid deformation which was recorded by KÁRMá c.
It seems in fact to be unlikely that an appreciable or measurable distortion would be produced in a laboratory experiment by the forces
which cause folding on the geological time- scale.

It may be correct to assume that there are two definite limits
of elasticity, or "strengths ", for every material. The lower of these
is operative even with regard to very long continued forces, and may
be called the "secular" strength. If it is exceeded there will be distortion,
which however will be extremely slow, until the higher limit, or "instantaneous strength" is reached. Yielding will then take place imme-

diately, either by fracture, or by much more rapid deformation.
This is a tenable position which on the evidence at present available would be very difficult to disprove. It cannot however be regarded
as certain. The alternative would be that given long enough time
any rock will yield, even under a stress difference which is infinitesimal. Geophysicists frequently make this assumption in calculations
dealing with the earth's viscosity.
We shall not attempt to decide between these two alternatives.
It may however be noted that fracture accompanied by folding is a
very common phenomenon. It is manifested in such different types
as Carboniferous sediments and Moine granulites. These rocks must
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therefore be capable of yielding under the long application of forces
which will not affect them appreciably if only briefly applied. It seems
probable that this is a general property, and must regulate the behaviour of the granitic and more basic rocks of which the crust is
mainly composed.
This conclusion makes it doubtful whether such experiments as
those of BARMAN, ADAMS and BANCROFT can be accepted as valid
from the point of view of the Contraction Theory. This has a two -fold
bearing. It gets over the difficulty that the stresses induced by contraction might not, as mentioned on p. 10, be great enough to cause buckling even in weakened belts. At the same time it causes doubt as to
whether these stresses can be borne for long periods by the remainder
of the crust.
If the secular strength is zero, the possibility of 'Aufspeicherung'
depends on the coefficient of viscosity which can be assumed to apply
to the resistant portions of the crust. The greatest possible contraction
which can have been effected by thermal causes in any great circle
is only about ten parts in a thousand. If more than six of these ten
parts had been accounted for by slow deformatiom of the kratogen,
so as to be unavailable for mountain -building, a range such as the
Himalayas could not have been produced. But we must suppose that
before the formation of these mountains the crust had been subjected
to a thrust averageing at least 1.6 x 109 dyne cm.-2, for about 200
million years. If the deformation during this period was six parts in
a thousand, the value of y, the kinematic viscosity, can easily be
estimated to lie between 1026 and 2 x 1026. It seems however quite
impossible that the viscosity can be as large as this. This is shown by
the cases already referred to, in which distortion of strata occurs in
connection with fracture. The forces producing the distortion can only
have been of the same order of magnitude as those with which we are
now dealing. Their times of application were probablÿ much less, and
yet the deformations are many times greater than six parts in a thousand.
If therefore there is no secular strength, there can be no `Aufspeicherung', and the Contraction Theory is untenable, at least in its
thermal form. If however a secular limit of strength exists, much will
depend upon the ratio which it bears to the larger, or instantaneous
limit. To account for the association of folds and faults, only a small
difference in the two "strengths" is necessary. But the two may be
widely divergent, for anything which is known to the contrary.
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The extent of present uncertainties is well shown by the contradictory nature of the assumptions made by different schools of investigators. Thus WEGENER, to account for a certain part of the drifting
of the continents, used the very small meridional force which must
affect every floating body, as a consequence of the earth's rotation.
This he applied to masses of sial, or continents, floating in the underlying sima (13). The amount of this force is known, within limits, and
may be illustrated as follows.
Suppose a comparatively narrow continental belt, of uniform
width, to extend in a meridional direction from 30° to 60° N latitude.
Suppose this to be floating in sima which offers no resistance to movement, but to be held in position by some obstruction at its southern
end. We may further assume that the block is of uniform density 2.7,
and projects 5 km. above the sima, while its upper surface is at sea
level. The force on any small area of this continent will then be proportional to the difference in depth between its centre of mass and
that of the displaced (water + sima). Calling this difference d, it can
easily be shown that if the sima has uniform density 3, d = 1.6 km.
approximately. Then applying LAMBERT'S method of calculation (9),
the southwardly directed force X is given by

X = mgßdsin2ço

±R

where m is the mass of the small area, g the constant' of gravity,
ß = .00 529, q' is the latitude, and R the earth's radius.
In latitude 45° the force acting on such an element will be approximately 1.3 parts in a million of that of gravity. The length of the
block is 3,300 km., and the force will cause an excess of meridional
pressure over vertical pressure, which, on our assumptions, will increase from zero at its northern end to about 1.1 X 106 dyne cm. -2 at
its southern extremity.

According to WEGENER'S theory, pressure - differences which can
hardly be any greater than this, when communicated to the sima of
the ocean beds, must be capable of producing widespread distortion,
with consequent movement of the continents. According however to
the thermal form of the Contraction Theory, both continents and
ocean beds must be resistant to pressure-differences up to 3.2 X'109
dyne cm.-2, or about 3000 times the former amount. They must be
subjected to such stresses for periods exceeding 100 million years,
and show hardly the slightest vestige of distortion.
The problem which thus arises is very definite, but apparently
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at present insoluble. It may not be possible to solve it by direct experiment. Further investigation may decide whether other rocks than
sandstone and marble pass, under high pressures from all sides, into
a plastic stage. The answer to this will have some bearing on the increase
of strength with depth. More important however is the question of
"secular" strength; whether it exists, and if so, what ratio it bears
to the "instantaneous" strength, which alone can be directly investigated.
The meridional force may not be large enough to cause continental
drift, and it is certainly insufficient for mountain -building. There does,
on the other hand, seem something a little improbable in the great
"strengths" for long continued pressures, which are assumed by upholders of the Contraction Theory. A very large crustal resistance is
assumed even by NÖLKE, although, as has been pointed out, it appears
less essential to his form of the hypothesis. One cannot however make
certain that such strengths do not exist, and the resistance of the crust
to the compressive forces implied must, I think, be regarded as undecided.
6. Possibility of Surface Creep?

For the formation of the Himalayas it is admitted that nearly
190 km. of surface compressive movement must have been necessary.
Suppose that one half of this movement consisted of displacement
SOLD

CRUST

ADHERENT PORTION
ZONE
OUTWARD

OF

FLOW

E

Fig. 4. Form of columns of rock, originally vertical, after completion of mountain -building (if truth of Contraction Theory
is assumed).

from the north, and one half of displacement of the upper crust from
the south side of the mountains, in both cases relative to a hypothetical
undisturbed layer, which may extend downwards from a depth of
somewhere about 100 km. One may then attempt to elucidate the
problem by sketching the probable outline of columns of rock which
were originally vertical (Fig. 4). We note (1) that at a certain depth
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the columns must bend backwards, away from the mountains, as
there must be an outward flow, to allow for isostasy, and (2) that if
the Contraction Theory is true the upper part of the crust must move
forward as a solid block, without deformation. The columns must
therefore remain vertical from the surface to a depth represented by
AB. Let us now examine what must happen at the base of this b lock,
during the forward movement.
As the layer below is sheared, there must at this depth be shearing
stress in a horizontal direction. The P and R directions are therefore
no longer

horizontal and vertical, but inclined as in Fig. 5, where the

Fig. 5. Explanation see text.

curvature of the crust is a little exaggerated. (These positions can,
of course, apply only to the bottom layer. Above this level P becomes
less inclined, and at the surface it is horizontal.)
The direction of shear must be approximately horizontal. It seems
unlikely that at the depth considered there can be an actual plane of
dislocation. The shearing must be by plastic flow, and it is uncertain
to what extent this type of movement is influenced by internal friction.
The maximum shearing stress is as before (P -R)/2, and the horizontal
shearing stress can in any case only be slightly smaller. In Fig. 5 suppose
that CD is the end of the segment of crust CA BD which is furthest
removed from the belt of mountain formation. Let T be the total
thrust on CD (per unit of the dimension perpendicular to the plane
of the diagram), and T +d T the thrust communicated through AB
to the segment adjoining. Then to a first approximation
a

A

T=

-1/2 f (P -R)dx
0

where l is the length of the curve DB, and P and R along this line are
regarded as functions of x, the curvilinear distance from D.
At the level BD, P
expresses the Strength of the rock. If
now it be supposed that at this depth the strength has a fixed value S,

-R

then approximately

dT=- /ziS.
1

Taking l to be 1000 km., and the thickness of the segment to be 50 km.,
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the thrust at the end AB will obviously be reduced to zero unless the
horizontal pressure on CD has a greater average value than 10 S.
It is however assumed by supporters of the Contraction Theory
that segments of crust as long as 10,000 km., or longer, take part in
the movement. Moreover the thrust must be delivered in undiminished
force at the mountain end of any segment. Taking these two facts
into account, it is evident that the maximum strength of the substratum which can be overcome is not one tenth part, but of the order
of one thousandth part of the average horizontal pressure. It cannot
therefore be much greater than one thousandth part of the strength
of the layers above.
The Contraction Theory therefore seems to involve the following
conclusions: The resistant layers cannot be the only part of the crust
which is included in the forward movement, but must carry along
with them a substratum, at the base of which the strength is only
about a thousandth part of their own. This extra thickness is not
subjected even to the smallest deformation. Beneath it there must
be a further thickness of material which is carried forward, but deformed, and only below this can there be a zone of outward flow.
The depth of the level represented by BD in Fig. 5 cannot be
great. It seems therefore that the Contraction Theory involves its
supporters in two inconsistent suppositions. From the surface to the
base of the resistant layers the temperature rises rapidly, yet the
strength either grows continuously (with the aid of pressure), or at
least maintains a large average. At the base of these layers the gradient
of temperature must on any supposition be much less, yet the strength
must fall rapidly to about a thousandth part of its former average
value. This is all the more inexplicable if the temperatures are as much
below fusion -point as, for the purposes of the thermal theory, it is
necessary to suppose.
According to this form of the theory the horizontal pressure,
in the upper part of the crust, amounted to something between 3 X 108
and 4 x 109 dyne cm. -2, immediately before the formation of the
Himalayas. At the level BD the strength can therefore not much
have exceeded 4 X 106 dyne cm.-2. This is however inconsistent with
the value of 6 x 10' dyne cm. -2, supposed by JEFFREYS to apply to the
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In treating the problem of sur ce creep NÖLKE assumes that
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from 50 or 60 to 650 km. in depth, obey the laws of motion which
apply to a viscous fluid. Their strength is therefore zero, and yet he
assigns a resistance to pressure of 1010 dyne cm. -2 to the layers above.
It is possible, as has been pointed out, to assume a crustal strength
considerably less than this, if mountain-building took place pari
pansu with contraction, which is consistent with the suppositions of
NÖLKE'S

theory. Yet the difficulty which has been dealt with in this

§ection remains, and it appears to me to be fatal to NÖLKE'S hypothesis, as well as to the thermal form of the Contraction Theory.

The four different eventualities which were mentioned in the
introductory section of my earlier paper may now be recalled. The crust
cannot become detached from a shrinking core, but the second supposition, that it may adjust itself to the core without being subjected to
strains which surpass the elastic limit, is one which cannot be so lightly
dismissed. This would happen in general, if the shrinkage were only
thermal, and the deductions made from the ADAMS and BANCROFT experiments were really applicable to the problem. But a crust which was incapable of yielding to long continued pressures, below the point of absolute fracture, would probably be regarded as contrary to experience by
most geologists. For this reason one may prefer the third supposition,
that the stresses and strains involved in contraction surpass the elastic
limit, but lead to lateral compression and vertical expansion which
are more or less uniform, all over the surface of the globe. This would
probably be the solution, if the earth was actually shrinking, either
for thermal or chemical reasons, and the surface was in other ways
as undisturbed as supporters of the Contraction Theory suppose.
In two of the lines of investigation followed the results have been
undecided. No definite conclusion has been reached about crustal
temperatures, which may or may not be as low as is necessary for the
thermal theory. It is also impossible to decide quite definitely whether
the crust has the appropriate strength. The widespread surface creep
which is postulated by the Contraction Theory has however been
shown to be impermissible, and another serious objection has been
pointed out by HOLMES (4). The theory does not explain either former
or present crustal tensions. Normal faults, intrusive dykes, and fissure
eruptions are recurrent phenomena, which do not fit in to the contraction scheme.
Geri. Beitr. Geophys. 43.
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THE DYNAMICS OF FAULTING.

XLII. The Dynamics of Faulting. By ERNEST M.
M.A., B.Sc., H.M. Geological Survey.

ANDERSON,

(Read 15th March 1905.)

IT has been known for long

that

faults arrange themselves naturally
into different classes, which have
originated under different conditions of pressure in the rock mass.
The object of the present paper is
to show a little more clearly the
connection between any system of
faults and the system of forces
which gave rise to it.
It can be shown mathematically
that any system of forces, acting
within a rock which for the time
being is in equilibrium, resolves
itself at any particular point into
three pressures or tensions (or
both combined), acting across three
planes which are at right angles
to one another.
Across these particular planes
there is no tangential stress, but
there will be tangential stress at
that point across any other plane
which may be drawn through it.
There will evidently be positions
of this hypothetical plane for which
the tangential stress will be a
It is evident that
maximum.
these maximum positions of the
plane will have much to do with
determining the directions of faults
in the rock. We will therefore
take the general case and investigate what the positions are. Suppose 0 to be any point in a rock,
and let the three directions along
which the pressures or tensions
act (the directions perpendicular to
the three planes mentioned above)
.
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Let the pressures, or tensions, acting along
these three directions be P, Q, R, which we will suppose positive
when they denote pressures, and negative when they denote
tensions. Suppose further that P is the greatest pressure, or
the least tension in the case where there are only tensions, and
that R is the greatest tension, or the least pressure in the case
where there are only pressures, so that P, Q, R are algebraically
in descending order of magnitude. Then it can easily be shown
that the planes of greatest tangential stress are parallel to
the line OY, and inclined at an angle to the directions OX and
OZ. That is to say, they are parallel to the direction of intermediate pressure, and inclined at certain angles to the directions
of greatest and least pressure in the rock.
To determine what these angles are, suppose A to be a plane
parallel to OY, and making an angle O with the direction of
OX. Then by a simple proof it can be shown that the

be OX, OY, OZ.

P R sin 20.
tangential stress across A is
This proof is a well-known theorem, and can be found in any
book which deals with the subject of stressés in solid bodies.
The method, which I shall merely indicate, is to consider the
forces acting on a right triangular prism, having its edges
parallel to OY, one of its faces parallel to A, and two others
parallel to the planes_XOY and YOZ. This prism we' suppose
to exist in the rock, somewhat as the statue exists beforehand
in the block of marble, and by considering the forces acting on
it we are led to the above result, namely

-

Tangential stress = P R sin 20.
2
evident that this force will vanish when P = R.

It is
is, there can be no tangential stress when the pressures

That
in the

two directions are equal. It will be large when P and R are
of opposite sign; i.e. when one represents a pressure and the
other a tension.
For any given system, however, the tangential stress is
greatest when sin 20=1, 20=90, 0=45°. It is evident that
it will be equally great when 0= -45 °, and thus we shall
have two series of planes across which tangential stress is a
maximum. The one set will be parallel to the plane which passes
through OY and bisects the angle XOZ; the other set will be
parallel to the plane passing through OY and bisecting the angle
XOZ. Across any plane belonging to either of these series the
tangential stress will be P R
}
2

Now, as we shall afterwards see, the planes of faulting in any
ck do not follow exactly the directions of maximum tangential
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stress, but deviate from these positions in a more or less
determinate manner. In endeavouring to explain this I have
been led to suppose that the forces which hinder rupture from
taking place in any rock are not the same in every direction.
If we suppose that the resistance which any solid (otherwise
isotropic) offers to being broken by shearing along any plane
consists of two parts, one part being a constant quantity and
the other part proportional to the pressure across that plane,
we shall arrive at results which agree very well with the
observed geological facts.
The second force will have an effect somewhat similar to
friction, and I shall use the symbol in this connection, while
by no means assuming that we are dealing with the same
phenomenon. The effect of this force will be to make faulting
more difficult along planes across which there is great pressure.
Supposing, as before, that P and R are the greatest and
least pressures at any point. Then, as we found, the tangential
stress across a plane parallel to the direction of Q, and inclined
at an angle 0 to the direction of P, is P `,R sin 2e, while the pressure across such a plane may easily be shown to be P sin 20+
R cos 20.
Now, supposing a plane crack had actually formed in this
direction, and that movement were just about to begin along
it, the resistance to this movement due to friction would be

(P sin 20-}-R cos 20),orµ

¡P2R PRcos20).

If we assume the existence of the second force above referred
P R .sin
to, then instead of considering the maxima of
20, we
2
must subtract from this quantity one of like form to that given
above. We are supposing now that p, is the ratio which the
variable part of the resistance to breakage bears to the pressure
across the plane considered. We then get the following quantity,
P R
(sin 20 -I- µ cos 20)-A P 2 R ; and this will be a maximum
2

in the directions in which faulting will be the most likely to
occur.
For a maximum, it follows from the principles of the Differsin 20= 0, tan 20=1
ential Calculus that cos 20

-µ

This gives us 0 =45°

for

µ=

0=30°

for A=

0 =22°

for

µ=

0

or .577.
N/3
1
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It is difficult to form any estimate of what value must be
assigned to ,u for any particular rock, but we see what will
be the general result. The planes of faulting, instead of bisecting the angles between the directions of greatest and least
pressure, will deviate from these positions so as to form smaller
angles with the direction of greatest pressure. This result
agrees very well with the recorded facts.
I shall next consider a little more fully what takes place
under (1) an increase and (2) a relief of lateral pressure in any
rock. It is important to notice that it does not follow that
because there is an increase of pressure in one horizontal
direction, there will necessarily be so in all. On the other
hand, it is quite possible that there may be an increase of pressure
in one horizontal direction along with a relief of pressure in a.
horizontal direction at right angles to the first. This will form
a third case to be treated separately.
(1) Suppose there is an increase of pressure in all horizontal
P horizontal)
R vertical f Thrust Planes.
R MINIMUM

PRESSURE
P
>>>

MAXIMUM

PRESSURE

PLANES OF MAXIMUM
TANGENTIAL STRESS

RESULT
PLANES OFÁC,i`ÓAL FAULTING

directions. Then it may possibly happen that the pressure in:
all horizontal directions is equal. This will form a special case.
to be treated later on. For the meanwhile we shall assume,
what is far more likely to happen in fact, that the different
Horizontal pressures are not exactly equal, but that there is one
horizontal direction along which pressure is greatest. This
maximum pressure we shall, as before, denote by P. Then R,
the minimum pressure, will be vertical, and the intermediate.

.
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principal pressure Q will be in a horizontal direction perpen,dicular to P.
Then there will be two sets of planes across which tangential
stress will be a maximum. Both sets will have their "strike"
parallel to Q and perpendicular to P. Both sets will " dip "
at an angle of 45 °, but they will dip in opposite directions.
Suppose now that the stresses are so great as to lead to
actual rupture. Then the planes of faulting should strike in
the same direction, but they should, as we have seen, be less
inclined to the direction of greatest pressure, which in the
present case is horizontal. Thus we should have a double
series of fault -planes inclined to the horizontal at angles of less
than 45° and striking perpendicularly to the direction of
greatest pressure. Motion would take place along any of
these planes in such a way as to relieve the pressure, that is,
in the form of overthrust.
(2) Suppose next that there is a relief of pressure in all

P vertical

R horizontal}Normal Faults.
P

JYAXINIfM

PRESSURE.

F
V

V

N/N/AIUM
PRESSURE,

PLANES OF I'MX/MUM

TsANGENT/AL STRESS.

PLANES OF

!ACTUAL FAULT/NC.

f1 ESI LT,
,.

.

horizontal directions, so that P, the greatest pressure, will be
the vertical pressure due to gravity. Then it can only happen
very rarely that the pressures, or tensions; in all horizontal
directions, will be equal. In the general case there will be
one horizontal direction for which the pressure is a minimum.
Taking this as the direction of R, then Q, the intermediate
principal pressure, will be in a horizontal direction peipendi -.
eular to R.
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In this case the planes of maximum tangential stress will
strike parallel to Q and perpendicular to R ; while they will
dip in opposite directions at angles of 45° as before.
The planes of actual faulting will deviate from these positions
so as to form smaller angles with P, the vertical pressure. The
result will be a double series of fault-planes dipping in opposite
directions at angles of more than 45 °, and striking perpendicularly to that direction in which the relief of pressure is the
greatest. Motion will take place along these planes in the
normal manner. I shall try to show later on how such faulting
will tend to equalise the pressures.
(3) We have next to consider the case in which there, is an
P horizontal} Wrench Planes.
R horizontal

Q

P
>>>

MAXIMUM

PRESSURE.
R

A

MINIMUM ^
PRESSURE.

PLANES OF /TAX/M!/21f
TANGENTIAL STRESS.

PLANES OFACTUAL FAULT/NC.

.

increase of pressure in one horizontal direction, together with
a decrease of pressure in a horizontal direction at right angles
to the first. In this case the maximum pressure P is horizontal ;
the intermediate pressure Q is vertical ; while the third principal
direction, which may correspond to a tension, or to the smallest
pressure, is horizontal and at right angles to the direction of P.
Then the planes of maximum tangential stress are vertical,
and inclined at angles of 45° to the directions of P and R.
The planes of actual faulting will deviate from these positions
so as to form smaller angles with the direction of P, the
maximum pressure.
They might, in fact, form an arrangement not unlike that of
the cleavage -planes of a hornblende crystal, supposing the
crystal to be placed with its prism axis vertical. Motion
would take place along any one of these planes in a horizontal
.
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manner. A plane of dislocation along which motion has
actually taken place in a horizontal direction is sometimes
called a " wrench -plane." Thus we see that under the system
of forces last considered a network of such wrench -planes may
possibly be developed. Each of these would bade vertically,
and the two systems would cross
each other at acute angles.
In this last case it is not particularly evident in what manner
a single dislocation tends to relieve
the stress. If, however, we take
a number of such wrench -planes,
crossing one another, it becomes
optically evident how the stress will
i
be relieved.
The accompanying diagram shows
how a square area of land is deformed
by a double system of wrench-planes;
the particular case chosen being that
in which the greatest pressure is
from N. to S. and the least pressure
from E. to W. The joint result is to
decrease the N. to S. dimensions of
the area, and to increase its dimensions from E. to W. Thus we see
how the stress will tend to be relieved.
The diagram also indicates in what direction motion will
take place along a fault of either

i

series.

Regarded as a vertical section, the
same diagram will do to illustrate
the case of normal faults. As a
matter of fact, however, it is almost
impossible to tell, from surface indications, whether so complete a
network ever does exist in this case.
Two systems of faults like those in
the diagram, originating under the
same system of pressures, might very well be called " complementary " systems.
There remain to be considered only the cases in which the
stresses in two principal directions are equal ; while the stress
in the third principal direction is not equal to the other two.
In any such case shearing stress will reach its maximum across
planes having an indefinite number of directions, but parallel
.
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to the tangential planes of a cone having its axis in the direction of unequal pressure. Thus faulting might take place in an
indefinite number of directions. This is a case, however,
which is very unlikely to arise in reality, as the odds are very
great against the pressure in two principal directions being
exactly equal.
I shall next consider in how far these theoretical conclusions
are borne out by the recorded facts.
With regard to the first of the three cases, it is a well-known
fact that reversed faults and thrust -planes do in general dip at
a low angle ; this is especially the case in connection with
the great series of thrust- planes occurring in the N.W.
Highlands. These are a series of dislocations dipping originally
at a low angle to the east ; motion has taken place along them
by the country to the east being pushed over the country to the
west. The pressure which produced them was obviously from
east to west. There must at the same time have been a
slightly more than normal pressure from north to south, while
the least pressure would be in a nearly vertical direction.
In this case our theory would have led us to expect a complementary series of faults, dipping at a low angle to the west,
and along which the country to the west had been pushed over
the country to the east. In Scotland no such complementary
series exists.
It is, however, very instructive to compare the Scottish
system of .thrust-planes with that which has been made out to
exist in Scandinavia. In this peninsula rocks of Silurian age are
overlain through more than 10° of latitude by rocks of what
is called the Seve group ; possibly 'Cambrian, and undoubtedly
older than the rocks beneath them. The labours of many
geologists, and notably Törnebohm (" Grundragen of det Centrala
Skandinaviens Bergbyggnad "), have shown that this is due to
thrusting on an enormous scale. In the case of the larger thrusts,
the country to the west has been pushed over the country to the
east. Törnebohm, however, states that in the case of some of
the smaller thrusts this rule is reversed, and thrusting has
taken place of east over west, as in Scotland.
In any case it seems probable that the thrust-planes in
Scandinavia owe their origin to the same great series of pressures
as produced those in Scotland, and that thus a pressure acting
from east to west over a wide stretch of country may produce
in one part thrusting of west over east, and in another of east
over west.
When we come to consider angles, however, the results of
observation are less in accordance with our theory. Thus in
Scotland the prevailing dip of the thrust-planes to the east is
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too low to have been produced by any purely horizontal
pressure.
In Scandinavia the planes of dislocation have
themselves been affected by subsequent movements, and they
may dip west, east, or in any direction. If the original dip
was to the west, however, it would seem to have been an
extremely low one. The accompanying diagram is a rough.
attempt to give mathematical form to an idea of Dr Peach's
with regard to the low angle of dip. What is intended to be
expressed is as follows. Supposing a mountain chain was being
produced by the same series of pressures that caused the thrusts,
and suppose that it ran (as it naturally would) in a north and
south direction. Suppose further that the west of Sutherland
lay on the western margin of this mountain-chain, and that the
district in Scandinavia where the thrusts have been produced
lay on its eastern margin, or on the eastern margin of some
parallel chain. Then the effect of the declivity of the ground

on either side would be to tilt the directions of greatest pressure,
on either side, as indicated in the diagram. The planes of most
likely thrusting would thus also be tilted, so as to become more

nearly horizontal.
With regard to the second of our two cases, it is well known
that normal faults have in general a dip much steeper than 45 °.
In the central lowlands of Scotland there is a great system of
normal faults striking approximately east and west. Of these
faults a certain number hade towards the north, and have a
downthrow on that side ; others have their hade and downthrow towards the south. We have thus here a beautiful
example of a double series of faults produced by the same
system of forces, and in this case we may regard it as proven(1) That at the same time when these faults were formed there
was a relief of pressure in all horizontal directions.
(2) That this relief was greatest in the direction from north
to south.
I have spoken everywhere above only of ,a relief of pressure,
but it is possible that in some cases a relief of pressure may go
so far as to amount to an actual tension. If this tension became so great as to produce actual rupture by pulling the rocks
asunder, it seems likely that cracks would be formed perpendicular to the direction of tension. They would run parallel to
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the set of faults likely to be produced by a smaller tension, but
their hade would most likely be vertical, and they would not
necessarily produce any displacement of the strata on either
side. In this connection it is extremely interesting to notice
that sets of intrusive dykes are in some cases known to
accompany systems of normal faults, and to run in the same
direction.
Thus along with the east and westerly faults of the central
valley of Scotland, occur, as is well known, a set of east and
westerly dykes. Sets of parallel faults also accompany the
north- westerly dykes of Tertiary age in some parts of the
British Islands. Thus in the Cowa1 district Mr Clough has
observed a series of north -westerly faults along with these
dykes, and in Anglesea Mr Greenley has found a similar series
accompanying dykes of the same age, which he knows to be
normal faults. Although in a case like this the faults and the
dykes may not be strictly contemporaneous, it seems almost
certain that they owe their origin to the same great series of
forces ; and it may be possible that the dykes occupy fissures
formed while the tension was at its strongest, by the actual
pulling asunder of the strata.
With regard to the third class of faults, there is as yet
much less recorded material with which to compare our conclusions. Planes of dislocation do occur, along which there has
been much horizontal movement, but it is difficult to show in
any particular case that this has not been accompanied by an
equal or greater amount of vertical displacement.
In the Fassa Monzoni district of the Tyrol a double series of
faults has been described by Mrs Gordon under the name
Judicarian 1 These form two sets running N.N.E. and N.N.W.,
and Mrs Gordon believes them to be strictly contemporaneous.
On this assumption the only possible method of explaining their
production is to suppose them to be wrench -planes which have
formed under the influence of a great pressure in the north and
south direction, accompanied by a relief of pressure in the east
and west direction. If this explanation be the correct one,
these faults form a very striking example of a double system
originating under the same set of forces.
To come nearer home, a good example of faults accompanied
by lateral wrench occurs in certain parts of the Highlands of
Scotland. It is now well known that there is a great series of
north-easterly or north-north -easterly faults traversing the Highlands, and giving rise to well- marked physical features. South of
the Great Glen are four faults which have been named the Loch
"The Geological Structure of Monzoni and Fassa."

1903.

Trans. Ed. Geol. Soc.,
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Tay fault, the Ki]lin fault, the Glen Fine or Tyndrum fault,
and the Loch Awe fault. North of the Glen occurs the InbhirChorainn fault, which extends perhaps from the southern part
of Skye to near Ben Wyvis in Ross - shire.
These are all faults with lateral displacement, and they run
in the direction already mentioned. It is noticeable that the
ground on the east side of these faults has in every case been
shifted north- eastwards with regard to the ground on the west ;
the amount of displacement often amounts tb two or three
miles. From this fact we are justified in the following conclusion, that at the time when these faults were formed there
was an increase of horizontal pressure in the north -south direction,
accompanied by a relief of pressure in the direction from east
to west.
It is just possible that the Loch Maree fault, which is a
wrench running in the N.W. direction, may be complementary
to the series above described, as the movement along it indicates
a pressure which was greatest in a direction only a little W. of
N. (and E. of S.). Otherwise we must suppose that we have a
series like that of the thrust -planes which occur in another part
of the Highland area, where for some reason only one set of a
possible double set of faults has been developed.
According to the theory, a fault of the kind we are discussing
should have a nearly vertical hade. I have seen this verified
in the case of some small faults with horizontal slickensides,
which occur in the valley of the Allt Coire Rainich in easter
Ross-shire. Mr Clough has observed the Inbhir- Chorainn fault
to hade in different directions in different parts of its course.
It is possible that the general hade of this fault may be nearly
vertical, and that what Mr Clough has noticed may be due to
a sort of slickensiding or corrugating of the fault plane on a
large scale.
In the above discussion I have everywhere assumed that one
of the principal directions of pressure is vertical. If it were
not, we might have systems of faults intermediate in character
between the classes described above. Thus we might have a
single fault, or a system of faults, each member of which was
partly a wrench -plane and partly a normal fault. That such
intermediate cases do occur seems certain, from the number of
cases in which faults are accompanied by slickensides with a

direction intermediate between the horizontal and vertical.
Or again, although, as we have seen, the majority of thrustplanes and normal faults do follow the rules above laid down,
individual cases do occur in which a thrust is met with, with
a steeper dip than 45 °, or a normal fault which has a less dip
than the above figure. These may very likely be explained in
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the same way, by a departure from the perpendicular and
horizontal directions of the principal axes of pressure.
I have in the preceding part of this paper used the terms
strike and dip, making them apply to fault-planes in the same
sense as they do to planes of bedding. I have by this means
avoided the use of the' word "hade;" which sometimes gives
rise to ambiguity.
It is very difficult to estimate what amount of tangential
force will be nècessary in order to produce actual rupture and
so lead to faulting. In Professor Ewing's book on " The
Strength of Materials," figures are given for the amount of
force necessary to produce crushing in prismatic blocks of
various materials, the force being applied to the ends 6f the
prisms. For prisms 1" in section, the following are the results
for a few common rocks
6 -10 tons.
Granite .
8 -10 tons.
Basalt .
5 -10 tons.
Slate .
2 -5 tons.
Sandstone
In § 9 of the same book occurs this sentence, which is of
some significance in connection with the present subject
"When a bar is pulled asunder, or a 'block is crushed by
pressure applied to two opposite faces, it frequently happens
that yielding takes place wholly or in part by shearing on
surfaces inclined to the direction of pull or thrust."
Now, in the case of a block crushed by pressure applied to
two opposite faces, we are dealing with a single pressure, which
we may denote by P; Q and R being nearly zero. Assuming,
then, that yielding does take place by shearing to begin with
(and it is difficult to imagine what else could happen), the
amount of tangential stress necessary to produce this shearing
cannot be greater than

:-

2

In granite this may be as much as 5 tons per square inch ;
in hard sandstone it would amount to 2 tons per square inch ;
in soft sandstone to only 1 ton; in shale, and in soft rocks of
Tertiary formation, it would probably be even less.

If we suppose this tangential stress to be the result of a
single pressure, the amount of such a pressure necessary to
produce faulting is indicated by the figures already quoted from
Professor Ewing.
For hard sandstone the pressure, if a single pressure, must
amount to 5 tons per square inch. Now, supposing the S.G.
of the rock we are dealing with to be 2.65 (the S.G. of quartz),
a pressure of this amount will be caused by the weight of the
superincumbent rock at a depth of 1$ miles (1.844).
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We are thus led to enquire what it is that prevents faulting
taking place incessantly at this and all greater depths. We
see from our formula that supposing P to be the vertical
pressure, a lateral pressure of amount R diminishes the
tendency to shear from P/2 to (P R)/2. Thus the answer to
the above question is that there must be lateral pressure in
all directions. It is easily seen, too, that at the critical depth
above mentioned, the lateral pressure cannot exceed twice the
vertical, or else (P -R)/2 would become a negative quantity
greater numerically than 2- tons per square inch, which we
are taking for the critical amount of stress.
As we go further down in the substance of the earth's crust,
the lateral pressures must increase along with the vertical,
as the difference between the vertical pressure and the pressure
in any horizontal direction, even for a rock as hard as basalt,
can never exceed 10 tons per square inch. At a depth of, say,
25 miles, the vertical pressure will be something very much
greater than 10 tons per square inch, and so at this depth the
differences between the pressures must be small quantities
when compared to the pressures themselves. Thus there must
be a condition of things, at great depths, similar in one respect
to fluid pressure.
The question next arises, what is to produce this lateral
pressure, which we see is necessary to preserve equilibrium,
altogether apart from the production of anticlines or thrust planes. The question may be answered by considering the
case of an arch consisting of a single layer of bricks. If we
take the brick at the summit of the arch, it is easy to show
by drawing a triangle of forces that the horizontal forces acting
on the brick, and due to the pressure between it and its next
neighbours, are great in comparison with the vertical force
acting on it due to gravity. This will be the case even when
the arch is loaded by the weight of further material resting on
it. For a brick in this position, then, the horizontal pressure
is not equal, but much greater than the vertical.
The same would be the case if all the extraneous forces,
instead of being directed in parallel lines, were directed towards
the centre of the arch ; and it is easy to see that the statement
also applies to the case of a hollow globe, acted on by a system
of forces tending towards its centre. Under a force as great
as that of gravity at the earth's surface, however, a hollow globe
of the size of the earth could not exist, at least if composed of
any known rock. The horizontal pressure would necessarily
be so great as to cause shearing, being uncompensated by any
vertical pressure of corresponding magnitude.
Thus it is impossible to look on the earth as being a series

-
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of independent, self -supporting, concentric shells. At the same
time, if, by a mathematical fiction, we suppose the earth divided
into a series of concentric shells, it is not the case that each
shell will have to bear the whole weight of those above it.
Each of the latter acts to a small extent as an arch, and so,
as it were, bears part of its own weight. This part will only
be a small fraction of the whole In fact, if A denote the
lateral pressure which would exist in any such shell, supposing
it to be entirely unsupported, and to act as an arch, and if H

denote the actual mean horizontal pressure, then, roughly, H/A
will denote the fraction of its own weight borne by such a
shell.
The same will hold in the case of a liquid globe, in equilibrium under its own attraction ; only in this case the problem
will be far more definite, as the pressure must be the same
in all directions at any point.
I have brought in this discussion to show how we might
account for a lateral pressure even much greater than that
which actually exists. We have seen that the actual lateral
pressure existing in each layer of the earth's crust is fixed
within certain limits, so long as equilibrium is to be maintained.
I shall try to show how it is that adjustment takes place whenever the lateral pressure transgresses these limits.
Suppose that during any period the outer surface of the earth
is not contracting so quickly as the earth's interiòr. The
result will be that the outer crust ceases to have so much
support from the underlying layers (whether liquid or solid)
as it would normally have. It has thus to support a greater
than usual fraction of its own weight, and the result is greater
lateral pressure.
If the lateral pressure only exceeds the vertical by so small
a quantity as to lie within the above mentioned limits, it may
result in the gradual formation of anticlines or isoclinal folds.
If, however, the lateral pressure exceeds the vertical by a
greater quantity than the rigidity of the rocks concerned will
allow, a series of reversed faults or thrust- planes will result.
In either case the result is the same, the circumference of the
surface layer is diminished; it thus settles down on the layers
below it, and ceases to bear a more than normal fraction of
its weight, and so lateral pressure is diminished to within the
before mentioned limits.
Suppose, on the other hand, that during some geological
period the surface layer is contracting more rapidly than the
more central portions. The result will be that the latter are
compressed, and that there is an increase of pressure in the
central portions which tends to set up a tension in the
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surface layer. In this way lateral pressure in the surface
layer will be partially, or it may be wholly, relieved.
As soon as the lateral pressure falls short of the vertical
at any point, by more than a certain amount, a series of
normal faults will result. These increase the earth's circumference so that the arch -like condition of the surface layer
is restored, and lateral pressure is increased to within the
required limits.
When considering the formation of faults, we have generally
to deal with systems of forces which existed in past geological
time. In a few cases the contrary may be the case. Thus in
Japan and other countries which are liable to earthquakes,
there is no doubt that faults are being produced or are growing
in magnitude even at the present day. To a less extent this
may be the case in our own country at least we know that
movement is going on in some districts along faults which
have already been formed. This brings us to the interesting
question whether it may be possible, by studying the direction
of fault -lines along which motion is taking place, to arrive at
some.conclusion with regard to the system of forces at present
at work in any given area.
From a consideration of the facts published by Mr Davison,
we see that in Scotland there is a tendency for earthquakes
to occur along faults which run in a north - easterly direction.
This may perhaps be an accident due to the fact that the
largest faults in the country do happen to run in that direction.
At the same time the fact is worth noticing ; it might be
connected with a slight increase of horizontal pressure in a
direction from south -east to north-west; it might, however,
be due to other forces, and we are very far from being in a
position to form any definite conclusion on the subject. In
"England, earthquakes seem to take place along faults running
in every direction of the compass ; perhaps there may be a
very slight tendency in some parts to select faults which run
north- eastwards, but it would be very unsafe to base any
hypothesis on this supposition. In a case like this it is
impossible to say whether we are dealing with a simple system
'of pressures or not. On the other hand the extent of country
over which roughly parallel folding may often be found is a
proof that at certain past geological epochs the same sets of
forces must have extended over wide areas. The length which
certain mountain chains extend in what are practically straight
lines may be taken as additional evidence to the same effect.
It has been observed that fault breccias occur more frequently in connection with normal faults and wrench- planes
than they do in connection with thrusts. This may be easily
'

;
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I.

INTRODUCTORY.

district studied extends from the northern slopes of Cam
Mairg across Strath Tummel, and includes a part of the valley of
the Errochty Water. Except for some later intrusions, it is occupied entirely by crystalline schists. These belong in part to the
series of Struan Flags-the probable equivalents of the Moine
Gneisses of the more northern Highlands -and in a greater part
to the so- called Dalradian Series, which here projects along a
north -and -south axis for about 7 miles into the flags. The area
includes the best development of the well -known Schichallion
Boulder Bed, and has a historical interest from its association with
Maskelyne's Schichallion experiment, which in itself led, at an
early date, to a certain study of the geology.'
The district was mapped about the year 1900 by the late
Mr. J. S. Grant Wilson, of the Geological Survey. Although a
succession not previously recognized forms the basis of the map
now presented, the latter follows Wilson's in many of its main
features, and the investigation of the area. would have been a task
of far greater difficulty without the guidance of his previous work.
I am to a great extent indebted to Mr. E. B. Bailey for the
inspiration which led me to take an interest in the problems of
the Southern Highlands. Mr. Bailey, in a previous traverse of the
ground here described, had anticipated that part of the conclusions
of this paper which concerns the divisions of the Quartzite Group,
and the relations of the rocks on its opposite sides. He has also
made as yet unpublished observations on this Group in the neighbouring district of Blair Atholl, which he kindly gives me leave to
THE
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John Playfair, ` Account of a Lithological Survey of Schehallien, made
in order to Determine the Specific Gravity of the Rocks which Compose that
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quote. Certain other points which have a bearing on the geology
of the area dealt with here are discussed in a paper which was
recently presented by Mr. Bailey to this Society.'
In the Geological Survey Memoir 2 which accompanies the published map of this and the surrounding districts in Perthshire
(1 -inch Sheet 55, Scotland) the following (Dalradian) sequence is
recognized

:-

Quartzite and quartz -schist with pebbly conglomerate.
Schichallion Conglomerate (` Boulder Bed').
Limestone (' Blair Atholl ').
Black Schist.
Phyllites, etc. (` Ben Lawers Schist').
Garnetiferous mica- schist.
Limestone (` Loch Tay').
Garnetiferous mica -schists (` Pitlochry Schists').
Green Beds.
Schistose grits (` Ben Ledi Grits and Schists').

The four members included in the bracket were supposed to be
the only part that, was present in the Schichallion district. Of
this sequence the Quartzite was taken to be the upper limit, and
the latest in point of time, with an unconformity at its base which
caused it to rest upon either conglomerate, limestone, black schist,
or phyllites.
I do not, in the present paper, propose to discuss the remainder
of the sequence. It was taken to be in normal descending order,
down to the Ben Ledi Grits. A more or less vertical belt of black
schist, with an associated dark limestone, runs across much of the
1 -inch sheet, and separates the main Quartzite outcrop whièh lies
on the north-west from a Ben Lawers Schist area on the .southeast. There can be no doubt that the sequence Quartzite-Black
Schist -Ben Lawers Schist, which is seen along this belt, is continued south-eastwards, in the order given in the Memoir, to the
Ben Ledi Grits. From the Ben Lawers Schist to the Grits it is a
descending structural sequence,3 of which the lowest members come
to the surface on the south-east.
North -west of the belt of black schist just mentioned, matters
are much more in dispute. This belt is highly graphitic in
character, and shows 'a type of slaty cleavage which is absent
from most of the rocks in the district. Black lustrous surfaces,
developed along the cleavage, and usually at a slight angle to the
sedimentary banding, are typical of this zone. The belt forms the
summit of Ben Eagach, 9 miles east of Schichallion, and any
black schist which is certainly on this horizon will be designated
Ben Eagach Schist. Mr. G. Barrow, while accepting the.
Survey view that the Quartzite is later than the Ben Eagach
1 ' The Structure of
the South -West Highlands of Scotland' Q. J. G. S.
vol. Lcsviii (1922) p. 82.
4
` The Geology of the Country round Blair Atholl, Pitlochry, & Aberfeldy '
1905.
:1
This statement does not apply without qualification to other 1 -inch sheets
r'¡
of the Geological Survey map.
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Schist, has advanced the opinion that the limestone and the
associated dark or leaden ' schist of the Blair Atholl and Braemar
districts are later than the Quartzite, and thus separate from the
rocks of the Ben Eagach zone.' Mr. Barrow also holds that the
Quartzite has upper and nether ' edges ' of distinctly different
characters.

II.

DIVISIONS OF THE QUARTZITE GROUP.

The Ben Eagach belt is laterally shifted by the Loch Tay Fault.
West of this displacement the outcrop of black schist is more complicated; but the zone occurs without question on the south side
of Cam Mairg. The quartzite which borders the belt is marked
by a predominantly pebbly character. Non -pebbly bands occur as
alternations, but are nowhere predominant. The pebbles, although
sometimes larger, are perhaps most commonly of the size of peas.
They consist of quartz and felspar, but those of quartz are most
numerous. The higher parts of Cam Mairg show a typical development of this pebbly quartzite.
A small area of black schist, on the northern slope of the same
hill, is surrounded by the pebbly quartzite, and from its highly
graphitic character is certainly an infold of Ben Eagach Schist.
This area is on the southern margin of the district which has been
investigated, and will be used as a starting -point in the discussion.
A traverse beginning at this infold, and directed north- northeastwards,2 crosses first a zone of pebbly quartzite about a quarter
of a mile wide. Following this is a broad belt of a somewhat
distinctive grey mica -schist or granulite, with abundance of white
mica. After nearly a mile of this pelitic type has been crossed
with almost vertical clip, a quartzite is reached, which, from the
almost entire absence of pebbles, it is impossible to suppose can be
the same as that of Cam Mairg. This quartzite forms a strip
running north-west ,and north, as shown in the map (Pl. XXV).
Where crossed by the traverse it is flanked on the north -east by
another belt of grey mica -schist, exactly similar to that already
mentioned, and this again by a broad outcrop of non -pebbly
quartzite, which includes in its course the higher parts of Schichallion.
Let us now follow these various outcrops along their strike.
The Cam Mairg pebbly quartzite continues with steep dips in
wedge -shaped fashion to the north, and, although it thins very
much, it can be traced to beyond the River Tummel. Through
the latter part of its course it is bordered on the west by a highly
graphitic rock, along with a rock showing segregations of calcite,
and containing acicular actinolite -crystals, which resembles certain
parts of the calc- sericite' or Ben Lawers Schist. Much of this
area is drift -covered, and 'the geology is further obscured by
hornblende- schists which are probably original intrusive masses of
On the Moine Gneisses of the East Central Highlands, & their Position
in the Highland Sequence ' Q. J. G. S. vol. lx (1904) p. 400.
1.

`

Not precisely along the line AB of the horizontal section (Pl. XXV).

2G2
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basic igneous rock, irregularly introduced among the sediments.
There is, however, one point near the summit of Creag an Fhithich
(three - quarters of a mile south -south-east of Kinloch Rannoch)
where the succession ?Ben Lavers Schist -graphite -schist pebbly
-quartzite is clearly visible. The correlation of the graphitic rock
with the Ben Eagach Schist is, therefore, almost certainly justified,
and it should be noted that the occurrence in this area both of
Ben Lawers Schist and of `Black Schist ' had been suspected by
Mr. Grant Wilson.
The two belts of grey mica -schist and the two belts of non pebbly quartzite are fairly persistent, as each is traceable for 5 or
6 miles in a curving course, with certain variations of thickness.
The dips are nearly always steep, and sometimes vertical. As the
Central Highland Quartzite has always been taken to include the
rock which forms Schichallion, these facts seem to justify the conclusion that the former does not consist of one member, but is a
composite group. A fivefold division might seem to be indicated,
but against this view must be noted the great similarity of the
rock composing the two belts of Anica- schist. The two belts of
non -pebbly quartzite are also indistinguishable in character, and
this suggests that only three members are present, two of which
are repeated by folding or some line of disruption. More convincing evidence of the division being only threefold had been
obtained by Mr. Bailey in the Loch Tummel and Killiekrankie
districts before I had mapped this part of the ground, and, relying
on his so far unpublished work, I have divided the Quartzite
Group into three, as shown in the table (p. 427). The- non pebbly and pebbly .4uartzites may be appropriately named the

-

Schichallion Quartzite and the Carn Mairg Quartzite,

while the mica- schist division has been named by Mr. Bailey the

Killiekrankie Schist.

Turning next to the further side of the Quartzite, we may note

that the non -pebbly band which forms the higher' parts Of
Schichallion can be traced at least as far as the southern slopes of
Beinn a' Chuallaich. For all this distance it has the grey Mica schist (Killiekra.nkie -Schist) on the south and west, and the wellknown Schichallion Boulder Bed on the east and north. The
three formations are jointly affected by a change of dip which
takes place west of Schichallion. In that mountain itself the
Boulder Bed dips under the Quartzite, while farther north the
Killiekrankie Schist and Quartzite dip more or less .steeply under
the Boulder Bed.
There is thus, I think, clear evidence, not only that the
Quartzite in this district has separate `edges': that is, both .top
and bottom, but also that the Boulder Bed is on the opposite side
of the Quartzite from the Ben Eagach Schist and the remaining
members of the Southern Perthshire succession. This conclusion,
founded on what has been observed in the:district under discussion,
lends strong support to one part of the views put forward' by
Mr. Barrow with regard to the succession somewhat farther east.
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THE BEDS BETWEEN THE QUARTZITE AND THE
STRUAN FLAGS.

North and east of the bounding strip of Boulder Bed, it is
easy to distinguish a series of rock -types, which I believe to form
a stratigraphical sequence in continuation of that which has been
already made out. These are the four lowest members of the
following table, which is intended to represent the succession in an
area extending from the Schichallion district to the south- eastern
corner of Sheet 55 of the Survey map. That part of the series
which is present near Schichallion is included in the larger bracket.
Ben Ledi Grits.
Green Beds.
Garnetiferous mica- schist (Pitlochry Schist).
Loch Tay Limestone.
Garnetiferous mica- schist (Ben Lui Schist).
IBen Lacers Schist.
Ben Eagach Schist.
Cam Mairg Quartzite.
1Zi11iekrankie Schist.
Quartzite
Schichallion Quartzite, with
Group.
intercalated Boulder Bed.
Main Boulder Bed.
White Limestone.
Banded Series.
Grey Limestone.
l Grey Schist.

The beds not included in the bracket, and the succeeding members as far as the Quartzite Group, are in inverted order, when
compared with the previous table (p. 424). For reasons which
will afterwards be given, I think it likely, though not convincingly
proved, that the foregoing succession, when read upwards, is in
true chronological order.

Grey Schist. -This is a pelitic or micaceous type, containing
both .white and brown mica. It is often so coarse as to be definable
as a muscovite -biotite gneiss. The biotite is sometimes very
largely altered to chlorite, while the non-flaky constituents include
quartz, 'plagioclase (oligoclase to andesine), kyanite (sometimes
well developed), and inconspicuous garnet. Two slides have been
made' of this rock in its coarser phase ; both contain finely disseminated carbonaceous material, and one shows distinct flakes of
graphite. The presence of this mineral would not be suspected in
the hand-specimen ; but, where the rock is finer, its graphitic
nature is sometimes more pronounced. The Grey Schist must
have been, though to a less degree than the Ben Eagach Schist, a
carbonaceous sediment. Both these rocks 7ere classed as ' Black
Schist' in the Geological Survey map and memoir, but that name
is more appropriate in the case of the Ben Eagach Schist: The
two can easily be distinguished on field evidence, by the much
more sparing occurrence 'of highly graphitic layers in the Grey
Schist, at least so far as the district here described is concerned.

,
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A very fine -grained pelitic rock is associated with the Grey
Schist in one or two localities. It, consists for the greater part of
quartz, muscovite, and biotite, in minute grains and flakes, or of
quartz and biotite with a certain amóunt of orthoclase. It is, however, partly calcareous, and one slide with calcitic laminw shows
fairly abundant scapolite. Carbonaceous material appears to be
confined to the calcareous portions.
.

Grey Limestone and White Limestone. -These two,
although separated by the Banded Series, are treated together for
comparison. They are both coarsely crystalline non -dolomitic
marbles. The former is the more massive, and, on the whole, the
more purely calcareous type. A microslide of the Grey Limestone
shows a matrix of large grains of calcite, enclosing some flakes of
muscovite. There is an entire absence of any magnesian mica.
The calcite contains a certain quantity of fine- grained carbonaceous
material similar to that found in the Grey Schist. Two slides of
the White Limestone both show magnesian mica, and one has
finely- developed tremolite, which is Well seen in the hand- specimen.
In neither case is there carbonaceous material. These distinctions
correspond more or less with the differences observed in the field.
The Grey Limestone is typically dark when unweathered; and
the weathered material, though lighter, has usually a perceptible
greyish tint. The White Limestone is lighter when unweathered,
and has a characteristic creamy weathering. The brownish magnesian mica seen in the slides is a very common constituent.
Samples of Grey Limestone dissolved in hydrochloric acid leave a
residue which is partly black, with the property of marking paper,
while this type of material is absent from White Limestone residues.
It is, therefore, fairly clear that the Grey Limestone owes its colour
to the presence of carbon.
Banded Series.-This division was taken by Mr. Wilson to be
It contains at least one rather

a ' sheared' part of the Quartzite.

massive band of quartzite, but consists for the greater part of very
rapid alternations of siliceous and micaceous rock. The two types
are sharply contrasted in colour, owing to the large amount of
biotite in the micaceous layers. Often several bands of each type
are crossed in the distance of a foot.
There is a tendency to rusty weathering in this series, and it is
only with difficulty that fresh material can be obtained. A slide
cut from a siliceous band shows a mosaic consisting of about 75
per cent; of quartz -grains, and 25 per cent. of felspar. The latter
is altering into some flaky material, and the individual .quartzgrains are surrounded by films of limonite. A slide cut from a
micaceous band shows abundant flakes of dark biotite, set in a
matrix like the rock just described. The felspar is however
unaltered, and, though untwinned, is either oligoclase or andesine.
Muscovite is entirely absent.
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Iv. CHRONOLOGICAL ORDER OF SUCCESSION.
General considerations. -The evidence for the relative

order of these four divisions, and their relation to the Boulder Bed,
lies wholly in their surface- distribution, as shown by the mapping.
The Banded Series is an almost unmistakable type, and there are
numerous sections in which one passes from it across Grey Limestone into Grey Schist; while, again, one constantly passes from
Banded Series into Boulder Bed, with or without an intervening
White Limestone. The White Limestone, it is true, is sometimes
absent. This may be due to an unconformity, or to the fact that,
being the thinnest member of the series, it is the most liable to be
cut out by unrecognized lines of movement.
Alternative methods of reading the succession have been tried,
but without success. For instance, the Banded Series contains
what is here regarded as an intercalated quartzite. Could this
quartzite, however, be that of Schichallion ? The answer is
that banded material is not observed along the margin of the
Schichallion belt, and it is unlikely that, if this division had rapidly
thinned out, its shore-line should everywhere be concealed by a
comparatively narrow strip of Boulder Bed.

Errochty section. -A study of the district south of the
River Tummel is enough in itself to decide the sequence, but
ample confirmation can be found in the area farther north. East
of Druimehastle bands of Killiekrankie Schist, Schichallion
Quartzite, Boulder Bed, White Limestone, and Banded Series
descend the hill- slopes in that order. A more complete section
is seen in the Errochty Water, near Trinafour. West of the
junction of the Dalradián System with the Struan Flags, some
distance above the new, but below the old bridge, the Grey Schist
is first met with. The old bridge rests upon a foundation of Grey
Limestone, and above it the Banded Series is crossed. This ends
with a narrow band of White Limestone, the other side of which
is a small fault, bringing on the Boulder Bed. The limestone is,
however, repeated a little farther up stream, and seen in unfaulted
contact with a calcareous rock, which merges into the conglomerate. Higher up stream the latter gives way to Quartzite,
and finally to a broad belt of Killiekrankie Schist.
The evidence for the lower part of the succession shown in the
table (p. 427) has now been presented. The upper part extends
through a large area of Perthshire, and has not been a subject of
'dispute. If the lower part is accepted, and proves capable of
extension to other districts, it is suggested that the whole sequence
should be known as the Perthshire Dal/radian Succession.
So far, I have not been dealing with the question whether the
time-sequence of the table is up or down.

Boulder Bed. -There are, as

shown in the table, possibly two
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horizons of Boulder Bed, the main bed already mentioned in the
text, and a thinner bed which is intercalated in the Schichallion
Quartzite.
As recognized in the Geological Survey memoir, the main bed
consists of two subdivisions. One of these has a micaceous,
merging in places into a partly siliceous, matrix, while the other
is highly calcareous. On the hill-slope east of Druimcbastle the
former division borders the Quartzite, and the latter the White
Limestone. The same arrangement holds in the Eizochty Water,
except where the limestone is margined by a fault. There can be
little doubt that this is the general relation, though one or both
of the subdivisions may be missing, and the sequence is often
confused by minor folds.
The non -calcareous part of the Boulder Bed is extraordinarily
unbedded. The uniformity of the matrix and the haphazard
arrangement of the boulders strongly suggest that it is a finite,'
or altered boulder -clay. The character of the boulders is discussed in the Memoir, and it need only be mentioned that they
consist for the greater part of quartz and qùartzite, and ` granite'
or nordmarkite. The calcareous division has often markedly
carious weathering, and has been named by Grant Wilson the
`honeycomb rock.
It contains abundant inclusions of a substance which may be the White Limestone. Their derivative
nature might possibly be questioned, as they resemble the segregations of calcite which occur in some parts of the Ben Lawers
Schist. There is, however, a small but definite admixture of
quartzose fragments, which prove this division to be an integral
part of the Boulder Bed.
It is worthy of note that what are apparently limestone fragments are not confined to the calcareous division of the Boulder
Bed, but occur more sparingly in the non -calcareous part. Within
my experience these are best seen in the strip of Boulder Bed which
borders the Schichallion quartzite -belt, beside a small stream not
shown in the 1 -inch map, at a point 1500 yards north -east of the
summit of Schichallion. This observation has an important
bearing, as it is hardly possible to question that, in this case, we
are dealing with fragments of a pre-existing calcareous rock. The
material is creamy weathering, and non -dolomitic, and may well be
derived from the White Limestone. This would imply that the
Boulder Bed was the later formation. If this be not the chronological order, there is no member of the succession nearer than the
Ben Lawers Schist that can be regarded as a source.
A glacial origin is assigned to the Portaskaig Conglomerate by James
Thomson, who, however, did not class it as boulder -clay (` On the Geology of
the Island of Islay' Trans. Geol. Soc. Glasg. vol. v, 1877, p. 211). The point
has been discussed by Mr. Bailey (` The Islay Anticline ' Q. J. G. S. vol. laxii,
1916-17, p. 142). The identity of this conglomerate with the Schichallion
Boulder Bed has been regarded as probable since the time of Macculloch ;
but, as regards the latter bed, the suggestion that it is a ti bite does not yet
seem to have appeared in print.
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The siliceous fragments in the Boulder Bed may be derived in
part from intercalations in the Banded Series, although it is possible that many of them were originally vein -quartz. The `granite' boulders are the only type for which there is no possible local
source. The latter have not been found in the calcareous division,
and are nowhere more abundant than quite close to the Quartzite
edge. If the order in time is Quartzite-Boulder Bed-Limestone,
this implies that the only constituents of the conglomerate which
are certainly far -travelled were among the very earliest to arrive
in situ. If this order holds, it may also be noted that the BoulderBed, when deposited, mast have had a calcareous top. The early
arrival of the granite' seems to be an unlikely feature in a tillite.
The calcareous top
it be a top -is overlain by limestone, and if
it be a boulder -clay top this can only be regarded as a curious
coincidence. Except, however, where, as noted below, it comes
against the Quartzite, the Limestone- is always flanked by the
honeycomb ' rock, and the two appear to have a fundamental
connexion. In fact the glacial hypothesis almost certainly implies
that the order was Limestone-Boulder Bed-Quartzite, and, even
apart from an ice -age, the facts are most readily explained if this
was the case.
If this conclusion be correct, the order of superposition is that
given in the amended table (p. 427), and the Grey Schist is the
oldest Dalradian rock in the district.
This conclusion is in agreement with the facts recorded. by
Mr. Bailey in Islay.' The Portaskaig Conglomerate has, as is well
known, a remarkable resemblance to the Schichallion Boulder Bed,
and Mr. Bailey has found reason to believe that the former is
succeeded in point of time by the Islay Quartzite, which may well
be the equivalent of the Perthshire Quartzite Group.

-if

`

The conglomerate which is supposed to be intercalated in the Schichallion Quartzite has a matrix that is

more siliceous than any exposure which certainly belongs to the
Main Boulder Bed. It forms two narrow strips on the northern
slope of Schichallion, which are flanked on both sides by quartzite.
One of these is only about 100 yards from the upper margin of
the bounding, band of Main Boulder Bed, which has already been
mentioned. The narrow strip is here typically siliceous, while the
main bed has a micaceous matrix, right up to the edge of the
quartzite. Unless, therefore, one regards the former as an intercalation, one must suppose the margin of the main bed to undergo

very rapid lateral variation. Although the point is far from
certain, I regard the former as on the whole the more probable
hypothesis, and have followed the Survey map in separating the
two conglomerates. The siliceous type contains large boulders of
granite,' and pieces of a finer -grained acid igneous rock, which is
1 ` The Islay Anticline'
particular, p. 143.

Q.

J. G. S. vol. læxii (1916 -17) pp. 132 -59 ,. see, in
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These constituents may
have been derived from the main bed by fluviatile or marine
erosion. This theory assumes that the Quartzite is the later
deposit, and that there is a certain amount of overlap at its
base. It is unnecessary to suppose a readvance of the hypothetical
ice -sheet.
also present in the Main Boulder Bed.

-It

is probable, in any
Relations of the Boulder Bed.
case, that the base of the Quartzite overlaps the Main Boulder Bed.
A ground -moraine deposited on an irregular land-surface might
well be absent in places, and this may explain the fact that the
Quartzite is sometimes in very close proximity to the White Limestone. This is seen, for instance, in a tributary of the Errochty,
about a mile west of the old bridge which crosses the parent stream.
(It may, however, be due in part to lack of exposures that' the
Main Boulder Bed cannot be more continuously traced.) The
White Limestone, as before remarked, is, for one reason or another,
very inconstant. The Banded Series is relatively persistent, but
at the northern end of the projecting area of Dalradian rocks most
of this series appears to be absent, as well as the two members
above it, in such wise that the Quartzite approaches the underlying
Grey Limestone. How far.these facts are due to erosion, and how
far to subsequent movement, is difficult to determine. It seems,
however, reasonable to assume that there was a period of elevation
either before or after the formation of the Boulder Bed, which

accounts for its irregularity. Even if the conglomerate was formed
on a flat surface, its partly calcareous matrix and the limestone fragments may be explained by glacial erosion. But, perhaps more
probably, the surface over which the ice advanced was already an
uneven one.

-In

this account of the stratiThe hornblende -schists.
graphy of the district little mention has been made óf the
hornblende -schists. These are exceedingly numerous, and for the
greater part they have not been shown in the accompanying map
(Pl. XXV). They occur from top to bottom of the sequence, and
do not appear to be constant at any particular horizon. They are,
therefore, probably not original lava-flows, but altered dykes, or
more likely, from their relation to the bedding, at least in, large
part altered sills. Isolated fragments of a similar amphibolite are
seen in the Boulder Bed of the Errochty Water section. These
must be the result of the regional metamorphism acting on pebbles
of a rock like that which was concurrently transformed into
hornblende- schist. It seems possible, therefore, that there were
two periods of intrusion : one which preceded, and one which
followed the formation of the Boulder Bed.

-
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STRUCTURE OF THE SCHICHALLION AREA.

-

The northern syncline. At their northern limit the
Dalradian rocks are enclosed in a little syncline, which pitches out
northwards, and are underlain, both in that direction, and on
the east and west, with only a gentle discordance, by the Struan
Flags. Within the syncline is an ascending sequence, from.the
Grey Schist to the Schichallion Quartzite.
Followed southwards the syncline broadens, and an area of
Killiekrankie Schist appears in its centre. At the same time, the
eastern limb becomes reversed. Somewhat south of the Errochty
a structure occurs, which may be described by saying that the
axial plane of the syncline is shifted a mile and a half to the west.
The strike of the eastern limb is altered from north and south to
east and west, resuming its original direction about 2 miles northeast of the summit of Beinn a' Chuallaich. The reversed dip of
this limb is meanwhile maintained at rather a low angle.
The western limb becomes unrecognizable a little beyond the
point where it crosses the Errochty, and the further use of the
term `syncline' refers only to the fact that Dalradian strata are
bordered on both sides, and probably underlain, by flags. Southwards the syncline, as so defined, becomes split by a subsidiary
anticline. The first sign of this is the appearance of a mass of
Schichallion Quartzite, which forms the summit of Ben a' Chuallaich, and is bordered on both sides by Killiekrankie Schist.
A strip of Boulder Bed then appears within the Quartzite, which
at one point is seen in contact at both sides with, and overlying,
a vertical upfold of ' honeycomb rock.' A little farther south,
both the White Limestone and the Banded Series become visible.
Although there is no sign of ordinary faulting, the eastern
margin of the anticline is here a line of movement, as the
White Limestone is brought sharply against Killiekrankie Schist,
and nearer the Tummel the Banded Series is in contact with
Schichallion Quartzite.
South of the Tummel the ' crest' of the anticline is formed by
Grey Limestone and Grey Schist. On approaching Schichallion
the strike bends round through south -east to east, while the dip of
both limbs of the anticline, and of the eastern limb of the main
syncline changes from steeply east to an angle of about 55°
southwards.

-In

the foregoing paraThe structural succession.
graphs it has been assumed that the structural succession seen at
the northern end of the Dalradian projection is the general order
of superposition in the district, despite minor folds, or even over folds. This assumption is in agreement with the relations of
Quartzite and honeycomb rock' south of Ben a' Chuallaich. It is
strengthened by the behaviour of the two main groups in the area
north-east of Schichallion. Here a quartzite, which probably
belongs to the Struan Flag Series, and, if not, certainly overlies
`

il
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these, dips. under a Grey Schist and Limestone belt which is a
continuation of that which borders the Dalradian projection farther
north. The ascending order is Struan Flags : Quartzite Grey
Schist and Limestone : Banded Series : Boulder Bed : Banded
Series : Grey Schist and Limestone : Banded Series: Boulder Bed:
Schichallion Quartzite -belt. (see horizontal section, Pl. XXV). The
second belt of Grey Schist and Limestone marks, as I take it,
the crest of the subsidiary anticline. The Flags must also dip
under the Dalradian. Series near the foot of Loch Rannoch,
although the line between them is here difficult to define. Quite
apart from any evidence outside this district,' this seems the
most likely general order, though it must be emphasized that in
this particular connexion we are considering only the structural
sequence, as regarded on á large scale. If niy conclusion holds,
then the Dalradian Series as a whole overlies the Struan Flags
along this part of their border.
Where the Grey Schist is marginal to the Flags, as it is for
many miles, it must be concluded that it is structurally the lowest
Dalradian member. As there is some ground for thinking that it
is also the oldest, it may follow that the Dalradian System, although
intensely folded, has not here been subject to any very broad or
general inversion.
This statement is not meant to be applied without reservation to
the area south -west of Schichallion, and it may or may not apply
to most of the western border of the projection', where the Grey
Schist, as will be noted later, no longer forms the margin. It
certainly does not hold near Loch Tay, where the Loch Tay. Lime
stone dips under the Ben Lui Schist and Ben Lawers Schist, and
where, if my premises are correct, there must be inversion.

:-

:

.

The Alit Mor L i ni e s t o p e. -The' structure of the ground
immediately south -west of Schichallion has already been briefly
described but one point remains to be noted. On the Tempar
Burn, about 2 miles south-east of Kinloch Rannoch, a little island
of limestone, accompanied by graphitic schist, appears within the
borders of the Schichallion Quartzite -belt. A similar limestone
(with a remnant of graphitic schist) forms a fairly broad strip
in the valley of the Allt Mor, where it intervenes between the southeastern belt of Schichallion Quartzite and the north- eastern belt
of Killiekrankie Schist. The three formations border each other
rather abruptly ; but the Killiekrankie Schist is transgressed by
the limestone, when it is followed eastwards, and the latter curves
round the end of the eastern spur of Schichallion almost in contact
with the mountain-forming Quartzite. A tongue of limestone
shoots westwards along the northern slope, with Quartzite above
and below; but the main mass continues east -north -eastwards,
;

See E. B. Bailey & M. McGregor, ' The Glenorchy Anticline (Argyllshire) '
The.' Elide Flags' of that paper are
probably the Struan Flag Series, and the ` ,unclassified schists' are part of
1

Q. J. G. S. vol. lxviii (1912) pp. 164 -78.

the Perthshire Dalradian.
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accompanied by a rock resembling the Grey Schist. This limestone
is too massive to be regarded as a local intercalation in the Quartzite
Group. If, on the other hand, it be taken as Grey Limestone, as
I believe it to be, its method of occurrence needs some explanation.
It is true that, in the extreme north of the district, the Grey
Limestone comes near the lower margin of the Schichallion
Quartzite. But, in the nearer ground, immediately north of
Sehichallion, the intervening members are strongly developed. A
line of movement has been suggested, in order to account for the
duplication of the outcrops of Schichallion Quartzite and Killiekrankie Schist, and it is possible that one margin of the limestone
is a continuation of this line. Neither margin can, however, be an
ordinary fault -line, as both are much twisted, or folded, and there
is no visible sign of crush. It is possible that the explanation lies
in a folded rupture, which may either have been a normal fault, or
a thrust. Conceivably, two such faults are needed to explain the
relations. The general deformation and metamorphism of the
period of the folding may have destroyed the more tangible
evidences of movement.

VI. LINE

OF CONTACT BETWEEN THE DALRADIAN SERIES
AND THE STRUAN FLAG-S.

A junction occurs on the banks of the Tummel, a short distance
east of Dunalastair, and 3 miles east of Kinloch Rannoch. As in
the ground north -east of Schichallion, the Grey Schist is the
marginal member of the Dalradian Series. The strata are here
nearly vertical, and, as the Flags are approached, little ,bands or
lenticles of rock of a siliceous type appear in the Grey Schist.
The margins of these bands are perfectly sharp, and there is no
gradation of type. Following the northern bank one reaches a
little trough-shaped hollow, which does not appear on the other
less accessible side of the river, and which there is no reason
to suppose is a fault -line. On crossing this, one passes from
thoroughly pelitic Grey Schist into an unbroken and typical
section of siliceous flags.
The marginal belt of. Grey Schist continues to beyond the
Errochty Water. The change from micaceous schist to siliceous or
semipelitic rocks of the flag group is always abrupt, and can sometimes be fixed within a few yards: Infolds or intercalations of
flagstone type are, however, sometimes found within the Grey
Schist, as in the Tummel section.
At the northern end of the Dalradian outcrop, the border of
Grey Schist is present striking east and west, but considerably
thinned : it cannot be followed beyond this point. The Grey
Limestone, on the other hand, passes round the end of the syncline,
and may be traced for half a mile along its western side. Where
last visible the marble must be in close proximity to rocks of the
flagstone group, although the latter are not seen absolutely in place.
Some time has been spent in attempting to trace the further
.

.
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course of the flagstone margin, but no line has been drawn that can
be regarded with confidence. The reason is that, although the
Struan Flag Group of this district contains no rock of a thoroughly
pelitic nature which matches the Grey Schist, it does contain
horizons which resemble the less thoroughly micaceous Billie krankie Schist, and probably also quartzites of Schichallion type.
It is, however, certain that neither the Grey Schist, Grey Limestone, Banded Series, White Limestone, nor Boulder Bed can be
seen south of the Errochty Water on the western margin of the
On the other hand, one passes from areas of Killiesyncline.
krankie Schist, through rocks of the same type which may belong
to either series, into unquestionable flags. In a stream which rises
about a mile west of Ben a' .Chuallaich, and joins the Tummel at
Kinloch Rannoch, rocks resembling the flagstone series are seen in
contact at one point with what may be the pebbly quartzite, and

at another with what is almost certainly Ben Eagach Schist.

We are, in any case, justified in regarding the junction of the
two series as, in part at least, a. strong line of discordance. If
it is an unconformity, the amount of erosion, or the amount of
overlap, must extend from Grey Schist certainly to Killiekrankie
Schist, and probably to Ben Eagach Schist.
The following considerations appear to tell against the explanation
of the facts by means of an unconformity. For the sake of argument, let it be supposed that the unconformity exists. Then
there are two alternatives : either the Dalradian Series has been
deposited over the flagstones, or the flagstone series over the
Dalradian. If the Dalradian Series be the later, the discordance
already noted must be due to the overlap one over the other of
different members of this group.). The Grey Schist, being for so
long a distance marginal to the flagstones, must be taken as the
oldest of the formations which have succeeded them, and it was
followed by the Grey Limestone. In this case it is difficult to
explain the observed adherence to type of these two Dalradian
members, where they abut against their shoreline. The former
is an altered carbonaceous mudstone, and the latter a clearwater deposit. Some degree of lateral variation at least was to be
expected, and we have also to account for the absence of conglomerate.
It may be supposed, however, that, while an unconformity exists,
the order in time is the reverse of that already considered, and
the Struan Flag Series originally overlay the Dalradian. It then
.

1 This relation has been figured by Prof. J. W. Gregory
(` Handbuch der
Regionalen Geologie' vol. iii, pt. 1, 1917, p. 38). Prof. Gregory, however,
shows the Blair Atholl Limestone and Graphitic Schiste as resting upon the
Quartzite. As the former presumably correspond to the Grey Limestone and
Grey Schist of this paper, it is difficult to explain the consistent intervention
of a belt of Grey Schist, Grey Limestone, etc., between the flags and the
Quartzite, along the eastern margin of the ` syncline', on the basis of Prof.
Gregory's diagram.
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follows that, from its marginal character, the Grey Schist is the
latest of the underlying formations, and the truncation of the
different horizons of the Dalradian Series is due to erosion. The
following facts may then be noted. The flags in this district contain arkoses and gritty quartzose rocks which are occasionally
almost to be described as pebbly, but nothing in the nature of a
conglomerate. Also, the same type of truncation along the junction
as that which has been observed in the Da'radian Series, takes place
to a certain extent among the flags. In following the line of
contact where it is sharply defined, the marginal member of the
Struan Flag Group is first a gritty arkose, which, is seen beside the
Grey Limestone, at its southernmost exposure on the west side of
the ' syncline'. It varies to a semipelitic type, which borders the
Grey Schist in the Errochty -Water section. Farther along the
boundary the marginal rock consists of typical flags and a flaggy
quartzite, as, for instance near Dunalastair; and lastly, as before
mentioned, one encounters a massive quartzite.
It is, therefore, necessary to suppose that, even on the present
hypotheses, there is a certain amount of overlap. It may be argued
that, on an uneven floor, one should find in the flagstone series
recognizable fragments of the underlying eroded rocks, such as
Grey Schist and Grey Limestone. Such fragments are not found,
and, as has been previously shown, the late position in the Dalradian
sequence, which is assigned to the Grey Schist on the two hypotheses here set forth, is in itself unlikely.
If the discordance be due to a plane of movement, there are two
ways in which the facts may be regarded. Either the junction
with the Grey Schist is a natural one, which terminates against
this plane near the northern end of the syncline, or the whole
line of contact consists of a folded fault or faults.
A fact with a possible bearing on the existence of a marginal
dislocation has been noted in the Geological Survey Memoir by
J. S. Grant Wilson, who writes as follows
.

:-

This normal north-east strike is modified in the area between Glen Garry
and the Erichdie [Errochty] Water by the lines or narrow belts along which
the beds are violently. contorted and thrown into a series of sharp vertical
folds; the strike being at right angles to that of the rocks on either side.
The most prominent of these lines appears to form the north -east boundary
and runs in a W.N.W. direction from Meall
of the Trinafour complex,
Dall- chealach, crossing the Garry at the foot of the Allt Stalcair. It gives
rise to a conspicuous feature, forming a ridge which projects above the
surrounding moor.' (Op. cit. 1905, pp. 70 -71.)

....

The facts recorded both on the published map and on Mr.
Wilson's field -map seem, however, to indicate that the line of
movement is continued along the western, more probably than
along the eastern margin of the Trinafour complex, which means
what is here called the `syncline'. If this be the case, if must bend.
round so as to become parallel to the strike, and at the same time
cease to form any prominent feature. It will have been noticed
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is along the western margin that it is necessary to suppose
the more violent part, or possibly the whole of the discordance.
The margin of the Struan Flags has now been followed by the
Geological Survey' staff to near Loch Awe. For most of this
distance the flags do not come directly into contact with rocks
which belong to the sequence that in this paper has been described
as Dalradian. There is an intervening zone, the relations of
which have been discussed by Mr. E. B: Bailey & Mr. M.
When, however, the rocks of the sequence are
McGregor.'
reached, they belong to the Quartzite Group, or to the Ben
Eagach Schist, or to that part of the succession here regarded as
later. The Boulder Bed, for certain, does not reappear. It is
thus seen that, whatever be the cause of the transgression along
the ` syncline', whether folded fault -line or unconformity, it is a
far -reaching, and not a local phenomenon.
While I favour the hypothesis of a folded line of movement,
I do not think that this discontinuity need necessarily have been
a thrust-line. A normal fault of large dimensions, which had
been subject to intense shear, might explain the phenomena.
Such a shear might bring all original structures, including the
fault and the bedding, into approximate parallelism. This theory
probably implies the neéessity of a general overriding movement,
along the Dalradian border, which came from either the east or
from the south.
Such a movement might not itself be localized in a thrust plane, but might act on a pre -existing normal fault so as to
produce somewhat similar results.

that it

VII.

REGIONAL METAMORPHISM.

The degree of metamorphism has been such as to convert the
limestones of the district into rather coarsely crystalline marbles.
The argillaceous rocks are partly pelitic gneisses, although in other
cases they may be described as schists. It may be noted that
garnet is abundant in parts of the Killiekrankie Schist, and also
occurs, though more sparingly, in the Grey- Schist. Kyanite is
frequent, and sometimes forms fairly large crystals, in all the
chief pelitic rocks of the district. These include the Killiekrankie
Schist, the Grey Schist, and parts of the matrix of the Boulder
Bed. The Grey Schist also contains well formed staurolite in one
locality.
The amount of shear has been great enough to bring the sedimentary banding of the different types into general parallelism
with the plane-foliation.
The structure known as `linear foliation' is a common feature in
the district, though not more so than in various other parts of the
Highlands which I have mapped. This phenomenon does not
Q.

J. G. S. vol. lxviii (1912) pp. 172 et seqq.
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appear in the comparatively unaltered rocks of the Lochawe
Syncline, but seems to be a very widespread characteristic of those
parts of Northern Scotland where the metamorphism has reached
a somewhat higher stage. I have previously described it as
follows (in `The Geology of Mid -Strathspey and Strathdearn'
Mem. Geol. Surv. 1915, p. 22)

..

a sort of striation visible on practically any well - exposed divisional
or bedding -plane of the granulites. This is not rodding in the sense of any
actual elongation of the minerals, though the mica -flakes are all arranged so
as to have one direction parallel to that of the striation. It seems rather to
be due to a minute corrugation of the micaceous laminm, the folds of which
have their axes parallel to the striations. It is none the less probably caused
by stretching, and the striations probably coincide with the direction of
shear. The impression produced on an observer is that the shearing must
have been intense.'

I also noted that this lineation could be seen to be parallel over
wide districts, even where the bedding changes strike. This is
well illustrated in the Schichallion district. Throughout the whole
of the `syncline,' and the neighbouring parts of the flagstone
series, the linear foliation dips at gentle angles (see map, p. 440)
southwards : it is thus usually parallel to the strike. Where,
however, the latter alters to east and west, south of the Errocbty
Water, the direction of the former is unchanged. It may be
further noted that the direction and dip of the lineation is almost
invariably that of the pitch of the smaller folds. Thus, certain
folds which affect the Grey Limestone, in the area of east- and -west
strike just mentioned, and are shown on the map, pitch at low
angles southwards.
In one respect the description quoted above requires to be modified
as regards the Schichallion district. In the micaceous rocks the
phenomena are the same; but in the hornblende-schists there is
actual rodding or elongation of the crystals, which always follows
the general direction. Tourmaline- crystals, where formed, have
also a sub -parallel arrangement : this is shown by a slide of the
matrix of the Boulder Bed. Kyanite- crystals, on the other hand,
are arranged in the plane of general foliation ; but their directions
of maximum elongation lie haphazard in this plane. This is well
seen in a tributary of the Errochty Water, which joins it from the
south about half a mile above the Allt Choin. The same stream section shows rodded hornblende-schists.
South of the Tummel the lineation curves round gradually, in
conformity with the change of strike, and dips in general eastwards
or south -eastwards. I believe this appearance to have been produced somewhat after the manner of a flow - structure ; but, whatever be its cause, it seems to be a phenomenon worthy of further
study, and one that may throw some, light oh the origin of the
Scottish schists.

Linear foliation and minor folding in the
Schichallion district.
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SUMMARY AND CONCLUSIONS.

So many debatable points have been dealt with in this account
of the district that it may be well, in summarizing the results, to
separate those for which the evidence seems clear from those
which are to some extent conjectural.
(1) Among the former results are those which have to do with
the Dalradian succession. The facts outlined in this paper, and
shown in a general way on the map, suggest the following conclusions :=
(a) The quartzite, previously taken to be á single unit, is in reality a
composite group. It contains a central mica -schist and marginal
components which are quartzites of different characters.
(b) On the one side of the quartzite group is a graphite- schist, and a
succession following this in the order previously determined by the
Geological Survey.
(c) On the other side is the Boulder Bed, and a succession following it as
given in the table (p. 427).

It is very difficult indeed to

escape these deductions.
(2) The study of the Boulder Bed has led to a further conclusion : namely, that the Grey Schist is probably the oldest
member, and the Ben Ledi Grits the youngest member of the
succession as stated. The validity of the evidence depends, to
some extent, on the assumption that the Boulder Bed is a tillite,
and while, with others, I favour this assumption, I do not claim
that an inference derived from it can as yet be regarded as proof.
(3) A certain amount of local discordance is associated with the
Schichallion Boulder Bed. The facts may be explainedsby supposing that the conglomerate was formed on, and more or less at
the expense of, an already partly eroded surface of White Limestone and Banded Series, and was afterwards overlapped by the
Schichallion Quartzite.
(4) The structure of the district is more obscure than the
stratigraphy. It is obvious that the folding has been extremely
complex. Such complexity might have been produced from' a rock
originally in horizontal layers, if it had been acted on by a movement analogous to flow. It is necessary to suppose that this
flow-movement itself was complex, although it may have been
roughly parallel in direction over areas which extended for several
miles. The field appearance known as linear foliation may be
the visible indication of such a flow.
It is almost certain that in the Schichallion district, ,s in the
country nearer Loch Awe, the general relation of the Dalradian
Series to the Struan Flags is one of superposition. In a part at
least of the district here described the supposed later members
of the Dalradian succession overlie in the same general manner the
supposed earlier members, and, speaking broadly, the sequence is
probably uninvested.
The line of junction between the Dalradian Series and the flags
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is discordant, both as regards the zones of the Dalraaian and those
within the flags. This discordance appears from the evidence to be
more probably due to a folded rupture than to an unconformity,
although I do not claim that the facts which support this "con elusion form an absolute proof.

The study of this district has strengthened my belief that large
horizontal movements have affected the Southern Highlands.
These may, or may not, be connected with the appearances of
flow- structure. At the same time, I think it as yet impossible to
define their direction, or to say whether the discordances which
they appear to produce need in every case have been dui to
thrusting, rather than to the distortion of large normal faults.
In these respects I regard the subject as being at present in the
speculative stage.
EXPLANATION OF PLATE XXV.
Geological map of the Schichallion district on the scale of 1 inch to the mile,
or 1 : 63,360; and section across the same.

DIscussION
Dr. J. S. FLETT said that this paper appeared to be an elaborately careful piece of work. It was of interest, as the Author's
version of the sequence was in some respects different from that
of Grant Wilson, and more complete. Two points especially
attracted attention. One was the presumably upward-sequence
from the margin of the Moine rocks : this was in accordance with
the views of other geologists who had recently been working on
that group. The second point touched the relations between the
Moine Series and the rocks south thereof. On this question the
Author had, unfortunately, formulated no definite conclusion. An
examination of the Author's map suggested that this line might
mark a plane of movement ; but, before it was assumed that the
absence of certain groups was due to that cause, it was desirable to
-bring forward some evidence that these rocks had originally been
deposited there, and had not subsequently been removed by erosion.
Several features of the map, especially the Boulder Bed and its
local distribution, suggested that contemporaneous erosion or non sequences might be expected in that group.
Mr. G. BARRow drew attention to the difficulty of .dealing
with the; details of recent papers on the Highland rocks, as new
names were introluced for every new locality visited. With
regard to the succession in the beds described in more detail in
the Author's paper, certain facts were now well established. The
pebbly portion of the Quartzite is the base of the bed, for it has
been proved to overlie directly the true Graphite- Schist over a
great stretch of ground. Beginning in South -West Aberdeenshire and coming south -west to Pitlochry, the speaker had noted
that the base of the Quartzite is often blackened by minute specks
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of material originally picked up from the still soft black mud
below : this continues to the west of Pitlochry. Farther southwest the erosion went deeper, and small fragments of coherent
mud were picked up and are now seen enclosed in the Quartzite.
Still farther south -west these fragments are at times as large as
the palm of a man's hand. That the Quartzite is above the true
Graphite- Schist is thus clear.
Starting from the base and crossing the Quartzite, we reach the
top, which is fine -grained and white. It is one of the most easily
recognized horizons in the Highland rocks. It is perfectly seen
in the ,coast- section at Portsoy, and the speaker had followed it
for over 100 miles in the interior of the Central Highlands.
The area selected by the Author was not a good one for dealing
with the succession, as the presence of the Boulder Bed at once
showed that there was a non -sequence : that is, part of the series
is always absent when this bed is present.
The speaker then: referred to the succession described by him in
the area of Glen Clunie.l He had shown that, going southwards,
one notes a :comparatively sudden hiatus. The Limestone is seen
to rest upon a remnant of the Parallel Banded Series, and is
occasionally quite close to the white edge of the Quartzite. The
erosion is the same, whether the Boulder Bed be present or absent.
A photograph of the base of the Limestone lying in an eroded
hollow in the Moine Gneiss is published in the paper already cited.2
The approach to and recession from the edge of the Quartzite
by the Blair Athol Limestone occurs repeatedly over a large area,
and the published evidence shows that the Blair Athol Limestone
is above the dark Schist and Little Limestone, which are often
cut out by it. The Limestone is also above the Boulder Bed.
The speaker adduced further detailed evidence bearing on these
points from Glen Tilt and Glen Elg, which all went to prove the
Lewisian age of the Moine Gneisses. With regard to the rocks
between the true Graphite-Schist and the Southern Highland
Border, the superposition of the Quartzite on the Schist shows
the succession to be a descending one, and the rocks near the
Border are. the lowest. This is clearly proved by the fact that
a great group of .rocks below anything ever occurring along this
Border are brought up by a big fault, and cover a wide area
stretching fròm the North Esk to Aberdeen, etc. These rocks,
like the others, are seen to increase in crystallization as one proceeds
north- westwards from the Highland Border ; but the increase is
much more rapid in the case of the.rocks brought up by the fault.
Mr. J. F. N. GREEN said that he was particularly interested in
the nordmarkite Boulder Bed. In Islay this had been attributed
to ice on good grounds 'by Thomson half a century ago. In that
island, where the rocks were virtually unaltered and excellent
coast -sections were available, it was obvious that the bouldery beds
Q.
2

J.

G. S. vol. lx (1904) pp. 423-27,

Ibid. p. 430.
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were merely lenticles occurring sporadically in a variable band of
They could not
arkoses, greywacke, and dolomitic sandstone.
therefore be till, but should be attributed to floating ice, the
bouldery patches indicating the spots where the floes unloaded.
On the mainland, in the Tayvallich peninsula, occurred the
isolated Loch- na-Cille Conglomerate ; and he had inferred from
the Geological Survey memoir that that also was probably a
lenticle in a similar band covering most of the peninsula and the
eastern side of Loch Sween. On examining the Survey slides, he
found that the ` quartzite '. of this area was arkose. The Survey
maps did not separate these felspathic rocks from pure quartzite.
The Schichallion conglomerate not only contained nordmarkiteand quartzite- boulders similar to those of Islay, but the structure
and matrix appeared to be identical. The three specimens of the
latter now exhibited seemed to have been originally arkose,
greywacke, and dolomite- sandstone. He enquired whether the
calcareous boulders might not once have been dolomite, as in the
south -west. He was suspicious of the Schichallion Quartzite, in
which the conglomerate seemed to be wrapped, and would like to
know the average percentage of felspar in it. If it were really
the arkose -band of Islay and Tayvallich, be would expect about
85 per cent. of quartz, at least in the coarser parts. In that case,
the southern edge of the band was in contact with the Killiekrankie
Schists, which could be traced round its western termination (as
one would infer from the map) into the banded series ; and schists
often ran into banded series.
The SECRETARY read the following communication from Mr.
E. B. BAILEY

:-

` This paper will be recognized as one of the most important contributions
yet made to an understanding of the Central Highlands. The Author
acknowledges help from Grant Wilson's original treatment of the district,
and adopts from it the commonly accepted view that the Struan Flags are
something apart from the Perthshire Dalradian sequence. In this respect
the Author does not follow the lead given by Mr. Barrow ; but he seems to
me to have confirmed beyond doubt that writer's claim regarding the stratigraphical position of the Perthshire Quartzite in relation to its Dalradian
associates. With a partial knowledge of Schichallion, and a considerable
acquaintance with the cognate districts of Islay, Loch Tummel, and Blair
Athol, I have no hesitation in accepting every detail of the Author's stratigraphical succession. It is noteworthy that he, like myself, has been led to
invert the traditional time -sequence of the Perthshire Dalradian ; although,
I admit, the Schichallion evidence in this direction does not seem to me
convincing. As regards the discordances, which the Author very properly
emphasizes, they are not only convincing, but arresting. They do not, in
Schichallion, present themselves in obvious relationship to folds; and the
Author is justified in adopting a cautious attitude in their interpretation.
Still, it is a remarkable fact that the plane of discordance separating the
Schichallion Complex from the Struan Flags corresponds precisely with what
I have called, in the West, the basal thrust -plane of the Iltay

Nappe.'
The AUTHOR, in answer to Dr. Flett, stated that he thought
that the correlation between the Schichallion series and that
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mapped by Mr. H. H. Read would only be possible after a reexamination of some of the intervening ground.. He had not
ruled out the possibility that the boundary -line between the Grey
Schist and the Struan Flags on the eastern side of the Dalradian
area was a natural one, though he regarded the western boundary
as a folded line of movement. One part of the differences between
himself and Mr. Barrow might be overcome by supposing that the
Boulder Bed and White Limestone of the Schichallion area were
'usually absent in the district between Braemar and Blair Athol.
This would imply that the Banded Series of the area that he had
mapped was the equivalent of Mr. Barrow's Honestone Group,
which it appeared to resemble.
In reply to Mr. Green, he stated that, apart from its intercalations, the Banded Series of the district now described was very
easily distinguishable from any part of the Schichallion Quartzite.

Quart ..Ionrn. Ce.oZ.Soc.Vol.LXXI.Y.PI. XXV.

SCH
ISTS
OF TH E
SCHICHALLION DISTRICT

Explanation
River rum me/

Al/wit/In

SRÒN CHON

Hornblende Schist

lBen Lowers Schist
Ben Eaaach Schist
Carra /{/aire
Quartzite
/(i//ielrrankie

IO

8

Schist

Schichal/ion Quartzite

7

with intercalated
Boulder -Bed

5.

r!

Main Bou/der -Bed

4
3

White Limestone
Banded Series with
intercalated Quartzite

2

Grey Limestone

Schist

Grey

IO

8

Struan Flags
Dip

of strata.

amount in degrees.
Steep dip of strata

30

4

X Vertical strata
B
n

1

I

14

1

/

1

II
1I

r

2(

I

i.
\

I

I

a
1
1

.

1

11
1

\\\\

1\\

1

\

\\

\\

x

\
8

\.

`,` -

--

-i
___

_=___________-__

aGi..
'c_'í_-

--1E3-Lr

25
70

7

6

`_...-___.-:.

SCHICHALLiON

`

7

7
:\

¿¿t_illòr,

8

10

Scale
A
CARN

A

N.E
CARN MAIRG

2M1leS

O

AIRG

Allt á Choire
Ghlais

g

NNE

S.SW.
>E--

SCHICHALLION

911;rg.
/
Sea Level

.

Allittiraf

a

Q

zita,'
'-

REPRINT FROM THE

PROCEEDINGS
OF 'PIIE

ROYAL SOCIETY OF EDINBURGH.
SESSION 1913-1914.
VOL. XXXIV. -PART I. -(No. 8.)

The Path of a Ray of Light in a Rotating
Homogeneous and Isotropic Solid.
By E. M.

Anderson,

EDINBURGH

M.A., B.Sc.

:

PUBLISHED BY ROBERT GRANT & SON, 107 PRINCES STREET, AND
WILLIAMS 8, NORGATE, 14 IHENRIETTA STREET, COVENT GARDEN, LONDON

MDCCCCXIV.

Price Sixpence.

VIII. -The

Path of a Ray of Light in a Rotating Homogeneous
and Isotropic Solid. By E. M. Anderson, M.A., B.Sc. Communicated by THE

GENERAL SECRETARY.

(MS. received November 3, 1913.

Read January 19, 1914.)

path of a ray of light in irrotationally moving media was first
investigated mathematically by Fresnel, who showed that to account for
the observed phenomena it is necessary to suppose that, the ther being
THE

fixed,

2
the medium imparts L 21 of the amount of its own motion, resolved

the line of the refracted ray, to the advancing disturbance. This
conclusion is also a necessary consequence of the modern Theory of
Relativity, which, while holding that, with reference to axes with regard
to which the medium is stationary at any point, the speed of light depends
only on the refractive index, for any other system leads to the above result.
Using this formula, it is possible to calculate the path of a ray of light
in a rotating homogeneous and isotropic solid, when the velocity produced
by rotation is small compared to that of light itself. We shall first
consider the case of a body rotating about an axis fixed in space, and at
in

FIG. 1.

right angles to the line joining two points A and B, through which we
will suppose the path to pass. If r be the distance of the disturbance

from this axis, and 0 the angle made by the ray with
produced; if further w be the velocity of rotation, and
the speed of light ; then the total velocity of the ray is

at any moment
the direction of
c

r

c

cur sin cb(fc2

µ2

-1)}
/
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D+Er sin cio,

where
D=

E- 0/12 ,1.

and.

Then the condition for a brachistochrone is first evidently that
path shall lie entirely in the plane of rotation, and further
S

r

-0
D +Er sin 4
ds

the
E

'

or, neglecting the second order of small quantities
S

ds

JD

- 8J

dsEr sin cß
D2

If we consider the part of the brachistochrone intercepted between
A and B, then Jds is the total length of the curve AB, while Jds r sin
is twice the area traced out by the radius vector.
It is easy to see that, while an increase of the length of the path leads
to an increase in the time taken, an increase in the area covered by the
radius vector will have the opposite effect, if area be reckoned positive
when swept out in the direction in which the solid is rfitating. The last
equation may be interpreted to mean that for any slight deviation from
a brachistochrone these two causes of variation must exactly balance, and
that they will do so if an increase in length is accompanied by D /2E times
the same increase in area. Substituting we find
D

µc

- 1 (/

2 -1 )
It is easy to show that a curved path, with a certain radius of

2E

0

. 4.

curvature,
a

t
t

a

2

Fm.

2.

constant within the limits already assigned, will satisfy the above condition.
In the first place, it is a well -known theorem, and may be proved by the

1913 -14.]
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that for any given length of line joining two points
that form of curve which subtends a maximum area with a

calculus of variations,
A and B

(fig. 2),

third point O in the same plane is an arc of a circle. We shall not, however,
use this result, but another which follows from it, or may be regarded as

last step in its demonstration, namely, that if AFDGB be the circular
arc of required length, and ACDEB a slight variation from it having
exactly the same length, then the areas OACDEB and OAFDGB are
equal to the first order of small quantities.
If now (fig. 3) we consider ALB as a possible circular path for light
in the rotating solid, and let APB be any slight deviation from it, in the
same plane, but not necessarily of the same length as ALB then ifthe
lengths of the two curves be not the same, let AMB be the circular
the

;

joining A and B which has the same length as APB. Then by the
theorem just stated AMB and APB subtend the same, area at any point in
their plane to the first order of small quantities. Thus the time taken by
arc

ethereal disturbance to traverse the paths AMB and APB will be equal
the same degree of accuracy.
Let us next consider the difference of length, and of area subtended by
the two circular arcs ALB and AMB. Let R be the centre of the chord
AB, and C and D the respective centres of the two circles. If then
an

with

AR = a
AD = p
AC
then the area enclosed

=p +e,

by th e two arcs is

/
e

di

-

p2

sin-1

p - a ß/p2 -

a22)
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which equals
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2E1 p sin-1a

p

,2

a2J

The difference in length of the two arcs is

siñ

epL2p

1

P1=

cc

ap

or to t

2e [sin-1 a

a

/p2

2

the former result divided by p, where p is the radius of curvature.
Thus the area enclosed between two nearly coincident circular arcs,
ending at the same points, is p times their difference of length. Also, from
what we have already seen, the difference in the area subtended at any
point in its plane by a circular arc and any slight deviation from it will
be p times the difference in length of the two curves. This assumes that
the point of subtension is so situated that the area swept out by the radius
vector is wholly positive or wholly negative. Obviously, for a point on
the concave side the difference of area will be of the same sign as the
difference in length, while for a point on the convex side the sign will be

Now,

opposite.
Now, we have seen that the condition for a brachistochrone in the case
we are considering is that an increase of length in the curve between any
two points shall be accompanied by an increase of area subtended at the
µc
centre of rotation of
times the amount, area being counted

to

2(0(0-1)

a c
previo
is

In
follow

paths
to sho
with I
be co]

path

curvature

get 2'

of

x2(42: 1) ,

or

where

4+

v cos 0(42

42

far

WI

and which is concave or convex to the centre of rotation according as the
wave motion with regard to that centre is in the same or in the opposite
direction to the rotation.
We will next consider the case where the medium, In addition to its
rotatory motion, has an uniform translatory motion y, as before, small compared to the velocity of light. If O be the angle between the direction
of the ray and that of y, the total velocity is
(,r sin (4)(p.2- 1)

rot

with
so

c

c

curvat

positive when traced out in the same direction as the body is rotating.
This condition is obviously satisfied by a circular arc whose radius of
P

the

-

the pl

1)

42

D+Ersin¢,+F cos B,

F-v(42-1).
p,2

two p(
P be t

;ss.
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The condition

for a brachistochrone is
ds

S

JD +Er sin cp +F cos O
or to the first order of small quantities
S

S

d_s

D

(dsEr sin cß
J

-o

(dsF cos O
J

D2
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D2

the projection of the path AB on a line drawn parallel to y
a constant, the last term vanishes, and we therefore arrive at our

Now, as
res,

is

ern

previous result.

any

In both this and the previous case the curves calculated are those
followed in space with regard to the assumed axes of no velocity. The
paths traced out in the solid itself can be deduced as follows. It is easy
to show that a ray which penetrates the rotating body in a straight line,

vill

hat
[ius

on

the
be

ase

with velocity

,

will leave a trace in the solid of curvature wia , which will
c

convex to the centre of rotation if the ray be moving with regard
to the centre in the direction of rotation. The actual curvature of the
be

path of light is

nay

the

c

get

2W(µ2
c,u

1)

in the opposite direction.

By subtraction we

20 as the curvature of the path traced out in the solid ; the radius of
c,u

,

ted

curvature is

2l, and the curve will be convex or concave to the centre

ng,
of

the

rotation according as the radius vector of the disturbance moves along
with or against the rotation. This result will apply to both the cases
so far considered.
We have next to deal with the case in which the path of the ray is not in
the plane of rotation. Let us consider what path will be followed between
of

Site

its
)Ill

-

ion

FIG. 4.

two points A and B in a medium rotating about an axis LM (fig. 4). Let
P be the plane passing through A and perpendicular to LM ; 0 the point
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that axis;

[Sess.

the projection of B on P. Join. CA and AB,
and let *0 be the angle CAB. Let ADB be a possible path for light
between A and B, and let AEC be its orthogonal projection on P. Let
be the angle between any element of the curve and the corresponding
element of the projection ; r the distance of the latter element from the
point 0, and the angle-it makes with the direction of r produced. Then
the speed of light at any point on ADB is
of intersection of

C

i

ç+ wr sin

ch

cos (r

2

1,
µu

N-

or
D

ds
D

the

ra

itself
Withii

curvat
rotatic
rotatir
of refe

+Er sin cp cos t/r,

where D and E have the same meanings as before. The condition for a
brachistochrone is therefore
¡ds
Er
S
D2
f 15 J
If now ds' be the element of the projection corresponding to any element
cis, ds' = cis cos*, and our condition may be written
S

1913-

8fEr sin Ods'_0

Mr
follow

Le

and D

path i

D2

Let Q be the cylindrical surface whose generators are parallel to LM,
and which passes through the curve ADB and its projection. Then it is
evident that for any curve on Q joining A and B the latter half of the
expression vanishes. Hence the curve of this class which most nearly
satisfies the brachistochrone condition is the shortest in length, or otherwise
the curve for which is constant.
We may therefore confine ourselves to curves for which this condition
is fulfilled. Denoting the length of the arc AEC by 1, and that of CB by a,

\

Nc

where

mediu

Here
copiar
12wd(,

tan ifi=

l

,

and

cos ihr-

The condition may therefore be written
S

1'4'02 + a2
J

As

f

/2l

a2

mo

N

rEr sin Odd

Dl

D2

Now,

=1, we get

variai
161

or in other words,

When
of

-(3./Er

sin cads'_

reasol

0,

being the rectilineal angle CAB, the increase of area
subtended at 0 by the curve AEC must be D
times its increase of

where

From this it follows that

be the

1/ß0

cos

length, to the first order of small quantities.

circul
variai
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radius of curvature of the projected curve is

cos

ou

2w(µ2
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The curve

.

itself follows from

this condition and the fact that 1lt is constant.
limits
considered
the
it is part of a circular helix. Its radius of
Within
µ
in a direction perpendicular to the axis of
curvature is
2
2 w cos

1

rotation. This conclusion holds good whether or not we consider our
rotating body to have also a translatory motion with regard to the axes
of

reference.

By Sir JOSEPH

NOTE ON MR ANDERSON'S PAPER.

LARMOR,

M.P., F.R.S.
Mr E. M. Anderson's elegant argument may be paraphrased as
follows

:-

-

Let y be any coplanar velocity of the medium, and set E= v(µ2 1)/,u2
and D = c/µ ; then the time of passage of a ray restricted to any artificial
path is

r

ds
D + E cos

approximately

r ds -D2J E cos 4 . ds

D1

.

Now
r

(E cos Ods -µ2

v cos

cds ,

21

the circulation of the
into Hydrodynamics.
Here a circuit can be completed by any unvaried return path. Now, in
coplanar Kinematics, the circulation round the contour of any area is
j2wd(area), where w is the velocity of differential rotation or the vorticity.
When w is uniform, the time of passage of the ray is, for a ray in the plane
where the integral expresses, for a complete circuit,
medium in the sense introduced by Lord Kelviii

of

motion,

-

8z=

1

(length)

-

µ2
DZ

1

(area).

when the length is maintained constant, S (area) =0 for all possible
variations when the curve is a circular arc. Therefore, as Mr Anderson
reasons, when the length also is allowed to vary
Now,

8(area) = A8(length),

where the value of A can be calculated from the circular form. A particular
circular arc can then be selected which will make ST vanish for all small

variations of its form without restriction to constant length
be the path of an unconstrained ray.

;

and this will

1
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If an additional uniform velocity is imposed at right angles to this
coplanar (or rather uniform laminar) motion, the vorticity will remain
unaltered ; thus, in the expression for 8T (the ray being now free of
any restriction to a plane) the area that occurs will be that of the
projection on the plane of the laminar motion. Now, even in the most
general coplanar motion, when the vorticity is not uniform, pod(area)
will be stationary for small variations which leave the length unvaried,
only when the curve is a geodesic on the cylinder, perpendicular to
the laminar motion, on which it lies ; for otherwise a displacement of
the curve, considered as a thread, on the cylinder will make it slack,
and the cylinder can be expanded to take in more area. This geodesic,
as it would unroll into a straight line, will have the length of its projection
on the plane of the laminar motion unvaried while the shape of the cylinder
thus varies. The shape of the cross-section of the cylinder on which the
ray lies will therefore be such that for given length of its arc Jcod(aíea)
is stationary. In particular, if w is uniform, it will be an arc of a circle.*
This brings us to Mr Anderson's result, in a somewhat extended form.
If a uniform material medium is in motion through the mother with
vorticity w restricted to be constant in magnitude and direction, all rays
of light travel in it along helices traced on cylinders of constant radius
2w

cos
p.2µ 1

*c, having their axes in the direction of the constant

vorticity.
* The same argument establishes that a flexible conductor carrying an electric current
in a uniform magnetic field will when free assume the form of a circular helix ; cf. Pre(.
Lond. Math. Soc., vol. xvi., 1884, p. 169.
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