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PREFACK.

Tais volume comprises a systematic course of lectures carefully
revised and expanded so as to cover the requirements in Geology
as now defined for Engineering, Mining, and Agricultural Schools
and Colleges.

The first principles of Geology are, so to speak, the ABC of the
science. They are mostly based on the simple processes that are
now going on around us; and when we know Man we are able to
read the story of the earth wherever we may chance to find our-
selves, But the student who confines his observations and studies
to his own immediate neighbourhood is in danger of acquiring a
false sense of proportion, and may in time unconsciously come to
believe that the things and processes he sees in his own terrain are
typical of the whole globe. When he afterwards comes to travel
further afield he may find himself compelled to modify his standards
and renounce many of his early conceptions. The corrective of
local prejudices and a narrow horizon is extensive reading and still
more extensive travel.

A word to the student. Make an early acquaintance with the
facts of geology as presented in the field. Miss no chance of travel
or exploration with the experienced geologist. Cultivate the
faculty of exact observation, and be mindful not to form hasty
conclugions. Remember that things are not always what they
seem. Make extensive collections of rocks and fossils, and be
careful to keep the fossils of each horizon apart. Take every
care to preserve your fossils from injury. The dictum of the Hon.
Walter Mantell that ““a fossil that is worth collecting is worth
its paper ”’ is as true now as when made to the Author forty years
ago, and applies equally well to rock specimens. Do not attempt
to describe new species ; leave that to the specialist. Even when
you have gained some note as a writer on geology, refrain from
coining new terms.

The scientific study of scenery is one of the most fascinating
branches of geology. It embraces the morphological description of
the surface features, and the investigation of the causes which have
brought these forms about. To be successful in diagnosis you

v
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need to be equipped with a good knowledge of geological causation.
In the review of the topography of a given terrain, always bear in
mind that every natural feature is the result of some definite
happening or combination of happenings. Take the familiar
crags and hollows, peaks and valleys, headlands and bays. These
owe their existence for the most part to the relative hardness of the
rocks in which they are carved. Here, again, beware of forming
hasty conclusions, and remember that circumstances may alter
cases. Coastal embayments are not invariably due to projecting
headlands of hard rock. The spacious and beautiful Golden Bay
in North Nelson, New Zealand, is guarded on one side by a narrow
barrier of loose sand twenty miles long, against which the fury of
the cyclonic gales of the South Pacific beats unavailingly. Long
lines of escarpment are not necessarily the result of faulting.
Invariably they are the result of uplift of sedimentary strata of
varying degrees of hardness, followed by denudation, and the
excavation of longitudinal hollows along the softer zones of rock.
The mere circumstance that the prominent ridges and peaks of a
mountain complex are nearly of uniform height cannot be taken as
primd facie evidence that these ridges and peaks are the remnants
of an ancient peneplain. When you are tempted to invoke the aid
of a dissected peneplain, consider the effect that may be produced
when a great succession of sedimentary rocks of alternating hard
and soft strata are thrown into a series of isoclinal folds, the arches
of which are truncated and cut by deep transverse gorges and wide
longitudinal valleys. Since the rocks in each fold were originally
uplifted to the same height and offer the same resistance to denuda-
tion, the harder bands of rock will obviously form a series of more
or less parallel ranges, the prominent peaks of which will stand at
about the same height.

Do not select a single specimen of a rock for analysis and regard
it as representative of the whole mass, as the results may be alto-
gether misleading. All sedimentary and igneous rocks vary
considerably in composition in different parts, the former because
they are mechanically formed, the latter on account of the develop-
ment of large phenocrysts or the proximity of sedimentary or
other rocks.  Select fresh unweathered examples whenever
procurable, and, except it be an analysis of a particular fragment
that is required as an aid to microscopical examination, select the
average sample or samples with as much laborious care as you
would sample a coal-seam or an ore-vein. Unless you are a
specialist, which is unlikely, do not attempt the analysis of your
rock samples ; do not think that because you have waded through
the analysis of a rock specimen or two in your graduate course that
you are competent to undertake the systematic analysis of a rock,
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Rock analysis is work calling for special skill and great experience.
But the greatest skill in the laboratory may be stultified by negligent
sampling in the field ; and, conversely, the most painstaking work
in the field may be rendered worthless by lack of experience in the
laboratory.

I desire to acknowledge my indebtedness to the Director of the
Geological Survey of the United States for permission to utilise the
illustrations of the Survey’s publications, a privilege of which I
bave fully availed myself ; to Dr Tempest Anderson for the use of
Plate XVI. and Figure 123 ; to Mr K. F. Pittman, Government
Geologist for New South Wales, for the use of Plate XXXVIIIa. ;
and to my Publishers, who have courteously placed at my disposal
many of the figures scattered throughout the text, as well as the
beautiful plates of fossils illustrating Chapters XXII. to' XXXIII.

JAMES PARK.

UniversiTY oF OTAco, DuneEpIiN, N.Z.,
January 1914.
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PART 1.

CHAPTER 1.
SOME FIRST PRINCIPLES.

BEFORE proceeding with the detailed study of the crust of the
EKarth and the processes which have modified its surface, it is
necessary as a first step to take a bird’s-eye view of the whole
history of the globe from its first beginning up to the present time.
By pursuing this course we shall acquire a better understanding
of the facts subsequently presented ; for it is obvious that when
the ground-plan of the structure, so to speak, has been reviewed
and intelligently grasped, the filling in of the details will be a
matter of comparative ease.

The Earth when viewed in its widest sense is found to consist
of three concentric envelopes, namely (1) the Atmosphere;® (2)
the Hydrosphere;?® and (3) the Lithosphere.

The Atmosphere is the outer gaseous envelope, the Hydrosphere
the watery envelope, and the Lithosphere the solid rocky crust on
which we live.

The central core enclosed by the Lithosphere is called the Bary-
sphere?® from its supposed greater density.

. The water-surface of the globe comprises about 145 million
square miles, and the land-surface about 52 million square miles.

GENERAL OUTLINE OF GEOLOGICAL HISTORY.

The Purpose of Geology.—Geology is the science which deals
with the materials forming the crust or outer shell of the globe.
! Gr. atmos=vapour, and sphaira =a sphere.

2 Gr. hudor =water, and sphaira.

3 Gr. lithos=a stone, and sphaira.
4 Gr. barus=heavy, and sphaira.
1
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It is thus a science of observation with a laboratory embracing the
open field and mountain slope, the river-valley and rocky strand.

From a study of the conditions that govern the deposition or
formation of sediments in our existing seas and lakes, and from
a knowledge of the habits and environment of the animals and
plants that now people and clothe the Earth, the geologist attempts
to follow the orderly succession of the conditions that existed in
bygone ages. For the construction of this mental picture he
mainly relies on the structure and composition of the rocks, and
on, the fossil remains of the plants and animals which the rocks
enclose.

In other words, the geologist applies the present to read the past,
and in doing so he is surely on safe ground, for the present is merely
a continuance of the past. He recognises that the same air and
the same precipitation of watery vapour in the form of rain have
existed since the beginning of geological time, that water in the
form of running streams has always played a dominant réle in
wearing away the solid land, and that seas and lakes as occupying
the hollows and depressions have always, as now, been the places
where the rocky detritus carried down by the streams has been
sorted and spread out.

The Origin of the Earth.—The Earth is a planet belonging to
our solar system. From the researches of the astronomer we learn
that many of the so-called fixed stars are suns, each moving in its
own orbit, and each, like our own Sun, attended by a system of
dark satellites or planets.

An investigation of the heavenly bodies has shown that some
exist in the form of intensely heated incandescent gases, some
as globular masses of highly heated glowing liquid matter, and
others, like our own Earth, as dark solid bodies. According to
the nebular hypothesis, it is believed that the solid bodies were
at one time masses of incandescent gases, and that they became
first liquid and then solid through the radiation of their heat
into space.

When the heated globular body had become sufficiently cool, a
solid crust, at first thin and brittle, formed on the surface. As the
loss of heat continued, the glassy crust became thicker and thicker,
and in its endeavours to adapt itself to the shrinking dimensions
of the molten interior mass, became wrinkled into ridges and
valleys, like the skin of a dried-up apple.

It is almost certain that through the cracks and fissures thus
formed, floods of uprising molten matter would be spread over
the thin crust, portions of which would, from this cause, collapse
and become engulfed, leaving pools and lakes of liquid magma over
which a new crust would gradually form.
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In course of time the scarred and gnarled igneous crust became
cool enough to permit the condensation of the watery vapours
that enveloped the Earth. A portion of the waters settled in the
hollows and formed the first seas and lakes that ever existed on
the face of the globe; while another portion penetrated the dry
land, thereby forming the springs from which the first streams and
rivers took their source.

The restless waters of the new-born seas at once began to wear
away the dry land along their shores, and the streams draining
the valleys to deepen and widen their channels. The denuded
material was spread out in layers and beds on the rocky floor of
the seas, thus marking the beginning of the conditions of sedi-
mentation that have prevailed without interruption up to the
present day.

It was not until the precipitation of the dense aqueous vapours
had taken place and the waters were gathered together into seas
that life appeared on the globe.

Beginning of Geological Time.—Geological time dates back to
the first beginning of the physical conditions that now prevail
upon the Earth ; that is, to the time when detrital matter derived
from the denudation of the dry land first began to be spread out
in the form of beds or layers on the floor of the new-born seas
and lakes. These ancient sediments formed the first records of
geological time.

The Action of Water in Destroying and Re-forming.—From that
date up till now, water has continued to be the most powerful
agency in sculpturing and modifying the surface of the Earth. In
wasting and eroding the dry land, in transporting the eroded
material, in sorting and spreading it out, the action of water has
been unceasing throughout all time up to the present day.

The amount of matter forming the Earth is practically a fixed
quantity ; hence it is obvious that all the deposits and beds now
exposed in the dry land must have been derived from the destruc-
tion of the first igneous crust, or of sedimentary rocks of later date.

Ever since the beginning of geological time the dry land has been
denuded by water, yielding the material to form new deposits in
seas and lakes. Through the progressive crumpling of the crust
these deposits in course of time became raised above sea-level,
forming dry land which, in its turn, was subjected to the agents
of erosion, thus yielding material to form newer deposits or strata.
This action is still going on, the older formations providing the
material for the younger.

From this it will be seen that the same material has appeared
re-sorted in different forms, in different geological ages. It is now
easy to understand how some of the older formations have been
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entirely removed by this everlasting denudation, or are represented
only by isolated remnants of small extent.

No portion of the original igneous crust, or even of the first-
formed sediments, has ever been found; but shreds and patches
may still exist, buried beneath the deposits of later times.

The Ocean Basin not Permanent.—The existing dry land of the
globe is found to be mainly composed of aqueous or sedimentary
rocks, from which it is known that the present distribution of land
and water is not that which always existed. On the contrary,
by slow movements of the crust extending over countless ages,
known to geologists as secular movements, some portions of the
crust have been elevated, while others have been depressed or
submerged. In this way the seas and dry land have been changing -
places, so to speak, all through geological time ; the effect of this
wandering of the scas has been to cover the whole of the first
igneous crust of the Earth with sedimentary rocks.

The bulk of the sedimentary formations were formed on the
floor of the sea, but strata containing freshwater shells and fishes,
and sometimes beds of rock-salt, tell us of the former existence of
continents, inland lakes, and mediterranean seas of which no
vestige now remains. From a study of the rock-formations and
the fossils which they enclose, much may be gleaned of the
physical geography and life of past geological times.

The Earth’s Crust mostly Sedimentary.—An examination of the
fabric of the outer shell shows that it is principally composed of
stratified rocks—that is, rocks occurring in parallel beds or layers.
A study of the materials forming these rocks, and of their fossil
contents, shows us that they have been formed by the gradual
deposit of sediments on the floor of some sea or lake, or in some
cases by precipitation from solutions, or in others by the growth
and accumulation of animal or vegetable organisms.

The physical structure of sedimentary or aqueous rocks—as they
are sometimes called—is dependent on three main factors, namely :

(1) The texture of the material.

(2) The character of the cementing medium.

(3) The amount of induration, alteration, or metamorphism to
which the material has been subjected.

The term fexture refers to the coarseness or fineness of the con-
stituent grains or pebbles.

Streams and rivulets, as well as the ebbing and flowing tide of
the sea, have through all the ages possessed the same eroding,
transporting, and sorting power, and what we now see going on in
our valleys and along our shores is a fair example of what took
place in earliest geological time.
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The denudation or wearing away of the dry land was mainly the
work of running water, while the sorting and spreading out of the
denuded material was eflected by the laving action of the waves
of the sea as they advanced and retreated on the ancient strands.

The gravels were piled along the shore in the shallow water; the
smaller pebbles were carried into deeper water; while the sands
and finer particles were borne further seaward, the latter forming
beds of mud at the extreme limit of the deposit.

The gravels along the sea littoral, when consolidated, formed
what are termed conglomerates; the water-borne sands formed
sandstones ; the more distant muds became mudstones and shales ;
while the shell-banks and coral reefs became limestones.

Folding and Tilting of Sedimentaries.—The older sedimentary
strata have been of necessity subject to all the later movements
that have affected the crust of the Earth. They have beenindurated
by the great weight of superincumbent strata, and plicated or
corrugated by entanglement in great crustal folds. Hence the
strata do not always occupy the horizontal position in which they
were originally laid down, but are inclined or tilted at various
angles, being arranged in folds with gentle or steep slopes.

Alteration of Sedimentaries.—Many of the older rocks have been
altered or metamorphosed by the rearrangement of their con-
stituent minerals. Thus limestones have been changed to marbles,
sandstones to quartzite, mudstones and shales to slates and schists.

The agencies principally concerned in the metamorphism of
sedimentary rocks have been pressure, which induces the schistose
and slaty structures; heat and circulating waters, which cause a re-
arrangement of the constituents, whereby a crystalline structure
may be formed. Hence metamorphic rocks are often spoken of as
schistose or crystalline.

Origin of Igneous Roecks.—Throughout all geological time the
outer crust or shell of the Earth has been subject to the intrusion
and overflow of molten magmas from below.

Whether the interior is in (e¢) a molten state, or (b) exists in a
highly heated, but enormously compressed, condition ready to
assume the liquid form whenever and wherever the stress is re-
lieved, or (¢) whether the lavas'that are from time to time erupted
come from huge subterranean caverns of molten rock that have
escaped the general cooling of the crust, is at present not known to
geologists.

Notwithstanding the frequency and violence of igneous intru-
sions in past times, the fact remains that probably nine-tenths of
the rocks forming the known crust of the Earth are of sedimentary
or aqueous origin.

Role of Igneous Intrusions.—Although subordinate in extent and
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mass, the eruptive rocks have played an important part in the
occurrence and distribution of ore-bodies and mineral deposits.
Not only are they metalliferous themselves, but in many cases their
intrusion has caused a fracturing of the rocks which they pene-
trated, thus permitting the invasion of the fissured country by
metalliferous gases and waters that emanated from the intruding
mass itself.

Thus we find that the igneous intrusion frequently played a
double réole in the formation of ores :—

(a) By fracturing and fissuring the rocks.
(b) By supplying the metalliferous gases and waters which
deposited their mineral contents in the fissures.

Intrusive igneous rocks have also played an important part in
folding, crumpling, and tilting the sedimentary strata which they
have broken through, or with which they have come in contact.
Moreover, in many parts of the globe volcanic flows and fragmen-
tary ejecta have been piled up so as to form mountain-chains or
isolated mountains that frequently attain a great height.

Alteration of Igneous Rocks.—All igneous rocks, like sedimen-
taries, are subject to alteration. Superheated steam has frequently
caused a rearrangement of the constituents ; while the circulation
of thermal waters has led to the elimination or removal of some
constituents and the substitution of others which are thus secondary.
It is also found that intense pressure may cause altered lavas and
tuffs to assume a schistose structure not unlike that induced in
metamorphosed sedimentary rocks.

Interior of the Earth.—Of the interior condition of the globe
almost nothing is known, except that the density is greater, and
that the temperature increases with the depth, although not at a
uniform rate in different places.

The mean density or specific gravity of the whole globe has been
determined to be about 5-5, and that of the materials forming the
outer portion of the crust to which man has access, about 3. The
inference to be drawn from this is that the interior or Barysphere
must be composed of materials possessing a greater mean density
than those forming the outer shell or Lithosphere.

It has been contended by some writers that the interior must
possess a nucleus of iron, or of iron alloyed with nickel and other
heavy metals.

The Planetismal Hypothesis.—This view of the origin of the
Earth as elaborated by Chamberlin and others is merely a modi-
fication of the Nebular Hypothesis. It assumes that the great
incandescent nebula ! which originally composed the solar system

! Lat. Nebula=a cloud, fog, or mist.
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cooled relatively rapidly, the cooled gases taking the form of
myriads of solid meteorites to which the name planetismals  has
been applied. Under the influence of gravity the cold meteorites
segregated into knots that eventually became the nuclei of the sun,
the planets and their satellites. During this aggregation, the
meteorites are believed to have bombarded one another with great
violence, thereby becoming hot.

The main source of the high temperature of the sun and of the
earth before it cooled was not due to the heat generated by the
collision of the constituent meteorites, but to the contraction and
consolidation of the mass after the meteorites had come into
contact.

All solid bodies possess a potential energy proportional to their
distance from, or height above, the common centre of gravity of
the globular mass to which they belong. Thus a block of stone
resting on the edge of a high tower possesses a large store of this
energy of situation, which it loses as soon as it falls to the ground.
The energy is not lost, but merely transformed into heat.

The packing or crowding of a swarm of meteorites under the
influence of gravity, which always acts towards the centre of the
mass, is accompanied by the generation of great heat. Meteoric
matter is a good conductor of heat, and hence the whole mass would
soon assume a uniform temperature. As the packing continued, the
globular mass would, in time, reach its maximum density, and there-
after gradually became cool by the radiation of heat from its surface.

The heat of contraction might not inconceivably be sufficient to
melt the materials in the upper layers, but the lower layers would
remain solid as the pressure of the superincumbent mass would be
sufficient to prevent expansion, without which liquefaction cannot
take place.

The more fusible materials in the upper layers, in accordance
with the law of liquation, would rise to the surface, and in process
of time solidify as a stony crust. The tendency of this process of
differentiation would be to divide the constituent materials of the
Earth into three-distinct zones corresponding to the heavy metal,
lighter sulphide regulus, and still lighter stony slag formed in a
reverberatory furnace.

The central core and regulus form the barysphere ; while the
stony slag or crust, now modified and re-sorted by the action of °
subaerial agencies, constitutes the lithosphere or stony envelope.

Age of the Earth.—Lord Kelvin, in the early ’seventies, basing his
estimate on the rate of terrestrial radiation, concluded that the age
of the Earth did not exceed 400 million years. But the rocky crust
of the Earth containg radium, and radium in disintegrating gives off

1 Meaning infinitely small planets.
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heat. Hence it is contended that the rate of cooling of the globe
must be slower than that of a molten globe containing noe radium.
On these new premises Professor Jolly has advanced the view that
the age of the Earth may be perhaps five times greater than Lord
Kelvin’s estimate.

Succession of Life in Geological Time.—Examination has shown
that the earlier strata contain a few indistinct and badly preserved
remains of plants and animals of a very primitive type.

Beds or formations higher in the succession are found to contain
a larger and more varied assemblage of plant and animal life,
many of a highly complex structure, including molluses, fishes,
huge bird-like lizards, saurians, palms, and tree-ferns.

The higher, ¢.e. younger, deposits contain, besides molluscs and
fishes, the remains of many mammals which have representatives
living at the present time. In other words, there has been a gradual
succession of life throughout geological time from the lowly to
the more highly organised forms, this succession of life being
characterised by a singular persistency of the primitive types.

The Origin of Life.—The problem of the origin of life is still
unsolved. We do not know when life first appeared on the Earth nor
what form it took. If we are right in our conception of the Earth
as a cooling satellite of the Sun, we are probably not far from the
truth in believing that when life first appeared the conditions and
environment were such as to render its perpetuation difficult and
precarious. Perhaps the first ray of life glowed feebly for a time,
flickered, died, and became rekindled many score of times before
it eventually succeeded in establishing itself in the saline waters
gathered in the hollows of the still steaming crust.

The first assemblage of life of which we have any knowledge
appeared in the Cambrian epoch. It comprised representatives
of most of the great groups of marine invertebrates, and burst on
the geological horizon with the suddenness of a meteor in a
September sky. From what we now know of biological processes,
it is obvious that this highly specialised congeries of life was
preceded by a pre-Cambrian ancestry, of which no certain trace
has yet been found.

It is probable that the primordial germs of life were tiny nuclei
of jelly-like colloidal matter possessing no higher volition than the
¢« Brownian dance ”’ of motes in a beam of sunlight. As time rolled
on, the stream of life gradually increased in volume by the continual
accession of more and more complex forms, eventually culminating
in the advent of man. We can easily conceive that this stately
procession of life could only come into existence as the result of
increasing food supply, increasing sunshine, wider seas, and more
settled climatic conditions.
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The primitive forms came into existence when the conditions of
life were adverse. As the conditions became more and more pro-
pitious, higher and higher forms appeared.

The primitive and higher types are still coeval.

The highly organised forms are more sensitive to climatic and
other changes than the hardier Radiolarians and other lowly types.
Hence, as the Earth becomes decadent and the conditions of life less
and less favourable, the first types to disappear will be those that
were the last to come into existence ; and the last to survive will
be the simple primordial forms. In other words, life will disappear
in the inverse order of its appearance.

Geological Time marked by Distinetive Life.—Close investigation
has shown that certain organic forms occur only in certain beds or
strata. Such fossils are termed characteristic or distinetive forms.
Geologists have taken advantage of these to divide geological time
into periods, just as historic time is divided into periods by succeed-
ing dynasties or empires. These periods are purely empirical or
artificial, and are merely used for convenience of deseription and
study.

Tetrahedral Hypothesis.! —If we examine a terrestrial globe we
cannot fail to observe that the great mass of the dry land lies in
the Northern Hemisphere, and the greatest expanse of sea in
the Southern Hemisphere. Moreover, we shall at once see that the
continental units and seas are frequently triangular in - shape,
the former presenting their bases to the north and tapering to
the south.

Further, we shall find that the continents and seas are antipodal
or opposite to one another.

The unequal distribution of land in the two Hemispheres, the
dominant triangular shape of the geographical units, and the anti-
podal distribution of the land and seas cannot be set down to mere
coincidence or fortuitous happening, but to the operation of well-
defined physical laws.

As so clearly demonstrated by Lothian Green, the arrangement
of the continental units approximates the shape of the tetrahedron,?
which is a figure bounded by four triangular planes. The great
oceans lie on the flattened or depressed triangular faces of the figure.

Now a sphere is the figure which presents the smallest surface for
its volume, and the tetrahedron the greatest.

So long as a globular mass possesses heat it will continue to
shrink, and the inner portion, on account of its greater heat, will

! A very clear and graphic exposition of the Planetismal and Tetrahedal
hypotheses will be found in The Making of the Earth, by Professor J. W.
Gregory, F.R.S., Home University Series. Price 1s., London, 1912,

2 Gr. Tetra=four, and hedra=a base or plane.
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contract more rapidly than the outer rigid shell. As the cooling
and internal shrinking proceed, the globular mass will, in time, be
encumbered with an excess of surface which will be most easily
disposed of by assuming the form of the tetrahedron.

When a metal tube collapses under compressive stress, as may be
easily demonstrated in a compression-testing machine, it becomes
triquetral, that is, bounded by three concave sides. As viewed in
cross-section, each of the three projecting lobes is seen to be opposite
a depression.

The antipodal arrangement of the land and seas is the natural
corollary of the tetrahedral form assumed by a rotating globular
mass.

GEOLOGICAL HISTORY OF EARTH SUMMARISED.

We may summarise the successive stages through which the
Earth has passed up to the beginning of the conditions that now
prevail as follows :—

(1) In the beginning the Earth was a mass of nebular incandescent
gases swinging through space.

(2) Through loss of heat by radiation the gases eventually became
condensed into a highly heated viscous globular body.

(3) By continued loss of heat a solid crust formed on the surface
of the liquid globe.

(4) In process of time the crust became thicker and thicker, and
in its attempts to adapt itself to the smaller dimensions of
the rapidly contracting heated interior, became crumpled
and wrinkled like the skin of a dried apple.

(5) When the cooling had sufficiently advanced, the aqueous
vapours which enveloped the Earth became condensed,
and the waters settled on the land, forming streams and
rivers which denuded or wore away the rocky crust.

(6) The streams flowed into the hollows or depressions in which
were formed the first seas and lakes that ever existed.

(7) The muds, sands, and gravels carried down by the streams
were sorted and spread out on the floor and along the
strand of the seas, forming aqueous or sedimentary deposits
that were thus the first records of geological time.

(8) It was probably soon after streams and seas came into
existence that life first appeared on the globe.

(9) Since the beginning of geological time the dry land has
always been subject to denudation or erosion by the action
of moving water. The formation of aqueous deposits
has, therefore, been continuous throughout all geological
time in those portions of the globe occupied by seas and
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lakes; but as the areas of denudation and deposition have
been constantly changing places, deposition has never
been continuous in any one area.

(10) Through the slow secular crumpling of the Earth’s crust
causing elevation in one portion and subsidence in another,
the older formations in course of time became dry land,
and thus provided the material to form newer and younger
formations.

(11) In the continuous cycle of erosion and deposition that has
always prevailed, the same material has appeared re-sorted
in different forms of aqueous rocks.

(12) Since the beginning of geological time the sedimentary
strata which comprise the great bulk of the known crust
have been intruded by igneous dykes, or broken through
and covered in places with streams of lava and volecanic
ash.

(18) The strata originally laid down in a horizontal position have
been folded by slow secular crustal movements, and
frequently broken, crushed, and tilted at various angles
by igneous intrusions.

(14) Sedvmentary and tgneous rocks alike are subject to alteration
or metamorphism, forming the class of rocks known as
metamorphic.

(15) The fossil remains enclosed in the rocks show a gradual
evolution from-the lowly to the more highly organised
types now inhabiting the globe, but the primitive forms
have been persistent through all time.

(16) The Nebular Hypothesis supposes that the Earth was a
nebula of incandescent gases, the heat of which gradually
radiated into space until the planet became a globular mass
of glowing molten matter in which the heavier metallic con-
stituents segregated themselves, under the influence of
gravity, into a heavy central core, forming the barysphere ;
while the lighter material arranged itself as an outer con-
centric shell constituting the lithosphere. :

In course of time the glowing mass cooled sufficiently to
allow the outer envelope to form a solid crust. And as the
heated interior of the Earth contracted more rapidly than
the outside crust, the surface became crumpled and wrinkled
in its endeavours to accommodate itself to the rapidly
diminishing dimensions of the interior.

When the outer envelope had sufficiently cooled, the
aqueous vapours, which up till now covered the surface in
a dense impenetrable cloud, became condensed and soon
settled in the hollows. Thereafter, the newly-formed seas
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and the other agents of denudation began the cycle of pro-
cesses of denudation and re-sorting, destruction, sorting and
reconstruction, which have continued without intermission
through all the geological ages.

(17) The Planetismal Hypothesis assumes that the primeval

gaseous nebula of our solar system cooled rapidly and
resolved itself into a vast cloud of solid meteorites called
planetismals, which, under the operation of gravity, be-
came segregated into knots. The largest knot formed the
nucleus of the Sun, the smaller knots, the nuclei of the
planets.

The packing and contraction of the meteorites generated
sufficient heat to cause the fusion and permit the differen-
tiation of the constituents into a central barysphere and
an outer lithosphere.

Thereafter the crumpling, denudation, and re-sorting of
the stony crust proceeded as postulated in the nebular
hypothesis.



CHAPTER IL
THE SCOPE OF GEOLOGY.

Tue whole scope of geological investigation is contained in two
principal divisions, namely :~—

(a) General Geology.
(b) Economic Geology.

General Geology,! with which we are mainly concerned, covers
a wide field of scientific research. It deals with the origin and
structure of the rocky materials forming the crust of the Earth,
with the manner in which the strata are arranged or disposed, and
with the agencies which have brought about the present configura-
tion of the surface. It also concerns itself with the chronological
succession of the various groups of rocks, and attempts to classify
the strata in accordance with their fossil contents.

Economie Geology, also known as Mining or Applied Geology, is
a highly specialised branch of geology that possesses a peculiar
interest to the miner and mining engineer. It concerns itself with
the origin, mode of occurrence, and classification of mineral deposits
of all kinds, and with water supply. Its study is seldom attempted
until a knowledge of the fundamental principles of General Geology
have first been acquired.
. Difterent Branches of General Geology.—For methodical study
(General Geology is most conveniently considered under the follow-
ing subdivisions :—

(a) Petrology, which deals more particularly with the character
and structure of the rocky material forming the crust.

(b) Dynamical Geology, which investigates the agencies that form,
denude, and re-form these materials, as well as the processes
which tend to modify or change the shape and configuration
of the crust.

(¢) Structural Geology, which concerns itself with the arrange
ment of the rocky materials.

1 Gr. ge=the earth, and logos =description, discussion.
13
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(d) Palwontology, which deals with the plant and animal remains
embedded in the rocks.

(e) Stratigraphical Geology, which attempts to unravel the order
in which the rocks have appeared, and to interpret the
geological history of the globe.

Historical.—As a true science geology dates from the close of
the eighteenth century. Before that time there were, even among
scientists, many theories relating to the origin of earthquakes,
volcanoes, fossils, and other phenomena that to us, with our better
knowledge, seem curious and sometimes whimsical.

Among the founders of the science as we now know it, the names
of the contemporary workers, Abraham Gottlob Werner, Professor
of Mining at Freiberg; James Hutton, M.D., of Edinburgh ; and
William Smith, an English land-surveyor, stand pre-eminent.

Smith was the first to show by actual field observation that
stratified rocks could be identified and arranged in chronological
sequence according to their fossil contents. By his epoch-making
work on the Jurassic rocks of South-West England, he laid the
foundation of Stratigraphical Geology. His famous ¢ Geological
Map of England and Wales,” published in 1815, was the first
attempt to represent the geological relationships of the different
rock-formations over an extensive tract of country, and sub-
sequently it became the model of all geological maps.

Werner, a persuasive and eloquent teacher, maintained that the
organic remains found in different rock-formations bore a constant
relation to the age of the deposits. He affirmed that all rocks
above the basal granites, gneisses, and metamorphic rocks were
of aqueous origin, including the trap rocks; and this contention
formed the cardinal doctrine of the school known as Neptunists.

Hutton recognised the aqueous origin of sandstones, shales, and
limestones, and in his philosophical writings forcibly discussed the
consolidation, uplift, tilting, and bending of strata. He considered
crustal movements as due to extreme heat and expansion supple-
mented by volcanic disturbance and earthquakes. His views
found many disciples and formed the basis of the theses of the
school of Vulcanists or Plutonists.

The fundamental truths of geology were subsequently sorted
and crystallised by Charles Lyell, a Scotsman, and in 1830-33
embodied in his monumental Principles of Geology, which from the
first met with extraordinary success and at once placed the author
in the front rank of geologists.



CHAPTER III
THE DENUDATION OF THE LAND.

Denudation Defined.—By denudation * is meant the wearing away,
wasting, or breaking up of the surface, whereby the general level of
the land is lowered. It therefore embraces the work of all the
agents of wear and tear.

Erosion refers to the more active and obvious wear and tear
carried on by the sea, by streams, rivers, and glaciers, and it is
embraced within the general term denudation.

The principal agents of denudation are :—

(@) Air and wind. (d) Streams and rivers.
() Rain. (e) Glaciers.
(¢) Frost. (f) The sea.

Denudation that takes place above sea-level is termed sub-
aerial, and that which takes place below sea-level, marine.

In a general way we may say that air, rain, and frost act upon the
dry land, decomposing, softening, and breaking up the surface of
the rocks. The joint action of these agents is generally spoken of
as weathering.

The material loosened by weathering gradually finds its way
under the influence of gravity to lower and lower levels, until at
last it gets within the reach of running water in the form of
streams and rivers by which it is transported to the sea.

Scope of Denuding Agents.—Streams and rivers erode or cut
away the bottom and sides of their channels ; while the sea erodes
or eats away the edge of the dry land that borders its shores.

The action of air, rain, and frost is silent, slow, and almost imper-
ceptible ; that of rivers and the sea relatively rapid and obvious.
The deep river-gorge, the undermined and tumbling sea-cliff, are

11n its literal sense it means to expose, or lay bare, rocks that lie below
the surface. This is what prolonged denudation actually does perform.
Denude comes from Lat. de=down, and nudus =naked.
15
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evidences of active erosion that cannot fail to attract the notice
. of even the most casual rambler among the mountains or on the
seashore.

The eroding action of glaciers, like that of air and rain, is silent
and perhaps relatively slow; but its efiects are nearly always
quite obvious in the form of rounded contours, striated, and
furrowed rocks. .

Tae Worx oF AIR.

The atmosphere consists of a mechanical mixture of about four
volumes of nitrogen and one volume of oxygen (N79:1,020:9),
with traces of carbon dioxide gas (CO,), water-vapour, ammonia,
ozone, and other gases. The proportion of carbon dioxide is about
3-5 parts in 10,000. The action of the air is chemical, mechanical,
and physical. Its chemical activity as a denuding agent is mainly
due to certain inherent properties possessed by carbon dioxide and
oxygen.

Activity of Carbon Dioxide.—Let us first consider the case of
carbon dioxide. This gas, iike a lump of sugar, is dissolved by
water and water-vapour. Kven at ordinary atmospheric pressures
water can dissolve its own volume of the gas. Now when water
or moist air containing carbonic acid (COy,H,0) comes in contact
with a carbonate mineral or a calcareous rock, the carbon dioxide
in the water unites with the carbonate of lime in the rock, forming
a bicarbonate of lime, which is soluble in water and therefore
easily removed. !

In this way the surface of a limestone or calcareous sandstone is
eaten away; and as you may observe for yourself by examining
a limestone cliff or ledge, the grains of sand which are not acted
on by the carbonic acid stand up in sharp relief on the surface
of the rock, as also do sharks’ teeth that may be present.

When" a calcareous sandstone is acted on, the removal of the
binding medium or cement allows the grains of sand to become
free, when they are then easily carried away by the wind, rain, or
moving water.

This eating away of the rock is due to chemical solution ; hence
the term corrosion is frequently used to denote chemical denudation.

Carbonic acid also acts as a powerful agent in weathering or
decomposing all rocks containing silicates of alumina, potash, or
soda. Both potash and soda possess a greater liking or affinity
for carbon dioxide than for silica, with the result that they combine
with carbon-dioxide acid, forming soluble carbonates, thereby
liberating the silicate of alumina and other undissolved constituents

that may be present.
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Perhaps one of the best examples of this mode of rock-decom-
position is that seen in the rotting of granite. The three essential
constituents of this rock are quartz, felspar, and mica. The
felspar is a silicate of alumina and potash. The potash unites
with the atmospheric CO,, forming a soluble carbonate of potash,
while the silicate of alumina remains behind to be afterwards
washed away by the rain. With one important constituent
removed, the surface of the rock crumbles away, liberating the
quartz grains and the mica scales, which are then carried away by
the wind, rain, or moving objects.

When a rock loses its cohesion by the removal of a constituent,
or by the dissolving out of the cementing medium, so that the
remaining constituents become liberated or crumble into sand,
it is said to be disintegrated.

Chemical Work of Oxygen.—Ouxygen is an active weathering
agent, but a less powerful one than carbonic acid. In the case of
silicates it frequently begins to act after the carbonic acid has
effected the initia! decomposition of the mineral. When the
silicate mineral contains iron protoxide (FeO), as is frequently the
case, the FeO is liberated and unites with the atmospheric oxygen
and water, forming the hydrated brown oxide called limonite,
to which the rusty-brown colour of all weathered rock-surfaces
is due.

Oxygen also acts energetically in conjunction with moisture in
the decomposition of metallic sulphides that happen to be present
in rocks. The most prevalent sulphide is pyrite (FeS,), the disul-
phide of iron which occurs in all kinds of sedimentary and igneous
rocks. This sulphide is oxidised with liberation of sulphuric acid,
which at once attacks the aluminous rocks and minerals it comes
in contact with, forming sulphates, many of which are soluble in
water and hence easily removed. In this way the disintegration
of a rock may proceed at a comparatively rapid rate.

Ture Work or WIND.

Sandhills or Dunes.—Moving air in the form of wind sweeps over
the land, carrying before it the particles of dust and sand loosened
by the agents_of decomposition and disintegration. Along the
sea-coast and in deserts, the sands are blown into hummocks and
ridges that frequently attain a height of 100 feet or more. Such
hummocks and hills of sand are called dunes (Plate 1.).

Blown sands are frequently piled up in lines of dunes fronting a
sandy beach. Where the dunes obstruct the natural drainage to
the sea it is not unusual to find chains of shallow lagoons on their
inland side running parallel with the coast-line.

17 2
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Inthe rainless Sahara and other arid regions there are places
where vast accumulations of loose wind-borne sand and dust fill all
the depressions and frequently rise to the crests of the ranges. In
some parts of tropical Australia, and in the dry belts of Central
Otago in New Zealand and the south-west States of America, there
are extensive wastes of drifting sand blown by the prevailing
winds into continually shifting drifts and ridges.

In moist climates the travel of wind-blown sand is relatively
slow, and by the planting of sand-binding grasses and shrubs 1t
can frequently be checked ; but in arid regions a powerful dust-
storm of even short duration, as the author has found, is capable
of displacing vast quantities of sand and dust that overwhelm
everything in their course. In desert regions the wind is therefore
an important sorting and transport agent; but the manner in
which it operates is fundamentally different from that of streams
and rivers. These always flow in one direction, and hence they
carry their load from a higher to a lower level—that is seaward ;
whereas the desert winds travel backward and forward across the
arid wastes, moving the sand and dust from place to place within
the arid zone itself. In this way sand may accumulate in desert
places until it occupies the whole landscape, thereby creating in
the observer’s mind the erroneous impression that the denudation
of arid regions is excessively rapid.

Sand-Ripples.—Ripples, somewhat similar in appearance to
those formed by wave-movement, are frequently formed on dunes
by the action of the wind. It has been proved experimentally
that ripples are not formed where the sand-grains are of uniform
size, but only where there is a mixture of fine and coarse grains.
This depends on the principle that where the wind strikes on an
obstacle an eddy is formed on its lee-side. Rippling takes place
when this eddy in the lee of the larger grains is of sufficient strength
to lift the smaller grains.

On the windward side of the large grains a long gentle slope is
formed, up which the grains travel. At the summit the larger
grains are arrested by the eddy and build up the ridge of the ripple,
while the vertical motion of the eddy scours out a trough in the
loose sand at the foot of the steep slope (Plate 1.).

The ripples are continually moving forward, the larger grains
falling over the crest of the ridge, thereby assisting to build up the
advancing steep lee-slope on which the grains assume the natural
angle of rest.

Two series of ripples may be formed in desert rggions where the
prevailing winds have winnowed out the finer particles, leaving only
the coarser sands. The larger or primary ripples occur in parallel
lines, and resemble miniature sea-waves. They are formed of the
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coarsest particles such as can only be moved by the strongest winds.
The smaller or secondary ripples move forward under the influence
of the gentle breezes. They may lie parallel to, or run obliquely
across, the trend of the primary sand-waves according to the
direction of the wind.

Sand-ripples and sand-waves always lie at right angles to the
direction of the wind that produces them.

Mechanical Effects of Wind.-—The erosive effects of wind-borne
sand is everywhere present in arid regions. The fretting or abrad-
ing action of the travelling sand produces effects resembling those
of a giant sand-blast. The sand wears away the rough edges of

Fie. 1.—Showing sand-worn, mushroom-shaped rock of millstone-
s grit, Yorkshire. (After Phillips.)

all the rock hummocks that lie in the path of the prevailing winds.
Rock-faces are grooved and corrugated, or worn into fantastic
shapes according to the varying hardness and resistance offered
by different portions of the rock. In some situations, cliffs
and stacks are undercut; and in places where wind eddies are
formed, miniature cirques and rock-basins may be eroded by the
swirling sands (Plates II. and IIL.).

Notable examples of the erosive effects of travelling sand may
be seen in Lower Egypt, Western Arabia, on the Great Western
Plateau of Australia, and in Southern California.

The sand-erosion suffered by the Sphinx and some ruined
temples in Egypt would tend to show that the action of moving
sand is relatively rapid.

In places where pebbles lie on a wind-swept rocky platform, the
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pebbles in time become worn into tent-shaped forms by the sand
travelling first from one side and then from the other.

An instructive example of sand action is represented in fig. 1.
Another is to be seen on the pebble-scattered limestone plat-
form on the sea-coast at Nukumaru, New Zealand, where
hundreds of sand-worn pebbles are to be seen in every stage
of erosion (Plate IV.).

Effects of Changes of Temperature.—This is a powerful agency
of denudation in regions where there is a considerable daily range
of temperature. In the interior of arid continents there is
frequently a range of 40° or 50° Fahr. as between the day and night
temperatures. This rapid change of temperature through alternate
expansion and contraction introduces enormous stresses in the
surface skin of the rocks. The effect of these stresses is to cause
the surface of the rocks to peel off in thin irregular flakes. In this
way cliffs are slowly disintegrated and the surface of arid plains
loosened.

The action is similar to that which takes place when a plate of
steel is exposed to the oxidising influence of moist air. A film of
rust, that is oxide of iron, forms on the surface. In a short time
the alternate expansion and contraction of the plate, due to changes
of temperature, cause the rust to peel off in irregular scales. This
exposes a fresh surface to the oxidising agent. A new skin of rust
forms, soon to be displaced in the same way as the first. Thus,
in course of time, the plate becomes corroded and pitted ; and the
thinner the plate becomes the more rapidly does the oxidation
proceed.

The primary condition of aridity is restricted rainfall, which
may be modified by latitude and altitude, topographical barriers,
and prevailing winds. In such regions, the ratio of the annual
rainfall to the possible evaporation is an important feature.

The low relief of arid desert regions and the vast accamulations
of loose sandy material that generally abound on them would
tend to indicate that surface-stress due to changes of temperature
must rank among the most active of the processes of disintegration.

Tue Work oF RAIN.

The work of rain is both chemical and mechanical. By its
chemical action it decomposes and softens the surface of rocks,
and by its mechanical action it washes away the loosened particles
to a lower level. It also decomposes and oxidises rocks as far as it
can penetrate.

Chemical Effects of Rain.—Water is sometimes spoken of as
the universal solvent. Even when quite pure it can readily dis-
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solve rock-salt and many sulphate minerals. When it contains
dissolved salts or gases its power as a solvent is greatly increased.

The chemical effect of rain-water is only distinguished from
that of moist air by its greater activity. Its dissolving and de-
composing action, like that of moist air, is mainly dependent
on the carbonic acid and oxygen which it gathers from the air
as it falls.

Rain acts with greater energy than moist air because it brings
to bear on a given place a larger quantity of carbonic acid and
oxygen. Besides, by its mechanical effect it washes away the
loosened particles, thus exposing fresh surfaces to be acted on by
the contained gases. Moreover, the field of action of rain is wider
than that of moist air; for not only does rain act on the surface
of the rocks, but it also soaks into the pores and interstices, decom-
posing and weathering the constituent minerals as far as it can
reach. Itisin this way that granites, which crop out on moorlands
and other low-lying situations where the natural drainage is slow,
frequently become decomposed to a depth of many feet. This
decomposition, as we have already seen, is the work of the carbonic
acid, which attacks the felspar—the silicate of alumina and potash—
with great energy. The potash unites with the carbonic acid,
forming a carbonate of potash which is soluble in water. With
one important constituent broken up, the other constituents are
loosened. Outcrops of granite that have been disintegrated in
this way can be easily excavated with a pick, and in some cases
dug out with a spade.

The milky white clay that is found mixed with the loosened
quartz grains and mica scales is the silicate of alumina liberated
{rom the decomposed felspar. It is the mineral which forms the
commercially valuable deposits of Kaolin so often found in the
vicinity of lJrramte outcrops.

Rain-water is always a carrier of carbonic acid ; hence, when
it finds its way into cracks and joints in hmestone, the rock is
slowly dissolved and in this way the cracks become wider and
larger. The caves and underground tunnels and passages that are
so prevalent in limestone formations are merely cracks or joints
that have been enlarged by the action of surface-water containing
carbonic acid.

Rain is also a conveyor of oxygen gas. Hence we find that
wherever surface-water has penetrated, the rocks are always more
or less oxidised and decomposed. The most obvious effect of this
decomposition is the staining of the rock a yellow or rusty-brown
colour, due to the oxidising of the iron protoxide and sulphides as
previously described. As may be observed in many quarries and
railway-cuttings, the oxidised yellow-coloured portion of a rock is
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always softer and more friable than the underlying unoxidised
blue portion.

In the course of mining operations, rocks are sometimes found to
be oxidised to a depth of 50 or even 100 feet below the surface.
In some of the Kimberley diamond mines in South Africa, the
oxidised zone, or what is locally known as the yellow ground,
descends to a depth of 100 feet. Below the yellow ground
comes the unoxidised rock called blue ground.

It should here be noted that the oxidation of ferrous oxide in
the presence of moisture results in the formation of the hydrous
ferric oxide called limonite, which, as before stated, imparts its
characteristic yellow and rusty-brown colours to rocks within the
zone of weathering.

Weathering and oxidation are found to proceed most rapidly
along cracks and stratification planes, because it is along these that
surface-water can most easily find its way. When the rock is
crossed by two systems of joints crossing each other at nearly
right angles, in the earlier stages of weathering, the only signs
of oxidation are confined to the walls of the cracks. Asthe weather-
ing proceeds the unoxidised portion gets smaller and smaller until
only a core of unaltered rock is left. When the oxidation is com-
plete no unoxidised core of solid rock remains.

Spheroidal Weathering.-—A rock-mass that is intersected by two
systems of joints lying at right angles to one another is obviously
divided into a series of cubes or cuboidal blocks. It is found that
when some ferruginous sandstones, claystones, and basalts are
jointed in this way, the weathering procecds in concentric layers
around each block, the layers frequently presenting various shades
of yellow or brown. When the blocks are exposed on the face of a
cliff or cutting, the different layers are found to exfoliate or peel
off like the successive coats of an onion. This process of weathering
is termed spheroidal weathering (Plates V. and VI.). In the
case of greywacke, granite, basalt, andesite, phonolite, and most
igneous rocks, it is not uncommon to find a core of solid undecom-
posed rock in the centre of the spheroid.

Effect of Rain on Sulphides.—The oxidising effect of rain-water
is very noticeable in the case of sulphide ore-deposits. By long-
continued exposure to the action of descending surface-waters,
the outcrops of iron, copper, and silver sulphide lodes are frequently
oxidised and so altered as to bear little resemblance to the unaltered
lode-matter, which is generally found at a greater depth. The
iron sulphides are first oxidised to sulphates and then to oxides,
while the copper is removed by the water as soluble sulphates, or
is oxidised to carbonates which stain the rock green and blue.

The far-reaching effect of rain-water is well seen in the Broken
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Hill lead and silver mines in New South Wales, and at the cele-
brated Mount Morgan mine in Queensland, where the ores are
oxidised to a depth of over 200 feet below the surface.

Hydration,—Many minerals when exposed to the action of
moisture possess the property of absorbing a certain definite
proportion of water, a process which is chemically termed kydration.
Thus, the mineral olivine, when hydrated, becomes serpentine ;
and anhydride,! the anhydrous sulphate of lime, changes into
gypsum, the hydrous sulphate, the change being accompanied by
an increase of volume amounting to 33 per cent. Hydration is
one of the results of weathering, and is confined to the zone of
oxidation.

When the hydration is accompanied by increase of bulk the pro-
cess may cause disruption, fracturing, or disintegration of the
adjacent rocks or rock-surfaces.

Mechanical Effects of Rain.—We will now consider the mechanical
effects of rain as distingnished from that of running water in the
form of streams and rivers.

The principal effect of a pelting rain is to displace the particles
of rock loosened by the chemical action of the atmospheric carbonic
acid. Under the influence of gravity the particles tend to fall to
a lower level where they will accumulate in favourable situations ;
or perhaps they may find their way into some small trickling stream
by which they are slowly rolled downwards until they finally reach
a river which carries them towards the sea.

Earth-Pillars.—Another well-known effect of rain is the produc-
tion of what are termed earth-pillars. Miniature examples of these
may be seen after heavy rain in many a newly ploughed field, or on
the sloping bank of a newly formed road-cutting. A small pebble
or flake of stone acts as a protecting cap or umbrella, so that, while
the surrounding soil or clay is washed away by the rain, the portions
protected by a cap of stone remain for a time forming cone-shaped

illars.
¥ Gigantic earth-pillars, in some cases attaining a height of 20 feet
or more, are frequently formed in the glacial, boulder clays and
moraines of Scotland, Switzerland, New Zealand, and other glaci-
ated countries.

Formation of Soil.—The angle of rest of wet clay is 16°; of sand,
22°; and of splintered rock and shingle, 40°. It is therefore
obvious that on all surfaces flatter than the angle of rest, the pro-
ducts of weathering and disintegration will tend to accumulate
where they were formed, except perhaps on the face of crags and
scarps where the rocky face is exposed to driving winds and pelting
rain, or the drag of winter snows.

1 Gr, g =without, and hudor =water.
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On the loosened weathered crust such lowly forms of plant life
as lichens and mosses soon establish themselves, their roots and
rootlets penetrating into all the crevices of the disintegrated rock
surface. The decaying vegetation produces humic and other
organic acids which disintegrate the surface still further. Thus,
as time goes on, the particles of rock become mixed with decaying
vegetable matter, forming a dark-brown vegetable humus or soil.

The thin layer of soil (fig. 2) thus formed soon attracts grasses,
shrubs, and trees which, owing to their more vigorous growth,
send their roots deeper into the broken crust, and by their decay
provide a larger supply of organic matter. In this way the layer
of soil becomes deeper and richer, and frequently darker in colour.
Moreover, in favourable places, earth-worms carry on their opera-
tions, erumbling up and enriching the soil with their castings.

Below the soil there lies the subsoil, which consists principally

Fia. 2.—Showing graduation from (¢) rock to (b) subsoil, and
thence into (a) vegetable soil.

of comminuted rock and clayey material, frequently possessing
a yellow or brown colour due to the oxidation and hydration of
the iron ; and below the subsoil lies the decomposed or partially
decomposed rock.

~ The character and fertility of the soil depend on the composition
and nature of the rock out of which it has been formed.

Decomposed mica-schist and calcareous sandstones produce
light soils of great fertility ; basalts, limestones, and marls give
soils that are commonly %eavy and fertile ; andesites, soils heavy
and poor ; granite and rhyolite, soils light and poor.

Soils Mechanically Formed.—Besides soils formed in situ by the
chemical corrosion of the rocks by carbonic and other acids, many
soils owe their existence to the mechanical effects of rain and run-
ning water. The rain washes the finer particles of rock into hollows
and depressions, or carries them within the influence of some stream,
by which they are borne seaward. In times of flood when the
stream or river overflows its banks, the mud-laden waters deposit
a layer of silt over the adjacent lands. According to the duration
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of the inundation and the amount of matter held in suspension,
0 is the thickness of the deposit. It is in this way that the rich
alluvial flats at the estuaries of rivers and in river valleys are
formed. :

Alluvial flats are to be seen in almost every country ; but perhaps
there is no better example of the mechanical formation of soil,
or one of more historic interest or economic importance, than
that of the Nile, the seasonal inundation of which deposits a fresh
layer of silt over the surface of all the alluvial lands bordering
the river.

ACTION OF SPRINGS.

Accurate gaugings of the discharge of streams has shown that
only a certain proportion of the rainfall within a given watershed
is discharged to the sea. The run-off, as it is termed, is dependent
on the amount of evaporation, the steepness of the contours, the
presence of forests, and the character of the rocks within the
drainage area. In arid regions the run-off may not amount to
more than 10 per cent. of the rainfall, and in only a few cases does
it anywhere exceed 40 per cent. This means that a large quantity
of the rain-water soaks into the soil and rocks.

Many rocks are so open or porous in texture that they are what
is termed pervious, and rain-water slowly sinks into them until an
tmpervious bed or stratum is reached. When this happens the
water flows along the impervious stratum, and if this stratum
comes to the surface the water issues as a spring.

Caleareous Waters.—In its slow percolation through the pores
of the rocks, the water dissolves certain constituents and thus
becomes more or less charged with mineral matter. For example,
water that flows through a limestone formation is found to be hard,
this hardness being due to the dissolved bicarbonate of lime con-
tained in the water.

What is termed the temporary hardness of water is represented
by the bicarbonate of lime that is precipitated as carbonate of
lime, when the water is boiled. The boiling disengages the molecule
of CO,, which enabled the water to dissolve the carbonate of lime,
and thus permits the carbonate to be deposited as a solid incrusta-
tion in the vessel. The permanent hardness of water is the
hardness that remains after the carbonate of lime has been pre-
cipitated by boiling. It is mostly caused by sulphate of lime,
which is not thrown down by boiling.

Waters possessing a high degree of temporary hardness are
injurious to steam boilers on account of the hard incrustations
they deposit.

Where calcareous waters reach the surface they frequently
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deposit a white crust of carbonate of lime round the objects over
which the water flows. This calcareous sinter, or travertine as this
deposit is called, is generally porous in structure, and often contains
the petrified remains of mosses, twigs, and various plants that grew
within reach of the spring.

Stalactites and Stalagmites.—When rain-water in its underground
journey through limestone has widened out a fissure to the dimen-
sions of a cave, the slow drip of calcareous water from the roof
allows the feebly attached carbon dioxide to escape once more into
the air, and in this way the carbonate of lime is deposited as a thin
ring. As drop succeeds drop, the ring of carhonate grows thicker
and longer, in time forming a long tube which, by subsequent
deposit inside, becomes solid. As the process goes on, so the
pendent deposit grows longer until it forms what is termed a
stalactite, which in form somewhat resembles an icicle of frozen
water.

The drops of water fall on the floor of the cave and deposit
more carbonate of lime. In this way there is built up a solid
pillar or stalagmite that in many cases unites with the depending
stalactite, forming a continuous pillar reaching from the floor to
the roof. Stalactitic calcareous deposits always possess a beautiful
radiating fibrous structure.

Caves and underground caverns are common in limestone
regions in all parts of the globe. Among the best known are the
Mammoth Caves in Kentucky, Wyandotte Caves in Southern
Indiana, Peak Caves in Derbyshire, Dachstein in Upper Austria,
Jenolan Caves in New South Wales (Plate VIL.), and Waitomo
Caves in New Zealand. Many streams and rivers flow for miles
in underground channels or caverns, the extent of which has not
yet been disclosed.

Ferruginous or Chalybeate Springs.—Rain-water in its passage
through rocks containing sulphides frequently becomes charged
with iron salts. When the water issues at the surface the iron,
through the action of the atmospheric carbon dioxide, is converted
into the ferrous carbonate. The carbonate is rapidly oxidised by
the oxygen of the air into the hydrous oxide which falls as a yellow
or foxy bhrown precipitate. In this way are formed the limonite
(hydrous peroxide of iron) veins so frequently found traversing
ferruginous sandstones and altered igneous rocks. The variety
of the hydrous peroxide known as bog-iron ore is formed in the
bottom of swamps and lagoons by the same series of reactions,
aided by the operations of certain species of bacteria.

Brine Springs.—The underground waters that in the course of
their journey come in contact with rock-salt or with rocks im-
pregnated with that mineral become strongly saline, and where
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they appear as springs, bring large quantities of the dissolved salt
to the surface. Brine derived from artificial wells made by boring
is a valuable source of salt (chloride of sodium) in Cheshire, in
England, and Rex in Switzerland.

Mineral Springs.—These are found hoth cold and hot. Some
are alkaline, containing carbonates of soda and potash, and
bicarbonate of lime; others are acid, containing hydrochloric or
sulphuric acid mostly combined with lime, magnesia, soda and
potash. Free hydrochloric and sulphuric acids are frequently
present in large amount in the hot mineral waters that abound in
some volcanic regions.

In regions of expiring volcanic activity hot mineralised springs
are quite common. Notable examples of these are found in the
Yellowstone National Park in the United States, in the North
Island of New Zealand, and volcanic regions of Japan.

Geysers and hot springs very frequently deposit silica or siliceous
sinter around their vents and on the walls of their passages. In
this way enormous deposits of sinter have been formed in Iceland,
Yellowstone National Park, and Rotorua, New Zealand.

The silica exists in the water in the form of soluble alkaline
silicates, and it is deposited on reaching the surface, partly owing
to the decrease of temperature and pressure, and partly owing to
the atmospheric carbon dioxide uniting with the alkalies whereby
the silica is liberated.

0il Springs.—Petroleum is sometimes brought to the surface by
springs and spread as a film over sheets of stagnant water. All
the productive oil-wells are, however, made by boring holes to a
porous stratum saturated with the mineral oil. Some of the

qushers in the Texas, Baku, and Maikop oilfields have ylelded
many thousands of barrels of oil per day.

Tue Work or Frost.

In countries where the temperature falls below freezing in winter,
frost is always an active agent in disintegrating and dlsruptlnor
rocks. The principle underlyma this is the circumstance that
water in the act of freezing expands in volume, particularly that
which contains dissolved gases. When the expansion takes place
in a sealed vessel or bomb, the pressure exerted by this expansion
is almost irresistible, amounting to 2000 lbs. per square inch.

Rocks and soils are always porous and contain a good deal of
water. When this water freezes, the particles are pushed a little
apart. As the result of alternate thawing and freezing, the particles
are forced further and further apart until they are finally broken
off the parent rock. In this way the surface of porous sandstones
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and sandy limestones is disintegrated, crumbling away in small -
flakes.

The destructive effect of frost is strongly marked among the
higher mountains where the winters are severe. Water finding
its way into the cracks and fissures of the rocks exerts such enor-
mous disrupting force that even large slabs are broken from the
solid formation. In many regions the crests of the mountains have
thus become covered with a waste of angular slabs broken up by
the frosts of many winters.

Mountain slopes are frequently covered with a mantle of loose
angular fragments reaching in places from the crest to the base,
forming what is known as a scree, talus, or shingle slide. Where
the rock is of a friable character, such as a claystone or slaty
shale, easily acted on by frost, the scree may extend along the
slope of the range for many miles; but where the rock is of a
more vesistant character, the scree generally takes the form of a
cone which tapers to smaller dimensions as it reaches upward.

The apron of tumbled rock fragments and blocks which accumu-
lates at the base of most cliffs and escarpments is called a talus.

SuMMARY.

From what has been said in the foregoing pages we find that
the general effect of the different agents of denudation is to waste
and degrade the surface and edge of the dry land.

The agents of subaerial denudation range themselves in two
main groups, .namely: those wlhich operate slowly and almost
imperceptibly, but none the less surely; and those that work
energetically, but in a narrower field. &

The first group includes air, rain, and frost ; the second group,
streams, rivers, and the sea. In this chapter we have only dealt
with the first group, and in a general way we may summarise their
work as follows :—

(1) Moist air and rain decompose the surface of rocks by dis-
solving or breaking up certain constituents, or by removing
the cementing matrix.

(2) The principal agent in this process of decomposition is
atmospheric carbon dioxide acting in conjunction with
water.

(3) The minerals principally acted on by aquecous solutions of
carbonic acid are aluminous silicates containing such
bascs as potash, soda, lime, or iron. These silicates are
found in all igneous rocks, and in many sandstones and
schistose rocks. :

(4) The rocks removed or broken up by the direct dissolving
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action of carbonic acid are limestones of all kinds and
calcareous sandstones.

(5) The decomposition of a constituent mineral or the removal
of the cementing medium permits the rock to erumble up
or become disintegrated.

(6) The yellow and rusty-brown colour of soils, clays, and
weathered rocks is due to the oxidation of the iron present
in the silicates, or to the oxidation of sulphides, or of
magnetite, the black magnetic oxide of iron.

The oxygen contents of the three principal oxides of iron are :—

Ratio.
- Iron. Oxygen.

Protoxide . d ; . : FiEe®) 1 1
Magnetite (Protoperoxide) . . Fey0, 1 1-25
Red or brown Hematite (Peroxide) . Fe,O4 1 1-50

In the presence of moisture the atmospheric oxygen soon con-
verts the protoxide and magnetite into the peroxide. In this way
rocks are weathered wherever surface water can find its way.

(7) In the interior of arid or rainless regions, the changes of
temperature as between day and night disintegrate the
surface of the rocks by alternate expansion and contraction,
in the same way as scales of rust are thrown off steel plates
and rails.

(8) The wind piles up loose sand into dunes and ridges along the
sea-coast, and in continental desert areas.

(9) Caves are formed in limestones owing to the enlarging of
fissures by the dissolving action of the carbonic acid
carried in solution by rain-water.

(10) Frost causes the breaking up of rocks by the expansive
force exerted by water when it freezes.

(11) Underground water when it appears at the surface forms
springs. Calcareous waters deposit carbonate of lime in
caves, forming stalactites and stalagmites.

(12) Ferruginous waters deposit peroxide of iron where they
issue at the surface, and also in swamps and lagoons,
forming bog-iron ore.

(13) Geysersand hot mineralised springs are abundant in regions
of expiring volcanic activity.

(14) Hot springs containing silica in solution deposit the silica
where they issue at the surface, forming layers of siliceous
sinter.



CHAPTER 1V.
THE WORK OF STREAMS AND RIVERS.

WHEN rain falls a portion soaks into the pores and interstices of
the rocks and soil, while the remainder flows over the surface in
hesitating trickling streamlets. On their downward course a
number of these streamlets unite and form brooklets which, lower
down, grow in size and volume until they become large brooks.
Finally, the larger brooks unite and form rivers which may dis-
charge their waters into the sea or a lake..

The sea or lake is the lowest level Whlch the river can find, and
is hence termed the base-level.

The flowing water descends, or falls, under the influence of
gravity ; and in its haste to reach its base-level it follows the line
of least resistance. Hence in its downward course it bumps
heavily against every obstruction that lies in its path. The finer
particles it picks up and carries away bodily in a state of suspen-
sion. The heavier grains are partly pushed and partly carried along
the bottom in a state of semi-suspension ; while the pebbles and
boulders too heavy to be lifted are rolled onward, one over another.
Against the rocks that are too heavy to be moved the water frets
and chafes continually until at last the obstruction is removed,
the removal being effected mainly by mechanical erosion, but also
partly by chemical dissolution of the rock, or of some of its con-
stituents. The erosion of the land and the transport of material
are happenings merely incidental to the passage of rain-water to
the sea.

GEOLOGICAL WORK OF STREAMS AND RIVERS.

Running water in its journey to the sea performs a double réle.
It acts both as an agent of erosion and transport.
Erosive Work of Streams.—The erosive work of streams is
partly chemical and partly mechanical.
The waters of all streams contain dissolved carbonic acid and
oxygen which act slowly on all the rock surfaces with which they
30
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come in contact. The rate of dissolution of the rocks is imper-
ceptible and too small to measure, except in the case of lime-
stones and calcareous sandstones, which, in river courses, are
frequently worn into wide cavities or underground channels.

Chemical analyses have shown that all river-waters contain a
certain proportion of dissolved mineral matter generally varying
from 10 to 40 parts in 100,000. Of this dissolved matter bi-
carbonate of lime constitutes the major part.

Water is an almost perfect lubricant ; hence its erosive or abrasive
action, mechanically considered, is practically nil. But when
running water transports particles, grains, or pebbles of solid
matter, it becomes a powerful agent of erosion; its work being
strikingly seen in many deep water-courses and profound gorges.

The excavating and erosive power of rivers depends on (1) the
rate of flow; (2) the character of the transported detritus; and (3)
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F16. 3.—Showing graduation of river-drift.

(a) Zone of angular blocks. (d) Zone of well-rounded gravels.

( ,»  semi-angular blocks. (e) ,»  water-worn sands.

(c) s  rounded boulders. (f) 5  silt and mud.

the character and arrangement of the rocks through which the
channel is excavated.

The Influence of Rapid Flow.—When the flow is rapid the ex-
cavating power is relatively greater than when the flow is slow ;
for not only do the travelling sands, pebbles, etc., abrade with
greater force, but a larger quantity of them is brought into action
against a given place in a specified time. The pebbles and loose
stones that are rolled onward along the bottom rub one another as
well as the rocky channel, until they are reduced to the condition
of fine sand or mud. By this rubbing and grinding action the
sides and bottom of the river-bed are widened and deepened.
Pebbles and boulders that have been rolled along the bottom of a
river are always smooth and generally possess a rounded or roughly
oval shape.

The rocky material in a river that traverses a broken mountainous
country is commonly rough and angular near the source (fig. 3),
but it becomes smoother, rounder, and smaller in size the further
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it is transported. In the upper part of the valley the channel is
frequently piled up with large angular slabs and masses of rock
that have fallen down from the heights above where they have
been broken off by the action of frost or rain. The waters plunge
below, around, and over the obstructing masses against which they
wage an unceasing war. Lower down the valley the angular
blocks give place to semi-angular blocks of smaller dimensions.
Still lower down, only rounded boulders are seen; and in the
lower reaches these are progressively succeeded by gravels, sand,
and mud.

Rivers of great length that traverse wide stretches of flat land in
their lower course, such as the Mississippi in North America, the
Amazon in South America, or the Yang-tse-kiang in China, trans-
port only fine sand and silt to the sea. On the other hand, rivers
with short courses and steep gradients, such as those draining the
Southern Alps of New Zealand, discharge enormous quantities of
coarse sand and gravel into the adjacent open seas.

The rocky debris in a river-bed is subjected to so much attrition
and grinding that only the harder material is able to survive for
any considerable distance from the source. The softer rocks are
soon broken up into small fragments or reduced to the size of
small pebbles, and these after a time are comminuted to the
condition of mud or silt.

If we examine the rocky material in the bed of a stream rising
in a region composed of granite, mica-schist, slate, and limestone,
we shall find that near the source angular masses of all these rocks
will be piled up in the channel. As we proceed lower down the
stream, the proportion of granite boulders will gradually increase
until in a few miles they greatly predominate. Still further down,
schist, slate, and limestone pebbles and slabs will become fewer
and fewer until granite only is represented in the river-gravels,
together with quartz, pebbles, and sand derived from the broken-
up mica-schist or from fragments of disintegrated granite.

Thus we find that while an examination of the gravels in the
lower reaches of a stream will give us evidence of the existence of
certain rocks within the drainage area of the stream, it may utterly
fail to give a complete view of all the rocks actually present within
the watershed. There may exist at the source or in the upper
reaches chalk or other soft limestone, shales, or even a whole series
of Tertiary formations, none of which may be represented in the
detritus in the lower reaches.

The presence of blocks or boulders of a certain rock among the
gravels of a river cannot be always taken as conclusive evidence
that the rock exists en situ, s.e. in place, within the drainage area
of the river in question. It is not infrequently found that in regions
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at one time covered with glaciers, blocks of stone have been trans-
ported from one watershed to the other, and thus find a resting-
place among rocks to which they are strangers. Such ice-borne
blocks, or erratics as they are termed, are not uncommon in the
glaciated portions of Great Britain, Northern Europe, New Zealand,
and elsewhere.

The Erosive Effects of Floods.—All streams and rivers are subject
to seasonal or periodic floods. These floods may be due to the
melting of snow on the higher ranges during spring and summer,
or to abnormal rainfall at any time of the year. By thusincreasing
the volume and depth of flow the transporting and eroding power
of the current is enormously increased. '

The velocity of a river, on the same slope and with the same
cross-section, varies as the cube root of its volume ; and its trans-
porting power varies as the sixth power of the velocity. That is
to say, if the volume of a stream is increased eight times, its velocity
will be doubled as %/8=2; and its carrying power be increased
sixty-four times as 26 =64.

The influence which changes of velocity exercise on the trans-
porting power of a stream or river is almost incredible, but will
be in some measure realised from the following statement :—

Velocity. Carrying power.
1
2 64
5 3 729
4 4096
b 15625

Let us take an actual case. The normal flow of the Shotover
River in New Zealand amounts to 350 cubic feet per second, but’
the flood volume is about 9500 cubic feet per second, equal to an
increase of twenty-seven times. Hence the normal velocity is
trebled, as %/27 =3. In other words, the transporting power of the
river is increased over seven hundred times; and during flood-
times it can carry masses of rock weighing a ton as easily as
3-1b. pebbles when the flow is normal. '

Blocks and boulders that a stream could not even move at
times of normaliflow may be carried down the channel for many
miles, there to be left stranded as obstructions in the channel until
a greater flood moves them still further down.

During floods the banks arerapidly undermined and crumble away,
and in this way the river-bed is widened or new channels formed.

In 1842, a vast landslide, caused by a flood, blocked the Indus
below Bunji, submerging the valleys for a length of 36 miles. In
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1896, a glacier blocked the Suru Valley in the Himalayas, and the
imprisoned water when it burst through devastated the country
below for 40 miles.

In country possessing steep slopes the rain soaks into the ground,
and, accumulating on a clayey face or impervious rock, causes land-
slips or landslides to take place. The tumbled rocky debris forming
the slide may reach down to the river torrent, by which it is soon
swept away ; or it may fall bodily across the river-channel, damming
back the water for a time. When the pent-up flood at last breaks
away it carries everything before it. Even small brooks that
normally are incapable of moving anything larger than a grain of
sand, in times of flood may become raging torrents capable of dis-
placing millions of tons of rocky debris in the course of a few hours.

The bed of many streams and rivers is covered with a protecting
screen of gravel, sand, or mud of varying depth. That is, it may
be only a few inches deep, or as much as 50 feet in the case of
large rivers. '

At times of normal flow this protecting cover is almost stationary,
but during floods it is rolled down stream, its place being taken by
fresh material transported from the higher reaches.

The majority of streams and rivers, for at least a portion of their
course, flow over a rocky bed, free or nearly free from travelling
gravel. When this happens the floor of the channel frequently
exhibits many inequalities, and this is particularly the case where
the stream flows over rocks of different degrees of hardness and
toughness, the softer rocks being worn into depressions, while the
harder form bars and obstructing reefs.

Formation of Pot-Holes.—A striking, but not uncommon, feature
of many rocky river-beds is the presence of pot-holes of various
shapes and dimensions. These holes, which are generally round
and cauldron-like in form, are more common where the bed is steep
than elsewhere. They are formed by the rocking and grinding
action of a hard boulder moved by the swirling eddies and acting
for a long time at one point. When the pot-hole has become
large enough, it is liable to be invaded by one or more new boulders
which by their united action may enlarge the hole until it is
many feet deep and many yards wide.

Erosive Effects of Transported Material.—The sands, gravels,
and boulders carried onward by the current of a stream, besides
acting on one another, also grind away the floor and sides of the
channel, which is thereby gradually deepened and widened. In
other words, their erosive ! effect is both wertical and lateral, and

1 Corrasion is a variant of corrosion that has been used by some writers

to denote the vertical excavation performed by a stream. The term does
not seem preferable to the word erosion commonly used by English geologists.
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the harder and tougher they are, the greater will be their abrasive
power. The erosive effect of fine matter held in suspension is very
feeble, the greatest amount of excavation being effected by the
semi-suspended sands, and by the gravels that are rolled and pushed
along the floor.

Erosion of Different Rocks.—The excavation of soft rocks is
more easily accomplished than that of hard rocks; for this reason
a stream will frequently bend from its normal direction to follow
along the course of a soft and easily eroded formation. In places
where a river is compelled to cut through a stretch of hard rocks
its channel is generally deep and narrow, the flowing water in
seeking its base-level showing the same economy in excavation as
the miner in cutting his water-race through the same class of
ground.

Where the rock-formation is soft and comparatively easy to ex-
cavate, the channel is nearly always relatively wide and shallow.

-

F16. 4.—(a) Joint forming initial water-course and afterwards
widened into a broad valley. The dotted lines show the pro-
gressive widening of the valley.

Factors in Selection of River-Course.—The causes which have led
to the selection of the course followed by rivers in their descent
to the sea are various. In the main they may all be said to result
from the natural tendency of the water to find its base-level by
the shortest and easiest route, for brook and river alike will
select the route that offers the least resistance to their downward
course.

If left to itself, a stream will always excavate its course in a soft
formation in preference to a hard one; and follow a line or zone
of shattered rock rather than cut a channel through a compact
unbroken formation. In every case water will follow an opening
or crack already formed rather than cut a new channel for itself.

Observations in the field in many lands have shown that the
main valleys of many rivers follow the course of powerful faults or
crustal dislocations; or follow lines of subsidence resulting from
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the operation of a system of parallel faults ; or run in depressions
left by the uplift of parallel mountain blocks.

As we shall later find, many rocks are traversed by one and some-
times two series of more or less parallel cracks, known as joints.
Water finds its way along these quite easily. In process of time
the joints become enlarged by erosion into water-courses, and in

Fra. 5.—Gorge in plateau.

this way we have the beginning of what may afterwards open up
into a broad valley (fig. 4).

For the most part the main trunk valley follows the course of a
great fault or dislocation, while the direction and situation of the
subsidiary or side valleys has been determined by the presence of

————————— Glacial Valley— — —— —=—— -
b

F16. 6.—Profile of Shotover Valley, N.Z.
(@) Shotover R. (b) Shotover Fault. (¢) Mica-schist.

smaller lateral faults, joint planes, or the existence of zones of
soft rock.

Gorges.—Where water flows through a rift in compact rock,
and the gradient is steep, it soon, geologically speaking, excavates
for itself a narrow rocky channel. Where the channel is deep, with
steep sides, it is termed a gorge.

The gorge may be excavated through a plateau or tableland
(fig. 5), or in the floor of a broad ancient glacial valley ; or it may
cut through a mountain-chain.
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In recently glaciated countries there are to be found many fine
examples of gorges excavated along the floor of ancient glacial
valleys (fig. 6).

Cafions.—Cafions are profound river-gorges with steep walls.
They are a feature of deeply dissected plateaux where the uplift
and consequent river erosion have been rapid. Their depth is
always great in proportion to their width.

The most remarkable known example is the Grand Cafion of
Colorado, which extends from the flanks of the Rocky Mountains
to the head of the Gulf of California. The river has cut its channel
for 500 miles across the desert plateau, which consists of practi-
cally horizontal sedimentary strata of various ages, Palxozoic,
younger Mesozoic, and earlier Cainozoic, piled on a floor of ancient
granite. .

The grandest and most picturesque part of the cafion is chiefly
cut through Carboniferous and Permian strata. The maximum -
depth is 6000 feet below the surface of the plateaux. (See
frontispiece.)

Two phases of development may be traced when the cafion is
viewed in cross-section, namely, an upper normal valley with a flat
floor, and the cafion proper cut in the floor of the upper valley.
The upper valley is many miles wide and bounded by alternating
steep wall and moderate slope, their edges in many places notched
with short ravines. The inner cafion is a narrow trench, bounded
by deeper and steeper walls that are.in places 3000 feet high. It
was cut by the river owing to an acceleration in the rate of uplift
after the excavation of the upper valley.

The Grand Cafion is a stupendous example of river erosion, and
has no parallel in any part of the globe. Notwithstanding its vast
depth, the steepness of the walls is an evidence that it is the work of
a river still in the youthful phase of its existence.

The Highlands of New South Wales, comprising the uplands of
New England, the Blue Mountains, and the Darling Downs, owe
their existence to the dissection of an ancient plateau by rivers
which have cut deep valleys and cafions, the latter with steep walls
600 feet in height.

Waterfalls,.—Where a stream or river has cut its channel in a
rock-formation consisting of alternating layers of varying hardness,
it frequently happens that a waterfall is formed. The softer rock
is eroded at a greater rate than the harder, with the result that the
stream-bed is excavated into platforms at different levels. Where
the descent from one platform to another is vertical a waterfall
is formed, the water falling bodily from one level to the other
(fig. 7) ; and where the descent is steep but not vertical, there is
frequently a number of small waterfalls or cascades. In places
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where the slope is comparatively low, the rapidly flowing current is
broken up into what is termed a cataract or rapid.
Recession of Waterfalls,—Where the strata are lying horizontal,

Fig. 7.—Profile of waterfall.
(a) Waterfall. (b) Cascade. (¢) Rapids.

or nearly so, and the cornice over which the water tumbles is
much harder than the underlying beds, the waterfall slowly recedes
upstream. This recession is due to the undercutting of the

Fr1a. 8.—Falls of Niagara.

cornice, which gradually crumbles away under the weight of the
flowing water. In this way the gorge or ravine of the river is
lengthened.

One of the most striking examples of recession is that afforded
by the Niagara Falls (fig. 8), which have receded a distance of seven
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miles in late geological times, the rate of erosion amounting to about
4} feet a year.

Although recession is most marked in the case of horizontal
strata capped with a hard cornice, it is certain that it takes place
in all waterfalls independently of the inclination of the strata.
Moreover, in some volcanic regions many fine examples of retreat-
ing waterfalls (fig. 9) are seen in places*where rivers flow across
streams of lava that alternate with beds of loose or only partially
consolidated ash.

The Winding of Streams and Rivers.—The tendency of a rapid
stream is to flow in a straight course, and in order to attain this
end it will act with great energy on any obstructions that lie in its
path until they have been removed. When the stream emerges

. from the highlands, where its gradient is steep, and passes on to
flat or undulating ground, where its rate of flow is slow and its
excavating power therefore relatively feeble, it is generally found
to pursue a tortuous course frequently meandering about the plain

Fia. 9.—Section of river gorge, showing progress of recession.

in a series of bends and loops that sometimes overlap or almost
touch each other.

The stream, having only a sluggish flow and little eroding force,
avoids every obstruction it meets, whether it is a hard band of
gravel or a boulder ; and in this way it bends first one way and then
the other.

At all times the main current is directed against the concave
bank, from which it is deflected to the opposite bank. The greatest
erosion, therefore, takes places on the concave bank, which during
times of abnormal flood is frequently undermined and thus.crumbles
away. In course of time the bend becomes sharper and larger,
until in many cases the area of land between two loops is completely
removed. In this way comparatively insignificant streams are
frequently found to have excavated for themselves channels of
great width. The process of excavation will be readily understood
by a reference.to the next figure.

The current is directed against the bank as indicated by the
arrows (fig. 10), so that in course of time the space enclosed within
the stream and the dotted lines is worn away. When this has



40 . A TEXT-BOOK OF GEOLOGY.

taken place the bends are seen to be sharper. As time goes on the
whole of the spaces marked A (fig. 10) lying between the loops
are removed, thus forming a wide river-bed. That is, the bends
gradually widen and travel downstream until the ground separat-
ing them is eventually cut away.

The velocity of the current is greatest against the concave bank
and least on the convex side @. As a result of this the current
drops a portion of its load on the convex side at a, where it accumu-
lates and forms a sand or shingle bank.

The General Effect of Denudation.—The total effect of all the
subaerial processes of denudation is to lower or degrade the general
level of the dry land. It is obvious that if denudation continued
long enough, the land would be reduced to a plain not rising much
above sea-level.

F16. 10.—Showing winding course of stream.

We have already seen that rivers are fed with detrital matter at
their sources, a large proportion of which in a finely divided form
is transported to the sea. But a river possesses main tributaries,
and the tributaries have their branches. These branches are in
their turn fed by streamlets composed of innumerable trickling
rills. A river system with its numerous primary, secondary, and
tertiary branches covers the land with a network of water-courses,
each of which carries its quota of denuded material into the trunk
river, whence it is carried to the sea.

It is therefore obvious that in all regions drained by rivers every
portion of the surface is continually under the influence of the
ever active agents of denudation, and must, therefore, in process of
time, be reduced or degraded in level.

The rate of denudation will be greatest in the highlands, less in
the foothills, and least in the downs and plains bordering the sea,
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It is greatest in the highlands because frosts are harder and the
rainfall more copious than in the lowlands. The slopes also being
steeper, the broken and disintegrated rocks receive more assistance
from gravity in their downward course. Moreover, the gradient
of the stream-beds is steeper and the transporting power of the
current proportionately greater than in the low country. The
degradation of the highlands may be regarded as a species of active
warfare in which the rocks are shattered, broken, and ground into
gravel, sand, and silt; that of the lowlands as a silent wasting of
the whole surface by the slow and almost imperceptible removal

Fia. 11.—Taieri River, N.Z., with its network of tributaries
‘ on the north side.

of the soil by rain, partly in solution, but mainly in the form of
mud or silt.

While discussing the effects of the denudation accomplished by
running water, it is as well to bear in mind that the elementary
function of rain is not to disintegrate and denude the land, but to
find its way back to the ocean from which it came. The breaking
up and eroding of the land over which the water flows are merely
happenings incidental to the haste with which the return journey
is made to the parent source.

Development of River Erosion.—When a stream commences the
dissection and denudation of, let us say, a plain of deposition
gradually rising from the sea, it starts life, so to speak, as a tiny
rivulet. As time goes on this infant stream extends its opera-
tions. It grows longer, and by draining a larger area gets
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larger and stronger. With increasing age it is joined by lateral
streams or tributaries which, like the parent stream, also extend
their courses, and in time are supplemented by the development
of branches that also possess other branches in the form of rills
and trickling streamlets.

Where the slopes are steep, erosion will occur ; and near the sea,
where the gradients are gentle, deposition of the water-borne
sediments will take place, so that eventually the whole course of
the stream will be reduced to a uniform gradient. When this
condition is reached the stream is said to have found its grade-level.
If the volume of the water and the rate of erosion were uniform
throughout the whole course of the stream, the profile of the river-
bed would be a straight line. But the volume of all streams, except
those flowing across an arid desert, increases from the source down-
wards, and there is a corresponding increase in the rate of erosion
until the point is reached where the gradient begins to flatten.
Below this point the erosion gradually decreases until it eventually
vanishes at sea-level.

The natural tendency of the differential stream erosion and
sedimentation is to produce what is called a curve of erosion with
the concave side upwards. This curve is obtained by the stream
planing off the projections and filling in the hollows.

A river reaches its greatest erosive activity at maturity. But
its activity possesses within it the germ of its own decay, for
the more the land is degraded the flatter become the slopes of
the hills and the gradients of the streams. Thus, as the land
gets lower and lower, the eroding power of the river and its
tributaries gets less and less, until a stage is reached when the
river becomes a mere transporting agent of mud and silt. At
last even this action ceases and the cycle of fluviatile erosion is
complete. The decadence arising from extreme old age can only
be arrested by an increased supply of water, or by an uplift of
the land which will once more provide gradients that will again
revive the erosive power of the running water.

If the uplift of the land begins at a late stage in the cycle of
erosion, say at the time when the river is approaching the exhaus-
tion of its denuding power owing to the land having been worn
down to a nearly level plain, a second cycle of erosion will begin on
the old plain; and if no change of conditions takes place, the first-
formed plain will be dissected and denuded into a second and lower
plain of denudation. T

Effects of Uplift and Subsidence.—It is obvious that the pro-
gressive growth and decay of river-erosion, ending in the formation
of a plain of denudation, can only take place if the land remains
throughout in a state of rest, neither rising nor subsiding.



THE WORK OF STREAMS AND RIVERS. 43

The effect of uplift occurring at any time before maturity has
been reached will be to increase the erosive activity of the river,
while occurring after maturity it will cause rejuvenation.

On the other hand, a subsidence of the land by lowering the
gradients will accelerate the decadence of the drainage system,
and if continued it will finally lead to extinction by destroying the
erosive and transporting power of the river and its affluents.

Development of a River System.—The primary requirement in
the development of a river system is progressive continental uplift.
Moreover, the nature of the uplift is of material consequence in
determining the topographical effects that may be produced by
subaerial erosion acting on the surface of the rising land.

When the uplift is uniform, the ultimate effect may be the
formation of a deeply dissected plateau of the Colorado type; but
if the uplift is differential, the upward movement being faster along
the axial divide of the ancient land than it is along the sea-coast,
the result will be the development of foothills characterised by
long dip-slopes and corresponding escarpments, the long slopes
being presented to the sea.

If the rate of uplift is slower than the normal rate of the marine -
erosion, the uprising sea-floor with its sheet of sediments will be
worn down to a gently sloping plain of marine erosion that will
never rise above sea-level ; but if it is faster and continuous over
a long period, there will be developed a system of topographical
features the form of which will be mainly dependent on the nature
of the uplift, the character and inclination of the newly uplifted
strata, and the climatic conditions.

Let us consider the case of a uniform uplift in an arid region.
If this region is backed by a prominent chain of mountains possess-
ing a copious rainfall, there will be formed an arid plateau composed
of horizontal strata deeply dissected by the rivers draining the
neighbouring highlands. By such uniform uplift we may obtain
a replica of the Colorado plateau with its profound cafions excavated
by the rivers that drain the western slopes of the Rocky Mountains.

The same uniform uplift in a temperate region where the annual
rainfall exceeds 35 or 40 inches will produce a maritime plain or
plateau traversed by trunk rivers draining the ancient highlands,
and scored by innumerable tributary streams, by which the surface
is carved into a maze of narrow ridges and flat-topped hills. Of
such origin is the Wanganui maritime plain in New Zealand, the
surface of which is sculptured into a terrain of undulating hills and
flat-topped ridges, the survivals of the original plain. Ina distance
of fifty miles, the younger Tertiary strata, which compose this
plain, rise gently from sea-level to a height of 2000 feet as a
consequence of the crustal arching of the central volcanic region,



44 A TEXT-BOOK OF GEOLOGY.

the southern limits of which are dominated by Mount Ruapehu,
a gigantic volcano girdled on three sides by a ring of limestone
escarpment.

Relatively rapid uplift in a moist, temperate latitude accom-
panied by axial arching, wherebhy the strata are tilted at angles
above 10° or 15°, produces a series of more or less parallel foothill
ridges characterised, as already indicated, by long dip-slopes and
corresponding escarpments, which are especially well-developed
where the uplifted rocks consist of alternating bands of hard and
soft material. Many fine examples of this type of topographical
feature are found in the maritime regions of most continents where
uplift has taken place in late Tertiary times.

The succession of long dip-slopes and steep escarpments that
lie between the sea and the Ruahine Chain, in the province of
Hawkes Bay, New Zealand, is a beautiful and picturesque example
of the work performed by running water during the development of
a river system resulting from differential uplift.

The Actual Development.—As a starting-point let us assume an
old land-surface forming highlands, and drained by a river running °
into the sea approximately at right angles to the general trend of
the coast-line as shown in A, fig. 11a.

In the second phase, as the result of differential uplift, the sea-
floor with its pile of sediments gradually rises until it forms a strip
of new land running parallel with the old strand. The ancient
river, that existed before the uplift began, still finds its way to the
sea ; for, as the uplift progressed, it encountered little difficulty in
cutting its channel across the slowly rising truncated edges of the
sediments. !

The course of the river is transverse to the strike of the uprising
beds as shown in B, fig. 114, and hence is called a éransverse river.

As the uplift progresses, the transverse river increases in length,
and its channel becomes deeper and deeper.

The newly raised maritime strip of land, as shown in the second
phase, now forms the foothills of the ancient highlands. The rain-
fall on the foothills creates small lateral tributaries that run more
or less parallel with the strike, their course following the zones of
softer rock. And because these streams run approximately along
the strike of the uplifted strata they have been called longitudinal
streams.

So long as the uplift continues, the transverse river and its
longitudinal tributaries become longer, and their channels deeper
and broader. (C, fig. 114.)

Where the transverse river cuts through bands of limestone,
conglomerate, or other hard rock, the profile of its channel is more or
less V-shaped. In the softer zones the valley is usually broad and
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bounded by gentle slopes. Thus, when we trace such a river from
its source to the sea, we find that it passes alternately through a
succession of deep gorges and open valleys. As a good example
we have the great snow-fed Clutha River in New Zealand, which
rushes through the picturesque Kawarau Gorge to the Cromwell
.Basin, then through the profound Dunstan Gorge to the Manu-
herikia Basin, and finally through the narrow Roxburgh Gorge to
the Roxburgh Flats.
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Fic. 11a.—Section on line A;-B;, showing development of river system
arising from differential uplift.
(a) Hard stratum. (b) Soft stratum. (¢) Ancient rock.
(A) First phase. (B) Second phase. (C) Third phase.
(D) Section along line A;-B;.

The type of river system which comprises a main transverse
river with numerous longitudinal tributaries is most often met with
in maritime regions occupied by Cainozoic or younger Mesozoic
formations that were laid down marginal to the ancient strands.

Where a plain of marine sedimentation emerges from the sea as
an anticlinal ridge or dome, a number of more or less parallel
transverse rivers will be developed on each side of the axis of eleva-
tion. This structure is well seen in the North of England, where
the eastern slopes of the Pennine Chain are drained by a number
of large rivers that rise in the central divide. On the west side of the
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chain the symmetry has been almost obliterated.by the uplift of the
Lake District and the greater steepness of the Pennine Chain itself.

In the terminology adopted by some geographers, the transverse
rivers are called consequent, because they are the result of uplift ;
and the longitudinal streams, subsequent, since their formation is
always subsequent to that of the consequent rivers. It is almost
a truism to say that all trunk rivers are a consequence of uplift,
and hence consequent, and the tributaries subsequent. The notable
exceptions are the streams and rivers that drain the slopes of
volcanoes, which owe their origin not to crustal uplift or arching,
but to the piling up of lava streams and ashes.

Striking examples of consequent rivers of this type are found
draining the slopes of Mount Egmont, a beautifully symmetrical
voleanic cone which rises abruptly from the sea in the south-west
angle of the North Island of New Zealand. The densely wooded
slopes of this cone are drained by numerous large torrential streams
which radiate outward from the cone like the spokes from the hub
of a wheel.

Base-Level of Erosion.—Theoretically the sea is the ultimate
base-level of all streams and rivers, and is the level to which the
dry land should, in process of time, be reduced, provided no
change of level relatively to the sea took place during the cycle of
denudation.

When a river has denuded its watershed to an area of such low
relief that it has lost its eroding and transporting power, it is said
to have reached its base-level, and the land surface so planed down
is termed its plain of erosion. Such a plain is a plain of fluviatile
erosion.

When elevations of harder or more resistant rock stand above
the general level of the surface, such a plain of erosion is termed
a peneplain.

Many ancient peneplains have been elevated by faulting, or by
slow crustal movement, until they have attained such a height
above the sea as to form plateaux.

Peneplain of Arid Erosion.—By long-continued exposure to the
disintegrating action of rain, frost, wind, and changes of tempera-
ture, the arid interior of continental areas has in some regions
become worn down to a nearly level surface, or a level surface
dotted here and there with hummocks and elevations of hard rock
that have been able to resist the attacks of subaerial denudation
longer than the surrounding country. Peneplains of arid erosion
frequently occur at a considerable elevation above the sea. Among
familiar examples we have the veldt or plateauxlands of the Trans-
vaal and the great interior plateau of Australia, on a portion of
which is situated the goldfields of Yilgarn and Kalgoorlie.
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River-Piracy.—Streams have not always held the course in which
they now flow. If a stream cuts back its course and deepens its
bed more rapidly than a stream in a neighbouring basin, it may
work its way across the intervening divide and rob the head
waters of that stream, always provided its bed is deeper than the
floor of the valley that has been invaded.

If the valley occupied by stream a b ¢ (fig. 12) is deepened more
rapidly than the valley drained by stream g f'd e, a tributary of the
former b ¢ may cut its course back to d, and thereby steal the head-

Fia. 12.—Showing progress of stream-piracy. -

waters d e of stream ¢ f'd e, which is then said to be bekeaded. The
invading stream is known as a pirate.

The beheaded stream is diminished in volume by the amount
of water contributed by d e, while the volume of the pirate stream
is correspondingly increased.

Stream @ b ¢ with its larger volume of flow now acquires a greater
erosive power, and continues to deepen its channel faster than the
beheaded stream fg. The result of this is that the divide at
the head of f g is slowly shifted down the valley towards f, so that
the drainage of the portion of the valley lying between d and fis
in time reversed, as shown in fig. 13.

Protecting Effect of Basalt Flow.—In late Tertiary, that is in
quite recent geological time, many of the valleys of the State of
Victoria in Australia were invaded by floods of basaltic lava
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that filled ;1p the river-courses and in places even overflowed the

valley walls.
Since the emission of the basalts, the country has been dissected

e

F1a. 13.—Showing stream-piracy accomplished.

and denuded by streams, and sculptured into the existing ridges
and valleys. The basalt-flows, being harder than the older slates
and sandstones, have resisted the wear and tear of denudation,

Fi1a. 14.—Section of Mount Greenock, showing protective effects
of basalt-cap. (After A. Brough Smyth.)

(e) Wash-dirt in new river-course. (b) and (d) Existing water-courses.
(¢) Wash-dirt underlying basalt and marking site of ancient river.

with the result that the old valley walls have been worn down into
new valleys, while the basalts remain as flat-topped ridges as shown

in fig. 14.
Rate of Denudation.—This relates to the lowering of the whole
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surface of the land as effected by the united action of all the agents
of denudation. The data required for the computation are (a) the
mean annual rainfall as determined by observations extending
over a number of years; (b) the area of the watershed; (c) the
annual discharge ; and (d) the quantity of suspended matter carried
to the sea as found by numerous experimental tests.

The margin of possible error that may be introduced into com-
putations of this kind is always very great, mainly on account of
the difficulty and expense involved in the obtaining of trustworthy
mean values for the rainfall, run-off, and quantity of transported
matter. Even with the best data obtainable the results cannot be
regarded as other than wide approximations. When the computa-
tion is based on a few isolated observations, the results are likely
to be quite misleading and altogether erroneous.

- The rate of degradation of two adjacent watersheds enjoying
the same rainfall may be quite different. Thus,in the area occupied
by the hardest and most resistant rocks the rate will be slowest.
Moreover, the mean altitude above the sea, steepness of contour,
and climate must be included among the many conditions that may
tend to modify the waste of the land.

The Mississippi has been estimated to lower its basin 1 foot in
5400 years, and the Danube 1 foot in 3500 years; while the whole
area of England is reduced by subaerial mechanical denudation
1 foot in about 3000 years.

All streams and rivers carry to the sea a considerable annual
load of mineral matter in solution, and although, perhaps, a large
proportion of this is contributed by underground waters issuing
at the surface as springs, a certain but indeterminate portion of
it must represent matter dissolved on the surface by moist air
and rain. The English rivers, it has been computed, lower their
basins 1 foot in about 13,200 years by solution alone, but it should
be noted that estimates of this kind when based on the total annual
quantity of dissolved matter carried to the sea are liable to be
misleading, as there seems at present to be no means of ascertaining
what proportion of the dissolved matter is due to underground
dissolution and what to superficial.

ConsTRUCTIVE WORK OF RIVERS.

Hitherto we have regarded streams and rivers as merely agents
of erosion; but they are not always destructive. In some circum-
stances they may also be constructive. As a matter of every-
day observation we know that streams and rivers gradually fill
up the basins of the lakes into which they drain with piles of
fluviatile drift, sand, and mud. This infilling of lake-basins is
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relatively rapid in the case of valley-lakes fed by torrential alpine
rivers.

The heavier and coarser gravels are shot into the head of the
lake, where they fall to the bottom almost at once, forming sheet
after sheet of the inclined beds that always mark the arrangement
of fluviatile drifts discharged into still water.

The finer sands and silts are spread as a sheet over the floor of
the lake, and as the infilling progresses, this sheet is covered over
with the inclined coarser drifts as shown in fig. 15.

When the lake is completely filled up a flood-plain is formed, on
the surface of which the river now flows towards the sea.

As the barrier at the lower end of the basin becomes worn down,
the river with the greater slope thereby obtained once more
becomes destructive. It now begins to cut away and remove the
material it previously laid down, and in this way the dissection of
the flood-plain is effected. It is seldom that the whole of the
gravel infilling of the basin is completely removed during this

Fi1a. 15.—Showing filling of lake-basin by river detritus.
(a) Sand and silt. (b) Coarse drift.

period of destruction. Commonly we find that benches of gravel
have escaped destruction in various places around the margin
of the lake-basin, not only at the original level of the flood-plain,
but also at the different levels at which the river temporarily
established itself during its cycle of erosion. These gravel benches
or terraces are a striking feature of alpine valleys in many lands.

Many of the great alpine lakes of New Zealand have been com-
pletely filled up with fluviatile drifts; and all the existing lakes
are being rapidly reclaimed by the piles of detritus unceasingly
shot into them by the torrential rivers that drain the neighbouring
alpine chains.

The finer sediments discharged into a lake are sorted and spread
out over the floor in a succession of parallel layers or beds that in
a general way conform to the contour of the bottom. Such deposits
are coarsest near the edge of the lake and finest near the middle
and towards the lower end. The remains of freshwater fish, mussels,
and other molluses, of land animals, of tree-trunks, twigs, and leaves
are frequently found in consolidated lacustrine sediments.

Besides filling up lake-basins, rivers frequently discharge enor-
mous masses of detritus on to the sea littoral, whereby in time
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wide belts of land are reclaimed from the sea. Much of the land
thus reclaimed is of a deltaic character. The celebrated Canter-
bury Plains in New Zealand are composed of gravel, sand, and
mud shot into the sea by the large torrential rivers that drain the
alpine chain. They are over 100 miles long, and vary from 20 to
50 miles wide. The low-lying deltaic plains reclaimed from the
sea by the Yang-tse-Kiang, Ganges, Congo, Nile, Mississippi, and
Amazon amount to many thousands of square miles.
River-Fans.—Many lateral mountain streams at the point where
they emerge from their narrow defile gradually pile up their load
of sand, gravel, and rocky detritus in the form of a wide-spreading

F1e. 16.—Fan at Tigar, Lidakh. {After Drew.)

Jfan, which may in time encroach so far over the floor of the main
valley as to push the trunk river against the opposite wall.. Good
examples of river-fans may be seen in most mountain valleys where
the rainfall is abundant and the denudation rapid.

Detrital fans of great extent are frequently piled up on the sea-
coast by mountain streams, and a number of such confluent fans
may form wide coastal plains like the Canterbury Plains in New
Zealand.

SUMMARY.

(1) A portion of the rain that falls on the surface of the land
soaks into the rocks and soil, but another and larger portion flows
over the surface, at first forming streamlets that eventually unite
and form brooks. The confluent brooks as they descend the slopes
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form large streams and rivers. The ultimate destination of most
rivers is the sea or a lake, while a few die out in sandy deserts.

(2) The streams and rivers in their haste to reach their base-
levels, which is the sea or some large lake, wear away all obstructions
that lie in their path; and sweep before them all loose particles
and rocks that tend to obstruct their downward course. The
steeper their slope the greater is their velocity of flow; and the
greater their velocity and volume the greater is their eroding and
transporting power.

(3) Pure water is a nearly perfect lubricant; consequently it
possesses little or no abrasive power. But the loose particles of
rock and boulders transported by the flowing waters rasp and
abrade the obstructing rocks which are thus worn away. The
transported particles do not escape damage in this continual
warfare. Like the rocks which they abrade they also are abraded
and thereby reduced in size. Moreover, the mutual wear and tear
of the heavier material as it rolls over and over along the floor of
the channel reduces the size of the fragments. In these ways,
that is by the attrition of the obstructions and the mutual chafing
and grinding on the river-floor, we find that angular blocks are
rounded, boulders are reduced to the size of pebbles, pebbles to
sand, and, finally, sand to silt and mud.

(4) The heavier particles are rolled along the floor or bed of the
stream, while the lighter are carried in suspension. Hence the
heaviest material travels the shortest distance, and the finest the
furthest.

(5) Running water in the form of streams and rivers therefore
acts as (@) an agent of erosion, and (b) as an agent of transport.

(6) Soft rocks are eroded more rapidly than the hard and more
resistant.

(7) When a plateaux is occupied by a formation crowned with a
hard stratum, the wearing away of the softer underlying layers of
rock enables a stream or river draining the plateaux to excavate
a gorge.

At the point where the stream plunges into the gorge there is
generally a waterfall or series of cascades. The rate at which
the recession of the waterfall takes place depends on the rate
at which the hard protecting cornice is undercut and worn
away.

(8) When flowing across alluvial plains streams and rivers possess
an inveterate tendency to deviate from the straight course. They
generally meander across the plain in a winding course consisting
of many loops and bends. The winding of streams is due to the
slow rate of flow which enables obstructions, even those of the
feeblest kind, to divert the stream from its course.
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(9) The greatest erosive effect of a stream is on the concave bank,
which is commonly the steeper for this reason.

(10) The total effect of all the subaerial processes of denudation
is to reduce the general level of the land. If denudation were
continued long enough, without compensating uplift, the land
would be in time reduced to a condition of low relief not much
above sea-level.

(11) A river with the aid of its affluents tends to reduce the level
of the land within its drainage area. Throughout the infantile
and youthful stages its denuding effect is ever increasing, and this
is continued up to maturity. Through continued denudation in
the uplands and constructive work in the lowlands, the gradients
become less and less until a time is reached when the sluggish
waters no longer possess any transporting power. This period of
enfeebled denudation is termed the decadent stage. When denuda-
tion practically ceases, the land having been reduced to a plain
or peneplain of low relief, the river is said to have reached its
base-level.

If an uplift of the land now sets in, the decadent river system
would be rejuvenated, and the more rapid the uplift the greater
will be the denuding activity. In this way the peneplain previously
formed will become dissected, and if denudation continues long
enough, a second peneplain lying at a lower level will be carved out
of the first.

(12) Peneplains may be also formed in elevated arid regions by
long-continued exposure to the action of rain, frost, wind, and
changing temperature. The elevated plateaux of South Africa
and Australia were probably formed in this way.

(13) One of the local effects of rapid river-erosion is stream-
piracy. When a stream cuts back its course more rapidly than a
neighbouring stream, it may work its way across the divide and
annex the head waters of the other stream.

(14) Sheets of basalt frequently afford effective protection to
softer underlying rocks.

(15) The rate at which the whole surface of the land within a
given watershed is worn away by the united processes of denuda-
tion is extremely slow. In England it amounts to about 1 foot
in 3000 years.

(16) Although mainly destructive, rivers are also constructive.
For example, they fill up lake-basins, and reclaim large maritime
belts of land from the sea. The Canterbury Plains in New Zealand
are a striking example of sea reclamation by fluviatile drifts.



CHAPTER V.
SNOW AND GLACIERS.

THE present glaciation of the polar regions and of some alpine
chains is a survival in a diminished form of the glaciation of
the Great Ice Age, which reached its maximum severity in the
Pleistocene, the period which immediately preceded the time
in which we now live.

In the Great Ice Age the greater portion of North America and
Northern Europe was covered with an invading sheet of polarice. At
the same time large portions of South America, Australia, Tasmania,
and New Zealand were covered with huge glaciers and ice-sheets.

The best evidences of ice-erosion are found in the regions that
were overrun by ice in the Great Ice Age.

Distribution of Glaciers and Snowfields.—Permanent snowfields
and glaciers exist in the polar regions of both hemispheres, and
elsewhere among the higher mountain-chains where the annual
mean temperature is below the freezing-point.

Snowfields of less permanency are found in more temperate
latitudes, and on the lower slopes of high ranges. They mostly
disappear with the advent of spring and summer. The line above
which the snow remains unmelted throughout the year is termed
the snowline. At the poles the snowline comes down to the sea.
In the lower latitudes it gradually rises till it attains its greatest
altitude in the tropics. On the northern slopes of the Himalayas
it is 19,000 feet above the sea, and in the Andes 18,000 feet.

The Action of Snow.—Snow as a geological agent is both (1)
protective and (2) destructive.

Protective Effect—As a winter covering on the foothills and
flat slopes, snow protects the ground and vegetation from the
action of frost and rain.

Destructive Effect—When snow accumulates on steep slopes
it slides down, and in doing so dislodges obstructing masses of rock
and furrows the soil, pushing all loose material before it. A good
deal of broken rock and soil is also picked up by the frozen snow,
by which it is carried from a higher to a lower level. In this way

54
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screes of angular shingle, frequently of considerable magnitude, are
piled up at the lower limits of melting snowfields.

Where snowfields descend to the edge of a precipice or accumu-
late on steep mountain slopes, large masses become detached in
spring and summer and rush down as avalanches that sweep trees,
soil, rock, and all movable obstructions before them.

Avalanches are frequently compelled by the contour of the
ground, down which they bound with crashing leaps, to follow the
same route year after year. In such places they are found to have
carved out for themselves deep gulches in the solid rock. Such
gulches resemble gigantic chutes and are. known as avalanche
slides (fig. 17). Their sides are frequently walled in with banks of
rocky debris torn from the floor by the masses of semi-frozen snow
as they thunder down to the valley below.

Streams may be blocked or partially dammed by masses of snow
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F1a. 17.—Showing cross-section of avalanche slide on slopes of
Ben Ohau Range, N.Z.

(a) Bed rock of slate and sandstone. (b) Piled-up debris.

that have fallen from the heights above. 1In 1870 a large avalanche
that fell from Mount Aspiring in the Alps of New Zealand blocked
up the bed of the Upper Matukituki River for several months, and
even after the barrier was breached masses of ice remained in the
valley for two whole years.

When the winter snows melt rapidly in spring and summer, as
they frequently do in temperate climates under the influence of
warm rains, they may cause a sudden inundation of the snow-fed
rivers, the erosive and transporting power of which is thereby
enormously increased for a time. Again, in arid regions bounded
by snow-clad mountains, many of the streams and rivers, as in
Central Otago, New Zealand, are entirely dependent for their
summer flow on the supply of water derived from the melting
snows and icefields at their sources.

GLACIERS AND [CE-SHEETS.

The Motion of Glaciers.—Glaciers are composed of compressed
snow, to which the term névé is usually applied. They are
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nothing more than rivers of ice fed by the snowfields lying on the
summits and slopes of the adjacent mountains.

Ice possesses all the properties of a viscous body ; hence, when
it accumulates on the floor of a sloping valley, it descends or flows
under the influence of gravity. Where the valley is wide it spreads
itself out like a river, and where it is narrow it gathers itself
together just as a river does in flowing through a gorge. It flows
like pitch placed on a sloping plane, and accommodates itself to
all the inequalities of its bed.

" The rate of flow of water and ice is alike mainly dependent on
the amount of precipitation and the gradient of their bed. Thus,
while the flow of rivers may vary from 1 to 15 miles an hour
according to the steepness of descent, that of glaciers is found to
vary from 1 foot or less to 70 feet a day.

Fra. 18.—Plan of glacier showing differential surface flow. Extent
of flow in middle, b e; and at the sides for the same unit of
time, a d and ¢ f.

On account of its comparative rigidity and the enormous pressure
exerted by the moving mass of ice behind, a glacier will surmount
and ride over all hummocks and projecting spurs that lie in its
path. A glacier is thus able to pluck blocks of rock from its bed
and leave them, when it retreats, perched high up on the valley
slopes. For example, the ancient Wakatipu glacier in New
Zealand tore off large masses of Tertiary limestone at the edge of
the lake of that name, carried them nearly twenty miles and left
them stranded on the schist slopes of Ben Lomond, nearly 2000
feet above the parent rock.!

The flow of a glacier, like that of running water, is greatest at the
upper surface near the middle of the stream of ice, and least at the
bottom and sides where the friction and drag are greatest.

A striking result of this inequality of flow is the formation of
crevasses which commonly run transversely across the longest axis

1 Geology of Queenstown Subdivision, N.Z. Qeo. Survey Bulletin, No. 7,
p. 28.

e
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of the glacier. The differential flow is also responsible for the
banded structure of glacier-ice termed névé-stratification, and for
the semi-bedded arrangement of the rocky debris frequently seen
among the material piled at the terminal face.

What is meant by the differential surface flow will be easily
understood by referring to fig. 18. Let us suppose that a, b, and ¢
represent three blocks of stone or marks placed in a line across the
glacier. It will be found that in the time it has taken blocks ¢ and
¢ to reach points d and f respectively, block b will have travelled
to point e. Blocks a and ¢ have moved slower than e because
the flow of the ice which carried them has been retarded by the drag
or friction of the rocky walls of the valley.

Referring to fig. 19, we find that while block b on the surface of
the ice has travelled from b to e, block p on the bottom has in the

b

Fia. 19 —Longitudinal section of middle of glacier showing differ-
ential flow as between surface and bottom. Extent of flow at
surface, b e; and at bottom, p s

same time travelled only from p to s, the slower rate of travel being
due to the friction of the bed-rock.

It is obvious that the greater the drag or frictional resistance
the greater will be the difference of flow as between the centre and
the bottom and sides of the stream of ice.

Effect of Precipitation and Temperature.- -The size of a glacier
depends on the amount of precipitation and the temperature.
With an increase of precipitation, or a decrease of temperature,
the glacier will advance ; and, conversely, with a decrease of pre-
cipitation, or an increase of temperature, the glacier will retreat.
When the precipitation and the temperature act in the same
direction there will be an acceleration of the advance or retreat.

A good example of the effect of varying precipitation is seen
among the glaciers that descend from the New Zealand Alps.
On the west side of the chain, where the precipitation is excessive
and the slopes steep, the Fox glacier, 9-75 miles long, and the
Franz Josef glacier, 85 miles long, descend within 670 feet and
690 feet of the sea respectively, in 43° and 44° of south latitude



58 A TEXT-BOOK OF GEOLOGY.

corresponding to the latitude of Boston in North America and
Marseilles in South France. On the east side of the alpine divide,
where the precipitation is about half of that on the west side, and
the gradient of the valley-floors flatter, none of the glaciers descend
below 2350 feet above the sea. The terminal face of the Tagman
glacier, 19 miles long, is 2354 feet above the sea, but the thickness
of the ice below that level is unknown.

Greater Summer Rate of Flow.—The flow of glaciers and ice-
sheets is faster during the day than at night, and during the
summer than in winter. The reason for this increase is still
obscure, but it probably arises from the greater temperature
during the day and in summer causing expansion of the surface
layers of ice as compared with what they are at temperatures
below 32° F.

The lineal coefficient of steel is 0-0000063 and of ice 0-0000528.
Hence with a rise of temperature of 10° F., a strip of steel as long
as the Tasman glacier, say 10,000 feet, would expand 63 feet,
while a strip of ice the same length would expand 52-8 feet. Ice
maintained at a temperature below 32° T. must expand under
the influence of the sun’s heat. Being free at the terminal end,
the effect of expansion on glacier-ice would be to augment the
normal flow due to gravity. The pressure of the valley-walls
would prevent lateral expansion, and this may explain the arching
of some 10 feet which is reported to take place on the surface of
the Tasman glacier during the summer months.

Glacier Tongues.—Prolongations or tongues of ice that extend
beyond the limits of the main body are of frequent occurrence
along the margin of continental and Piedmont ice-sheets. Many
good examples of these may be seen on the sea-front of the great
glaciers that descend to the coast-line of Greenland, fed by the
inland ice-sheet. But the most notable are found in the Antarctic
region. One that has become well known in connection with
Antarctic exploration is Glacier Tongue, near Hut Point, in
M‘Murdo Sound, South Victoria Land. Tt-is a narrow, elongated,
somewhat tabular mass of ice that stretches 5 miles into the
sea. Where it rests against the land it is about a mile wide, and
at its sea end about half a mile. Tts height above the sea varies
from 20 to 100 feet. The great depth of water ohtained by sound-
ings off the sea-end led Professor David to conclude that a con-
siderable portion of the tongue must be afloat.! Some distance
further north, the Nordenskyjold and Drygalski ice-tongues extend
over the sea 20 and 30 miles respectively.

Mountain glaciers that lie in basins guarded by projecting spurs
or buttresses of hard rock frequently terminate in narrow pro-

1 The Heart of the Antarctic, E. H. Shackleton, ii. p. 284, 1909.



SNOW AND GLACIERS. 59

longations or snoufs of ice that may extend far beyond the portals
of the ravine.

Distribution of Glaciers.—Glaciers occur at sea-level in the polar
regions, but passing towards the equator they are found at gradually
increasing elevations.

A great ice-sheet covers the whole of Greenland except a narrow
fringe around the coast. Long tongues of ice descend to the sea
in the valleys and sounds.

The icefields of the Antarctic are even more extensive than those
of the Arctic. ~They everywhere descend to sea-level, and even
extend over the surface of the sea for many hundreds of miles.
The ice is so thick and spreads over the sea so far that the limits
of the dry land cannot be ascertained. The Great Ice Barrier
that fringes South Victoria Land is believed to have extended at
one time far north of its present limits.

Valley-glaciers of great size exist at the present day in Alaska,
Scandinavia, Alps, Himalayas, and New Zealand.

Among the most notable glaciers in the globe we have the

following :—

In Alaska the Malaspina glacier, 30 miles long, descending
from Mt. St Elias, with sea-front over 50 miles long.

In Greenland the Humboldt glacier with sea-face, 45 miles
long, presenting ice-cliffs from 300 to 500 feet high.

In the Swiss Alps the Aletsch glacier, nearly 10 miles long,
or, with snowfields, 15 miles; mean breadth, 1} mile:
the Mer-de-Glace descending from Mont Blanc, 9 miles
long.

In the Himalayan Mts., India, Biafo glacier, 36 miles long.

In New Zealand the Tasman glacier, 18 miles, or, with snow-
fields, 21 miles ; mean breadth, 1} mile.

In South Victoria Land the Beardmore glacier, of unknown
length, deploys on to the Great Ice Barrier ; the Farrar
glacier.

The glaciers of the Arectic, Antarctic, and Northern India, in
the Karakoram Mts. are grouped as glaciers of the first order ; and
those of New Zealand and Southern Europe of the second order.

Valley glaciers are fed by summit-glaciers and snowfields that
sometimes descend gentle slopes to the main glacier, and sometimes
where the slope is steep tumble down in a cascade of broken blocks
of ice, forming what is known as an ice-cascade.

Glaciers that push their way to the sea break up at their terminal
end into masses that float away as icebergs.

When a number of glaciers deploy from the mountains and
unite, they form what is termed a piedmont glacier or ice-sheet.
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Of such a nature is the great Beardmore glacier in South Victoria
Land in the Antarctic and the Malaspina glacier in Alaska.

Confluent glaciers of this kind covered a large portion of Northern
Europe and America in the Pleistocene or Great Ice Age.

The Surface Features of Glaciers.—The surface of glaciers is
seldom smooth. More often it is rough, broken, and hummocky,
and covered more or less with rocky debris. Moreover, glaciers
that occupy valleys with steep gradients are generally crevassed
in all directions by the unequal tensions set up in the body of the
ice by the differential rate of flow.

Ablation of Glaciers.—The surface and terminal end of a glacier
are subject to the heat of the summer sun. The daily rise of
temperature causes the melting of the surface ice. This surface
melting or ablation, as it is called, may amount to many feet in the
course of a single year. Desor has estimated the mean ablation of
the Swiss glaciers at 10 feet a year. The surface measured rate
of melting of Alaskan glaciers varies in summer from 1 to 7
inches a day, all on retreating glaciers.

The effect of continued ablation on the upper surface is well seen
in the formation of what are known as ice-tables. These are ice-
pillars capped with a flat slab of stone. The stone protects the
ice below it from the direct rays of the sun, with the result that,
while the surrounding ice is melted away, a pillar of ice remains,
growing taller and taller until it eventually becomes too slender
to support its protecting cap.

The portions of a glacier covered with morainic debris are
generally higher than the portions free from debris, the former
being protected from ablation by their load of rocky material.

Ablation at the terminal face causes an apparent recession of
the glacier. When the rates of melting and flow are equal the
glacier remains stationary. But when the rate of melting is less
than the rate of flow, the terminal end advances, and when more,
it recedes.

Glacier-River.—Every valley-glacier is drained by a river which
generally issues from an ice-tunnel at the terminal end of the
glacier. Except in the polar regions this river flows summer and
winter, but the winter flow is always much less than the summer.
Its waters are at all times charged with a large amount of
suspended silt.

The outflowing water is partly derived from springs issuing from
the rocks within the drainage area of the glacier and its snowfields,
but mainly from the melting of the glacier-ice.

During the summer months the surface of the ice is melted, the
ice-water finding its way into every crack and fissure in the névé.
Much of this water sinks to the bottom of the glacier, whence a
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portion of it soaks into the ground, while the remainder gravitates
as small englacial streams towards the river draining the glacier-
bed.

The internal heat of the Earth is conducted to the surface in all
parts of the globe. This heat comes in contact with the base of
the glacier and melts the ice at an estimated average rate of about
one-fourth of an inch a year.

The pressure exerted by a moving body, such as a mass of ice,
represents the expenditure of mechanical energy which is not lost,
but transformed into heat. When the foot-lbs. of energy are known,
the equivalent calorific value can easily be determined. The
pressure lowers the melting-point ofice, so that in the case of thick
sheets the melting-point will be sensibly less than 32° F.

It has been proved experimentally that every atmosphere of
pressure (147 lbs. per square inch) lowers the melting-point
0-0133° F., which means that a pressure of 1103 lbs. per square
inch will lower the melting-point 1° F. Taking the specific gravity
of ice at 0-918, we find that to obtain a pressure of 1103 lbs. per
square inch we require a sheet of ice 2775 feet thick.!

In other words, the melting-point at the base of a glacier 2775
feet thick will be 1° F. less than 32° F =31° F. And since the
pressure is proportional to the depth, it follows that for a thickness
of 5550 feet the melting-point will be 2° less =30° F. Therefore,
as a near approximation, we may say that for every mile thick of
ice the melting-point is lowered 2° F.

Agassiz proved by numerous experiments in a hole sunk to the
depth of 200 feet in solid glacier-ice that the temperature at that
depth was only 31-24° F. when the surface temperature was at
freezing-point. :

Hence it is assumed that in all thick glaciers the temperature
of the base of the ice is constantly maintained at melting-
point.

Retreat of Glaciers.—In certain circumstances the rate of retreat
of a glacier may be not less rapid than the rate of advance. The
Barry glacier in Harriman Fiord, Alaska, retreated 3} miles
between 1899 and 1910; and approximately 600 feet of this
retreat took place in the year 1909-1910. Most existing glaciers
in both hemispheres are shrinking in size.

The glaciers in Jakutat Bay, Alaska, show clear evidence of

£ m;§x14~7=1103 Ibs. per sq. in.; S.G. of ice=0-918; weight of a
cubic foot of water=62-32 lbs.; therefore pressure of 1 foot of water
=0-433 lb. per sq. in., as %%2 =0-433. Therefore pressure of 1 foot of

ice=0-433 x 0:918 =0-397 1b. per sq. in. And 1103 lbs.+0-397=2775 feet
of ice for 1° F.
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three periods of temporary advance during the general recession
now in progress. The last advance, in 1906, was short and spas-
modic, and has been not unreasonably attributed by Tarr and
Martin! to the unusual supply of snow and ice shaken down from
the mountains by the great Jakutat earthquakes in September
1899. On account of the slow rate of flow, the terminal end of
the glaciers did not respond to the new impulse until six years
had elapsed, and naturally the shortest glaciers were the first to
be affected.

GrorLogicAL. WORK OF GLACIERS.

Glaciers as agents of denudation perform a twofold office.
They (1) transport material from a higher to a lower level ; and
(2) they degrade the land by eroding the bottom and sides of
their bed.

Glaciers as Transport Agents.—A valley-glacier may transport
material (a) on its surface ; (b) scattered throughout the body of
the ice ; or (¢) dragged along the floor.

The surface load may find its way on to the glacier in various
ways. Among the higher mountain-chains where glaciers exist
the frosts are very severe. The winter frosts break up and shatter
the rocks forming the valley-walls. The fragments and masses
thus broken may form talus deposits that slowly slide down on to
the edge of the glacier; or, when assisted by gravity on steep
slopes, they may fall on to the ice as soon as they are detached ;
or they may be carried down by avalanches; or transported
from the heights above by the snowfields that feed the glacier
at its sources.

The rocky load that lies on the surface of a glacier, or accumulates
at the end, may be lateral, medial, or terminal, according to the
position it occupies.

The debris that falls on to the sides of the glacier forms marginal
belts or lateral moraines.

When two glaciers from adjacent valleys unite, their inner
lateral moraines come together and form what is called a medial
moraine (figs. 20, 21).

When more than two glaciers unite, the surface of the trunk
glacier may carry several belts of medial moraine, although the
position of these will not be quite medial.

At the place where the glacier ends, that is the terminal face,
the surface debris is tipped over and piled up in a pell-mell fashion.
Where it falls into the glacier-river it is washed away and soon
becomes rounded and water-worn.

1 R. 8. Tarr and Lawrence Martin, “ The Earthquakes of Jakutat Bay,
Alaska, in Sept. 1899,” Prof. Paper 69, U.S. Geo. Survey, 1912.
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A large proportion of the rocky surface load falls into the crevasses
and thus becomes engulfed in the body of the ice. This, with
much of the debris carried down by the tributary snowfields,
forms the ¢nterglacial load of the glacier.

The material broken up by the pressure and grinding action of

F1a. 20.—Medial moraines, Mer-de-Glace.

the moving ice, or plucked from the bed and carried forward along
the floor of the valley at the base of the glacier, is termed sub-
glacial. :

The interglacial and a portion of the subglacial debris is carried
down to the terminal face, where it is piled up with the rocky
material tipped from the surface moraines. A large portion of the
subglacial debris is washed away by the glacier-river.
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The material composing the surface moraines consists mainly of
angular blocks of all sizes, ranging up to masses 200 tons or more
in weight, mixed with small angular fragments and clay. A few
of the blocks show striated surfaces produced by the stones rubbing
against one another, or by rubbing against the valley-walls when
frozen in the moving ice.

The interglacial debris is frequently arranged in layers lying
parallel to the névé foliation. This foliation is frequently very
minute, and is always very striking where layers of clean ice
alternate with layers of earthy matter. These dirt layers are
frequently inclined at steep angles, the inclination being generally
towards the head of the glacier. In some glaciers, particularly
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Fra. 21.—Showing lateral and medial moraines.
(a) Lateral moraines. (b) Medial moraine.

near the terminal face, the layers are sharply folded and contorted,
due to the differential flow of the upper and lower layers of the ice.

Many glaciers that are quite free from morainic matter in the
upper portion of their course are covered with rocky debris at
their lower end. This material, which sometimes appears in patches
and sometimes as a continuous sheet across the whole width of
the ice, is subglacial and englacial debris that has found its way to
the surface partly owing to the culminative effects of long-con-
tinued surface ablation, and partly owing to the upward flow of
the lower layers of ice due to pressure and the obstructing apron
of debris in front.

There is abundant evidence in Alaska and Spitsbergen that
glaciers which have crossed an arm of the sea have picked up
marine material from the sea-floor and transported it over the
land lying in the path of their advance. It was doubtless in this
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way that the shelly glacial drifts of North-Western Europe were
spread by the ice-sheets of the Glacial Period over the land sur-
rounding the sea-basins.

Glacier-Drifts (fig. 22).—At the terminal end of valley-glaciers
we thus find two classes of matter, namely, the angular rubble
transported by the ice, and the more or less water-worn drifts
transported by the glacier -river. Both classes are mixed at
Zertam points, and they form what are termed fluvio-glacial

rifts

Ground-Moraines.—The broken-up rock and clays that accumu-
late under a glacier or sheet of ice, as well as all the drift that is
deposited beneath the advancing ice, constitutes what is termed
ground-moraine, boulder-clay, or till.

The thickness of the ground-moraine is notably irregular. It
may vary in a hundred yards from a few feet to many hundreds of

Fra. 22.—Section of glacier-valley,

(a) Glacier moraines. (c) Basement rock.
(b) Glacier gravels. (d) Rlacier-river.

feet. The distribution is equally variable, but for the most part
subglacial deposits of this kind are principally developed in the
lower end of glacial valleys and in depressions among the foothills.
Subglacial drifts are sometimes present on ridges and absent in
the neighbouring low ground and valleys.

When the boulder-clay occurs in long ndges, as it frequently
does in the lower foothills, it forms what in Scotland are called
drums or drumlins, that run in the general direction of the rock-
striation or ice-movement.

The tll of Scotland varies from 0 to 160 feet thick, and that of
North America from O to 500 feet. In Germany the Pleistocene
glacial drift varies from O to 670 feet thick. In Greenland there
are enormous accumulations of ground-moraine on the edge of the
inland ice at Austmannatjern, where there are no nunataks, and not
a vestige of surface moraine visible.

Nunataks are peaks of rock projecting above the level of an ice-
sheet or ice-plateau, and where they are absent it is obvious that
no fragments of rock can be shed on to the surface of the ice.

5
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Glaciers as Agents of Erosion.—When a thin sheet of snow lying
on a steep mountain slope moves downhill, it heaps the loose
shingle and soil on which it rests into small furrows that are not
unlike those made by a harrow on cultivated land. This action
cannot be described as erosion since the material is already loose
and is merely displaced by the sliding snow. Even a thick snow-
field will glide downhill without eroding its bed, except where a
boulder is frozen into its base. In this case the boulder will furrow
the loose material through which it moves, and scratch projecting
rocks that lie in its path.

Large glaciers are capable of wearing away the surface of the
rocks forming their bed by the pressure of their mass alone which
amounts to 25'b tons per square foot for every thousand feet
of ice. 'When the pressure exerted by the ice exceeds the ultimate
strength of the rock, the crumbling and erosion of the rock-surface
must be the inevitable result. It is probable, however, that most
of the erosion is effected by the fragments of rock frozen into the
base of the ice. As the glacier moves onward, these fragments,
being held in the firm grip of the ice, plough into the softer rocks,
while they scratch and abrade the harder like a gigantic rasp.
In this way a glacier deepens and widens the valley in which it
flows.

The maximum thickness of the Greenland ice is estimated to be

not less than 5000 feet, and that of the Antarctic probably much
more. In the Pleistocene the ice is believed to have attained a
thickness of 5000 feet in Scotland, 6000 feet in the Alps and
Scandinavia, 7000 feet in New Zealand, and 8000 feet in North
America. The erosive power of such masses of moving ice must
have been enormous (Plate IX.).
- It is, of course, impossible to watch the progress of the erosive
work being carried on by existing glaciers ; but if we examine a
valley that has been at one time occupied by a glacier, we find that
all the irregularities have been worn down, and that the bottom
and sides are smooth or gently undulating. Hummocks of rock
that lie in the valley-floor are found to be scored and furrowed,
while projecting spurs are truncated. Where the glaciation has
been prolonged and severe, rock-basins are found in the floor of the
valley, and in many cases the neighbouring mountain slopes are
excavated into benches or platforms.

No other natural agent than ice is known that could effect these
changes ; and when we find at the lower end of the valley huge
piles of ancient morainic matter, then are we sure that moving ice
was responsible for the work.

Country that has been at one time overrun by ice always presents
smooth rounded contours and flowing outlines, except among the
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higher mountains where the recent work of frost has shattered and
broken up the ice-shorn surfaces. The most striking effects of
glacial erosion are generally found in the valleys and foothills of
recently glaciated countries.

All geologists are agreed as to the ability of glaciers to wear
away and plane the surfaces over which they flow ; but all are not
agreed as to the maximum amount of erosion they are capable of
performing.

Many maintain that the erosive effects of glaciers are small and
can never amount to more than the smoothing, scratching, and
superficial planing of the rocks over which the ice flows. Glaciers,
they contend, are incapable of excavating to any extent, but always
occupy pre-existing valleys. Others are prepared to maintain that
glaciers are not only able to excavate valleys but even to over-
deepen them in certain circumstances.

F1a. 23.—Section of lower end of Lake Wakatipu rock-basin, N.Z.
(a) Altered greywacke. (b) Kingston ancient moraine.

The truth probably lies between these extreme views. Recent
investigation would tend to show that the present drainage systems
in glaciated regions had been already determined at the advent
of the Great Ice Age, and that the glaciers merely took possession
of valleys already in existence. These valleys they widened and
deepened, and in favourable situations overdeepened, so as to
form the rock-basins of many of the mountain valley-lakes of the’
present day.

The enormous amount of rock-flour in the form of suspended
matter annually transported from below a glacier by the glacier-
river is satisfactory evidence of the wear and tear that is constantly
going on under the moving river of ice.

Glacial Striee.—Many of the blocks of stone in a ground-moraine
are scratched and grooved with parallel strie (fig. 24). Some
boulders are striated with two systems of strie, crossing each other
at a more or less acute angle. This may mean that the first
position of the block became changed in respect of the line of move-
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ment of the ice, thus permitting a second set of strie to be scored
on the face of the stone.

- Striated stones, although most common in boulder-clays, are
frequently found in the lateral moraines of existing glaciers.

The strie are best preserved on granite, diorite, quartzite, grey-
wacke, and all hard sandstones. Where the glacier flowed over such
soft rocks as shale, chalky clays, marls, phyllite, slate, or mica-schist,
striated stones are seldom or never met with in the subglacial
debris. The strize formed on basalts and all basic igneous rocks
are soon effaced by weathering, as the felspar constituents of these
rocks are acted on by atmospheric carbonic acid and moisture
with comparative rapidity. Where the striated basaltic boulder
has been embedded in impervious clay, the striee may remain fresh
and sharp for a considerable time.

Roches Moutonnées (fig. 25).—These are rounded, hummocky,
or whale-backed bosses or ridges of hard rock that have been worn

Fie. 25.—Showing roches moutonnées.

down by an overriding stream of ice. They generally occur on the
floor of ancient glacial valleys and on valley slopes, but some
beautiful examples are found at high altitudes, as, for example,
near the summit of Mount Rosa in New Zealand, at a height of
5500 feet above the sea and 3000 feet above the Hooker Glacier.

Erratics.—These are blocks of rock that have been transported
by ice some distance from the parent rock. In some cases they
have been carried from one watershed to another, and even from
one country to another., The Scandinavian ice-sheet which flowed
down the North Sea carried many foreign rocks from the frozen
north and left them stranded on the shores and inland parts of
England.

Perched Bloeks,—Masses of rock that have been left stranded by
the retreating ice on the summit of ridges or on the flanks of moun-
tains are termed perched blocks. Some perched blocks have been
transported many miles from their parent rock; and in many
cases they have been left by the melting ice in prominent or pre-
carious positions, hence the name.

Perched blocks (fig. 26) are angular or partially rounded
according to the amount of wear and tear they have suffered



[To face page 68.

Fra. 24.—Showing ice-striated stone.
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during their journey. When carried on the surface or in the
body of the ice, they are angular, but when they were frozen into
the base of the glacier and dragged along the rocky floor, they
were generally smoothed striated, and sometimes polished on the
lower side.

One of the most noted perched blocks in Europe is the Pierre &
Bot, a huge block of granite from the Mont Blanc range, stranded
about two miles from Neufchatel. It is estimated to weigh about
3000 tons.

Glacial Benches.—These may be, according to their origin, (a)
detrital or (b) rock-cut.

¥'1a. 26.—Perched block, Arran.

Detrital Benches (fig. 27) are formed in parallel lines along the
slopes of ancient glacial valleys. Two, three, or as many as twenty
or more of these may rise on the mountain snde one above another
like a flight of gigantic steps. They are not horizontal, but slope
at a low angle towards the lower end of the valley.

These detrital terraces are ancient lateral moraines that accumu-
lated along the edge of the glacier. When the glacier shrunk in
depth, the rocky belt of detritus was dropped on the mountain
slope, and piled up in the form of a rubble platform or bench.
At its next resting-place another belt of debris accumulated on the
edge of the ice again to be deposited on the flank of the range as
the melting ice shrank in depth, thus forming a second bench ;
and so on, other benches being formed in the same way so long as
the glacler by fits and starts, continued to shrink in its bed.

Glacial Rock-Terraces have been excavated out of the mountain
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slope forming the wall of the ancient glacial valley. Two, three,
or many of these benches may occur one above the other. They
are not so continuous as detrital benches nor is their inclination
so uniform. They are more or less undulating in longitudinal
section, and they vary considerably in width, this variation being

Fra. 27.—Showing rubble terraces now being formed on the
edge of the Hooker Glacier, New Zealand.

(a) Glacier-ice. (d) Ancient lateral moraines forming
(b) Glacier-river. rubble terraces.
(c¢) Lateral moraines. (e) Greywacke and slaty shales.

due to the irregularities of the original slope in which they were
excavated.

Rock-cut terraces are only found in regions that have been
subject to intense glacial erosion. A striking example of this kind
of ice-erosion is seen on the slopes of Ben More in New Zealand,

Fi1a. 28.—Showing truncation and planing of projecting spur.

(a) Floor of glacial valley. (b) Truncated end of spur.
(c) Crest of spur planed into a platform.

where more than thirty benches have been carved in the mountain
slope between Lake Luna and the summit of the mountain in a
height of about 3000 feet.

Spurs that projected into glacial valleys are generally found to
have been truncated, and where the ice flowed over them their
crest is in most cases planed down into a platform as shown in
fig. 28.

gCrag and Tail.—Ice-worn ridges usually present a long continuous
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A. SHOWING DISSECTION OF ALLUVIAL PLAIN.

B. Hancine Varrey. (After Tarr, U.S. Geol. Survey.)
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slope in the direction from which the ice travelled, and a steep slope
on the lee or further end where frequently a certain amount of
rocky debris collected. This form of ice-erosion is known as the
crag and tail and is well seen in fig. 25.

Fluvio-Glacial Work of Glaciers.—In another place we have seen
that every valley-glacier is drained by a river which issues from
an ice-tunnel at the end of the glacier. Glacier-rivers always carry
a certain amount of suspended matter in the form of silt or rock-
flour ; and in the case of many ice-fed streams the amount of fine
silt thus carried in suspension is so large that their waters possess
a milky-white colour.

~

Fia. 29.—Valley-train below Hidden Glacier, Alaska.
(After Gilbert, U.S. Geo. Survey.)

Besides rock-flour the river also transports sand and gravel
derived from the hottom of the glacier. The coarser material,
frequently mingled with angular morainic debris, is dropped first,
further on the finer gravels, and lastly the sand and silt. In
this way glacier-streams frequently build up alluvial plains called
glacier valley-trains.

A valley-train (fig. 29) is thus a continuous sheet of glacial drift,
graduating from the purely morainic drift at the head to the
purely fluviatile deposit at the end. The material is always more
or less stratified throughout, and in all of it, both coarse and fine,
the angular blocks as well as the water-worn gravels have a common
glacial origin.

Where the glacial river discharges its load into a lake or a bay,
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a delta is formed. In this way many valley-lakes have been filled,
or partially filled, and large areas reclaimed from the sea.

When the outlet of a glacier-river has become blocked with some
obstruction, such as an ice-fall or an accumulation of morainic
debris, the flow of the river is checked, with the result that the
transported load of sand and gravel can no longer be carried forward
to the valley-train, but is deposited in the ice-tunnels of the sub-
glacial streams. When the glacier retreats, these deposits of sand
and gravel remain in the form of ridges that occupy the sites of the
subglacial streams, their form, length, and height being determined
by the form and size of the ice-tunnels which they filled.

Deposits of this kind frequently run parallel with the valley-
walls. They are common in all recently glaciated regions. In the
Central Plain of Ireland they are called eskers, and in Scotland
kames. The sand and gravel of eskers are generally sorted into
layers of coarse and fine material, and in this respect they cannot
be distingunished from ordinary river-drifts.

At the time the confluent glaciers deployed from the alpine valleys
and still occupied the low country and plains, numerous streams
would doubtless issue from the melting front of the ice.

The ice-sheet would override the land, and its flow would be
towards the sea independently of the minor irregularities of the
contours. Ience the escaping waters would at first flow with
little relation to the existing drainage lines. Streams would be
discharged over hills and ridges as well as over the plains, walls of
ice forming the enclosing barriers of the channels. Wherever they
went these streams would leave a trail of well-worn glacial drift
in the form of sand and gravel, with perhaps here and there a
sporadic mass of rock dropped from the base of the melting ice.

Tt was probably in this way that the sheets of plateau-gravels of
South Germany, Alaska, and New Zealand were formed. These
high-level gravels are spread over plateaux, hills, ridges, and
mountain slopes frequently without any relation to the present
topography. In many places they fill up inland alpine valleys.

According to their situation they may merge into or overlie
boulder-clay, morainic debris, marine sands, and raised-beach
gravels. .

These drifts are most striking when they form mounds which
tun across valleys and plains, or even over watersheds. Such
mounds when found on plains or along hillsides constitute the
eskers described above.

Topographical Effects of Glaciers.—A glacier or ice-sheet modifies
the topography of the land over which it moves by its destructive
effect as an agent of erosion, but its constructive effect as an agent
of transport is not insignificant,
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A valley-glacier in an alpine region deepens and widens the valley
which it occupies. The extent to which the glacier is able to
modify the original topographical features is dependent on the
hardness of the country rock, the depth of the ice, the rate of flow,
and the duration of the glaciation.

The cross-section of valleys that owe their existence to stream
erosion is usually V-shaped; and the sides are generally rough
and irregular. Glacier erosion usually changes the V-shaped form
into a U-shaped one.

Where the valley traverses granite, gneiss, or other hard rock,
its sides are frequently carved into approximately vertical walls ;
but in softer rocks the form assumed is commonly that of a U with
its sides spread out in a gentle catenary curve.

Where the trunk glacier has deepened its bed more rapidly than
the lateral tributary ice-streams, the valley-floor of the tributary
streams is found to occupy a higher level than that of the trunk
valley. Such hanging valleys, as they are called, are common in
all recently glaciated regions. Many fine examples of hanging
valleys are seen in the fiordland of Otago in New Zealand, in North
America, and elsewhere (Plate X.).

The descent from the end of the hanging valley is frequently

quite abrupt, with the result that the drainage of the lateral valley
is compelled to find its way to the main valley in the form of a
waterfall or cascade.
« In fiordlands and in recently glaciated mountains composed of
hard crystalline rocks, the cross-section of the valleys frequently
shows two phases of formation—namely, a wide upper flat-bottomed
valley and a lower narrow U-shaped valley excavated in the floor
of the upper one. The portions of the floor of the upper valley
that have escaped denudation form the terraces or mountain
meadows known in Norway as albs. Small rock-cut basins or
tarns are common features of these high mountain meadows.

We have already seen that the effect of moving ice is to wear
away all the corners and minor irregularities of the landscape.
The result of this planing down of the surface features is that a
region recently overrun by an ice-sheet usually presents smooth
flowing contours and a monotonous sameness of outline, dome-
shaped hills, whale-backed ridges, and mammillated slopes every-
where meeting the eye.

The slopes of glaciated valleys are generally even, being free
from projecting spurs and ridges; but where spurs do project
into the valley they are usually truncated, and their crests planed
down into terrace-like platforms.

All the recently glaciated valleys in New Zealand and many in
Switzerland and Alaska have been overdeepened by the ice. The
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depressions thus formed are now lake-basins. The size and depth
of many of these basins has been increased by barriers of morainic
debris deposited at their lower end (fig. 23).

The head of glaciated valleys ig frequently found to open out
into a circular basin known as a cirque, on the floor of which
there may be one or more shallow corrie-lakes (fig. 30) or lagoons

Alb

_Alb

Fia. 29a.—Showing albs or mountain meadows.

occupying rock-cut basins. According to Professor Bonney’s view,
cirques occupy pre-glacial hollows cut by convergent streams
with walls modified by ice erosion. Richter, on the other hand,
maintains that they are the result of frost-shattering above the
level of the ice. The frost dislodges masses of rock, which fall on

Fra. 30.—Showing cross-section of two cirques on opposite sides of a range.
(a) Corrie-lakes.

to the ice and are carried away, whereby the formation of a talus
is prevented. The ice protects the floor of the cirque, which is
thus relatively flat, while the absence of a protecting apron or
talus permits the frost to sap and wear away the walls until they
become steep or even vertical.

Where two glacial valleys on opposite sides of a mountain-chain
head together, as they so frequently do where the original valleys
follow some powerful fault or line of structural weakness, the cutting
back of the cirques may result in the removal of the dividing ridge,
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and in its place we find a plateau or flat saddle occupied by swamps
or shallow lagoons.

Where one cirque lies at a lower level than the other, the lower
by its recession is able to pirate the drainage of the higher, which
is thus reversed or carried to the other watershed. Examples of
reversed drainage are not uncommon in alpine New Zealand and
North America. Much of the stream-pirating and beheading
described in a preceding page has been doubtless accelerated, if
not initiated, by ice-erosion.

Sharp-peaked mountains with excessively steep walls are fre-
quently found in glaciated regions on the margins of ice-caps.
Many good examples of these remarkable peaks, which are called
tinds, have been developed on the margin of the Norwegian plateau
glaciers. Mitre Peak in the fiordland of New Zealand is a typical
example of a tind. Tinds have been obviously exposed to intense
ice-erosion, and the conical shape which they frequently assume
may not improbably be due to the shattering and exfoliation of
successive layers of rock by frost action since the retreat of the
ice-sheet. ;

The terminal debris of glaciers is frequently piled up in the form
of hills and mounds disposed in crescent shape on the plains where
the glacier deployed from its alpine valley, and although these
morainic hills seldom exceed a height of 300 feet, they are nearly
always a striking feature in the landscape, as they present a curious
assemblage of hills and undrained hollows of the knob-and-basin
type.

y(%rescent-shaped morainic mounds, one behind another, may be

traced up an alpine valley, each mound marking a place where the
glacier rested for a time during its final retreat. The highest
mounds being the last formed are always the freshest.

The valley-glaciers of Alaska, Alps, Pyrenees, Himalayas, and
New Zealand are but the remnants or stumps of great ice-streams
that, during the Great Ice Age, descended from the mountains
and spread over the neighbouring foothills and plains.

The freshness of some of the glaciated slopes and esker-mounds
of sand and gravel in Scotland, Alaska, and New Zealand is often
very striking. In many places the contours look so smooth
and fresh that one is tempted to think they were moulded but
yesterday, or that the forces of denudation must have been held
in abeyance since the close of the (lacial Period. This freshness
is all the more remarkable when we observe that contiguous areas
occupied by hard rock have been deeply dissected by streams.
This differential erosion is a common feature of all glaciated regions.

The preservation of the glaciated forms and mounds of morainic
debris is believed to have been due to the protection afforded by
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permanent snowfields. It is contended that during and for some
time after the recession of the ice, the refrigeration would still be
sufficient to allow the formation of sheets of permanent or nearly
permanent snow that would protect the ground on which they lay
from subaerial waste or denudation, stream erosion being confined
to the defined water-courses and lines of drainage.

The evidences of recent glaciation in the form of boulder clays,
moraines, and erratics are not always conspicuous in regions that
have been subjected to intense ice erosion. In Alaska and Antare-
tica during the maximum glaciation the great work of the ice was
erosion with deposition of detritus off-shore; and, asin all intensely
glaciated regions, the glacial deposits above sea-level are thin and
scattered, and were mostly deposited during the ice retreat.

Glacier Lakes.—Ice-dammed lakes-exist on the margin of the
Frederikshaab ice-apron on the fringe of the Greenland ice-cap.
One of these, the Tasersuak, 12 miles long and over 2 wide,
stands at a height of 940 feet above the sea and is blocked by ice
at both ends. It drains through a canal to a smaller lake at a
height of 640 feet.

A glacier descending a steep tributary valley may by a sudden
advance impound the drainage of the main valley and form a lake.
Such a lake is necessarily short-lived, since the ice-barrier is soon
destroyed. A remarkable case is that of the tributary glacier
which blocked the Suru Valley in the Himalayas, in 1896, and held
up the drainage until a lake over 20 miles long was formed. When
the ice-barrier was broken through, the valley below was devastated
for a distance of 40 miles.

More important is the case where the drainage of a tributary
valley is held up by the glacier occupying the main valley. If the
ice-barrier stands above the level of the pass or col at the head of
the tributary valley, the drainage of the lake may be reversed, and
the height of the col will represent the highest level to which the
lake can rise. A typical example of a lake of this class is the well-
known Mirjelen See at the elbow of the great Aletsch glacier in
the Alps. This glacier-lake is impounded in a tributary valley,
and at one time drained over a Jow col into the adjoining valley
occupied by the Viesch glacier. Such a lake, it is thought by
some writers, might in time give rise to a detrital beach at the
level of the col. :

Ice-dammed lakes possess a peculiar interest in that they are
believed by some writers to offer a satisfactory explanation of the
origin of certain step-like detrital terraces that are a conspicuous
picture in many recently glaciated regions. It was first suggested
by Agassiz, and afterwards urged by Jamieson,! that the famous

! Quart. Jour. Geo. Soc., vol. xix. pp. 235-259, 1863,
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Parallel Roads of Glenroy, in Argyllshire, are the beaches of fresh-
water lakes that seem to have arisen from glaciers damming the
mouths of the valleys and reversing the drainage. According to
this view, each of the three terraces marks a temporary level of
the ancient Glenroy lake. The terraces are perfectly horizontal,
contour around the valley-walls, and occur at a height of 847 feet,
1059 feet, and 1140 feet above sea-level respectively.

The existence of ice-dammed lakes has been clearly demonstrated
in New Zealand, North England, Scotland, North America (e.g.
the glacial lake Agassiz), and other intensely glaciated regions ;
but there is grave doubt as to the ability of such glacier-lakes to
explain the genesis of many of the remarkable tiers of glacial
terraces that are such a prominent feature in the topography of
Alpine New Zealand. Take a typical case. On the east side of
the coastal range the walls of the main valley leading up to Burke’s
Pass are terraced nearly up to the crest, the remains of about forty
benches being clearly discernible.! The valley opens on to the
foothills at the back of the Canterbury Plains, and it is almost
inconceivable that there ever existed in these low foothills a mass
of ice of sufficient magnitude to form a barrier across the main
valley and impound a glacier-lake at a height of 4000 feet above
the sea. It seems easier to suppose that the terraces represent
the lines of frost-shattered debris that collected on the edge of the
plateau ice in the form of lateral talus-like aprons. Beautiful
terraces of this kind have been recently formed by the Hooker
glacier near Mount Cook. They contour round the valley-walls
at different levels, and consist of angular rock-debris mingled with
waterworn sands and gravel brought down by the small rivulets
that drain the adjoining slopes. The Hooker glacier has been
subject to alternating periods of rapid shrinkage and comparative
rest. The lateral fringing terraces were obviously formed during
the intervals of rest. A well-marked terrace has already accumu-
lated at the present surface-level of the glacier. This glacier, it
should be noted, is little more than the shrunken skeleton of the
great ice-river that at one time filled the valley ; and it illustrates,
in a striking manner, the fact that a considerable retreat of the
terminal face of a glacier is always accompanied by a corresponding
shrinkage in depth. In other words, terminal ablation and surface
ablation are contemporaneous and co-relative.

SUMMARY.

(1) Snow (a) protects the land on which it rests from the in-
fluence of frost, rain, and other subaerial agents of denudation;

1 J. Park, The Geology of New Zealand, p. 237, London, 1910.
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and (b) it has a destructive effect when it falls or slides down
steep slopes by carrying loose rocks from a higher to a lower
level.

.(2) Glaciers are found in the polar regions and in the higher
alpine regions of temperate and warm latitudes. They flow like
pitch or asphalt.

(3) Glaciers and ice-sheets are both destructive and constructive.
They wear away the rocks over which they flow by their sheer
weight, while the boulders frozen into their base plough into the
rocks, which are thus scored and furrowed and in time deeply
eroded or removed.

(4) Glaciers that are overlooked by mountains always carry a
rocky load of debris partly on their surface, partly interglacial, and
partly subglacial.

() The debris on the surface of a glacier is arranged in belts
running parallel with the sides, forming lateral moraines.

(6) Where the glaciers unite, their adjacent lateral moraines
form a medial moraine.

(7) The transported load when piled at the end of the glacier
constitutes what is called a ferminal moraine. .

(8) The broken-up rock and clay that remains on the floor of a
glacial valley after the ice has disappeared is termed a ground or
bottom moraine, boulder-clay, or #ll.

(9) When the boulder-clay is piled up in ridges, often running
parallel with the hillsides, it forms what are known as drums or
drumlins.

(10) Many of the boulders found in ground-moraines are scored
and striated, as also are hard bosses of rock that were overridden
by the ice. Such ice-shorn bosses are called roches moutonnées.

(11) Large blocks of rock left by the melting ice in conspicuous
places are termed perched blocks.

(12) Glaciers are drained by rivers which issue from ice-tunnels
at the terminal end.

(13) Glacier-rivers carry a load of gravel, sand, and silt, which
is spread out as a valley-train or deposited in a lake or sea.

(14) The contours of recently glaciated regions are smooth and
undulating, all the irregularities and corners having been worn
down. The V-shaped form of stream-valleys has been changed
to a U-shaped form.



CHAPTER VL
THE GEOLOGICAL WORK OF THE SEA.

THE sea covers about three-fourths of the surface of the globe.
It is the destination to which most streams and rivers hasten, and
the repository into which they discharge the detrital load borne
by their waters. The sea ramifies everywhere throughout the globe,
and therefore exercises an equalising influence on climate. It
is the ultimate source of all streams, which, without it, have no
separate existence. It must therefore rank as the greatest of all
geological agents. ‘

Composition and Volume.—A thousand parts of sea-water
contain 3440 parts of mineral matter in solution, of which common
salt (sodium chloride) comprises about 78 per cent., magnesium
chloride nearly 11 per cent., magnesium sulphate 4-7 per cent.,
sulphate of lime and potassium together 6 per cent.

Sonstadt has shown that sea-water contains over half a grain
of gold per ton; and nearly all the common metals and many of
the rarer have been detected init. Oxygen, nitrogen, and carbonic
acid are also present in considerable quantity, the amount of
carbonic acid being estimated to be eighteen times as great as in
the atmosphere.

Murray has estimated that the mean depth of the ocean is 12,456
feet, and that the total amount of sea-water is fifteen times the
volume of the dry land above the sea. The mineral matter in
solution would, he estimates, if precipitated cover the floor of the
ocean to a depth of about 175 feet.

The total river discharge into the sea is estimated at 6524 cubic
miles per year, carrying half a cubic mile of mineral matter. At
this rate it would take the streams 9,000,000 years to add to the
sea an amount of mineral matter equal to what it now contains,
figures which contain a useful suggestion as to the age of the
ocean.

WoRk oF THE SEa.

The sea as a geological agent (a) erodes and wears away the dry
land ; (b) sorts and spreads out the material poured into it by
79
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streams and rivers, as well as the products derived from its own
erosive work ; and (c) by its currents {ransports material from one
place to another. In other words, the sea is (1) destructive and (2)
constructive.

THE SEA AS A DESTRUCTIVE AGENT.

Erosive Effects of the Sea.—This is (a) chemical and (b) mechanical.
Chemical Effects—The extent of the chemical effects of the
sea have not yet been investigated to any extent. It is, however,
well known that solutions of salt (sodium chloride) exercise a
corrosive effect on many rock-forming minerals. Besides, sea-
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Fia. 31.—Coastal erosion.

A, Showing form of shore before erosion.
B, Showing sea-cliff after erosion.

water, as stated above, contains a considerable amount of free
carbonic acid, the corrosive and disintegrating effect of which
on the felspar minerals of rocks or limestones and calcareous
aggregates of all kinds cannot be less than that of the atmospheric
carbonic acid on the same kind of rock when forming dry land.
The chemical erosion of the sea, although no more measurable
to the eye than the gradual and silent waste of an undulating
upland, must be considerable in the course of the centuries,
and by its softening and disintegrating action cannot fail to be a
powerful ally to the more active and apparent forces of mechanical
erosion.

Everyone must have observed how prone to decomposition and
surface weathering are the rocks exposed in cliffs facing the sea.
This may be in part due to the briny spray which is carried over
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the land by the wind, and in part the work of the powerful and
active oxidiser ozone which is more abundant on the seashore
than elsewhere.

Mechanical Effects—The most obvious effect of the sea is
seen in the cutting back of the land so as to form steep faces
and cliffs.

The rate of cutting back or recession of the land will depend on
the hardness of the rock, its composition, presence or absence of
joints, stratification or cleavage planes. Where the rock consists
of alternating hard and soft beds, the soft beds will be cut back
more rapidly than the hard, thus leaving an overhanging cornice
of hard rock. Even the hardest rocks possess relatively little
transverse strength; consequently the overhanging ledge soon
breaks off owing to the stress of its own weight.
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F16. 32.—Showing marine erosion of sloping bench in
Auckland Harbour, N.Z.

4, High-water mark. B, Low-water mark.

The masses of broken rock fall to the foot of the cliff, where they
act as a protecting apron by breaking up and in part destroying
the erosive effect of the advancing waves. But in time the fallen
blocks become pounded up and removed, and once more the active
undermining of the sea-cliffs begins.

The manner in which marine erosion is effected varies with the
mood of the sea. In its normal mood, which is the tranquil or
semi-tranquil, the sea by the constant rise and fall of the tide
alternately covers and uncovers a marginal strip of land that in
time becomes worn down into a bench that slopes from low-water to
high-water mark. Where the rocks are soft, the bench may be worn
into a flat platform lying a foot or two above low-water mark
(fig. 33).

During, and for some time after a heavy gale, the sea flings
itself furiously against the shore, and in this mood it is very
destructive. Pinnacles of rock that have been undermined or
loosened by the thundering blows of previous storms are toppled

-
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over, while the overhanging portions of cliffs are torn off and the
debris spread along the strand, where it is slowly broken up and
rounded by the unceasing wave-action of the advancing and
retreating tides.

Masses of rock that in normal times lie undisturbed at the foot
of the cliffs, during great storms are picked up by the advancing
waves and hurled against one another with terrific force. Or
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Fic. 33.—Showing flat bench excavated in chalky marls,
Amuri Bluff, N.Z.

A, High-water mark. B, Low-water mark.
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where the shore is unprotected by an apron of broken rock,
the masses are employed by the waves as battering-rams for
bombarding the foot of the cliffs, which thus in time become
shattered and finally undermined. When the undermined over-
hanging portion of the clifi breaks off under the force of
gravity, the tumbled rock provides fresh ammunition for another

bombardment.

F1a. 34.—Showing coastal erosion.

Wave and Tidal Effeets.—The constant movement of the sea
gradually eats away the edge of the land, and, obviously, if the
process were continued long enough, first the islands and then the
continents would be shorn down to an almost even plain not much
below sea-level. As a matter of fact, many flat reefs that are just
awash at low-water are all that now remain of what were at one
time islands standing near the mainland. But the power of the
waves does not end here. The angular blocks that are broken
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off the cliffs are acted on by the tidal movements of the sea as well
as by the larger waves of fierce storms, and in time become worn
down and rounded. The sharp angular blocks lie along the foot
of the clifis. In the tide-way the blocks are somewhat rounded
and smaller. Further out the blocks get smaller and smaller, and
more and more rounded, until they eventually pass into shingle
or beach-gravels. Still further out the shingle becomes smaller
and smaller, and finally graduates into sand.

The push and drag of the tides rolls the shingle over and over,
and by this everlasting attrition and grinding, the pebbles become
more and more rounded, and consequently smaller and smaller,
until eventually they are reduced to sand. In the same way the
swish of the waves causes a similar abrasion and grinding of the
sands, which in time are reduced to a fine silt which is caught up
by currents and spread far and near over the floor of the sea. The

Funne/-shapecli Blow hole
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Fre. 35.—Showing funnel-shaped blow-hole, Puketeraki, N.Z.

place of the ground-up shingle and sand is constantly replenished
by fresh material broken from the cliffs, which are continually
crumbling away under the combined attack of subaerial and
marine erosion.

Erosive Effect of Compressed Air.—When the advancing waves
fling themselves against a fissured cliff, or one containing fissure-
like cavities such as are frequently formed along joint planes or
the stratification lines of inclined strata of different degrees of hard-
ness, the contained air is compressed by a pressure equal to the
force exerted by the falling wave. When the wave suddenly
retreats, the air expands with shattering force, and in this way the
cracks and fissures are enlarged and fresh ones opened.

In some places the fissures communicate with the upper surface
of the cliff, forming what are known as blow-holes, from which air
and spray or even a column of water may be projected with great
force when the waves dash on the cliffs below. As time goes on,
the blow-hole becomes larger and larger, until at last a cavern with
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a wide funnel-shaped opening on the top of the cliff is formed as
shown in fig. 35.

Erosive Effects of Floating Iece.—In the high latitudes of both
hemispheres where the seas, lakes, and rivers become frozen over
in winter, the effects of ice-erosion are sometimes very striking.

In spring when the river-ice breaks up, it is frequently piled up
in narrow gorges until a block takes place. When the impounded
waters eventually break away, the sharp-edged sheets of ice scrape
and fret against the banks, which in time become undermined and
ultimately break away in long strips. Where the course of the river
runs through alluvial flats the ice is particularly destructive.

When the ice breaks up in lakes, the floating masses move
towards the outlet, where they sometimes accumulate until a
«jam ” takes place. The force exerted by ice piled up in this
way is enormous. Logs of wood entangled in the ¢jam” are
frequently broken into splinters, while all the rocks within the
reach of the ice are scored and carved into ledges, or shattered
and tumbled over. This erosive effect is seen in most Arctic
gulfs and narrow seas.

Floating bergs moving past headlands and along contracted
passages chafe and grind against the shores, whereby they may
in time excavate narrow benches in the solid rock. Some of the
raised benches that contour around the fiords of Norway are
believed by some writers to have been formed in this way.

Topography of Marine Erosion.—In sheltered bays the shore is
generally bounded by low undulating downs fringed with a strip
of sandy beach. Typical examples of this are seen on the shores
of the Wash, in England, and Golden Bay, in New Zealand. The
headlands enclosing or sheltering such bays frequently present
steep cliff-faces to the sea, the formation of which in these exposed
situations is commonly the result of the more rapid erosion of the
land by the prevailing sea-currents.

Where the bay is land-locked, the cliffs may extend some distance
inside the harbour, their excavation being the work of the incom
ingand outgoing tides which travel with great velocity in narrow
passages, and are hence endowed with great erosive power
(Plate XI1.).

In many places where the coast-line is deeply indented with
numerous ramifying bays and fiords, the land everywhere rises
steeply from the water’s edge. In these cases the neighbouring
land is generally high and mountainous. The fiords are deep
valleys that have become invaded by the sea through the sub-
mergence of the land. They are what are known as drowned
valleys, and the steepness of their shores is mainly the work of sub-
aerial agencies of erosion. The newer cliffs of marine erosion that
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are sometimes seen in process of formation in these land-locked
fiords can easily be distinguished from the old valley contours.
Fine examples of this class of coastal topography are seen on
the coasts of Chile, Alaska, and New Zealand, but their con-
figuration has no relation to marine erosion.

On exposed coast-lines the shore is generally bounded by steep
cliffs that may vary from a few feet to many hundreds of feet high.
These cliffs may present many diversities of form according to the
character of the country rocks. The hardness of the rocks, the
presence of bedding and joint planes, the direction of the dip and
strike of stratified rocks, all tend to retard or accelerate the progress
of marine erosion. Generally speaking, the softer coherent rocks
present steep cliffs with even slopes; while sandstones and all the
harder rocks, such as basalt and granite, give vertical and fantastic
forms that are frequently undermined, tunnelled, and arched.
Where the rock is fissured or intersected by joints, narrow tunnel-
like caves will be formed, along which the waves will rush with

F1a. 36.—Showing effect of coastal recession on river
grading, S. Canterbury, N.Z.

great force. Where the rock is intersected by two sets of joints, the
recession of the cliffs may result in blocks or stacks of rock being
left standing as outlines or pinnacle-shaped islands.

In all cases the softer rocks will be worn away more rapidly than
the harder ; therefore, while the former will be eaten back into
bays and inlets, the latter will form the headlands.

Effects of Coastal Recession on River Grading.—The cutting back
of the coast-line shortens the length of the streams and rivers that
drain into the sea. The obvious effect of this recession and shorten-
ing is to give the rivers a greater velocity on account of the steeper
gradient. The greater velocity enables a stream or river to regrade
and cut down its bed.

The effects of coastal recession are always most marked where the
river flows over an alluvial plain before entering the sea. The
river in this situation is enabled, in the process of cutting down
its bed to its base-level—the sea, to excavate terraces in the lower
part of its course. The effect of coastal recession as regards

terrace formation is therefore the same as an elevation of the
land.
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The Canterbury Plains in New Zealand are composed of gravel-
drift carried down from the alpine ranges by a number of large
rivers. They extend along the coast for over a hundred miles ; and
north of Timaru, where the coast is swept by a strong northerly
current, they have been cut back until they present sea-cliffs,
varying from 10 to 50 feet high, the highest cliffs being found where
the recession is greatest. The old plane, along which the rivers
flowed before the cutting back of the coast-line, is indicated by the
line a b ¢ (fig. 36), the former point of discharge being at c. By the
wearing away of the land the point of discharge is now at d, and
b d shows the height of the present sea-cliff. The present plane
of flowis along gd. During the process of cutting down their beds,
the rivers have excavated a series of terraces as indicated by the
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F1a. 37.—Showing formation of plain of marine denudation.

a, b, ¢, d, e, and f are successive slices shorn off the edge of the land forming
the marine plain p p.

broken line e¢ /. The old flood-level ab now forms the highest
terrace.

Plain of Marine Denudation.—In a preceding chapter we found
that the general effect of all the processes of subaerial denudation
was to wear down the dry land to a base-level or peneplain ; and
similarly we find that the final effect of all the processes of marine
erosion is the slicing away of the edge of the land to a horizontal
or gently sloping platform to which the name plain of marine
denudation is applied. The existence of this marine shelf is proved
by the soundings around the coast-line. It is found that nearly
all the continents and larger islands are surrounded by a marine
shelf.

The shelf generally slopes gently seawards, and when its edge
is reached there is a sudden drop in the floor of the sea. The
manner in which this marine shelf is carved out of the land will
be easily understood by a reference to fig. 37.

Where the land fronting the sea is high, the shelf is generally
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narrow, and where low it is relatively wide. But the total amount
of erosion is probably about the same everywhere, for the greater
height and less width in one place will balance the less height
and greater width at another.

Where the land has been recently elevated, the dissected remains
of ancient plains of marine denudation can still be clearly traced
in regions lying near the sea.

Rate of Marine Erosion.—The rate of marine erosion is dependent
(@) on the resistance offered by the rocks, (b) on the erosive power
of the waves, and (¢) on the transporting power of oceanic currents.

Soft rock or incoherent gravel and sand will be worn away more
rapidly than hard rock. Moreover, the rate of erosion will be more
rapid on a bleak coast-line exposed to the force of storms sweeping
over a wide expanse of sea than in sheltered bays and land-locked
harbours, or on the lee-side of a cape or peninsula.

When the wind blows for some time over a broad expanse of
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F1e. 38.—Showing section of marine shelf around Otago, N.Z., to

100-fathom line.
(a) Edge of marine shelf,

ocean, the water is piled up against the shore, with the result that
the waves are able to reach far above the point reached by normal
tides. When the heaping up of the water happens to coincide
with high-water, the erosion effected by the pounding of the
abnormal waves may, in a few hours, exceed the normal tidal
erosion of half a year or more.

The cliffs excavated in compact rock are generally steep and
often overhanging. Unconsolidated material, on the other hand,
naturally assumes the angle of rest, and hence commonly presents
gentle slopes to the sea.

A compact homogeneous rock, like granite, when unfissured
frequently wears away into dome-shaped forms that have a curious
resemblance to the rounded rockes moutonnées of glacial erosion.
The smooth dome-shaped islands and headlands on the coast of
Western Australia, where there is no reason to suspect recent
glaciation, are notable examples of this form of erosion which is
the united work of subaerial and marine denudation.

When stratified rocks dip towards the sea, landslips are of frequent
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occurrence, as a small amount of excavation at the foot of the cliff
is generally sufficient to destroy the supporting toe of the block.

The undermining and breaking up of the hard rock provides
boulders and shingle, which the waves use with destructive effect
in carrying on the assault on the land fringing the shore. On the
other hand, soft rocks like chalk, marls, and shaly clays provide no
materials for the making of shingle, except they happen to contain
nodules of flint, as chalk and chalky clays frequently do.

Where the rocks consist of alternating soft and hard bands, the
soft bands are worn away more rapidly than the hard. The result
of this is that the hard bands are in time left unsupported, and soon
crumble away under the vigorous pounding of the waves.

Coral reefs, submerged shoals, sand-pits, and outlying islands
frequently protect the mainland from the direct influence of
sea-currents, or the violence of storms. For example, the Great
Barrier Reef of Australia, which runs parallel with the coast of
Queensland for over a thousand miles, affords the most effective
shelter against all easterly gales sweeping across the Pacific.

The actual rate of marine erosion is so slow that there is little
authentic record of coastal changes within historic times. Even
where changes have taken place it is not always clear that the
encroachment is the direct result of marine erosion. Much of the
encroachment of the sea in the eastern Mediterranean and on the
east coast of Australia is obviously the result of general subsidence
of the land. 1In other places where low-lying lands have become
submerged in recent times, the inroad of the sea, if not the result
of subsidence, may be due to coastal sag, resulting from the accumu-
lation of a great thickness of detritus on the sea-floor. Coastal sag

is always most conspicuous where the detritus rests on a soft sea-
bottom.

The Sea as a Constructive Agent,

Effects of Sea-Currents.—The great oceanic currents do not
reach the bottom, and therefore possess little or no power either
to transport detritus or to erode the floor of the sea; but many
coast-lines are swept by currents that hug the shore and run in one
direction during the whole or greater part of the-year. These
littoral currents may be termed rivers of sea-water, and, like fresh-
water rivers, they are important agents of transport and erosion.

The gravel, sand, and silt discharged by a stream or river into
the head of a sheltered bay, inlet, or land-locked harbour is spread
out on the bottom, where it gradually accumulates, until in time
it fills up extensive areas which are thus reclaimed from the sea.
It is in this way that the alluvial flats and deltas that are found
fringing the head of so many bays and inlets have been formed.
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But where the stream or river discharges its load into the open
sea, the discharged detritus is picked up by the coastal currents
and spread over the sea-floor, or piled up on distant strands, perhaps
scores, or even hundreds, of miles from the river mouth. In this
way vast quantities of detritus are daily moved from one place
to another.

Only the fine silt and mud is carried in suspension. The bulk
of the material in the form of sand or shingle is trailed or rolled
along the sea-floor, and in consequence exercises a powerful erosive
effect on all submerged reefs and ledges, on outlying islands, and
projecting headlands. The travelling sands and shingle possess
the same rasping and eroding effect as the moving sands and gravel
on the floor and sides of a river-channel.

Nor,
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F1e. 39.—Showing piling up of sea-borne sand on sheltered side of
headland at St Clair, Otago, N.Z.

Sea-borne sands generally accumulate on the sheltered side of
headlands or in bays, where they form sand-banks that are some-
times awash or bare at low-water. In many places the wind piles
up the sands thus placed within its reach into dunes and ridges
running parallel with the beach.

The coastal currents of Otago in New Zealand travel northward -
all the year round. They strike Black Head at St Clair, and are
diverted seawards for some distance ; but during south-east gales
they are deflected inshore, with the result that many millions of
tons of sea-borne sand are sometimes thrown up on the beach in
the course of a few hours, frequently covering up the protectlng
groins as shown in fig. 39.

Where two coastal currents travelling in different but converging
directions meet one another, their impact causes their rate of flow
to be diminished or altogether destroyed along the line of contact,
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with the result that the sands they carry are allowed to settle and
accumulate'along that line, until submerged sand-banks and long
sand-spits are formed. A notable example of this class of con-
structive work is found at the extreme north-east corner of the
South Island of New Zealand. Here a spit of sand, 20 miles long,
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Farewe// Spit

F1a. 40.—Showing formation of sand-spit by two converging
sea-currents at Cape Farewell, N.Z.

has been formed by the converging Farewell and Golden Bay
currents as shown in fig. 40.

Littoral Shingle Deposits.—These may be divided into three
classes, according to their form and origin, namely (1) the fringing
beach, (2) the shingle-spit, and (3) the shingle-flat.

Fic. 40o.—Boulder Bank, Nelson, N.Z.

The fringing beach is the simplest and most common type. It
consists of a strip of shingle along the strand, formed by the coastal
currents directed at right angles against the shore.

The shingle-spit is a deposit of shingle beginning at the point
where the coast-line suddenly changes its direction and turns
inwards, while the current running along it still pursues its course
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past the point of deflection. The drifting shingle accumulates
along the line of currents, and in time forms a bank or causeway
that may be many miles long. The bank frequently curves inwards
at its growing end. Good examples of shingle-spits are the Chesil
Bank, which runs paralle]l with the coast of Dorsetshire for 15
miles; and the Boulder Bank, at Nelson, New Zealand, a gigantic
causeway, 12 miles long, which encloses a deep, well-sheltered
harbour. When the bank grows till it again touches the land it
forms a bar.

The shingle-flat is formed when the coastal current, due to some
local cause, follows the inward trend of the deflected coast-line, the
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F16. 408.—Showing formation of marine shingle-flat.
(a, @) Old shore-line. (b) Shingle-flat.

shingle being deposited as a succession of parallel banks. In this
way large areas may be reclaimed from the sea.

Sorting and Spreading Aection of the Sea.—The gravel, sand, and
silt discharged into the sea by streams and rivers are sorted by
the laving action of the waves into three main grades of different
sizes. The shingle is spread along the shore in the shallow water,
the sands are distributed over the sea-floor for many hundred
yards on the seaward side of the shingle, while the silts and muds
are transported still further seaward.

We have thus three zones of deposition running approximately
parallel with one another and with the shore. There is seldom a
sharp line of demarcation between the different zones. More often
the one graduates insensibly into the next; but the extremes are
always clearly defined. Thus the clean gravel is easily distin-
guished from the sand, and the sand from the silt and mud.
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currents, we can generally distinguish six grades of material that
insensibly pass into one another, namely :—

(1) Shingle.

(2) Gravel.

(3) Sandy gravel.
(4) Coarse sand.
(56) Fine sand.
(6) Silt and mud.

Lenticular Form of Marine Deposits.—The different zones of
material starting from the point of discharge are nearly always
found to be more or less lenticular in form. It thus happens that
in passing along the coast-line we encounter the same succession of
gravel, sand, and silt as we do by following a line running at right
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Fia. 42.—Plan showing delta of the Nile in Egypt.

angles to the shore-line. Thus, as shown in fig. 41, we find that
the beds a, b, ¢, found along section line A B, are the same as beds
a, b, ¢ that successively abut against the shore-line in passing
northward from the point of discharge.

Formation of Deltas.—Streams and rivers that are sluggish in
their rate of flow are only able to transport sand and silt to the sea.
In the absence of coastal currents the sands and silts are deposited
at the mouth of the river, where they accumulate until they form
obstructing banks through which the river flows in numerous
intricate shallow channels. By the piling-up action of the wind
at low-water, and by the deposit of sand and silt during times of
flood, many of the sand-banks rise above ordinary water-level.
When this happens vegetation soon establishes itself, and a delta
is thus formed. :

Estuarine Deposition.—In marine deposition, as we have seen,
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the coarsest material is laid down nearest the shore-line, and the
finest furthest seaward ; each zone of graded material being spread
over a lenticular or meniscus-shaped area. In estuarine deposition
this arrangement is reversed, the coarsest material being deposited
at the entrance and the finest at the head of the estuary.

At the entrance the tide generally rushes in with great velocity.
When once inside the harbour the tide as it advances spreads over
an increasing area, with the result that its rate of flow shows a
corresponding decrease.

The result of this gradual slackening of the current is that the
coarsest material is deposited at the entrance, and the finest at the
extreme limits reached by the tide.

In places where the coastal currents transport gravel, sand, and
mud, the incoming tide deposits first gravel, then sand, and lastly
mud ; the first at the entrance and the last in the upper reaches of
the estuary. Where the tide carries only sand and mud, as is so
frequently the case, the sand is deposited at the entrance and the
muds inside. Hence we find that the entrance of some estuaries
is protected by a bank of gravel, and of others by shoals and bars
of sand. In many cases the sands deposited inside the estuary
are piled by the wind into dunes and ridges running parallel with
the coast-line.

The area covered by the gravels is commonly narrow. On the
other hand, the sands are deposited over a wider belt, but even this
is relatively small in extent compared with the mud-covered area.
The limited distribution of the coarser material is due to the
rapidity with which the current of the inflowing waters diminishes
when once the waters begin to spread over the banks and shoals
of the estuary.

In some of the great estuaries and tidal harbours of northern
and south-east Australia the mud covers hundreds of square miles,
while the sands near their entrance occupy but a relatively narrow
belt. In these shallow harbours the tidal waters come in laden
with mud and retire laden with mud, but each tide as it slowly
creeps over the mud-banks deposits a thin coating of sediment
which imperceptibly but steadily raises the mud-covered area until
it is high enough to enable a semi-aquatic vegetation to establish
itself on its surface. In this way these tidal inlets are being gradu-
ally filled up and reclaimed from the sea.

Nearly all estuaries receive the drainage of one or more streams
or rivers. Some of the larger streams discharge a load of gravel
and sand into the estuary, where it is spread out and mingled with
the fine harbour muds. In this way we frequently get the curious
spectacle of gravels and sands mingled with almost impalpable
mud, or intercalated with layers of mud.
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Marine Organiec Deposits.—The floor of the deeper or abysmal
portions of the sea has been shown by soundings to consist of
a fine calcareous ooze mainly composed of the tiny shells of
Foraminifera, etc.

On their seaward limits, the fine mechanical sediments reach-
ing out from the land mingle with this ooze, forming deposits
which become, when hardened, what are termed chalky clays or
chalky marls. The ooze itself, when free from foreign sediment,
forms, when consolidated, a limestone resembling chalk. These
organic oozes will be described more fully in the succeeding
pages.

Time-Plane of Deposition.—Going seawards, the coastal gravels
graduate into sands, the sands into muds, and the muds into
calcareous ooze. The gravels, sands, muds, and ooze were deposited
at the same time and lie on the same plane, and form what is known
in geology as a time-plane of deposition.

Faunal Differences in Same Plane.—Each grade of material
will be distinguished by the forms of life that prevailed in the
zone in which it was laid down. That is, the gravels will contain
the broken and rolled remains of such littoral shells as oysters,
mussels, and cockles ; the sands, the remains of Pinna, Tellina,
and other fragile shells ; the muds, minute molluscs, and foramin-
ifera; while the ooze will consist mainly of Pteropods and various
Foraminifera, among which the genus Globigerina will be the
commonest.

A change in the character of the deposits is usually followed by
a change in the fauna ; but with a recurrence of the same sediments
there will frequently be a reappearance of the displaced fauna ;
and if, in some places, the lithological character of the deposit
remains unchanged, some species may persist in that place into a
higher horizon than is usual elsewhere.

Besides the faunal differences due to the various character of
the sediments, it is found that certain organisms inhabit shallow,
and others deep water. Hence it must be remembered that faunal
differences in the same plane may arise as much from /nfluence of
station as from differences in the texture of the sediments.

The depth of the sea normally increases with the distance from
the land, but great depths may be obtained in certain conditions
quite close to the land, as in the fiords of Norway and New Zealand,
where a depth of 100 fathoms may frequently be found a few yards
from the shore. In such situations we are liable to find a curious
commingling of littoral and deep-water species.

Some organisms find a congenial habitat in muddy waters, others
in clear ; some flourish only on rocks and reefs, or on mud banks,
exposed between the upper and lower tide-marks ; and while some
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prefer still, clear waters, others can only exist in situations exposed
to the break of the ocean-waves.

Differences of latitude, with the attendant differences of
temperature, exercise a powerful influence on the character of the
marine fauna. In New Zealand, which runs through 700 miles of
latitude, the differences which distinguish the molluscous fauna of
Southland and Cook Strait, and of Cook Strait and North Auckland,
are almost startling. And perhaps no less potent than latitude is
the influence of oceanic currents, as witness the widely different
faunas of Labrador and Ireland arising from the Gulf Stream.

We have no reason to believe that faunal differences in the
same geographical plane were relatively less conspicuous in past
geological ages than they are to-day; hence, when carrying on
paleontological research, we must ever remember that the most
diverse faunas may be co-existent on the same geographical plane.
It is this fact which often tends to render the correlation of distant
formations of doubtful value.

Classification of Marine Deposits.—Marine deposits, according
to their distance from the land, may, for convenience of descriptive
purposes, be divided into four natural zones as under :—

(1) Littoral' Zone, including pebbly, sandy, and coralline
deposits. _

(2) Thalassic? Zone, including fine sediments, such as muds
and silts.

(3) Pelagic® Zone, including calcareous accumulations that form
limestones.

(4) Abysmal* Zone, including Red Clays of volcanic and cosmic
origin.

Varying Thickness of Marine and Estuarine Deposits.—From what
has been said in the preceding pages it will be obvious that all the
detritus discharged into the sea, as well as the material derived
from the erosion of the land by marine agencies, is sorted and
spread out as a sheet on the floor of the sea. The thickness of
this sheet is greatest along the shore-line, and least towards the
deeper sea, Thus, if a thick bed of coastal gravel is traced seaward,
it will be found to taper rapidly until it dwindles down to a thin
layer that eventually emerges into the sandy zone, which in its
turn thins out until it passes into silt and then mud.

The different layers of estuarine sediments are also wedge-shaped

1 Lat. litus =seashore.
2 Gr. thalassa =sea, i.e. shallow sea.

3 Gr. pelagos=sea, i.e. deep sea.
¢ Gr. abussos =bottomless.
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in cross-section, being thickest at the lower end near the entrance,
and least at the upper end of the estuary.

It should, however, be remembered that the distribution of both
purely marine and estuarine sediments is liable to considerable
variation through the disturbing influence of coastal currents in
respect of the first, and of large streams or rivers in respect of the
second. Disturbance from the sea-currents is, perhaps, of com-
moner occurrence than disturbance from large rivers, as in the case
of large estuaries or mediterranean seas, the effects of the inflowing
streams will be mainly local, or confined to narrow limits on the
margin of the greater sheet of fine sediments. Wash-outs that
take place during abnormal floods are often filled in with coarse,
gravelly sands, or, at any rate, with material differing from that
deposited in normal conditions. )

The Sea as a Source of Life.—It is almost certain that the first
forms of plant and animal life were aquatic or marine ; and it was
probably in the sea that the first steps in the evolution of the more
highly organised forms took place. Thesea, ever since the beginning
of geological time, has been the universal cradle and preserver of
life. Earthquakes and volcanic eruptions might devastate the
dry land, but in the sea, life always found a safe asylum.

Around the shores of islands and continents in the comparatively
shallow water, the sea is very prolific in molluscous life. The
molluscs manufacture their shells from carbonate of lime secreted
from the sea-water, and where they grow in colonies, their shells
frequently accumulate until they form shell-banks of great extent.
Many shelly limestones that now form hard rocks are composed
of shells that grew on shell-banks on the floor of the sea.

The coral polyp in the warmer seas of the tropics builds up reefs
of coral that in time become converted into solid limestones.

The Sea as a Highway.—The sea stretches over the whole globe
and therefore affords an easy means of migration for all kinds of
marine life. The sea-currents also carry seeds and seed-spores
from place to place, and thus enables vegetation to spread to new
islands or to islands that have been devastated by volcanic
eruptions. The comparative rapidity with which sea-borne plants
may reclothe an isolated land is well illustrated at Krakatoa. In
1883 that island was overwhelmed with volcanic ejecta which
destroyed all the plant and animal life. In less than twenty
years the island was reclothed with a dense jungle from seeds
carried to its shores by sea-currents. What we now see taking
place in the dispersion of plants doubtless took place through all
the past geological ages.

Fossils.—Sediments laid down on the floor of the open sea contain
the imbedded remains of marine plants and shells, the bones and

7
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teeth of fishes and other creatures that lived in the sea. From a
study of these fossil remains we are able to construct a picture of
the depth of the sea and climatic conditions prevailing at the time
the sediments were laid down.

Sediments laid down in estuaries, tidal harbours, and deltas are
found to contain the bones and teeth of land animals whose bodies
were washed into the sea, the shells of land and freshwater molluses,
the trunks of trees, as well as seeds, nuts, twigs, and leaves. With
these are mingled the remains of animal life that frequent the
brackish waters of deltas and estuaries, together with those of
marine organisms washed up by sea-currents and tides.

The mingling of land, fresh water, brackish water, and marine
forms is characteristic of deposits that were laid down in estuaries
and mediterranean seas.

Variations of Sea-Level.—Up till the beginning of this century
it was the general belief that the level of the sea was invariable,
and any departure from this view was looked upon as a geological
heresy. All transgressions of the sea on the dry land were regarded
as an evidence of actual subsidence of the land ; and all recessions
of the sea as proofs of uplift. Uplift and subsidence of the land
have taken place in all geological ages, both local and continental,
of small amount and of great magnitude, as the result of crustal
folding or of volcanic or earthquake disturbance. It is obvious
that no movement of the crust, whether it affects the sea-floor
or dry land, can take place without a corresponding displacement
of the sea-level. When a portion of the ocean-floor sinks, the sea
recedes from the dry land, and the effect is the same as an actual
uplift of the land. Conversely, when a segment of the ocean-
floor rises, the sea-level is correspondingly raised, and we get a
transgression of the sea producing an effect similar to an actual
sinking of the land.

But the sea covers such a large portion of the surface of the globe
that any changes of its level produced by the rising or sinking of
crustal segments must be relatively small compared with the local
effects. If the continent of Australia, due to crustal collapse, were
to sink 500 feet, a large portion of its surface would be invaded by
the sea, but the displacement caused by the submergence would
raise the general sea-level datum less than 10 feet. Obviously
the great transgressions of the sea recorded in geological history
were the result of land movement rather than changes of sea-level.

DerositTioN DURING UPLIFT AND SUBSIDENCE.

The sediments laid down on the floor of the sea and in great
estuaries are the materials of which sedimentary rocks are formed.
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When, therefore, we are able by actual observation to see how such
deposits are laid down at the present day, we are confronted with
fewer difficulties in our study of the rocks formed under similar
conditions in past geological ages. In other words, the better we
understand the first- principles governing the deposition of sedi-
ments in lake, estuary, and sea, the better will we be able to grapple
with the problems presented by the varying texture, distribution,
and fossil contents of sedimentary rocks. The present conditions
afford the key to the past ; hence we must study present conditions
in order to understand the past.

Effect of Deposition on Rising Sea-Floor.—When a general uplift
of the land takes place, the shore-line advances on the sea, with the
result that the sediments are, as previously described, carried
further and further seaward, thereby causing seaward overlap
whereby gravels may be deposited on sand, sand on mud, and mud
on the abysmal calcareous ooze.

If the uplift is rapid and persists for a considerable time, the
overlap will be more and more marked, and thus it may happen
that pebble and sand beds may be eventually deposited over the
calcareous ooze, the abysmal zone being now a shallow sea.

But to return to the first case where the first effect of the uplift
is just sufficient to permit the sands to overlap and spread over the
mud. It may happen that the uplift is followed by subsidence.
In this case the shore-line will advance on the land, and the overlap
will be landward, thereby permitting mud to be laid down on the
newly-formed sands.

The succession of sediments in the deeper zone of deposition will
now be mud, sand, mud.

If the land is oscillating with approximate regularity, we shall
get many alternating layers of sand and mud. And since the
deposition of mud is relatively slower than that of sand, the layers
of sand will be thicker than those of mud.

Geographical Eftect of Uplift.—If the upward movementcontinues,
the partially land-surrounded portions of the sea will be at first
converted into mediterranean seas, and eventually into land-locked
lakes. If this takes place in an arid region, the evaporation of
the water will leave a deposit of salt on the floor of the dried-up
basin. When the infilling of the lake-basin takes place, as the
result of physical and climatic changes, the deposit of salt will be
covered with layers of sediment that will protect it from destruction.
It was doubtless in this way that the valuable deposits of salt in
England and Continental Europe were formed.

Simultaneous Deposition and Erosion during Uplift.—When
uplift takes place the sediments first laid down around the shore
are raised into a position where they become subject to subaerial



100 A TEXT-BOOK OF GEOLOGY.

and marine denudation; and being for the most part loose and
incoherent, they are easily broken up and removed. But the
mere uplift of the land does not stay the activity of the processes
of denudation that were in operation before the uplift began. On
the contrary, the rate of denudation may be accelerated, as the
obvious effect of the uplift will be to increase the gradient of the
slopes, whereby the erosive power of the streams and rivers will be
correspondingly increased.

So long as the uplift continues, the ordinary products of denuda-
tion plus the material dexived from the breaking up and re-sorting
of the coastal sediments, which are now subject to denudation as
the result of the uplift, are carried further seaward and spread out
as a sheet that overlaps, but lies parallel with the sediments laid
down before the uplift began.

Thus we see that while uplift may enable the edges of the first
and consequently oldest layers of sediment to be worn away and
re-sorted, deposition will still be in progress in the seaward direction.
Moreover, there will be no physical break in the continuity of the
layers which will follow one another in a conformable sequence or
succession. That is, the layers will all lie in the same plane, like
the slates or wooden shingles on the roof of a house.

Deposition during Subsidence.—During subsidence the sea
advances on the land, and the overlap of the sediments is land-
ward. In the process of time the subsidence of the land permits
coastal valleys to be submerged and estuaries to be formed. It is
almost certain that the piles of sediment that constitute the great
geological systems were formed during downward movement.

The Cycle of Deposition.—The typical succession of sediments
of many geological systems begins as a basal conglomerate and
closes with a limestone, the complete sequence being (@) basal con-
glomerate, followed by (b) marine sandstones, (c) clays, and (d) lime-
stone in ascending order. This succession is obviously the result
of deposition on a sinking sea-floor.

The torrent-formed gravels composing the basal conglomerate
were probably shot out along the foot of mountain-land fronting
the sea. On a stationary or slowly rising sea-floor the gravels
would be carried further and further until they eventually reclaimed
a maritime belt of land from the sea. This belt would be flat,
swampy, and probably deltaic.

At this stage a general subsidence set in ; and as the downward
movement continued, the sea encroached further and further on the
land. The terrestrial gravels thereby in time became covered with
marine sands, the sands with muds, and the muds with a layer of
calcareous organisms that, when consolidated, formed the closing
limestone member of the series.
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Seams of coal are frequently found associated with the basal
conglomerate, from which it may be deduced that, during the
deltaic period, vegetation established itself on the mud-flats, and
grew so rank and rapidly that sufficient vegetable matter accumu-
lated to.form, when consolidated, valuable seams of coal.

Each seam of coal marks an old land surface, and when we find
that the different seams are separated by beds of sandstone or
conglomerate, we are able to conclude that the land was slowly
oscillating during the deltaic period ; that is, before the general
subsidence began that led to the terrestrial gravels and their seams
of coal being buried beneath the succession of marine beds.

The effect of progressive subsidence is to reduce the height of
the dry land ; while the continuous denudation tends to reduce its
surface to contours of low relief. Should the subsidence continue,
the land will eventually become submerged. While the subsidence
continued, the sediments spread out on the sea-floor overlapped
more and more. Where there was total submergence of the land
we may even find a calcareous zone or limestone riding hard on
the basement rock as the result of profound overlap.

PrrAcic Oreanic DeposITSs.

We have seen that, as we leave the land, the materials spread
out on the sea-floor become progressively finer and finer in grain,
until a limit is reached beyond which the sea is quite clear and free
from sediment derived from the land.

Pteropod Ooze.—The deep-sea dredging carried out by the
Challenger Expedition showed that, from the outer edge of
the mud zone down to a depth of about 1500 fathoms, the sea-floor
is covered with a calcareous ooze consisting mainly of the shells of
Pteropods and Foraminifera, the former very small molluscs, the
latter minute protozoans that live in beautiful chambered shells
full of small pores ; hence the origin of the name. In this zone the
Pteropods predominate.

Globigerina Ooze.—From about 1500 fathoms down to 3000
fathoms, the sea-floor is covered with a calcareous ooze consisting
almost entirely of the shells of Foraminifera, the commonest of
which is Globigerina, from which this ooze is named.

Red Clay—At greater depths than 3000 fathoms the calcareous
oozes are absent, their place being taken by an excessively fine
deposit called red clay. In certain areas in these abyssal depths
there are deposits of Diatoms and Radiolaria, both of which are
siliceous organisms, the former tiny plants, the latter minute
protozoans.

The red clay would appear to be the very fine dust that has fallen
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on the surface of the sea. It consists partly of fine volcanic dust,
and partly of wind-borne desert dust, mixed with what is believed
to be the dust of meteors that have been broken up on entering
our atmosphere.

This dust, from whatever source it is derived, must be very small
in quantity, and when spread over the many millions of square
miles of the sea-floor, must take thousands of years to form a layer
even an inch thick.

The surface of the red clay is thickly scattered with the teeth of
sharks, hundreds of which have been skimmed up by the dredge
and brought to the surface. These teeth are so numerous that it
must have taken probably thousands of years for them to accumu-
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Fic. 43.—Showing zones of calcareous ooze and red clay
in the abyssal depths of the sea.

late, and yet the red clay has not been able to cover them, so slow
is the rate at which it is being deposited. '

Cause of Zonal Arrangement of Caleareous Organisms.—Both the
Pteropods and Foraminifera are organisms that swim about freely
at the surface of the sea. They exist everywhere in countless
millions, and there is a continual rain of their dead shells which
slowly fall through the water.

The empty calcareous shells of both the Pteropods and Forami-
nifera are soluble in sea-water ; and where the depth of the ocean
exceeds 3000 fathoms both are dissolved before they reach the sea-
floor. Hence the absence of these organisms in the red-clay zone.

Pteropods are absent from the Globigerina zone because their
shells are more soluble than those of the Foraminifera. Therefore,
although the dead shells of both Pteropods and Foraminifera begin
their long downward journey together, when a depth of 1500
fathoms is reached, the Foraminifera are left to continue the journey
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alone, the shells of the Pteropods having passed into solution in
the sea-water.

Pteropods and Foraminifera are abundant near the shore in all
classes of sediment, but they are not easily seen except when
samples of the mud and sand are carefully washed.

The calcareous ooze of the deep sea is the material of which the
chalks and limestones of some future time will be formed.

Radiolarian Qoze.—This ooze, which also contains numerous
Diatoms, is not found so widely spread as the red clay, which covers
the greater portion of the sea-floor below the 3000-fathom line.
At the greatest depths known in the Pacific Ocean the red clay
contains deposits of Radiolarian ooze. The Radiolaria as well as
the Diatoms live at the surface of the water, but as they are com-
posed of silica, which is but feebly soluble in sea-water, they are able
to reach the bottom even at the greatest depths.

Coral Reefs.—In many tropical countries where the shores are
bathed by warm sea-currents, colonies of coral of many different
genera and species by their continuous growth form rock masses
that are frequently of vast extent.

The conditions required for the existence of vigorous coral
growth are (#) a mean temperature not less than 68° Fahr.; (b)
absence of fresh or muddy water; and (¢) warm equatorial sea-
currents to provide a continuous and ample supply of food for the
coral-builders.

The reef-building corals cannot live at depths below 15 or 20
fathoms, and appear to thrive best at a depth of about 7 fathoms.
They are destroyed by exposure to the sun or air, even for a very
brief time, and consequently cannot grow above the lowest tide-
mark.

Coral reefs of great extent are found on the east coast of Australia,
in the South Pacific Islands, Central America, and east coast of
Africa. In the Indian and South Pacific Oceans, hundreds of the
islands are entirely composed of coral rock.

Many of the great limestone deposits found in various parts of
the globe, associated with the older geological sedimentary forma-
tions, were doubtless formed by coral-growth, although the proof
of this is not always obtainable, as the original organic structure
has been entirely obliterated by the internal crystallisation.

Coral reefs that have been recently elevated, as well as reefs
submerged by the subsidence of the sea-floor, as shown by the
borings carried out at Funafuti, gradually loose their organic
structure. They acquire a crystalline structure like an ancient
limestone, owing to the infiltration of water through their mass.
The water contains dissolved carbonate of lime, which it deposits
throughout the pores and crevices of the mass in a crystalline
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form. In this way the reef is consolidated and converted into
a compact, more or less homogeneous, crystalline limestone.

During the terrific storms that at certain seasons of the year
sweep over the tropical seas, the waves break off large blocks of
coral which pound one another into coralline sand and mud, or
are hurled with destructive effect against the living coral reef, from
which fresh blocks are thereby torn. After a storm the shores of
a coral island are frequently piled up with sand and fragments
of coral—the wreckage of the submerged reefs. At the height of
the storm, and even for some hours after it has abated, the sea is
discoloured with coral-mud for a distance of several miles beyond
the outer reef. The detritus that is not heaped up on the beaches is
spread as a sheet on the sea-floor, where it is in time consolidated by
infiltration, forming a foundation for the renewed growth of the
coral-builders.
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F1a. 44.—Showing growth of coral reef on stationary
or slowly rising sea-floor.

Formation of Coral Reefs.

Coral reefs may grow (a) on a stationary or slowly rising sea-
floor, or (b) on a sinking sea-floor. When they grow on a stationary
ot slowly rising floor they extend outward, forming tabular masses,
while on a sinking shore-line they grow upward.

Growth of Coral Reefs on Stationary or Slowly Rising Floor.—
The living coral grows vigorously only on the outside or seaward
side of the reef. That is to say, it grows towards the source of the
food-supply. In this outward growth, being unable to live below
the 20-fathom line, it spreads outward, forming huge mushroom-
shaped masses. In time the overhanging cornices break off in
large slices, partly owing to the stress of their own weight, and
partly owing to the force of the waves during storms. The broken
masses fall to the sea-floor. In this way, by the continuous growth
and breaking up of the reef, the blocks, mingled with sand and mud,
accumulate until they rise to the 20-fathom line, where they form a
new foundation for the ever active myriads of coral polyp.
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On a stationary sea-floor the coral reef thereby gradually spreads
seaward, forming a tabular sheet of increasing thickness.

When the sea-floor is slowly rising, the outward growth is
relatively rapid; hence the calcareous sheet is more uniform in
thickness. : ;

In Fiji and other Pacific islands, consolidated tabular sheets
of uplifted coral reef can be traced inland for many miles, their
crystalline structure resembling that of many of the ancient sheets
of limestone, intercalated with the Wenlock, Carboniferous, and
Jurassic formations.

Growth of Coral Reef on Sinking Sea-Floor.—1If the land is sinking
at a less rate than the growth of the reef-building, the corals will
be able to maintain their place above the 20-fathom line, and hence
will grow upward and outward. 1f the water outside the reef is
deep, the outward growth will be relatively slower than the up-

Sea-level/

Fra. 45.—Showing formation of Barrier Reef.
A and B are old shore-lines.

ward. If the rate of subsidence competes with the growth of the
coral, the builders will just be able to maintain their position, and
the floor of the sea will be covered with a sheet of coral reef, the
extent of which will depend on the duration and amount of the
subsidence. .

Formation of Barrier Reefs and Atolls.—These are believed to
have been formed by the upward growth of coral on a slowly sinking
shore-line. This view was first advanced by Darwin, and is now
generally accepted by geologists; but the theory of outward growth
advocated by Murray has many supporters.

When the coral reef is marginal to a sinking continent or large
land-area, a barrier reef is formed. For, as the sea-floor continues
to sink, the coral reef grows upward, the shore-line at the same time
receding further and further from the reef. The water between
the reef and the shore thus becomes deeper and deeper as the sub-
sidence progresses until a barrier reef is formed, as shown in fig. 45.

When the coral reef grows around the shores of an island, the
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united result of the upward growth of coral and progressive sinking
of the land is to form a fringing reef marginal to the old shore.
When the subsidence continues until the island is completely sub-
merged, all that remains to mark the former existence of the island
is a ragged ring of coral reef, forming what is called an atoll.

The wreckage of the reef, piled up by the waves and wind, in the
course of time raises the reef above sea-level ; and, as the land con-
tinues to sink, the inside lagoon becomes deeper and deeper.

The theory of outward growth and dissolution, as advocated by
Murray, assumes that atolls were built up on marine banks or
platforms, on which the coral polyps established themselves and
formed a sheet that in time grew to the surface. At this stage the
growth would be on the outside fringe of the reef, exposed to the
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F1c. 46.—Showing progressive stages and formation of fringing
reef or atoll. B and A, former level of sea.

break of the ocean waves, from which the polyps derived their
food-supply ; and here, by the action of the waves, the rim of the
reef would in time rise above the surface. The corals on the inside
portion of the sheet, being deprived of their food-supply, would soon
decay and dissolve, thereby forming a lagoon. As the growth
would be outward, the reef would gradually extend seaward, the
living polyps building on the apron of broken coral on the outer
slope of the reef. At the same time, the lagoon would become
larger and larger by the continual dissolution of the dead coral
inside the living barrier.

Agassiz pointed out the frequent occurrences of uplifted coralline
limestones, which might be worn down and dissolved, while fringing
reefs grew around them, thus producing barrier reefs and atolls
in association with elevation instead of subsidence.

According to the view formulated by Darwin, the Pacific Ocean,



THE GEOLOGICAL WORK OF THE SEA. 107

with its hundreds of atolls, must be regarded as an area of sub-
sidence, the existing islands marking the site of the higher peaks
and ridges of a submerged continent. It we assume the truth of
this, we are at once faced with the question, Why did the coral
polyps refrain from building till the peaks and summits of the
mountaing were just on the point of complete submergence ? If
the subsidence view be true, then the original limits of this ancient
continent ought to be outlined by the barrier reefs that girdled the
receding and deeply embayed sinking land, like the great barrier
reefs of Australia and New Caledonia. But of such mighty barriers
we can find no trace.

Subsidence and upward growth seem to afford a satisfactory
explanation of the production of barrier reefs ; and if accepted as
satisfactory for atolls, we must assume that the rate of subsidence
of the ancient continent postulated above was too rapid to permit
the upward growth of coral reefs on the site of the sinking strands
till all but the higher points of the land were submerged.

Distribution of Coral Reefs and Islands.—The great Barrier
Reef on the north-east coast of Australia is 1250 miles long, and
varies from 10 to 90 miles wide. It is usually about 20 miles from
the shore, but in places the distance increases to 50 or even 90
miles. The depth of the channel varies from 50 or 60 feet to as
much as 60 fathoms in the southern part, where the reef lies
furthest from the mainland.

The barrier reef of New Caledonia is 400 miles long, and the
average distance from the land is about 10 miles. The length of
New Caledonia is 250 miles ; so that we may conclude that sub-
sidence has shortened the island by a distance of 150 miles since the
coral reef began to grow on its shore.

Over 200 atolls, or true coral islands, the majority of them only
a few feet above sea-level, are scattered throughout the Indian and
South Pacific Oceans. The principal atolls in the Indian Ocean
are the Laccadive and Maldive Islands, the Chagos Bank, and the
Saya de Malha, which form a stretch of submerged land between
India and the north of Madagascar. It is not inconceivable that
such a group of islands, before they were submerged, may have
formed a continuous land connection from Mozambique to the
Malabar coast of India. Such a connection would help us to under-
stand the presence of an African element in the Indian land fauna.

In the South Pacific the principal atolls are the Low Archipelago,
Gilbert Group, Marshall, and Caroline Islands.

The ring of coral reef forming an atoll is generally breached in
one or many places, thereby giving access to the lagoon inside.

Coral reefs of great extent exist on both shores of the Red Sea.
They extend down the Zanzibar coast and the coast of Mozambique,
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and surround the Mauritius. If subsidence of the east coast of
Africa were to take place, the former would form barrier reefs
running parallel with the present coast-line.

Lacustrine Limestones.—The limestones formed on the sea-floor
have their correlatives in lakes. Some lacustrine limestones are
composed of freshwater shells, or the calcareous secretions of fresh-
water algz that flourished in the clear water. Others were formed
by precipitation from solution. Many of these calcareous deposits
have been consolidated by the dissolution of bicarbonate and the
re-deposition of carbonate of lime, but some of those of late Tertiary
date are still loose and pulverulent.

SUMMARY.
The Sea as a Destructive Agent.

(1) The erosive work of the sea is chemical and mechanical.

(2) The free carbonic acid contained in sea-water converts lime-
stones into the soluble bicarbonate of lime ; dissolves the binding
medium in all kinds of calcareous rocks; and attacks the felspar
of igneous rocks, such as granite and basalt. Limestones are thus
slowly worn away, while calcareous and igneous rocks are first
disintegrated and then destroyed.

The free oxygen in the sea-water continues the disintegration
effected by the carbonic acid by oxidising the iron in the iron-
bearing minerals.

(3) The greatest erosive effect of the sea is the work of the tides,
sea-currents, and waves set in motion during storms. In this way
the edge of the land is gradually eaten away, the softer rocks being
shorn back, while the harder are undermined until they finally
become shattered and broken up. The blocks of hard rock accumu-
late at the foot of the cliffs, where they at first form a protecting
apron, but are afterwards broken up and rounded, in time forming
shingle, and finally sand and silt. During great storms blocks of
hard rock are flung with destructive effect against the cliffs.

(4) Soft rocks are worn-away more rapidly than hard ; thus in
time the former are worn back until they form bays and gulfs, while
the hard rocks remain as steep cliffs and projecting headlands.

(5) In high latitudes masses of floating ice abrade the rocks, and
may even wear away the edge of the land into benches.

{6) Therecession of a coast-line shortens the course of streams and
rivers, which are thus enabled to regrade and cut down their beds.
In this way rivers, in the process of cutting down their beds, may
excavate terraces in the lower portion of their course, the effect
of recession being the same as an elevation of the land.
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(7) The total effect of all the processes of marine denudation is
the cutting away of the land to an even platform called a plain of
marine denudaiton. Nearly all large islands and continents rise
from a marine shelf or platform of this kind, as shown by
soundings around their shores.

The Sea as a Constructive Agent.

(8) The sea is the final destination of nearly all the products of
denudation of the dry land. Streams and rivers continually dis-
charge an enormous load of gravel, sand, and silt into the sea, where
it is sorted and spread out, the coarser material near the shore, the
sands in deeper water, and the silts and muds still further seaward.
Many harbours and bays in time become filled with detritus, and in
favourable situations sand-banks and shoals of sand may be formed
far out from the land. Converging sea-currents may form sand-
spits of great length.

(9) In estuarine deposits the coarsest are laid down near the
entrance, and the finest at the utmost limits reached by the flowing
tide. Where streams discharge coarse material into the estuary,
these are mingled with fine harbour muds.

(10) The sea is the cradle and preserver of life. By its great
extent it affords unrivalled means for the migration and dispersion
of land plants, and all kinds of marine life.

(11) The remains of plants and animals are embedded in deposits
of all kinds—marine, estuarine, fluviatile, lacustrine, and volcanic—
and there preserved from destruction. They form valuable records
of the contemporary life, climate, and physical geography of the

eriod of deposition.

(12) When deposition takes place during uplift of the land the
marine sediments are carried further and further seaward, whereby
seaward overlap takes place.

(18) The geographical effect of continued uplift is to convert
partially land-surrounded portions of the sea into seas of the
mediterranean type, and eventually into land-locked basins or
lakes, in which, by evaporation, deposits of salt may be laid down.

(14) During uplift, deposition of sediments continues without
cessation, the sediments being merely carried further and further
outward or seaward. But while this is taking place, the upward
movement of the land has raised the old shore-line above sea-level,
with the result that the coastal edges of the sediments first laid
down are subject to the wear and tear of subaerial and marine
agencies of denudation. The shoreward portions of these older
layers are thereby broken up, re-sorted, and spread out on the sea-
floor along with the ordinary products of denudation of the land.
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Thus we see how it is that deposition and erosion can- proceed at
the same time during uplift of the sea-floor.

(15) During subsidence the sea encroaches on the land, and the
sediments overlap one another in a landward direction. It is prob-
able that all the piles of sediments forming the great geological
systems were laid down during downward movement of the land.

(16) In a typical cycle of deposition we find that gravels, sands,
and muds shot down on a stationary or slowly rising sea-floor in
time reclaim a maritime belt from the sea, producing conditions
that are frequently deltaic. When a progressive subsidence takes
place, these terrestrial deposits are covered over with marine sands,
followed by marine muds. These may be followed by a layer of
calcareous organisms that, when consolidated, will form a bed of
limestone which will close the cycle of deposition. In other words,
the cycle begins with terrestrial sediments, and ends with a deep-
sea deposit, provided the subsidence is continued.

During the deltaic period, if the climatic conditions are favour-
able, rank vegetation may establish itself on the level swampy
coastal lands, and if it remains long enough, sufficient decaying
vegetable matter may accumulate to form valuable seams of coal.
When the general downward movement begins, this vegetable
matter will be covered over with sands and other sediments, and
thereby protected from destruction.

The presence of two or more seams of coal would indicate that
the land was slowly oscillating during the deltaic period—that is,
before the general downward movement was fairly started.

(17) The abysmal deposits of the sea consist of various calcareous
oozes that below the 3000-fathom line give place to the red clay, com-
posed of volcanic, desert, and meteoric dust that settled on the
surface of the sea.

(18) The continuous growth of coral in warm tropical seas forms
large masses of calcareous rock, which, by the infiltration of cal-
careous waters, assume a crystalline structure resembling the older
Palxozoic limestones.

(19) On a stationary or slowly rising sea-floor the coral reef grows
outward, forming tabular masses. On a sinking sea-floor the growth
is mainly upward.

(20) Coral reefs growing on the shores of a sinking continent or
large land area form barrier reefs; while those that grow around
a sinking island form fringing reefs. When the island inside the reef
finally disappears below the surface of the sea, an atoll or true coral
island is formed.

(21) Marine limestone have their correlatives formed in fresh-
water lakes.



CHAPTER VII
ROCK-BUILDING.

Tae CONSTRUCTION OF SEDIMENTARY ROCKS.

By far the greatest visible portion of the Earth’s crust is composed
of sedimentary or aqueous rocks. We will therefore now consider
the original constitution of these rocks as resulting from the condi-
tions under which they were formed.

Among the various structures to be considered are stratification,
Jalse-bedding, and lamination.

Forms of Bedding.

All fragmentary material derived from the denudation of the
land is eventually laid down on the bed of the sea or on the floor
of some lake or river, where it is sorted by the action of the water
and spread out in layers or beds which are also termed strata.!

The strata or beds, according to the conditions in which they
were formed, may be marine, lacustrine, or fluviatile. In other
words, the layers of gravels, sand, and mud laid down on the floor
of the sea form what are termed marine beds ; those deposited in a
lake-basin, lacustrine beds; and the deposits laid down in a river-
bed, fluviatile beds.

Stratification.—We found in the last chapter that the detritus
discharged into the sea is sorted and spread out into three principal
zones running nearly parallel with the shore, the coarsest material
being deposited nearest the shore, and the finest furthest seaward.

The material in each zone is approximately uniform in size, the
sorting or grading into sizes resulting from the operation of the
well-known hydraulic principle that equal particles falling in water
offer an equal resistance. This principle can easily be illustrated
by throwing a mixture of coarse sand, fine sand, and silt into a
tall glass jar filled with water. The coarse sand, fine sand, and
silt will after a little time be found to have settled in three dis-
tinct layers, the coarsest being at the bottom because it fell the

1 Strata, the plural of stratum =a layer or bed.
111
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quickest, with the finest at the top because it settled the slowest

(fig. 47). _
The deeper the water into which the mixture is thrown, the more
complete will be the separation, and the cleaner the products

in each layer.

Fr1a. 47.—Showing sorting action of still water.
(a) Coarse sand. (b) Fine sand. (¢) Silt.

The separation or sorting just described takes place in still water,
a condition which is seldom or never met with in nature.

Let us now assume that a similar mixture is thrown into the
head of a long box-launder or chute through which there is flowing
a slow stream of clean water. The flowing water possesses the same

Direction of Flow R EE— /
¥
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Fic. 48.—Showing sorling and spreading action of moving water.
(a) Coarse sand. () Fine sand. (c) Silt.

sorting action as still water, and we shall again obtain three sorted
products; but instead of these being arranged vertically one above
another as in our first experiment, they will be spread out in the
same plane, the falling particles being deflected in their descent in
the direction of the flowing water.

The particles have two motions—a vertical and a horizontal ;
hence, the more slowly they fall through the water, the greater will
be the travel or deflection before they settle on the bottom. And
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since the heaviest particles fall first and the finest the last, we shall
get the coarse sand at the head of the launder, the fine sand in the
middle, and the silt at the tail, as shown in fig. 48.

Thus, for the sorting and spreading out of detrital material we
require the water to be in motion, and of course this condition is
always provided in the case of the sea by the daily tides, sea-
currents, and the wave motion generated by winds.

Fr1a. 49.—Showing conglomerates without bedding.

The gravel and shingle lying near the shore-line form conglomer-
ates ; the sands spread further seaward, sandstones ; and the muds,
still further out, form mudstones and shales.

Conglomerates frequently exhibit no stratification or lines of
bedding, and when they do, it is generally caused by the occurrence
in them of layers of finer or coarser material. Thus, bands of

Fi6. 50.—Showing conglomerates with bands of sandstone,
a—a, imparting a bedded appearance.

sandstone or shale impart a bedded appearance to the layers of
conglomerate lying between them.

Fig. 49 shows a section of a bluff of conglomerate which exhibits
no appearance of bedding; but the same conglomerate when it
contains sandstone bands a-a, is seen to present a bedded or strati-
fied appearance.

It should be noted that the bands of sandstone that occur in a
conglomerate are generally extremely variable in thickness “and
linear extent. ‘Thisis what might be looked for where fine material
is laid down among coarse, the fine being in most cases deposited
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during a temporary inset of the coastal sea-currents by a continu-
ance of heavy weather or seasonal causes.

The floor of the sea around the coast-line is not level, but, on the
contrary, full of hollows, ridges, and minor inequalities, resulting
from the unequal resistance of the rocks to the wear and tear of
the sea.

The first detritus laid down on the floor of the sea will be spread
out as a sheet which will be of variable thickness. The tendency

Sea.-level

F1a. 51.—Showing parallelism of beds after the hollows in
the sea-floor are filled up. -

of the material will be to fill up the hollows and depressions, in
consequence of which the sheet, while gradually tapering from the
shore-line seaward, will be thickest in the hollows and thinnest on
the ridges. In other words, the first sheet of material will conform
to the contour of the floor on which it rests.

The next sheet of detritus will be spread over the first, but the

Sea-/level
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F1a. 52.—Showing seaward overlap as a result of deposition
on a stationary or rising sea-floor.

hollows will receive a thicker coating than the other portions of
the floor. As layer after layer is laid down, the hollows will be
completely filled up; and after that happens, the succeeding
layers will be parallel throughout.

On a gently shelving sea-floor, when the level of the land relatively
to the sea is stationary, or when the land is rising slowly, the detritus
is carried further and further seaward, with the result that the
successive zones of sorted material do not lie vertically above one
another, but overlap going seaward, the upper sheets overlapping
the lower as shown in fig. 52. The result of this overlapping is
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that different grades of material succeed one another in a vertical
line. Thus a bed or stratum of mud may be followed by a bed of
sand, and a bed of sand by one of gravel. This alternation of
different grades of material produces, when consolidation takes
place, what is known as stratification.

Alternations of thin beds of sandstone and thinner beds of slaty
shale are frequently seen among the older rock-formations, and this
alternation may persist through a thickness of many thousand
feet. In this case the deposition of fine silt or mud on the sands
may have been due to small seasonal variations in the velocity of
the sea-currents, or to the seasonal changes in the prevailing winds,
exercising an influence on the direction and strength of the currents,
or to the varying power of the tides.

Theoretically, a conglomerate which is a shore-line deposit ought
to graduate going seaward into a sandstone, and from a sandstone

ZA

F1e. 53.—Showing landward overlap as the result of deposition of detritus
on sinking sea-floor.

Sa, 8b, and Sc mark successive sea-levels.

into a mudstone; but owing to the mixing up of the material
through coastal currents and gales at the time of deposition, this
condition is perhaps seldom found to exist in nature.

On a sinking shore-line with an advancing sea, the overlap of the
successive layers of detritus laid down on the sea-floor will be on
the landward side as shown in the next figure.

Lamination.—When a rock occurs in very thin layers it is said
to be laminated. The lamine may vary from the hundredth of an
inch to an inch thick. A laminated structure is only found in
rocks composed of silt or mud. The laming frequently vary in
colour. Thus one lamina may be greyish blue; another greenish
grey, yellowish brown, or red., Alternating laminse of different
colours give the rock a ribbon-like appearance when viewed in
sectional elevation.

Glacial clays, shales, and slates frequently possess a laminated
structure. These are composed of the fine sediments carried by
rivers into seas and lakes, being deposited where there is little or
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no movement in the water, or of muds spread over the floor of
estuaries and tidal harbours.

Investigation has shown that the lamination, even when paper-
like, is due to minute differences in the size of the particles. The
process of deposition of very thin layers is, like stratification,
dependent on the principle of equal falling particles. Let us assume
that a silt-laden river like the Amazon enters the sea with a velocity
of one foot per second. It is obvious that the suspended particles
will settle on the sea-floor in parallel zones, the coarser silts first
and the finest furthest seaward. But if through any cause, such
as the daily pulsations of the tides, the velocity of the current is
checked, we shall get frequent alternations of normal flow and
slack-water, with the obvious result that in any certain zone there
will be deposited alternating layers or lamine of fine and excessively
fine silt, laid down one above another. This process of lamination
can be seen in operation in all of our mud-filled tidal harbours.
In these also near the entrance, muds are deposited in alternating
layers, due to the varying power and velocity of the inrushing
tides.

Glacial silts laid ‘down in shallow lakes frequently possess a
laminated structure. The lamination in this case is due to the
daily and seasonal variations in the flood-level of the glacial river.
Glacial rivers, particularly in spring and summer, exhibit a daily
rise and fall, the maximum rise taking place in the afternoon.
The velocity of flow varies with the depth of the water, and in
consequence we get at the point of discharge an overlapping of
sediments of different-grades which, as we have seen, induces the
structure termed laminaiion.

Laminated rocks generally split readily in a direction parallel to
the plane of the lamine. The presence of finely comminuted
flakes of mica adds greatly to the ease with which the splitting
takes place.

The differences in colour frequently met with in laminated rocks
is due to slight variations in the composition of the sediments
laid down at various times or seasons. A river like the Amazon
drains nearly half a continent. Many rock-formations are repre-
sented within its watershed. The large tributaries are not always
in flood at the same times. Thus one tributary may, when in
flood, contribute chalky muds, and another tributary slaty or
micaceous silt. In this way the alternation of different-coloured
sediments is obtained. -

Lamination is thus seen to be merely a minute form of stratifica-
tion, mainly, but not exclusively, the work of water. The dust
ejected from the great fissure-rent during the Tarawera eruption
in 1886 was a mixture of various grades of fine material. In many



ROCK-BUILDING. 117

places it settled in thin lamin, the sorting into uniform grades of
equal-falling particles being effected by the winnowing action of
the high wind prevailing at the time. The wind did not maintain
a steady pressure, but came in powerful blasts, which thus allowed
layers of dust of different fineness to settle one after another in
the same zone. ‘

The sands forming coastal dunes frequently possess a laminated
or banded structure, also due to the varying velocity of the pre-
vailing winds.

[
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Fre. 54.—Showing formation of false-bedding at head of lake.

False-Bedding.—This is a bedding that does not lie parallel to
the general bedding plane of the formation in which it occurs. It
is frequently found in sands and fine gravels deposited on the bed
of the sea, on the floor of a lake, or in the channel of a river ; and
is frequently a quite local phenomenon. False-bedding, also termed
current-bedding, can be frequently seen in process of formation at
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Fia. 55.—Showing false-bedding in lacustrine detritus
poured into a lake-basin.

the head of valley-lakes that are being filled up with river detritus,
and also in the broad shingle beds of mountain streams.

The gravels and sands, as they are discharged into the lake-
basin in times of normal flow, are laid down in an inclined position
like the material tipped from trucks at the end of a mine-dump.
During floods, the river acquires a greater velocity and is thereby
enabled to cut away the crest of the detritus previously laid down
at the head of the lake. As the flood slackens, a sheet of detritus
is laid over the truncated edges of the inclined beds a-b; and
when the flood finally subsides and normal conditions prevail, the
fresh material discharged by the river is once more laid down in
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the now almost still water in an inclined position like the first, and
we get the appearance shown in fig. 55.

It should be here noted that the detritus is not carried in sus-
pension, but is rolled along the bottom until it reaches the edge of
the #ip, where it rolls down, at once adjusting itself to the natural
angle of rest.

False-bedding is frequently seen in loose river gravels at places
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FIG..56.—Sh0Wing false-bedding in river-gravels.

where holes are scoured in the bed, or old shallow channels have
been gradually filled up by the tipping process mentioned above.
When filled up to the normal flood-plane, the inclined beds tipped
into the depression are overspread with sheets of gravel lying
parallel to the plane of flow.

False-bedding is also seen in river-gravels laid down in what is

F1a. 57.—Showing false-bedding in wind -blown sands.

termed a back-water or elongated eddy in which the current runs
in the opposite direction to that of the general flow of the stream.

The false-bedding of estuarine or fluvio-marine sediments is
of frequent occurrence. It gemerally takes place in the same
manner as in lacustrine deposits, and is more often seen in sandy
beds than in conglomerates.

Wind-blown sands frequently exhibit fine examples of false-
bedding. The sand is driven along before the wind until it
reaches the lee-side of a ridge or edge of a declivity where it im-
mediately falls down the sheltered slope, forming layers more or
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less parallel with the angle of rest, as shown in A of fig. 57, in which
the direction of the wind is indicated by the arrow.

When the wind blows from the opposite direction, the crests
of the inclined layers of sand are liable to be truncated along the
line ¢-b. When this - happens, fresh layers of sand are sometimes,
but not always, laid down in a nearly horizontal plane, as shown
in B, fig. 57. It sometimes happens that the wind after truncating
the inclined layers begins to build up a new set of layers inclined
towards the direction in which the wind is travelling.

Current-laid Stones.—In rivers, and in all currents of water
that run continually in the same direction, the larger stones, parti-
cularly those of a slabby shape, tend to arrange themselves in such
a way as to offer the greatest resistance to the water flowing over
them (fig. 58). This arrangement can be seen in almost every
gravel terrace composed of layers of fine and coarse gravel. It
always affords a valuable clue to the gold-miner as to the direction
of flow of the ancient river that formed the terrace, thereby enabling

s. Direction of flow
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F1a. 58.—Showing arrangement of stones in a river-bed
to resist being lifted.

him to locate with some degree of certainty the position of the
gold-bearing wash-dirt.

Surface Markings on Sediments.

From our study of the manner in which sediments are formed
on the sea-floor, we are able to deduce two fundamental truths
that bave an extraordinary importance in connection with the
unravelling of the history of the Earth. These truths, which are
now recognised as geological axioms, may be expressed as under :—

(1) That all mechanically formed sediments are composed of
the waste of pre-existing land.

(2) That all marine detrital sediments were laid down marginal
to land areas.

Hence, in his endeavour to trace out the geographical distribution
of the land and sea at the different stages of the Earth’s history,
the geologist searches for all the evidences that indicate the former
existence of shore-line conditions of deposition,
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The most trustworthy and tangible evidences of ancient shore-
lines are beds of conglomerate composed of beach-shingle, and
rocks containing the remains of marine life that are known to live
only in shallow water. These outstanding and indestructible
proofs are frequently supplemented by facts that may in themselves
appear insignificant, but are not less valuable in affording clues
as to conditions of deposition on which special emphasis may be
safely laid. :

Among these minor proofs are ripple-marks, sun-cracks, rain-
and hail-prints, and antmal tradls, all of which have been found
in rocks composed of sediments of fine texture.

Ripple-Marks.—These may be frequently seen in the sands
laid down on the sandy shore of a lake or sea, or on the floor of
a shallow lake or estuary. They are produced by the pulsations
of a slowly retreating tide. They are also formed by the wind
bearing on the surface of shallow, slowly-ebbing, tidal waters. The
ripple-marks produced by one ebbing tide will be obliterated by
the next flowing tide, which, on retreating, will form a new series
of ripples.

In certain situations the surface of sand dunes is frequently
covered with parallel ripple-marks formed by oscillations in the
force of the wind.

Where the ripple-marks are formed under water that is always
receiving fresh ‘accessions of sand, a ripple-marked surface may
be gently overspread with a layer of sand and be thus preserved
(Plate XII.). Ripple-marked sandstones are found among the
geological formations of all ages.

Sun-Cracks.—In many shallow tidal harbours, estuaries, and
deltas, a marginal strip of silt or mud is daily left high and dry
between the high-water and low-water lines. At the upper limits
of the tide the sediments may be exposed to the drying influence
of the sun’s rays for many hours at a time ; and when this happens
the muds shrink, and in doing so become seamed with a network
of cracks that produce polygonal cakes somewhat resembling
the pattern of an ancient Roman pavement.

Sun-cracked muds are a striking feature in many mangrove-
covered tidal harbours in north New Zealand, Australia, East
Indies, and other tropical and semi-tropical lands where the blazing
heat of the summer sun at certain phases of the tide dries up the
marginal layers of mud with great rapidity. The same phenomenon
on a miniature scale may be witnessed in almost all temperate
lands in dried-up mud-puddles and pools on the roadside, and
in cultivated fields after heavy rain followed by sunshine or a
drying wind.

Estuarine and tidal sun-cracks are generally obliterated by the
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next tide, but in some cases they are gently filled with fine sediment
and thereby preserved. Fossil sun-cracks are eloquent witnesses
of tidal muds and a blazing sun in past geological ages.

Rain- and Hail-Prints.—Estuarine muds are sometimes pitted
with the heavy drops of a passing shower of hail or rain, and when
these prints are gently covered with mud by a slowly rising tide
they are permanently preserved, thus forming valuable meteoro-
logical records.

Where the mud is very soft, the rain only makes indistinct

F1e. 59.—Showing sun-cracks in harbour mud.

splashes, and where it is too hard, it fails to make any impression.
But in tropical and semi-tropical lands, the hail frequently falls
as large as hazel-nuts. In a few minutes it litters the ground with
leaves stripped from the fringing mangrove trees, and in the open
estuary descends with such force that much of it is half-buried
in the mud. When the half-buried” hail melts, it leaves perfect
dimples or prints scattered irregularly over the surface of the mud.
Many, if not the majority, of the supposed fossil rain-prints are
probably hail-prints.

Fossil-prints have been found in many geological formations,
and their values lie in the proofs they afford that the meteoro-
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logical conditions of to-day are but a continuance of those that
existed in far-off geological times.

Animal Trails,—Crabs, lobsters, shellfish, and worms as they
move over the surface of the partially dried silts and muds exposed
between tide-marks, leave their trails and burrows, which, under
favourable circumstances, may be preserved by a fresh layer of
sediment. Marks such as these have been found in rocks composed
of fine sand and mud; and are regarded with much interest by
geologists as they afford conclusive proof of the physical conditions
under which the sediments were laid down.

Besides these, there have also been preserved in slabs of stone
the tracks of reptiles, birds, and mammals that in past ages
roamed about the margins of the sun-dried estuaries and deltas
in search of food.

Fie. 60.—Showing animal tracks.

SUMMARY.

The rock-structures that have been considered in this chapter
are (1) Stratification, (2) Lamination, and (3) False-bedding.

(1) Stratification refers to the arrangement of detrital material
in parallel layers or beds commonly termed strata; a word
derived from the Latin strafum =a layer or bed. When
the different beds (exposed for example in a sea-cliff) are
distinetly marked, the rocks are said to be well-stratified.

" But if, on the other hand, the bedding is indistinct and
difficult to determine, the rock is said to be indistincily
stratified. Thin bands of any material occurring at
intervals in a formation that possesses no bedding planes,
always impart a stratified appearance to the rock. A
line of detached nodules or pebbles will also indicate the
original deposition plane in a rock that otherwise shows
no evidence of bedding. .
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The appearance of well-stratified rocks as seen in many sea-
cliffs is shown in fig. 61, and in Plate XIII. (A).

F1a. 61.—Showing section of stratified rocks.

(a) Conglomerate. (¢) Thin-bedded sandstone,
(b) Thick-bedded sandstone. (d) Marly clays.
(e) Marine limestone.

(2) Lamination refers to the aqueous deposition of silt and mud
in very thin layers or lamine. Lamination is merely a
minute form of stratification, and is a structure found only
in fine sediments deposited in still or slowly moving
waters in accordance with the principle of equal-falling
paxrticles.

F1a. 62.—Showing false-bedding structure.

(3) When the planes of stratification in some particular bed run
at some other angle than the general plane of the beds
above and below, the structure is termed false-bedding
or current-bedding.

The appearance of false-bedding in consolidated or partially
consolidated rocks is shown in fig. 62.
False-bedding is found in fluviatile, lacustrine, and marine
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deposits, as well as in wind-blown sands. It is frequently a local
phenomenon due to the action of eddies, back-water currents,
and the tipping of sediments into comparatively still deep water.
It should, however, be noted that false-bedding is not necessarily
limited to local oeccurrences. False-bedding can sometimes be
traced in a particular stratum for miles, For example, the famous
Desert Sandstone. of Northern Australia exhibits this peculiar
structure extending over hundreds of square miles.

(4) Ripple-marks, sun-cracks, rain-prints, and animal tracks
are found preserved in rocks, and afford conclusive evidence
of shore-line conditions at the place where the sediments
were laid down. They also afford valuable evidence as
to the meteorological conditions of far-away geological
ages.

(5) It is a geological axiom that all the mechanically formed
sediments laid down on the floor of the sea were formed of
the” waste of pre-existing land.

(6) Another axiom of extraordinary value in solvmg problems
relating to the distribution of land and sea in the past
geological ages is that all sediments laid down on the
sea-floor were marginal to land areas existing at the time.



CHAPTER VIIIL
ROCK STRUCTURES.

TaE CONSOLIDATION OF SEDIMENTS.

In the last chapter we were principally concerned with the manner
in which the products of denudation in the form of coarse and fine
sediments were spread out in parallel layers and piled up on the
sea-floor and in lake-basing. These sediments are the materials
of which stratified rocks are formed.

When we speak of a rock we at once form a mental picture of
something hard and compact. As a matter of fact, some rocks
are very soft and others very hard. A marl or clay, for example,
is very soft and friable; while a sandstone may be intensely hard.

Sedimentary rocks, as generally defined, are composed of sedi-
ments that are more or less kardened or consolidated ; and although
originally laid down in a horizontal or approximately horizontal
position, they are now found to be tilted or tnclined at various angles,
and thrown into folds that may be gentle undulations or minute
corrugations.

Moreover, closer examination soon discloses the fact that the
rocks have not only been pushed into folds and corrugations, but
also fissured with many small cracks or joints, and occasionally
traversed by great dislocations or fractures termed faults.

Everywhere there is evidence that the rocks have been at one
time or another subjected to enormous siress or pressure whereby
they have been folded, crumpled, tilted, fissured, or fractured as
mentioned above.

Our aim in this chapter will be to consider the various processes
by which soft and incoherent sediments may be consolidated or
hardened into what is called rock.

Hardening of Sediments.

The hardening of sediments may be effected (a) by pressure or
(b) by a cementing medium.
Hardening by Pressure.—This is the simplest and most obvious
125
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means of consolidation, and whether the pressure is effected by
natural or artificial agency, the results are always the same. Thus,
when clay is placed in a mould and subjected to great pressure, it
is compressed, partially dehydrated, and converted into a brick or
tile as compact as an ordinary shale.

The same thing takes place in Nature. When clay, mud, or fine
silt is subjected to the pressure of hundreds of feet of overlying
sediment, it is converted into a shale or claystone.

Coarse sediments are not easily consolidated by mere pressure
alone ; but if they consist of particles of various sizes that will fill
up the interstices between the larger grains or pebbles, or if they
contain an admixture of muddy paste, they may be consolidated
into a fairly hard rock by pressure alone.

The principle underlying consolidation by pressure is that fine
sediments afford a larger adhesive surface relatively to the size of
the constituent particles than coarse sediments.

Hardening by a Cementing Medium.—The process of hardening
by a cementing medium may be easily illustrated by a simple
experiment. Take four ounces of Portland cement, siz ounces of
clean sand, and siz ounces of pebbles the size of peas.

Place these constituents on a flat plate or board and mix

thoroughly in a dry state.

Pile the mixture into the form of a flat truncated cone. Make
a hole in the middle of the cone and into it pour two ounces
of clean water.

With two spatulas, one in each hand, work the mixture and
water into a thick paste, adding a little more water if re-
quired. Turn the paste over for several minutes until the
water is thoroughly incorporated, and then press it firmly
into a mould of any shape. A small cigar-box will do very
well. After two or three hours remove the hardened mass
from the box and you will have a slab of hard rock arti-
ficially formed.-

This experiment is not intended to illustrate the chemical process
of setting so much as the part played by the cement in binding the
sand and grit into a hard aggregate. The cement is merely an
artificial matriz in which the sand and grit are embedded. If
moistened with water and placed in the mould, it would form a
slab of fine-grained artificial stone much stronger than that obtained
in our experiment.

In the making of concrete, which is merely an artificial stone,
it is found that the greater the proportion of constituent aggregates,
such as sand, gravel, or broken rock, to the cement or matrix, the
weaker is the resulting concrete ; and such also is found to be the
case in Nature.
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Take again the case of the frozen gold-bearing gravels in Siberia,
Alaska, and Alpine New Zealand. The contained water freezes
for a depth of a few inches or many feet, according to the length
and severity of the winter frosts, and hardens the whole mass into
a rock-like mass resembling a conglomerate. Here the frozen
water is the cementing medium or maériz, and although the
hardening is only temporary it very well illustrates the formation of
conglomerates.

The permanent hardening of sediments by a cementing medium
is effected in Nature by the deposition of mineral matter between
the constituent particles from waters slowly circulating through
the mass.

The commonest natural cementing media are carbonate of lime,
owide of iron, and silica.

Carbonate of lime and some 7ron compounds are soluble in water
charged with carbonic acid gas, and these may be deposited as
carbonates if the water evaporates, or if the carbonic acid becomes
disengaged as it does quite readily, being what is known as a weak
acid—that is an acid which possesses but a feeble hold of the
substances with which it combines.

The deposit or precipitate of carbonate of lime or iron acts as a
cementing medium and binds the surrounding particles into a
coherent mass. In this way sands are converted into sandstones,
and gravels into conglomerates.

When the carbonate of iron is deposited among porous sands
or gravels, it becomes in the presence of water converted into the
rusty brown hydrous oxide called limonite. Hence we find that
the cementing medium of ferruginous sandstones, gritstones, and
conglomerates is in almost all cases the hydrous oxide of iron.

On the other hand, when carbonate of iron is precipitated in a
fine impervious sediment, it remains as the carbonate, forming the
well-known clay-band ironstone—a valuable ore of iron that occurs
in formations of all geological ages.

Silica is perhaps more abundant as a cementing matrix than
carbonate of lime, particularly among the older rocks. It is soluble
in waters containing potash or soda, especially at high temperatures.
Deep-seated waters are generally alkaline from the presence of dis-
solved salts of potash or soda. These waters in their passage
through the rocks dissolve silica, and when they come to the
surface or when they reach a cooler stratum, the silica is deposited
around and between the particles, which are thereby cemented into
a compact rock.

Siliceous waters are frequently abundant in voleanie regions of
waning activity, where they appear in the form of hot springs and
geysers, The potash or soda has a greater liking or affinity for the



128 A TEXT-BOOK OF GEOLOGY.

carbonic acid of the atmosphere than for the silica. It conse-
quently forms a new partnership, thereby liberating the silica which
is deposited as an incrustation of sinter around the outlet of the
spring or geyser from which the waters issue. Moreover, sands
and gravels that happen to lie near are cemented into hard
rock.

These siliceous waters also possess a petrifying power, such
organic substances as leaves, twigs, and even animal remains being
replaced by silica, the replacement taking place so slowly as fre-
quently to reproduce in stone the exact form and structure of the
original organism.

From the foregoing we find that a stratum of sand may be
cemented with carbonate of lime, oxide of iron, or silica.

The carbonate of lime forms a calcareous sandstone ; the oxide of
iron, a ferruginous or limonitic sandstone ; and silica, a siliceous
sandstone. That is, the nature of the sandstone and of the qualify-
ing adjective depends on the character of the cementing matrix.
Similarly, we may have a calcareous conglomerate, a limonitic con-
glomerate, or a siliceous conglomerate.

When a pile of sediments consists of alternating layers of mud
and sands, the sandy beds are in many cases found to be cemented
into a hard resistant rock, while the layers of mud or clay remain
relatively soft. Such hard bands may be seen standing out as
projecting ledges in many sea-cliffs and scarps.

The hardening of the sandy beds was in most cases due to the
deposition in them of a cementing medium. The clayey beds
being impervious to water only attained the moderate degree of
hardness that could be imparted by pressure and dehydration ;
whereas the sandy beds being porous offered a free passage for the
flow of the mineralised waters which left behind them a deposit
of cementing material.

The coral reefs and coralline beach-sands of the tropics, as well
as the shelly sands and shell-banks found on the strands of nearly
all lands, have been in many places converted into compact lime-
stones by the partial or complete dissolution and replacement of
the corals and shells by carbonate of lime in a semi-crystalline or
crystalline form in which there is generally no trace of the original
organisms.

Other Cementing Media.—Among other, but less common,
cementing materials deposited among sediments by mineralised
waters are carbonate of magnesia, sulphate of lime, sulphate of
barium, and oxides of manganese.

Carbonate of lime 1s a comparatively soft substance ; consequently
the rocks in which it is the cementing medium are seldom capable
of withstanding much wear and tear. On the other hand, silica
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is an exceeding hard substance, and hence siliceous sandstones and
conglomerates are always hard rocks capable of withstanding a
great amount of mechanical or chemical erosion.

Limonitie sandstones are frequently soft and friable, but many
limonitic quartz conglomerates and grits possess great resisting
power.

Concretions.—It frequently happens that only isolated portions
of a bed or stratum are hardened by the cementing medium.
These hardened portions or concretions have been formed where
the supply of carbonate of lime or evaporation has been greatest.
They may occur close together or widely scattered.

Concretions?! are generally spheroidal in form, and for that reason
are sometimes mistaken for pebbles or water-worn boulders.
They may range in size from a few inches up to ten feet or more
in diameter. They are frequently composed of concentric layers
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F1e. 63.—Showing tabular concretions.

that peel off like the layers of an onion until a solid spheroidal core
is reached. This spheroid on close examination is frequently
found to have formed round some organic body, such as a shell or
saurian bone, as a nucleus.

In many cases the internal portion of the concretion has con-
tracted more than the external, thereby giving rise to numerous
radiating cracks that have subsequently become filled with calcite.
Concretions possessing this structure are sometimes called septarian
boulders, or simply septaria.

Concretions are commonly found in shales and clays. They are
especially abundant in the shaly clays of the Cretaceous Period in
many parts of the globe.

Concretions in which carbonate of iron is the cementing medium
are sometimes quite common in clays and shales, but they seldom
attain the dimensions of septaria.

Clays sometimes contain nodular-shaped concretions composed
of limestone, oxide of iron, or iron pyrites. These concretions
frequently assume grotesque forms that sometimes bear a quaint

1 From the Latin con =together, and cretus=grown.
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resemblance to organic bodies or to objects fashioned by the hand
of primitive man. Many of these nodules are hollow, the cavity
being lined with crystals.

The hardened portions of a stratum are frequently lenticular or
tabular in form, and lie so close together as almost to form a con-
tinuous band of hard rock, as shown in fig. 63 on p. 129. This
structure is due to the separation of the carbonate of lime from the
remainder of the rock, and its aggregation in layers or tabular
masses.

Some concretions were probably formed during the accumula-
tion of the sediments in which they lie, but the majority have
arisen from a rearrangement and concentration of like kinds of
mineral matter.

Flints,.—These occur as grey and black nodules dispersed in
certain layers in the Upper Chalk of England, north-west Europe,
America, and New Zealand, and elsewhere. They frequently
enclose some organism, such as a sponge, echinoderm, or shell,
the organism being the nucleus round which the siliceous concentra-
tion took place.

In some places, as in Marlborough and Kaipara in New Zealand,
the flint forms distinct beds many feet thick.

Flint possesses a perfect conchoidal fracture, The dark colour
of the black variety arises from the presence of carbonaceous matter,
which can be dispelled by heat.

Flint nodules are formed by the interchange of carbonate of lime
and silica. Many marine plants and animals secrete silica from
sea-water for the building up of their organisms. The water
present in the chalk dissolves these organisms, and as it does so,
replaces them with carbonate of lime. The water now charged with
gilica deposits the silica elsewhere, preferably where some of it
already exists, as, for example, on sponge-skeletons, which consist
of siliceous spicules.

In cases where the calcareous shell of an echinoderm or a coral
has been replaced by silica, it would seem that the dissolution of
the carbonate of lime was accompanied by direct replacement
with silica, molecule by molecule, the process being similar to the
replacement of shells by iron pyrites, which has so frequently taken
place in-clays and shales.

Such replacement of one mineral by another is called pseudo-
morphism.t

Fulgurites.—As a geological agent lightning is not of much
importance. It is reputed to be capable of shattering solid rocks,
but its usual effect is to perforate their surface with small holes
lined with a glassy enamel. When the electric spark is discharged

1 From the Gr. pseudos=false, and morphe=form.
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into sand or loose soil, it may form short, tapering, fragile tubes of
partially fused sand-grains called fulgurites; or blebs of well-fused
glass, usually shaped like buttons or dumbbells. From their pre-
valence in the desert regions of Australia these fused blebs or drops
have been called Australites.



CHAPTER IX.
EARTH-MOVEMENTS,

EARTH-MOVEMENT may take the form of uplift or subsidence, rock-
folding or faulting, shearing or horizontal displacement. More-
over, it may be local or continental, slow or rapid.

Local movements are usually due to volcanic agency, earth-
quakes, or faulting. They are relatively rapid, and may cause
sharp folding and faulting of strata in the neighbourhood of the
disturbance.

The movement which affects continents or large areas is usually
slow, and may not amount to more than a few inches in a century.
Such slow regional movement is called secular movement, as it is
more or less continuous over a number of years.

An upward crustal movement, which eventually results in the
formation or building up of a land-surface of continental dimensions,
is called epeirogenic ; while an upward linear folding of the strata,
which eventually uplifts mountain-chains, is called orogenie.

SLOW ELEVATION AND SUBSIDENCE OF THE LAND.
Elevation.

When we find strata containing marine shells forming masses
of dry land, hundreds or may be thousands of feet above the sea-
level datum, we are compelled to conclude that the land has
emerged from the sea. These shelly beds represent the uplifted
sea-floor of some past geological age.

Among the best evidences of recent uplift are what are called
ratsed-beaches, which is only another name for uplifted sea-strands.
These occur on the shores of many lands in both hemispheres, being
strikingly conspicuous on the coasts of Scotland, England, Norway,
Sweden, Spain, South Italy, Sicily, Morocco, Algeria, Egypt, Pacific
side of North and South America, India, Australia, and New
Zealand. They form benches or terraces that in some cases can
be traced along the coast-line for scores and even hundreds of miles,

1 Gr. oros=a mountain, and genesis=production.
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curving round headlands and following the various indentations
of deep bays and long fiords.

Raised-beaches consist of shingle and sand mixed with sea-shells,
the majority of which belong to species still living in the adjacent
seas. They are generally backed by cliffs that are frequently wave-
worn and undercut or hollowed into caves. In some cases the
rocks are covered with barnacles or perforated with holes bored by
marine shells.

In the fiords of Norway the raised-beaches occur at heights
varying from 50 to 600 feet above the sea, and singularly enough
they are not horizontal but slope gently towards the sea, which
is an evidence that the rate of uplift is more rapid on the landward
than seaward side. This unequal rate is what is termed differential
uplift.

In Scotland raised-beaches can be traced at 25, 40, 50, 60, 75,
and 100 feet above the present sea-level.

The occurrence of marine shells in rocks involved in the great
earth-folds which comprise the Alps, Himalayas, and other moun-
tain-chaing, affords incontestable proof of uplift in bygone geological
times. Raised beaches are records of comparatively recent eleva-
tion; and we have abundant evidence that elevation is still in
progress in some parts of the globe. It is doubtful if the land is
ever in a state of complete rest for any considerable time. If it is
not rising, it is probably sinking ; and it frequently happens that
uplift on one side of a continent is compensated by subsidence
on the other. Marks placed on the coast of Sweden in 1820 have
shown that the land is still rising at the rate of 2 or 3 feet in a
century.

Subsidence.

The evidences of subsidence are not always so obvious as those
of uplift, as they are mostly to be found submerged in the sea.
Among the most conclusive proofs are submerged coal-seams,
submerged forests, and buildings. To these might be added the
formation of atolls and drowned valleys.

Submerged Coals.—At the present time seams of coal are being
worked many hundred feet below sea-level in New South Wales
and New Zealand. Now coal, as we know, consists of the remains of
vegetation that required sunshine and air for its growth. It was
formed on the dry land, and is what is called a terrestrial deposit.
When, therefore, we find it hundreds and in some cases thousands
of feet below the present level of the sea, we are safe in concluding
that a subsidence of the old land-surface, on which the coal vegeta-
tion grew, has taken place at some remote period.
f#Submerged Forests.—The erect stumps of forest trees, frequently
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associated with peaty matter containing twigs, leaves, and fruits,
are found below sea-level in many lands. Good examples are seen
at Formby Point on the coast of Lancashire; at Leasowe, in
Cheshire; and at Freshwater Wcst, in Pembrokeshire. Such
submerged forests are an evidence of subsidence in quite late
geological times or of coastal sag.

Drowned Valleys.—The celebrated fiords of Norway and New
Zealand, that stretch far back among the neighbouring mountain-
chains, are merely valleys that have been invaded by the sea.
In California and other lands the soundings show that some
of the existing valleys can still be traced far seaward. That is,
river-valleys are found to be continuous with valleys in the sea-
floor. This is rightly held to be proof of comparatively recent
subsidence of the coast-line.

The broken, deeply indented, and ragged coasts of British
Columbia, Alaska, North-East Canada, and Greenland have
originated from a general subsidence of the previously deeply
dissected maritime lands in these regions.

Barrier Reefs and Atolls.—According to Darwin’s view, these
are coral reefs that have grown upward on a sinking sea-floor.
The borings conducted at the island of Funafuti proved the exist-
ence of coral reefs and coral limestone down to a depth of 1114 feet
below sea-level ; and since the coral polyp can only live in com-
paratively shallow water, extensive subsidence, probably amount-
ing to 800 feet, must have taken place since the foundations of the
existing coral reefs were formed by the coral-builders.

Rapid Earth-Movement.

Earthquakes may be due to the sudden jolts arising from the
settlement of the ground along the plane of great faults or
dislocations in the crust, or they may be propagated by
sudden subterranean explosions of steam during a voleanic
eruption.

Shocks of great intensity may crack and overthrow buildings,
fracture rocks, fissure the ground, propagate earth-waves and tidal
waves.

Earthquakes that originate at fault-planes may throw down
forests, shatter rocks, and cause other destruction for hundreds of
miles along the line of fracture or dislocation. Shocks resulting
from voleanic explosions are frequently sharp and destructive, but
the effects are generally local and confined to the volcanic zone,
which imay be bounded by fault-planes.

The standing pillars of the Temple of Jupiter Serapis in the
Bay of Baiae, a few miles north of Naples, are an example of the
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extreme steadiness of the subsidence and elevation that may take
place even in a volcanic region where the movement is relatively
rapid.

The ruins stand within a stone’s-throw of the water’s edge, and
on all sides are extinct craters. Less than a mile to the north-east
lies the well-known crater of Solfatara, still in the expiring stages
of volcanic activity ; and about two miles to the north-west is the
beautifully symmetrical cone of Monte Nuovo.

Three standing marble pillars rise from a level pavement.
About 10} feet from the base the columns are pitted with holes
made by boring molluses. The length of column pitted in this
way is a little over 8 feet. Near the top of the perforated
portion there is a slight annular indentation, in all probability the
work of marine corrosion, which would indicate that the land
remained stationary at that point for some time.

The presence of the borings proves that the pillars must have
been submerged in sea-water for some considerable time and
afterwards elevated to their present level. The original height
of the temple above sea-level is not known. The level of the
platform is still a little below high-water mark, and a second
platform exists b feet below the first, indicating that an earlier
subsidence had rendered it necessary to construct a new floor
at a higher level. Therefore, within historic times, we have proof
of an up-and-down vertical movement amounting to 45 feet, on
the assumption that the original lower floor was only 2 feet above
high-water mark when first constructed.

Raised shelly strands and other evidences of recent elevation
may be seen all along the west coast of Italy as far south as the
Straits of Messina ; and similar evidences of elevation are found
on the shores of Tunis and Algeria.

Thus, as between the east and west coasts of Italy we have a
tilting movement in progress, the axis of which runs parallel with
the peninsula. The Adriatic shores of Italy, however, are under-
going submergence.

The most recent uplift of which we have authentic evidence took
place during the great Yukutat earthquake in Alaska, in September
1899, as the result of displacement along pre-existing fault-planes.
The vertical uplift varied from 7 to 47 feet, as attested by the
presence of barnacles and bunches of mussel shells attached to the
ledges of rock high above the present tide-mark.

Tilting of Strata.

Dip.—When a bed or stratum is tilted so as to be inclined in
some direction, the direction of the inclination is called the dip;
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and it is always the steepest line of the inclined surface that shows

the true direction of the dip.

The amount of the inclination, or the angle of dip as it is generally
called, is always measured from the plane of the horizon.

Thus we have :—

The direction of inclination =dip.

The amount of inclination =angle of dip measured from the

plane of the horizon.

3

3
Rk

3

R
XN

X
o
5359

0
2
5

<>
<

S

F1a. 64.—To illustrate dip and strike of strata.

The direction as well as the amount of the dip is always observed
and recorded. The direction of the dip is determined with a
compass, and the amount of dip with a clinometer. The ordinary
geological box-compass is generally provided with a pendulum-bob
for recording angles of inclination on a graduated scale.

F1a. 65.—Showing angle of dip==.

The amount of the dip may vary from 0° to 90°. At 90° the beds
are said to be vertical.

In fig. 65 the bed of limestone marked a dips to the west at an
angle of inclination = .

Strike,—The horizontal line along the tilted stratum is called
the strike, and it is always at right angles to the dip.

In metalliferous mining the strike of a lode is commonly spoken
of as the course of the lode. So that the horizontal direction
pursued by the course of a lode or bed is the strike. If, for example,
a seam of coal or a metalliferous lode crops out on a plain or
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level ridge, the line joining the. various outcrops is the line of strike
or course of the seam or lode.

If a tent-fly raised on a ridge-pole be taken to represent a
folded stratum of rock, then the direction in which the ridge lies
will represent the strike.

Furthermore, if the tent-fly represents an anticline, then the
ridge is the axis of the anticline, as previously described.

Folding of Strata.

The majority of sedimentary or clastic rocks were laid down as
horizontal layers on the floor of some sea or lake. When, therefore,

Fia. 66.—Tent-fly on ridge-pole, illustrating strike of strata.

we find such rocks forming hills and high mountain-chains, we
are compelled to conclude that they have been elevated by some
powerful agency. And when on closer examination we find that
these strata are not always horizontal, but in many places tilted
and folded, we are further compelled to conclude that they have
been subjected to enormous side-pressure.

It must always be remembered that although rocks are so hard
and resistant, they can be crumpled up and corrugated like a thin
sheet of iron when sufficient lateral pressure is exerted on them.

The mechanics of the folding of strata can be illustrated in a
graphic manner by the following simple experiment :—

Take fifty strips of cloth of different colours, about 2 feet long
and 6 inches wide, and pile them one over another on a flat table
(fig. 67). The strips of cloth represent a series or succession of
horizontal strata,
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Next place a board on top of the pile and apply vertical pressure
on the board. It will be observed that the horizontal position
of the layers is not disturbed.

Suppose, however, that we now place two light weights on the
board, and, holding a small piece of cardboard in each hand, apply
pressure on the ends of the layers, slowly bringing our hands
towards each other under the board. The cloth will now be found
to be puckered up into a number of folds of various form and
size. Moreover, the distance between the ends will be greatly
reduced.

In this experiment we have a good example of what takes place
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F1a. 67.—Showing pile of cloth.

when horizontal strata are folded. The lateral pressure throws the
strata into folds, some of which may be gentle undulations, and
others sharp corrugations according to the force exerted and the
character of the rocks.

It is important to note that the strata when folded cover a
smaller area than when lying horizontal.
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Fra. 68.—Showing pile of cloth folded by lateral pressure.

In strata that have been deeply involved in folds it is not un-
usual to find the contained fossils and pebbles deformed, elongated,
and even sheared in the direction of the lateral movement, which
is sometimes called lateral thrust.

The folding and crumpling of strata are generally believed to
be due to lateral pressure arising from the sinking of crustal
segments upon the cooling and contracting interior.

Thus, when a block of horizontal strata is squeezed into a smaller
segment the effect is to crumple the strata into folds.

The arch of a fold is termed an anticline,! and the trough a
syncline.?

1 Gr. anti=opposite, and klino=T incline.
2 Gr. syn=together, and klino=I incline,
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In a sheet of corrugated iron the ridges will represent anticlines,
and the troughs synclines.

The line running along the crest of a ridge is called the axis of
the ridge, 7.e. the anticlinal azis, and the line along the bottom of
a trough the synclinal azis. For example, the ridge of a tent-fly
supported_by a ridge-pole is the axis of the roof.

S
ulllﬂy S

A B A
F1a. 69.—Showing folded strata.
A, Anticlines. B, Syncline.

The sides of an anticline or of a syncline are called the limbs.
In an anticline we speak of arch-limbs because they form the arch;
and in a syncline, of trough-limbs because they slope down so as
to form a trough.

Ant!b//}ve ’/

Trough or
Syncline

Fia. 70.—Diagram showing parts of a fold. (After Lapworth.)

(ac) Core of anticline. (al) Arch-limb.
(tc) Trough-core. (t1) Trough-limb.
(ml) Middle limb.

It is obvious that in the case of a syncline following an anticline,
the adjacent limb will belong to both, and is therefore called the
middle limb, as shown in fig. 70.

Different Forms of Folds.—According to the character of the
strata and the amount of compression, folds may assume different
forms. The corrugations on a sheet of corrugated iron are sym-
metrical, but symmetrical folding is not very common in Nature.
More frequently one side or limb of a fold is steeper than the
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other, and as this is the common type of fold, it is called normal
Jfolding.

In fig. 71 we have a series of beds, including a seam of coal
arranged in two anticlines and two synclines, the folding being
normal.

In cases of sharp folding, one limb may be vertical or actually
pushed over beyond the vertical. A turned-over fold is called
an overfold or inverted jfold.

Fie. 71.—Showing folded strata in cross-section and plan.

When an overturned fold is pushed over so far that the limbs
are paralle]l and nearly horizontal, we have what is termed a
recumbent fold.

In what is termed a monoclinal fold, the strata are bent from the

F1a. 72.—Section showing fold with vertical limb a,
and overfold at b.

normal direction for a distance and then resume the original plane.
In sharply bent monoclinals, the strata in the middle limb are
generally drawn out, compressed, or deformed.

A notable example of monoclinal folding is seen in the Isle of
Wight where, on the south side of the island, the Cretaceous rocks
are tilted till they are almost vertical,while the Lower Tertiary strata
follow with a similar inclination, but rapidly flatten down, going
northwards till they become horizontal on the north coast.

A succession of closed overturned folds forms what is termed
an isoclingl. Folds of this type are frequently met with among
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the older schists and gneisses, and sometimes among Mesozoic
rocks.

Strata that have been uplifted in the form of a dome so as to
incline outwards in all directions, are said to have a qua-qua-
versal dip.

Fic. 73.—Showing monoclinal folding of Lower Tertiary strata in section of
the Isle of Wight, Totland Bay to Headon Hill. (After H. W. Bristow.)

a. Chalk.—Cretaceous.

b. Reading Beds. h. Headon Beds.

c. London Clay. t. Osborne Beds. oli

d. Lower Bagshot Beds. | o k. Bembridge and 1E0CCHES
e. Bracklesham Beds. oeehcs Hamstead Beds.

f. Barton Clay. m. Gravels.—Recent.

g. Barton Sand.

F1a. 74.—Showing isoclinal or closed folds.

Great arches or great troughs with minor corrugations on their
flanks are termed geanticlinals (or anmticlinoria) and geosynclinals
(or synclinoria) respectively.

In the central massif of the Alps, the strata are arranged in a
singular radial form, with great flanking corrugations. This is
termed fan-folding, of the Alpine type.
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Radial folding on a minor scale is sometimes seen in volcanic
regions, arising from rapid local subsidence accompanied by lateral
pressure.

Plication of Strata.—Plication is merely a form of minute folding.
It is frequently seen among gneisses, mica-schist, and other meta-
morphic rocks that have been subjected to enormous lateral

Fi1a. 75.—Showing example of fan-folding in European Alps.
(After Heim.)

pressure. A great many plications are sometimes seen in the
space of an inch.

Complicated plication has given rise to the term contorted, which
is frequently applied to banded rocks that have been crumpled
up into minute folds. Thus some gneisses and mica-schists are

Fiqa. 76.—Showing thinning of coal-seam due to contortion of coal-
measures in the Saint Eloy Basin, France. (After De Launay.)

spoken of as highly contorted, which usually means that the rocks
are finely plicated.

The hardest and most resistant rocks, under the influence of
great stress, behave as semi-plastic bodies. In the process of
folding, the limbs of the plications are frequently found to have
been squeezed until they have become thin. Where this has
happened, the crests and troughs of the folds usually show a corre-
sponding thickening, the flowage being from the region of greatest
stress in the limbs to the places of least stress in the arches and
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troughs. The hardest mineral substances, even quartz, seem to
be capable, of flowage under the influence of sufficient pressure.

Shales, sandstones, and nearly all sedimentary rocks exhibit
the same thinning in the limbs of sharp folds due (@) to compression
and consolidation of the constituents, or (b) to the elongation
arising from the shearing which has so frequently accompanied
sharp folding and crumpling of the strata.

Fro. 7 7.—Showing effect of overthrust folding.

Overthrust and Shearing.—When an overturned fold is thrust
against a boss of granite or a mass of any hard resistant rock,
the lateral pressure may cause the fold to override the strata
lying against the resistant boss. In this way rocks may be gathered

Fie. 78.—Showing outerop of horizontal strata in a gorge.

up in great earth-folds and pushed for many miles from the place
where they were originally formed. Notable examples of over-
thrust are found in the Alps and in the Highlands of Scotland.

When the force exerted in the folding exceeds the elastic limit of
the rock, rupture takes place usually in the apex of the fold, followed
by shearing and acute faulting.

Outerop.—The edges of strata which appear at the surface are
called the outcrop. The exposed edges of hard resistant rocks
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sometimes form conspicuous escarpments that can be traced for
many miles.

When the strata are horizontal, the outcrop of the different
beds will only be seen in a sea-cliff, valley, or gorge.

On sloping ground the extent of the outcrop does not represent
the true thickness of the beds. For example, in fig. 78 the thick-
ness of the bed lying between the two bands of limestone is not
a-b, but the line z at right angles to the plane of the bed.

Outerop Sag or Curvature.—In dissected areas, weak rocks, such
as mica-schist and shales, are frequently found to be bent or
curved at the outcrop. This sag sometimes renders it difficult to
obtain trustworthy observations as to the true dip of the strata.
It is caused by the drag or sag of the outcrop ends of the beds
arising from the stress due to their own weight (fig. 79).

In regions that were at one time covered with a thick sheet of

Fra. 79.—Showing effects of outerop sag of strata.
A, In horizontal beds. B, In tilted beds,

ice, it is not uncommon to find weak rocks bent, or even crumpled
up and shattered, for many yards below the surface.

Denudation of Folds.—Many beds that have been folded do not,
as we now see them exposed at the surface, show complete anti-
clines and synclines. In most cases the crowns or crests of the
folds have been removed by denudation, so that it is only by
plotting the dip and strike of the different outcrops that we are
able to tell that the folds exist.

It is probable that the folding of the strata and denudation
proceeded at the same time. In this case the crown of the fold
would be worn away in such a manner that the complete arch, as
indicated by the dotted lines in fig. 80, probably never existed.

It is not often that the apex of an anticline is seen, except in the
case of small folds.

Strata arranged in the form of an anticline will be worn away
faster than the same beds disposed in the form of a syncline. In
the anticlinal arrangement the limbs dip away from each other,
which permits the rain to find its way readily along the bedding
planes, where it disintegrates the rock, thereby assisting the force
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of gravity in breaking up the outcrops. The rain-water lying
between the bedding planes by its hydraulic pressure also exerts a
strong disruptive force which, in cold climates, will receive effective
help from frost.

In the case of the synclinal arrangement, the limbs dip towards
one another, the different beds resting on each other like a pile of
saucers. The beds thus support one another, and consequently
their exposed edges alone are subject to the effects of denudation.

i e kA e ey ENE

Fia. 80.—Showing denuded crown of anticlinal fold of Silurian
rocks in the Valley of Woolhope, Herefordshire.

Hence, we frequently find that the valleys have been excavated
along the course or axis of anticlines, while in the adjacent ridges
the beds are arranged in synclinal folds as shown in fig. 81.

Outliers and Inliers.—These commonly arise from the denuda-
tion of horizontal or gently undulating strata. Many formations
that at one time formed a continuous sheet over extensive areas

F1a. 81.—Showing valley excavated along course of an anticline, and
ridges composed of beds arranged in synclinal folds.

have been greatly reduced in size, and in some cases they are
now represented by only a few interrupted sheets and isolated
patches.

A notable example of the gradual destruction of a formation is
exhibited by the Desert Sandstone which at one time covered over
400,000 square miles of the surface of Queensland, but has now
been worn away to about a twentieth of its former extent, and is
represented only as a series of isolated ridges, peaks, plateaux, and
mesas ! scattered over the interior.

1 Span. Mesa=a table.
10
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An outlier is simply an isolated remnant of more extensive beds,
and is usually defined as a detached mass of rock surrounded on
all sides by older rock.

Outliers occur among all kinds ‘of rock, including loose gravel.
The beds forming them may be horizontal, inclined, or folded.
Examples are frequently met with in front of prominent escarp-
ments of imestone and basalt.

Outliers of Jurassic and Cretaceous strata are common in Central
England. Table-topped outliers of basalt are numerous in New
Zealand and Victoria, and in all countries where dissected sheets of
basaltic lava cover the ancient plateaux.

An enlier is the converse of an outlier. It consists of an isolated
mass of rock on all sides surrounded by younger rocks. An inlier
is the result of denudation, hence most frequently met with in
valleys, or in places where the arch of an anticline has been partially
worn away.

Inlier Outlier
|

F1a. 82.—Section along west side of Weka Pass, N.Z., showing outlier.
(1) Weka Pass stone. (2) Amuri limestone. (3) Greensands.

An example of an inlier is seen at the point marked a in
fig. 81.

Crustal Folding and Mountain Building.—All the principal
mountain chains on the planet owe their existence to the uprising
of crustal folds, and mountain-making may be defined as the result
of localised folding in regions where the uplift is faster than the rate
of denudation. If the rate of denudation were equal to the rate of
uplift, it is obvious that the truncated and dissected folds would
never form highlands or features of bold relief. A potential
mountain-making fold suppressed by denudation would in time
become buried in the waste derived from its own destruction, and
the ultimate result would be a worn-down stump indistinguishable
from the stump of an alpine chain worn down by long-continued
subaerial denudation.

Alpine chains may therefore he regarded as the expression of
relatively rapid folding.

It is seldom that a mountain chain consists of a simple synclinal
fold. More often the great chains consist of a series of deeply
dissected isoclinal folds forming a confused alpine complex, flanked
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by many more or less parallel ranges. The great height and rugged
contours of the Pyrenees, Alps, Himalayas, Andes, and Rocky
Mountains are an evidence of their comparative youth. - Their
uplift has been so recent and rapid, that denudation has merely
succeeded in eroding the crests of the folds into narrow serrated
ridges, deep valleys, and profound gorges.

There is evidence that great alpine chains existed in the remotest
geological ages. All of these chains were vigorously attacked by
the contemporary agents of denudation, their waste furnishing the
sediments that built up the later formations. The only vestige
that remains of these primitive alps is their worn-down stumps,
many of which have lain for countless sons buried beneath piles of
sedimentary strata. Here and there the buried stumps have
become exposed by recent denudation, or disclosed by deep boring.

When a renaissance of the folding movements takes place along
the segment occupied by a worn-down and buried alpine chain, a
second alpine chain may rise on the ruins of the first. Most of the
existing mountain chains occupy the ruins of Pal®ozoic chains,
the stumps of which have sometimes become involved in the later
folds.

In the complex structure of Europe, Lapworth and Suwess have
recognised three primary folded chains all overfolded towards the
north, namely :—

(1) The Caledonian, S.W.—N.E.—Pre-Devonian.
(2) The Armorican, W.N.W.—E.S.E.—Pre-Permian.
(3) The Variscan, W.S.W.—E.N.K.,—Pre-Pliocene.

The Caledonian is the northernmost of these ancient alpine chains.
It is composed of a massif of Archzan granites, gneisses, schists,
and older Pal®ozoic slates, sandstones, and quartzites that extend
from the west of Scotland north-eastward to the northern limits of
Scandinavia. It causes little surprise to find that rocks of such
antiquity have been crushed into many complex folds, overthrust,
and profoundly faulted.

The Armorican folded chain, so named from the ancient name of
Brittany, is the result of movements that ridged up the Devonian
and older Carboniferous formations between the close of the Early
Carboniferous and the advent of the Permian. The truncated
remains of this western alpine chain can still be traced from Ireland
to Central France, buried beneath a pile of Mesozoic and younger
formations.

The Variscan or eastern fold is of Cainozoic date. It extends
from the Atlantic border through Southern France to Northern
Bohemia, and includes the Pyrenees, Alps, and Carpathians.

In Asia, the Caucasus, Hindu Kusch, Altai, Thian Shan, and
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Himalaya Mountains are composed of folds of the Variscan type,
the axes of which lie approximately parallel with the Equator.

The great Ural chain consists of folds running north and south.

In the American continents, the Pacific Ocean is bordered by
high mountain chains that are surmounted by many active and
extinet volcanoes. These are typical folded chains of the meridional
type, but turn their folds towards the abysses of the sea. The
segment of the Aleutian Islands forms an independent fold.

It is significant that all the great chains of Europe, Asia, and
North Africa, with the exception of the Urals, are composed of east
and west folds ; while the Andes, Rocky Mountains, and Sierras
in America run parallel with arcs of the meridian.

Volcanic activity is frequently associated with areas of vertical
displacement resulting from faulting or intense folding; and all
great earthquakes are the jolts propagated by the revival of move-
ment along ancient, but in most cases well-defined fault-lines.

SUMMARY.

Elevation.—(1) The occurrence of rocks containing marine shells
at a height above sea-level is an evidence of elevation of the land
in past geological times. The existence of raised-beaches or sea-
strands is a proof of comparatively recent elevation.

Subsidence.—(2) The best proofs of subsidence are submerged
forests and coal-seams, drowned valleys, and atolls.

The forests grew on the dry land near the sea, and could only
become submerged by the sinking of the coastal region. Likewise
coal-seams are composed of the remains of a terrestrial vegetation
that required air and sunlight for its growth. Therefore, when
seams are found thousands of feet below sea-level, we know that
subsidence to that extent has taken place.

The fiords of Norway and New Zealand are merely submerged
mountain-valleys. In California and elsewhere some of the existing
river-valleys can be traced by soundings far seaward of the present
shore-line—clearly a proof of subsidence in quite recent times.

According to the view of Darwin, atolls and barrier reefs were
formed by the upward growth of the coral-building polyp on a
slowly sinking sea-floor. The borings at Funafuti showed the
existence of coralline and foraminiferal limestones at a depth of
1114 feet below sea-level ; and since the coral polyp cannot live
in water deeper than say 150 feet, a subsidence of over 900 feet must
have taken place in that area.

As the land sinks below the sea, the coral reefs grow upward,
and their distance from the shore-line increases until in the case of
a continent or large island a barrier reef is formed, and in the case
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of a small island an encireling reef. When the land encircled by a
coral reef finally disappears below the surface of the sea, an atoll is
formed.

(3) Rapid earth-movement may be due to volcanic eruptions
or to the sudden jolts arising from earthquakes.

Tilting of Strata.—(4) The direction in which a stratum or bed is
inclined is called the dip; and the amount of the inclination
measured from the plane of the horizon is the angle of dip.

The strike is the horizontal line along the tilted stratum, and it is
always at right angles to the dip.

Folding of Strata.—(5) The majority of sedimentary or aqueous
rocks were laid down in a horizontal position, but many of them
have since been pushed into folds by lateral pressure that in all
probability arose from the cooling and contracting of the Karth’s
crust.

The arches of folds are called anticlines, and the troughs, synclines.
Simple symmetrical folding is rare. More commonly the folds are
unsymmetrical, the limbs being shorter and steeper on one side
than on the other.

Folds that have been subjected to great lateral pressure from one
direction are sometimes pushed over and form what are called
overturned or inwerted folds. When an overturned fold is pushed -
over until the limbs are closed and nearly horizontal, it is called
a recumbent fold.

A succession of closed folds that are overturned, but not recum-
bent, form an zsoclinal.

Great anticlinal arches with minor corrugations on the flanks are
called geanticlinals, and great troughs, geosynclinals. In the Alps
of Switzerland, Heim has identified what is thought to be a fan or
radial form of folding.

Plicatlon of Strata.—(6) Plication is a form of minute folding
frequently seen among the older altered rocks, such as gneiss and
mica-schist. Plication may be very complicated. Rocks that are
strongly plicated are frequently spoken of as contorted. Contorted
schists sometimes exhibit a thinning or drawing out of the limbs
of the folds with a corresponding increase in the arches and troughs.
This indicates that a certain flowage of the rock-constituents took
place under the stress of enormous pressure. In other words,
under great pressure the rock-constituents behave as plastic
bodies.

Shearing.—(7) When rocks are subjected to a travelling lateral
pressure that is arrested by some massif of hard resistant rock, such
as a granite-boss, they are frequently forced into sharp overturned
folds which may become fractured and sheared, the upper portion
of the fold being pushed over the lower. This overthrusting of
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crustal segments has been observed in the Alps by Heim, and in
the Highlands of Scotland by Peach.

Outerop.—(8) The edges of strata that appear at the surface
are called the outcrop. Weak rocks may be bent or curved at the
outcrop by the weight of their own mass or by the stress of a sheet
of moving ice. Such outcrop curvature, as it is called, is common
in shales, phyllite, and mica-schist.

Denudation of Folds.—(9) The majority of folds of considerable
size have been denuded to a greater or less extent; hence their
existence is generally deduced by construction from the observed
dips and strikes as recorded in the field.

(10) Outliers are the isolated remnants of a rock-formation that
at one time formed a continuous sheet over an extensive area.
They may be defined as detached masses of rock surrounded on all
sides by older rock.

An ¢nlier is the converse of an outlier. It consists of an isolated
patch of rock surrounded on all sides by younger rock. Hence
inliers are most frequently found in the exposed crowns of anticlines.

Crustal Folding and Mountain Building.—(11) Mountain chains
are composed of great uplifted crustal folds that have been deeply
dissected during the progress of the uplift.



CHAPTER X.
JOINTS, FAULTS, CLEAVAGE.
Joints,

Joint Strueture.—Joints are simple cracks or fissures. They are
found in rocks of all kinds and of all ages.

Sedimentary rocks are usually traversed by two systems or sets
of joints, both perpendicular to the stratification planes, and
commonly intersecting one another at right angles. The joints
in each set are approximately parallel to one another.

As a rule, one set of joints is more pronounced than the other,
and may be traced for many yards. The joints in the major set
are commonly called master-joints.

The course of the master-joints is usually parallel with the strike
of the main lines of uplift; that is, parallel with the axes of the
anticlines.

The two sets of joints and the bedding planes give three planes
nearly at right angles, which divide the rock into cuboidal or pris-
matic blocks and columns.

Rocks that have been much disturbed are sometimes intersected
with three or four systems of joints. Generally speaking, rigid
rock is more jointed than one that is more yielding.

The joints in each set may be many feet or yards apart, or in
exceptional cases only an inch or less.

In horizontal strata, the joints are usually approximately
vertical ; but in regions where the rocks have been subject to great
disturbance, the joint planes may occupy any position.

Joints are sometimes mistaken for bedding planes, but these can
usually be distinguished by lines of material of different texture or
colour, or by lines of nodules and hard bands.

Joints are of necessity confined to the zone of fracture ;" and in
the majority of cases, an individual joint when followed along its
course seems to die out in less than a score of yards, to be succeeded
after a longer or shorter interval by another joint following the same
general direction.

Many joints end at the contact of two kinds of rock, but master-

151
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joints may pass through a whole series of rocks. For example,
throughout the whole of Yorkshire the Mountain Limestone
Series is traversed by master-joints passing downward through the
limestone, sandstone, and shale in nearly the same direction.
Joints are more or less open, or usually filled with silt and mud
carried into them by water. In many cases, more especially in
limestones and other calcareous rocks, they have been enlarged
into gaping fissures or caves by the action of underground waters.
On the surface they frequently become enlarged through the
solvent effect of rain, aided by the ordinary processes of weathering.
Joint planes sometimes show polished and grooved surfaces,
which would tend to show that a certain amount of sliding move-
ment had taken place parallel to the polished faces. Evidence of
displacement along joint planes is perhaps exceptional.

Division of Strata by Master Joints.

F1a. 83.—Showing master-joints passing through different rocks.

The majority of the older coal-seams are traversed by two sets
of vertical joints called cleats, crossing one another at right angles.
The face cleats run parallel with the strike of the seam and are
usually the more pronounced. The end or butt cleats are shorter
and not as a rule so well defined.

The cleats are of great importance in facilitating the getting of
the coal; hence the direction of the working faces or breasts with
reference to the cleats is a matter of supreme importance.

The joints in igneous rocks are not generally so regular or well
defined as in sedimentaries. But in exceptional cases they are so
symmetrically disposed as to produce the well-known prismatic
columnar structure which is sometimes seen in flows of basaltic
rock, and less often in andesites and rhyolites.

Granite is frequently intersected with two sets of joints, one of
which is sometimes well defined. When the joints are far apart,
large blocks of stone can be obtained, but when they are close
together, the rock is broken up into a rubble of small fragments
(Plate XTII.).

The master-joints, in whatever rock they occur, are always
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utilised by the workmen to facilitate the hewing of the stone in
blocks that can be turned to commercial account.

Causes of Jointing.—The mechanics of jointing has not yet been
satisfactorily explained, although many suggestions have been
advanced by different writers. The generally accepted opinion
is that the joint-cracks are the result of the various stresses con-
nected with the contraction and folding of rock-masses.

Among the stresses referred to are shrinkage arising from the
drying, or cooling of the rock, tension and shearing due to folding.

Thick sheets of mud when drying in the sun develop vertical
cracks due to the dehydration and contraction of the mass. Sheets
of lava in the portions exposed to the cooling effects of the atmo-
sphere or of the surface on which they rest, as they cool also develop
well-defined cracks that only in exceptional cases show the sym-
metrical arrangement known as columnar structure. .

In sedimentary rocks the master-joints may pass downward
through different kinds of rock ; and in passing through a con-
glomerate may even sever the constituent pebbles in two. Clearly
then the jointage in these cases took place after the consolidation
of the rocks.

The orientation or general direction of the master-joinis in clastic
rocks is usually parallel with the axes of the folds, which would
lead us to the conclusion that it was in some way genetically
connected with the processes or mechanics of folding. It would
geem as if the stresses arising from the bending of the hardened and
rigid rock-mass were relieved by the formation of innumerable
short cracks or rents running parallel with the main line of uplift;
that is, parallel with the strike. In other words, when the bending
exceeded the elastic limit of the rock, parallel fractures would be
formed.

But anticlinal folds have a beginning and an end. Some may be
short and plunge steeply at the ends. Others may extend for
scores or even hundreds of miles before they die out.

The formation of an anticlinal fold can be best understood by
reference to a simple experiment. Suppose, for example, that we
place a long pillow or bolster lengthwise on a table and over it
throw a sheet or table-cloth.

It will at once be seen that the anficline of cloth rises gradually
from one end of the table until it becomes well defined along the
body of the pillow; and at the other end plunges or pitches, as it is
called, until it finally dies out as the horizontal surface of the table
is reached.

By a similar experiment with two pillows and a sheet it can be
shown that synclines also have a beginning and an end.

Let us now suppose that the table-cloth is replaced with a sheet
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of hardened rock bent into a simple fold. It is obvious that the
greatest bending stress will be exerted parallel to the axis of the
anticlinal uplift. If the rock is rigid and refuses to bend easily,
the stress will be relieved by the formation of master-joints running
parallel with the strike or axis of the fold. These joints will be
tenston-cracks, developed in the tension-zone.

There will also be a tensional stress at the ends of the folds due
to the extension of the strata as it rises from the horizontal position.
This stress will not be so great as that parallel with the axis, and as
a consequence it will be relieved by the formation of smaller and
shorter joints.

Joints formed by anticlinal folding are obviously the result of
tension in the upper layers of the uplifted mass; while those
arising from synclinal folding are the result of tension in the lower
layers, in accordance with a well-known law in mechanics.,

®

Compression

Tension

Fi1c. 84.—Showing distribution of stresses in a loaded beam.

For example, if we take a beam of wood, supported at both ends
and loaded at the centre, the upper layers will be in compression
and the lower in tension, as shown in fig. 84.

The portion of the beam lying above the neutral azis or line of
no stress, ¢ ¢, will be in compression, and the portion below the
neutral axis in fension. The magnitude of the stresses is greatest
at the upper and lower surfaces of the beam, and diminishes as the
neutral axis is approached, as graphically shown by the shaded
portions of the stress diagram at a and b (fig. 84).

If the force were applied from below so as to cause upward bend-
ing, or a tendency to bend, the upper layers would obviously be in
tension and the lower in compression.

Now, bending in any direction is always accompanied by a
horizontal shearing stress, although in a homogeneous beam or mass
this stress is not always obvious. But its existence can easily be
proved experimentally.

If we replace the solid beam with a pile of thin boards, supported
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at both ends and loaded with a weight W at the centre, the boards
will not-only be bent, but they will also slide over one another as a
result of the horizontal shearing stress, as shown in fig. 85.

Stratified rocks that have been sharply folded frequently exhibit
evidence that slipping or shearing has taken place along the bedding
planes during the process of folding. The presence of a layer of
clay, as well as grooves and striz on the bedding-plane surfaces, are
among the most obvious of these evidences. In cases where the
shearing stress cannot be relieved by the movement of the beds,
relief may be found by the formation of joints or cracks at right
angles to the line of force.

The jointing of rocks may, therefore, be set down mainly to the
influence of tension and shearing resulting from crustal disturbance,
sometimes supplemented by the stresses introduced into rock-
masses by shrinkage during the processes of drying and cooling.
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Fia. 85.—Showing effect of a horizontal shearing stress.

Faults.

A crack or rent without movement of the rock on either wall is
a simple fracture. In the majority of large cracks there has not
only been fracture, but also displacement. In other words, the
rents have become what are known to geologists and miners as
JSaults. ' ;

Definition of Fault.—A fault may be defined as a fracture, on one
side of which movement has taken place, whereby the rocks on that
side have been displaced relatively to those on the other side.

Origin of Faults.—Faults are caused by crustal stresses arising
from the slow secular folding movements that build up mountain-
chains, or from the sharper movements propagated by the intrusion
of igneous magmas or by earthquakes. That is, the disturbing
agents may be orogenic or hypogenic.t

A fault may be the result of a single continuous movement, slow
or fast, or of a succession of slight movements, with intervals of
quiescence. The renaissance of movement on an ancient fault-

1 Gr, hypo=under, and genesis =production.
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plane may be responsible for the production of earthquakes and
other seismic phenomena.

In regions where the rocks have not undergone much d1sturbance
but approximately occupy the original position in which they were
laid down, the faults are probably due to mere subsidence of
crustal blocks, arising from the action of wertical shearing stress.
In a loaded beam this stress tends to fracture the beam in a vertical
direction, and in every crustal segment there must be the same
tendency. When the stress exceeds the ultimate strength of the
rocks composing the segment, fractures will be formed, producing
the effect known as step-faulting, shown in fig. 100.

Coal-mining operations have shown that the coal-measures in
most lands are intersected by numerous faults, and it is probable
that all portions of the Earth’s crust are dislocated in the same
way.

Many, if not the majority, of the great faults that traverse the
crust seem to be connected with¥folding and mountain-building.

2

F1e. 85a.—Showing effect of vertical shear.

They are frequently zones of dislocation or thrust-planes rather
than true faults.

The inclination of faults, measured from the horizon, is generally
high, being in most cases over 40°. The inclination of thrust-
planes, on the other hand, is, as a rule, quite low, seldom exceeding
an angle of 20°. This seems to be a consequence of their origin,
for it is only when the folds have been thrust into a nearly recum-
bent position that fracture and shearing take place.

Relationship of Faults and Joints.—Joints may be taken as the
expression of the internal stresses arising in disturbed rock masses ;
and faults as the expression of the rupture by which crustal folds
achieve relief when the stress exceeds the limit of relief afforded
by joints.

Therefore, while joints and faults are essentially different, they
can both be traced to the same cause, and in this respect they
may be said to have a close genetic relationship.

Relationship of Faults and Folding.—The stress of sharp folding
is frequently relieved by the formation of powerful fractures which
by movement or shearing may develop into faults. In fig. 86 we
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have an example of folding without fracture, and of folding with
fracture, accompanied by skearing, resulting in the formation of
a shear-plane or fault. An example of overthrust folding, followed
by fracturing and faulting of the folded rocks, is shown in fig. 77.

Linear Extent of Faults.—Faults, like joints, have a beginning
and an end. They begin gradually, attain a maximum, and then
gradually die out. Many of the small faults met with in mining
regions are short, frequently less than a hundred yards long. Some
large faults, however, can be traced for scores of miles. Such great
dislocations should perhaps be best described as thrust-planes
rather than mere faults.

The course of large faults is usually more or less sinuous, and
some fault-faces exhibit many minor corrugations.

Evidences of Faulting.—The opposing walls or surfaces of a fault-

F16. 86.—Showing effects of folding and fracture
accompanied by faulting.

plane are generally polished, scratched, and grooved by the rubbing
which took place when they moved against one another. Such
polished and striated surfaces are called slickensides.

In many cases the fault-fissure is filled with crushed rock frag-
ments, or lined with a layer of clay which is known to miners as
pug. This clay is merely rock-flour, and it may be soft, or so hard
as to resemble a slaty shale.

In powerful faults in which great movement has taken place,
the wall-rock may be crushed and brecciated—that is, broken into
angular fragments—for a width of many yards. For example, the
plane of the Moanataiari fault which intersects the Thames Gold-
field in New Zealand is in places occupied by a zone of crushed
rock and soft clay, varying from 40 to 100 feet wide.

Many fault-fractures became channels for the circulation of
mineralised waters, which deposited in them quartz or other
crystalline minerals together with ores of great economic value.
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It was in this way that many of the most valuable ore-veins were
formed.

Age of Faults.—A fault is obviously younger than the rocks which
it intersects, and when the rocks are traversed by two systems of
faults, one system will generally be found to displace the other,
thereby affording conclusive evidence that it is the younger.

A fault that traverses, for example, a pile of Cretaceous and
Miocene strata must be younger than Miocene. If the Miocene
beds are overlain by Glacial Drift which is not disturbed by the
fault, then the date of faulting took place some time after the
M_locene and before the advent of the Glacial Period.

Or again, if the fault traverses the Cretaceous beds and not the
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F1e. 87.—To illustrate age of faults.

A, Where faulting took place after deposition of beds a.
B, Where faulting took place before deposition of beds a.
(a) Miocene beds. (b) Cretaceous beds.

overlying Miocene, as in fig. 87, B, then we know that the fault is
younger than Cretaceous, but older than Miocene.

Movement is believed to be still in progress along the planes of
some of the great faults of late Tertiary date. The joltings caused

by the sudden settlement of the ground on the downthrow side >

of the San Juan fault are held by some,to have been responmble
for the disastrous earthquakes that ruined San Francisco in 1906.

Fault-Structure.—Faults intersect rocks of all kinds and all ages.
Some of them are crustal dislocations of great magnitude that can
be traced on the surface for scores and even hundreds of miles.

Faults may run in any direction, but the major faults of a region
frequently possess the same general bearing.

A fault may run parallel with the strike of a bed or lode, or it may
cross the strike at right angles or at any other angle.

Some regions are intersected by a number of parallel faults, and
in some places two or more independent systems of faults may
mutually intersect one another.

(3.
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Hade of Faults.—Faults are not oftenTvertical, but generally
incline to one side or the other. A fault is said to hade when it
inclines from the vertical plane. The kade of a fault is, therefore,
the angle which the fault makes with the vertical plane. Hade
and angle of dip are thus only the same when bhoth are 45°.

The bhade-line of a fault is the resultant of two principal
component forces, namely, gravitational stress acting vertically
towards the centre of the Earth, and lateral thrust mainly due
to subsidence.

Classification of Faults.—Faults, according to the direction of
the vertical displacement, are divided into two classes, namely :—

(@) Normal faults.
(b) Reversed or overlap faults.

In normal faults the downthrow of the beds or lode is towards

W k)

F1a. 88.—Cross-section showing direction of downthrow in normal fault.

the side to which the fault inclines or hades.” Thus, in fig. 88 the
hade and downthrow are both in the same direction. This is the
most common type of fault; hence the name normal.

Here the seam of coal has been faulted down from a to b in the
direction indicated by the arrow. :

In reversed or overlap faults the downthrow of the beds is on the
under or foot-wall side of the fracture, as shown in fig. 89.

In the above figure the hade is towards the west, but the down-
throw is on the under or foot-wall side. That is, the seam has
been displaced from b to @ ; or if we assume that a is the original
position of the seam, then it has been moved from a to b; that is,
contrary to the direction of the hade.

In fig. 77 we have an example of fracturing and faulting in the
middle limb of an overturned fold arising from the resistance of
the granite boss to the lateral thrust from the south-west.

Displacements eaused by Faults.—Faults cause different effects
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according to the direction of their strike and dip relatively to the
strike and dip of the beds, seam, or lode which they intersect.

A fault which runs parallel with the strike of the beds is termed a
strike-fault. It may dip with the bed or against it.

A fault which runs in the same direction as the dip of the beds—
that is, at right angles to their strike—is called a dip-foult. A
fault, however, may pursue any course between the strike and dip
of a bed; consequently the distinction between strike-faults and
dip-faults is sometimes not very well marked. For example,
when the course of the fault is midway between the dip and strike
of the bed, the fault may be termed either a dip-fault or a strike-
fault.

F1e. 89.—Cross-section showing reversed fault.

Faults according to their direction in respect of the beds or
lodes they intersect may cause :—

(1) A vertical displacement =throw.
(2) A horizontal displacement =shift of faulted bed.
(3) An apparent lateral displacement = keave.

The vertical displacement may vary from the fraction of an
inch to thousands of feet. For example, the great 10-yard seam of
coal in Staffordshire has been thrown down 450 feet.

The horizontal shift of the dissevered portion of a bed may
amount to thousands of feet, and is dependent on the amount of
throw and the angle of inclination of the fault-plane, as will be
shown later.

The apparent lateral displacement caused by faulting is depend-
ent on the throw and the amount of denudation the country has
suffered since the faulting took place.

When a fault displaces stratified rocks, the lines of bedding
afford a measure of the vertical displacement; but, in the absence
of some rock marked by a distinctive peculiarity of colour or
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composition, there is no means of estimating the amount of dis-
turbance.

Effects of Faults on Horizontal Strata.—When a vertical fault
intersects a horizontal bed, such as a seam of coal, the only displace-
ment is a vertical one, but inclined faults cause both vertical and
horizontal displacement.

In fig. 90 a horizontal seam of coal is intersected by faults A, B,
and C; A being vertical, B steeply inclined, and C relatively
flat.

1t is obvious that the vertical displacement or downthrow, com-
monly called throw by miners, equal to m =, is the only displacement
caused by the vertical fault A. There is no horizontal displace-
ment.

Fault B is inclined to the east, and causes a vertical displace-

A
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Fra. 90.—Showing effects of normal faults on a horizontal bed or seam.

ment ds, and a horizontal displacement d e, which represents the
horizontal disseverment of the ends e and s.

Fault C produces the same amount of downthrow as fault B,
but being much flatter, it causes nearly four times as much hori-
zontal displacement ; thatis, fk=4 ed. Itis obvious that the flatter
the plane of the fault, the greater will be the horizontal displacement.

The expressions downthrow and upthrow as used by miners are
merely co-relative terms applied to the vertical displacement. Thus,
if the mine workings were advancing from #» to s, the direction
of the faulted seam e % would be spoken of as an wupthrow. If,
on the other hand, the direction of the workings was from £ to e,
then when the fault was encountered the position of the seam at
s n would be said to be the result of a downthrow.

The faults A, B, C, shown in fig. 90, are examples of normal
faulting. _

Summarising the foregoing, we find that when an inclined fault

intersects a horizontal bed or seam the displacements are :—
11
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(@) A vertical downthrow (or upthrow) =throw. ) £

(b) A horizontal disseverment due to the faulted portion sliding
down the fault-plane. For the same throw, the flatter
the fault-plane, the greater will be the horizontal shift.

Do not fail to note that no lateral displacement or heave has taken
place in the examples of faulting shown in fig. 90, where we have
only vertical downthrow with fault A, and downthrow and dis-
severment with faults B and C.

Eftects of Strike-Faults.—A strike-fault runs parallel with the
strike of the bed or seam. It may dip with the bed or against
it, and according to the direction of the hade it may be a normal
or reversed fault.

A strike-fault causes vertical and horizontal displacements of
the beds intersected, as shown in fig. 91.

/7
i

Fia. 91.—Showing effects of strike-fault dipping contrary
to the dip of the strata.

In this figure the vertical downthrow =a b, and the horizontal
shift =a c.

A strike-fault causes a repetition of inclined beds, as shown in
fig. 92.

gIn regions that have suffered considerable denudation, a faulted
bed or seam of coal may be partly removed on one or both sides of
the fault, as shown in fig. 93.

Thrust-Planes.—Strike-faults may dip or hade in the same
direction as the beds they intersect, and the angle subtended
between the bedding planes and fault-plane may be so small that
the plane of movement eventually follows the bedding as offering
the line of least resistance.

When the dip and strike of the fault coincide with the dip and
strike of the beds, there is no apparent disturbance in the relation-
ship of the rocks on each side of the fault-fracture.

The only evidence of the existence of such a fault is the smooth,
polished, and slickensided surfaces on the plane of movement.

In some cases the movement along a thrust-plane has crushed
the wall-rocks into fragments, forming what is called a friction-
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Fi1a. 92.—Showing repetition of inclined beds. Upper diagram is map
of beds traversed by strike-fault. Lower diagram is a cross-section
along line A B, showing repetition of dislocated beds.

Fra. 93.—Showing coal-seam partly removed by denudation
on one side along line of strike-fault.
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breccia. The friction-breccia produced in this way may be a few
inches or many feet wide. The fragments are generally held to-
gether in a matrix of clay or pug resulting from the attrition of
the walls ; and not infrequently many of the rock fragments are
partially rounded and even sometimes scratched and striated by
the grinding effect of the wall-movement.

Effect of Dip-Faults.—The course of dip-faulis is parallel with
the dip of the beds or veins intersected.

On the slickensided faces of great faults, the stri@ caused by
the rubbing of one rock-surface upon the other usually follow a
vertical plane. In other words, there is no side shift of the faulted
bed. Consequently, when the faulted beds are vertical, there is
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Fre. 94.—Showing dip-fault intersecting inclined coal-seam
before faulting (represented by wooden model).

no lateral displacement or heave, as the dissevered ends merely
slide upon one another in a vertical plane.

The apparent heave or lateral displacement is produced by the
dip of the seam carrying the faulted portion of the seam to the
right or left ; and, manifestly, the flatter the dip, the greater will
be the apparent displacement. When the seam or lode is vertical,
there can obviously be no heave; for since the movement is vertical,
the fractured faces will merely slide on one another. -

Let a bin fig. 94 represent an inclined coal-seam, and ff'a fracture.
When faulting takes place, the effect will be as shown in fig. 95.

Here m n represents the downthrow or vertical displacement ;
and it will be observed that there is no horizontal shift, since the
fault-plane is vertical. Moreover, it will be observed that the
outcrop m is vertically above the faulted outcrop n.

When the ground on the high side is worn down by denudation
to the level of d e, there is displayed an apparent horizontal dis-
placement of the dissevered seam from s to n, fig. 96, and s n =the
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heave, which is not real but the result of the vertical movement
followed by denudation. And the portion of the seam exposed at
s by denudation does not correspond with the portion cropping out
at n.
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Fia. 95.—Showing displacement caused by dip-fault after faulting.

If the fault inclines to one side, as in fig. 97, then we shall have a
vertical downthrow =a b, and a horizontal shift b ¢, which will
represent the horizontal disseverment due to the faulted portion

Fie. 96.—Showing apparent heave,

sliding on a sloping plane. And, obviously, the flatter the dip of
the fault, the greater will be the shift for a given throw or vertical
displacement.

If now we suppose that the elevated portion of the seam is
denuded down to the level of d ¢, then there will be an apparent
heave =sn ; but, obviously, the portion of the seam at n will not
correspond to the portion at s, but to the summit of the portion
of m, now removed by denudation.
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Furthermore, when the upthrow side is denuded down to the
level of d ¢, the evidence of the horizontal shift b ¢ will be removed.

f‘

£
Fia. 97 —Showing effects of inclined dip-fault on tilted coal-seam.

F1a. 98.—Showing effect of dip-fault on a syncline. Diagram A shows the
appearance cf the outcrops after faulting and denudation; diagram B,
after faulting, but before denudation.

Effeet of Dip-Fault on Synecline.—When a block of strata arranged
in the form of a syncline is traversed by a dip-fault and the ground
on the high side is denuded down to the level of the low side, the
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lines of outcrop on the high side will appear inside the lines on the
low side, since they represent a narrower portion of the syncline,
as shown in fig. 98.

Eftect of Dip-Fault on Anticline.—The effect in this case is the
opposite of that produced on a syncline ; that is, the outcrops of

Fia. 99.—Showing effect of dip-fault on anticline.
A, After denudation. B, Before denudation.

the denuded portion will appear outside the lines of outcrop on the
downthrow side, as shown in fig. 99.

Step-Faults. — Extensive subsidence or elevation is usually
accomplished by the production of a number of parallel faults.

F1e. 100.—Showing effect of step-faulting.

When the dip of the different faults is in the same direction, there
is frequently produced a succession of downthrows which in cross-
section resemble the steps of a stair; hence the name step-foult.
The displacement caused by step-faults is usually small, and
is best seen when the faults dislocate a coal-seam.
Trough-Faults.—When two parallel fractures dip towards one
another, permitting a block of strata to be thrown down between
them, they form what is spoken of as a trough-fault. A well-known
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example is the trough-fault of Dudley Port Mine in Staffordshire,
which has thrown down the great 10-yard seam of coal a vertical
distance of 450 feet (fig. 101).

When the area depressed by trough-faulting is of considerable
linear extent, it forms what German geologists call a Graben.

Field Evidence of Faults.—Many faults, perhaps the majority,
give rise to no surface feature by which we might be led to suspect
their existence. The surface evidences of the dislocation caused
by minor faults and those of great antiquity have been obliterated
by the wear and tear which the land has undergone since the
faulting took place. Only powerful faults of late date modify
the topographical features in such a way as to proclaim their
presence.

The great Moanataiari Fault, which taverses the Thames

F1a. 101.—Showing effect of trough-fault.
(a) Seam of coal. (b) Sheet of basalt.

Goldfield, and displaces all the gold-bearing lodes lying in its path,
is of such recent date that its course may be traced on the surface
for many miles, being marked by a distinct line of depression, as
well as by the downthrow and displacement of the spurs which it
crosses. It dips to the southwest at a uniform angle of 45°, and
wherever it is cut in the mine workings its course is marked by a
layer of friction-breccia and clay, varying from 20 to 100 feet thick.
Its vertical displacement amounts to about 400 feet.

Faults are rarely visible at the surface except in bare cliffs and
artificial cuttings. As a rule they are obscured with a sheet of
younger detritus. Even the clean fault-fractures so frequently
seen in cliffs and railway-cuttings may be mere local dislocations,
or branches radiating from some greater fault.

The majority of the faults that traverse the coal-fields of Great
Britain, North France, Belgium, Pennsylvania, New South Wales,

1 Ger. Graben=ditch or trench,
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New Zealand, and other countries, were unknown until their
presence was disclosed by the progress of underground mining.
When once the position, course, and dip of a fault are ascertained,
its position in contiguous areas can be predicted with a certain
degree of accuracy, provided no later faulting or dyke intrusion
has diverted it from its normal course.
Since, then, the topographical effects and actual fractures of

Fra. 102.—Showing existence of fault inferred from presence
of abutting limestone and conglomerate.

faults are seldom seen at the surface, the geologist is compelled
to depend on the inference to be drawn from certain field occur-
rences as to the existence of faults. Thus, when two members of
the same formation are found abutting against one another, as
shown in fig. 102, it is inferred that a fault exists at the line of
contact.

Fie. 103.—Showing existence of fault inferred from repetition of beds.

Again, the repetition of a series of beds, or of some of the beds,
in the absence of folding, is always held to be an evidence of
faulting, as shown in fig. 103.

Where a younger series of strata occupying the floor of a valley
or inland basin is tilted on end, may be for scores of miles against
an older formation, as frequently happens along the foot of a
mountain-chain, the evidence is held to indicate profound disloca-
tion or faulting of an orogenic character. Such faulting has taken
place in the Great Basin of the Western States of America and in
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the inland basins of New Zealand in connection with the uplift
of the block mountains in those regions.

The existence of an unseen fault may be, as a rule, determined
by the detailed examination and mapping of a district. By its
effect on the geological structure, the position and course of the
fault, as well as its vertical displacement, can be worked out
without the actual fracture being seen in a single section on
the surface.

In coal areas and goldfields, the faults proved to exist by the
underground workings always afford a valuable aid to the field-
geologist.

Many valleys have been excavated along the course of faults;
hence persistent escarpments on the valley-walls are always sug-
gestive of faulting.

Lines of springs frequently follow the course of faults, and should

F1a. 104.—Showing faulting of young Tertiaries against
mica-schist in New Zealand.

(a) Young Tertiary lacustrine beds. (b) Palxozoic mica-schist.

be carefully noted. The sheet of stiff clay which lies along the
walls of fault-fissures arrests the flow of underground water which
eventually finds its way to the surface in the form of springs. The
existence of a mineral vein may also be indicated by a line of
springs.

Cleavage.

Cleavage Structure.—Shales and other rocks composed of fine
sediments possess a tendency to split into laminw parallel to the
original bedding planes, and this is the natural thing to expect
from the manner in which the sediments were laid down. Many
of the older fine-grained rocks, however, possess a tendency to split
into plates or thin flags at right angles to the original stratification
planes. This peculiar structure is best exemplified in roofing
slates, and is called cleavage or, more correctly, slaty cleavage, to
distinguish it from the natural cleavage possessed by many cry-
stalline minerals.

Although cleavage is, as a rule, best developed when at right
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angles to the bedding planes, it may intersect these at any angle,
or may even be parallel with them. For example, the slates at
Collingwood in New Zealand possess a distinct cleavage that in
different places intersects the stratification planes at various angles
from 30° to 45°.

When examined under the microscope, in thin slices, the con-
stituent particles of a slate are found to be elongated in a direction
parallel with the cleavage-planes. It is this parallelism of the
grains which enables a slate to split readily into thin plates.

Where the cleavage is well developed, the original stratification
planes become obscure, or they may be altogether obliterated.
In highly altered slates, crystalline minerals, such as mica and
rutile (the former most abundantly), are frequently developed along
the cleavage-planes. In this way we are able to trace the alteration
of shale to slate, of slate to phyllite or mica-slate, of phyllite to
mica-schist, and of mica-schist to gneiss.

Origin of Cleavage.—Cleavage is the result of enormous lateral
pressure., It is generally best developed where the rocks have
been subjected to intense folding combined with sufficient super-
incumbent weight to prevent the loss of lateral stress by the
upward yielding of the strata. Near the surface the rocks will
yield and fracture before the lateral pressure becomes sufficient
to cause the component particles to be elongated or rearranged
at right angles to the compressing force. Hence it is found that
slaty cleavage is always best developed in ancient sediments that
have been subjected to prolonged compression in deep crustal folds.

Sandstones, conglomerates, and altered igneous rocks frequently
exhibit an incipient form of cleavage that is, however, usually
short and irregular.

Slaty cleavage is not confined to rocks of any particular age,
but is seldom met with in formations younger than the Jurassic.
The fine roofing slates of Wales, of Cambrian age, are remarkably
fissile and homogeneous in texture.

Cleavage, in all respects similar to that induced in slates, has
been imitated by mechanical means in various mixtures of clay
by Sorby and other experimenters.

Slates that have been subjected to a torsion or twisting stress
through the obstruction offered by an unyielding buttress of granite
lying in the path of the compressive force are found to break up
readily into thin prismatic penecils.

SUMMARY.

Joint-Structure.—(1) The majority of sedimentary rocks, both
altered and unaltered, are traversed by two sets of simple cracks
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called joints, that are usually perpendicular to the original bedding
planes and at right angles to one another, thereby dividing the
rock-mass into cuboidal or prismatic blocks.

Joints are commonly confined to the particular rock in which
they occur, but in some cases they are found to pass from one rock
to another. The best-developed joints are known to workmen
as master-joints.

Some igneous rocks are traversed by two sets of joints that
divide the rock-mass into symmetrical columns, giving rise to
the well-known columnar structure which is particularly well
developed in some basalts.

Joints are necessarily confined to the zone of fracture, and in
the majority of cases they are not continuous but die out when
followed in any given direction, being succeeded after an interval
by others having the same general course.

Joint-planes sometimes show polished and striated faces which
indicate rubbing or attrition due to some movement.

The joints that are so frequently found traversing seams of the
older coals are termed cleats. The face cleats run parallel with the
strike and are generally the most pronounced. The buit cleats
are perpendicular to the face cleats. The master-joints in rocks
and the cleats in coals are utilised by the workmen to facilitate
the breaking of the material.

Origin of Joints.—(2) Joints are in all probability caused by
tension stresses arising from folding and earth-movements resulting
from shrinkage and shearing. The master-joints usually run
parallel with the axis of elevation, which points to a genetic relation-
ship between joints and folding.

In anticlinal folds, the upper layers of rock will be in tension and
the lower in compression; while in a syncline, the lower layers
will be in tension and the upper in compression.

Faults.—(3) A fault is a simple crack or fissure on one side of
which movement has taken place so as to shift the rocks on each
side relatively to one another.

Faults are caused by crustal stresses of greater magnitude than
those which originated jointage. Joints and faults are closely
related, and both are the visible expression of mechanical stresses.
Sharp folding results in fracturing and faulting whenever the stress
exceeds the elastic limit of the rock-mass.

Faults begin gradually, somewhere along their course attain
a maximum displacement, and then gradually die out. Their
length may vary from a few hundred feet to hundreds of miles,
and their vertical displacement from a fraction of an inch to many
thousand feet. !

The faces of fault-planes are frequently polished, grooved, and
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striated—thatis, slickensided. Inmany cases, perhaps the majority,
the fault-fissure is filled with a sheet of clay resulting from the
attrition of the rock-surfaces. In other cases they are filled with
fragments of rock. In many cases fault-fissures have formed
channels for the circulation of underground waters which have
deposited mineral matter and metallic ores in them. Many
faults have in this way become changed into valuable lodes.

(4) In what is called a normal fault the downthrow is towards
the side to which the fault inclines ; and in a reversed or overlap
fault the downthrow is on the footwall side.

(5) A fault, according to the direction it pursues in relation to
the strike of the rocks it traverses, may be a strike-fault which runs
parallel with the strike, or a dip-fault which runs at right angles
to the strike. But it must be remembered that faults may run
at any angle between the strike and dip.

A strike-fault causes both vertical and horizontal displacement
of the beds it intersects, and if the throw is considerable, may cause
a repetition of the surface outerops of a succession of beds.

(6) Dip-faults cause a vertical and an apparent lateral dis-
placement, the last due to the dip of the faulted beds carrying
the faulted portion to the right or left.

Where parallel faults cause a displacement in the same direction,
they form what are called step-faults; and where two faults dip
towards each other so as to permit a block of rock to drop down
between them, they form a trough-fault.

(7) Among the best field-evidences of faulting are (a) the side
displacement of beds, and (b) the repetition of beds where there is no
reason to suspect the existence of isoclinal folding. Few faults
are recognisable on the surface, as in the majority of cases denuda-
tion has kept pace with the rate of displacement. Their existence
can, however, be deduced from the deposition and arrangement of
the rocks, as shown by a careful geological survey. Faults are
easily recognised in coal and metal mines by the displacement of
the seams and lodes which they intersect.

Cleavage.—(8) This is the tendency possessed by many rocks,
particularly those of fine texture, to split into thin plates in some
direction not parallel to the original bedding plane. Cleavage is
best seen in clay slates. It can be induced in artificial mixtures
of clays, iron oxide, etc., by the application of enormous lateral
pressure. The cleavage-plane is always perpendicular to the line
of pressure. It is believed that slaty cleavage is the result of lateral
pressure or compression arising from crustal folding.



CHAPTER XI.
COMPOSITION OF EARTH’S CRUST.

Constitution and Physical Properties of Minerals.

TuE crust of the Earth is composed of rocks and minerals which,
in their ultimate constitution, consist of elementary substances
called elements.

Some Chemical Principles.— Elements are simple substances,
and of these, chemical research has identified about seventy in the
various rocks, minerals, and compounds that constitute the access-
ible portion of the crust. The majority are, however, compara-
tively rare.

Elements and their compounds exist naturally in three conditions,
namely, the gaseous, liquid, and solid.

Most solids can be rendered liquid by the application of
heat ; and by applying still more heat, the liquid form can be
changed to the gaseous. Conversely, by the application of suffi-
cient cold and pressure, the gases can be made first hquld and
then solid.

Of the metallic minerals, mercury is the only one that is liquid
at ordinary temperatures. It can be converted into a solid by
subjecting it to the influence of intense cold.

The majority of the elements do not exist in a free or uncom-
bined state, but two, three, or more combine with one another
to form various compounds. A compound may be a gas, like
carbon dioxide ; a liquid, like water; or a solid, like calcite or
limestone.

Among the elements that exist in a free state we have the gases
oxygen, nitrogen, and chlorine; the liquid, mercury; and the
solids, gold, silver, platinum, copper, iron, carbon, sulphur, and
some others

Practically, all the elements resent an existence in a free state,
and hence are always on the alert to form alliances with other
elements or compounds.

The chemical affinities or likings of some elements for certain
other elements are very powerful and for others feeble. The gas
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fluorine, for example, is-so active that it can only be separated
from its compounds with the greatest difficulty, and when separated
it requires the exercise of extraordinary precautions to keep it from
combining with other elements. On the other hand, nitrogen,
when free, is not very active, and it is for this reason that it con-
stitutes so large a proportion of the atmosphere.

An element may possess the power to combine with many
different elements with various degrees of intensity. With those
to which it is strongly attracted, it will form stable compounds,
and with those to which it is feebly attached, feeble combinations
that are easily broken up.

Thus silicon has a powerful attraction for oxygen, and when
once these two elements are united, as we find them in silica (810,),
which occupies such an important place among the constituents
of the Barth’s crust, it is almost impossible to disassociate them.
On the other hand, iron and oxygen have a mutual attraction,
forming ozides of iron, but the oxygen can easily be displaced from
the iron by presenting carbon to it under suitable conditions. In
fact, the oxides of almost all the metals can be broken up by carbon,
and this is the principle that underlies the reduction or smelting
of the base metals.

What has been said of the elements is also true of many com-
pounds, particularly of the gaseous compounds and the salts
soluble in water. That is, they possess the power to unite with
elements or other compounds to form new compounds. They also,
like the elements, possess certain affinities, preferring to unite with
certain elements and compounds in preference to others. Like-
wise with certain elements and compounds they are capable of
forming stable combinations, while with others they form feeble
combinations. Thus the union of lime (CaO) and carbonic acid
(CO,) is a comparatively stable compound forming calcite, lime-
stone, or chalk; but the soluble bicarbonate of lime, which is
formed when carbonic acid dissolved in water acts on limestone
(CaCOy), is a feeble combination, the excess of carbon dioxide
being easily displaced.

The inveterate natural propensity and continual struggle of
certain elements and compounds to form new and attractive com-
binations more to their liking, is the dominant principle underlying
the weathering and disintegration of rocks which play so important
a r6le in the general processes of denudation.

The three compounds responsible for the greater part of this
disturbance are silica (chemically called silicic acid), carbonic
acid, and sulphuric acid. Next to these we have the elements
oxygen and chlorine, both active and powerful allies of the
acids.
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The acids unite with the oxides of the metals calied bases to form
new compounds. Thus :—

Silicic acid, z.e. silica, forms silicates.

Carbonic acid, 7.e. carbon dioxide, forms carbonates.

Sulphuric acid forms sulphates.

Oxygen unites with metals to form oxides, or unites with
lower oxides to form higher oxides.

Chlorine unites with metals to form chlorides.

The silicates, carbonates, and sulphates are important in any
study of the crust on account of the dominant part they play as
rock-forming minerals.

Of the eighty or more elements distinguished by chemical
science, about twelve constitute about 97 per cent. of the mass
of the accessible crust. These twelve are as follows :—

Element. o0 et
Oxygen, . ; > ; : . : .47
Silicon, . 5 X ' ; : 3 . 28
Aluminium, f : : : | ; ; 8
Iron, 6
Calcium, D : : 5 : . ) 4
Magnesium, ; 5 . 3 . 4 . 2
Sodium, 3 ; : : . ) ; 2
Potassium, f 1 1 4 . ; . 2
Carbon, chlorine, barium, and manganese, about 2

Some Physical Properties of Minerals.

A Mineral Defined.—The term meineral embraces such a wide
range of natural substances that it is difficult to formulate a defi-
nition sufficiently comprehensive and exact to satisfy scientific
requirements. A mineral may, however, be defined as a naturdl,
homogeneous, inorganic substance possessing a definite chemical
composition.

This definition includes water and its solid form <ce, but excludes
coal and some other substances of vegetable origin that are by
common usage regarded as minérals.

The most important physical properties of minerals are the
following :—

1. Crystalline form. 5. Tenacity.
2. Cleavage. 6. Specific gravity.
3. Fracture. 7. Lustre and feel.

4. Hardness. 8. Colour and streak.
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Formation of Crystals.—Crystals may be formed in Nature in
three different ways, namely :—

(1) By sublimation from gases.
(2) By chemical precipitation from solutions.
(3) By separation from a fused or molten mass.

In volcanic regions the sides of the vents of fumaroles and of all
the cavities or vughs to which the gases have access, are frequently
lined with beautiful incrustations of sulphur crystals formed by
sublimation through the mutual interaction of sulphuretted-
hydrogen and sulphurous acid gases emanating from the ground.

The formation of crystals by precipitation from aqueous solutions
is a subject of which we have many familiar examples. If a hot
saturated solution of brine be allowed to cool, crystals of rock-salt
will separate out from the mother liquor. Or when a string is
suspended in a saturated cooling solution of sugar, it soon becomes
covered with the beautiful crystals called rock-sugar or barley-
sugar. The crystalline gangue or matrix of mineral lodes is now
believed to have been formed by precipitation from mineralised
waters that at one time circulated in the fissures.

A fused mass of rock is merely a solution of a thick and viscous
kind, and, on cooling, crystals separate out from it just as they do
from an aqueous saline solution.

CrYSTALLINE Forwm.

All minerals have a tendency to occur in certain definite geo-
metrical forms which are called crystals. There are hundreds of
crystal forms, but all can be referred to six groups to which the
name crystallographic systems is applied. They are as follows :—

1. Cubic or Isometric. 4. Monoclinic.
2. Dimetrics 5. Triclinic.
3. Trimetric. 6. Hexagonal.

In every crystal the flat surfaces or faces are called planes, and
these may be flat, rough, or curved. The line formed by the
meeting of two planes is an edge, and the point where three or
more planes meet is called a solid angle.

All crystals may therefore be regarded as solid geometrical
figures bounded by planes or faces ; and although the size of the
planes may vary, as they do in large and small erystals, the angles
between corresponding planes in different crystals of the same
mineral are always the same. A few minerals are dimorpbhic.

In all crystals the planes are referred to certain imaginary lines

12
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called awes running through the crystal. This construction is
easily understood by the examination of wooden or glass models,
but can also be made clear by a few simple experiments, now to
be described.

%
%
Sk ey L2
7]
/

Fr1e. 105.—Showing cube with its three axes at right angles to one another.
(a-b) Pinakoid faces.

Cubic or Isometric! System.—Take a piece of soap, transparent
if procurable, and cut it into a cube about two inches square.

x

F1@. 106.—Showing octahedron. (c, ¢) Pyramid faces.

Through the centre of each pair of opposite planes push a fine
knitting-neddle, as shown in fig. 105.

It will be observed that the three needles or axes lie at right
angles to one another, and that the distance from the cenire or
point of intersection inside the crystal to each plane is the same.

1 Gr. isos=equal, and mefron =a measure.
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Thus, in the cubic system we have three axes of equal length
and at right angles to one another ; and all the axes being equal,
there is no axis that can be regarded as the principal axis in pre-
ference to the others.

If now we truncate the solid angles of the cube down to the
points where the needles emerge, we shall get an eight-sided figure
or octahedron.

By truncating various solid angles and edges we may obtain
many modifications of the cube, all of which can be referred to the
three axes of the cubic system.

a
b
oo/
A V' B
Fi6. 107.—Showing prisms of dimetric system.
(a, a) Pinacoid faces. (p, p) Prism faces.
(b, b) Basal planes. (¢, ¢) Pyramid faces.

Dimetric ! System.—Take another piece of soap and cut it into a
prism three inches long, with ends an inch and a quarter square.
Mark the centre of each face, and through the marks in each pair
of opposite faces push a needle.

Here we have three axes, all at right angles; two are of equal
length and lie in the same plane, while the third is either longer or
shorter than the others and is called the principal axis. In our
example shown in the last figure we have made it longer than the
others.

Observe that the pinacoid 2 faces or planes a, a, are parallel to
the principal axis, and perpendicular to the lateral axes.

1 Gr. dis=double, and mefron =a measure.
2 Gr. pinax=a plank, and eidos =like.
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The top and bottom planes of the prism are marked b, b, and
are crystallographically called basal planes, notwithstanding their
position at the top and bottom of the prism.

If now we truncate or pare away the vertical edges of the prism
until the new planes meet at the points where the lateral axes
emerge, as in B of fig. 107, we shall obtain a new prism, bounded
at the ends by basal planes b, b, and at the sides with four new
vertical planes lying parallel with the principal axis and touching
two of the lateral axes. These planes are marked p, p, to distinguish
them from the pinacoids, each of which, as we have seen above, is
perpendicular to a lateral axis.

|
--___._--_.\';._____--
\\
N
Q >l<
|

Q

)

Fie. 108.—Showing prism of trimetric system.
(a, a) Pinacoids. (b, b) Basal planes.

If we take another prism similar to the first used to illustrate
this system, as shown in A of fig. 107, and truncate the eight solid
angles, we shall obtain an octahedron bounded with pyramid
faces ¢, c.

Trimetric ! System.—Cut a prism with oblong ends, and, as before,
ingert the needles through the centres of the opposite faces.

It will be seen that the three axes are still at right angles to one
another, but that all are of different length. Here also the principal
axis may be longer or shorter than either of the lateral axes.

By truncating the solid angles we obtain an octahedron bounded
by pyramid faces ; and by truncating the vertical edges of another
prism similar to the one we started with, as shown in fig. 108, we
obtain a prism bounded by prism faces.

1 @Qr. treis=three, and mefron =a measure.
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Monoclinic ! or Oblique System.—In this system there are three
unequal axes, two at right angles, the third inclined.

To illustrate this system, first cut a prism three inches long,
with ends, say, one inch by an inch and a half. Insert a needle
through the centre of the top and bottom, 7.e. basal planes, and

F1a. 109.—Showing prism of monoclinic system.
(a, a) Pinacoids. (b, b) Basal planes.

another through the centre of the pinacoid planes lying parallel
with the longer axis. These two needles or axes will be at right
angles, but are of different lengths.

QA

Fie. 110.—Doubly oblique prism of copper sulphate.

Now pare away the basal planes so that the model will not lie
vertical when placed on the table. Make both basal planes parallel
to one another, and through their centres push the third needle.
The third axis will be seen to be inclined to the other two.

Triclinic 2 or doubly Oblique System.—In this system there are
three unequal axes, and all inclined at different angles.

1 Gr. monos=single, and klino=1 bend or incline.
2 Gr. treis =three, and klino=1 bend or incline,
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Take the prism of soap used in the last experiment and pare the
basal planes away in a direction at right angles to the first paring
which caused the inclination of the prism. The prism will now be
inclined in two directions.

Hexagonal System.—This system differs from all the others in
having four axes, of which three are equal, lie in the same plane, and
are inclined to one another at an angle of 60°. The fourth, called
the principal axis, is at right angles to the others, and may be of
any length.

Cut a hexagonal prism three inches long, and through the centres
of the opposite pairs of faces insert the needles. By truncating
the solid angles a hexagonal pyramid will be obtained.

(27 " b a

F1a. 111.—Hexagonal crystals.

(a) Hexagonal dodecahedron. (b) Rhombohedron. (c) Hexagonal prism,
(d) Crystal of quartz (combination of hexagonal prism and pyramid).

RECAPITULATION OF CRYSTALLOGRAPHIC SYSTEMS.

(1) Cubic—3 axes, all equal, all at right angles.

(2) Dimetric—3 axes, two equal, all at right angles.

(3) Trimetric—3 axes, all unequal, all at right angles.

(4) Monoclinic—3 axes, all unequal, two at right angles, the
other inclined.

(5) Triclinic—3 axes, all unequal, all inclined.

(6) Hexagonal—4 axes, three equal, lying in the same plane,
the fourth at right angles to others.

In all the systems there may be prisms and pyramids. When
crystals are very narrow and long, they are termed acicular or
needle-shaped ; and when broad, they are said to be tabular.

Pseudomorphs.!—These are crystals which have the form of one
mineral and the composition of another. For example, crystals
of quartz are frequently found in the form of calcite, and orthoclase
is sometimes partly or entirely replaced with cassiterite, tin oxide.

1 Gr. pseudos=false, and morphe=shape,
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Fre. 112.—Showing geode of calcite. (After Bassler.)
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Fossil organisms are frequently found replaced with pyrites or
silica.

Pseudomorphism is the result of mineral replacement.

Dimorphism.!—A mineral substance that is capable of crystal-
lising in two different systems is said to be dimorphous. Carbonate
of lime is a notable example of dimorphism. In the form of calcite
it crystallises in the hexagonal system, and as aragonite in the
trimetric system.

Macles or Twin Crystals,—These are groups of two or more
crystals that appear as if mutually intersecting one another, and
sometimes as if a crystal had been cut in two and one part turned
round on the other.

Macles are common in alum, albite, spinel, quartz, orthoclase,
magnetite, pyrites, rutile, and many other minerals.

Geodes.—These are concretion-like masses, hollow and lined

Fie. 113.—Showing simple goniometer.

with crystals pointing inwards. They are common in all kinds of
rocks and in mineral veins. The cavities which they filled are
called wvughs.

Measurement of Angles of Crystals.—The angles which similar
planes make with one another are constant ; and since minerals
always crystallise in the same forms, the measurement of the angles
affords an important aid in their identification.

The angles of crystals are measured with a goniometer,? of which
there are many mechanical and optical forms. A simple form of
goniometer is shown in fig. 113.

Cleavage.—This is the tendency possessed by many crystalline
minerals to split or cleave in a certain direction. The cleavages
are usually parallel with the faces of one of the simple forms of the
mineral. They are spoken of as perfect when smooth and easily
obtained, and ¢mperfect when rough or obtained with difficulty.

Many minerals possess no cleavage-planes; while others may

1 Gr. dis=double, and morphe =shape.
2 Gr. gone =an angle, and metron =a measure,
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cleave in one, two, or more directions. When a mineral possesses
two or more cleavage-planes, one cleavage is generally more easily
obtained than the others.

Cleavage is always in the same direction in the same mineral;
hence it is of great use in the identification of crystallised minerals.

Quartz possesses no cleavage; mica has one perfect cleavage
parallel with the basal plane; and orthoclase has two cleavages, viz.
parallel with the basal plane, and with one pinacoid. Calcite has
a perfect cleavage parallel to all the faces of the rhombohedron;
hence, if a large crystal of that mineral be broken, it will fall into a
number of small thombohedrons, each of which may be broken
into still smaller crystals of the same form.

Crystal-cleavage is a character in some way connected with the
molecular structure and building up of the crystal. It has no rela-
tionship to the slaty cleavage of rock-masses, which, as we have
found, is a structure induced by enormous lateral pressure.

Fracture.—This relates to any broken surface other than a
cleavage-plane. According to its form it may be :—

(a) Conchoidal or shell-like, as in flint.

(b) Ewen or free from roughness.

(¢) Uneven or rough, as in cassiterite.

(d) Splintery, as in serpentine and nephrite.
(e) Hackly or wiry, as in native copper.

Hardness.—This is a character of great importance in determina-
tive mineralogy. It varies greatly in different minerals and
slightly according to the face taken, and is generally expressed in
terms of Moh’s scale, which ranges from 1 to 10.

Moh’s Scale of Hardness.

(1) Tale, easily scratched with (6) Felspar, difficult to scratch
finger-nail. with knife.

(2) Gypsum, difficult to scratch (7) Quartz,
with finger-nail.

) 1 i not
(3) O(f{l;iléz,, easily scratched with (8) Topaz, ackeichod
(4) Fluor Spar, not easily (9) Corundum, I‘;Vlt?
scratched nife.
(5) Apatite, with knife. (10) Diamond,

Quartz is harder than steel; therefore it is not scratched with
a knife.

A mineral is tested for hardness by finding a test-mineral which
will just scrateh it, and one below which will not scratch it. Its
hardness lies between these.
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Tenaeity.—Minerals may be :—

(@) Tough, like nephrite or jade.

(b) Brittle, like tourmaline.

(¢) Pulverulent, easily reduced to powder.

(d) Sectile, may be cut with a knife, like kerate.

(¢) Malleable, may be flattened by hammering, like native
copper.

(f) Elastic, like mica, which may be bent, but regains its original
form when pressure is removed.

(9) Flexible, like asbestos, which may be bent, but is not elastic.

Fia. 114.—Showing specific gravity balance.

Specific Gravity =S.G.—This is the weight of a mineral compared
with the weight of an equal bulk of water. The specific gravity of
water is taken as 1, or unity. The specific gravity of quartz
is 2-6, which means that a cubic foot of quartz, or any given
volume, weighs 2:6 times heavier than the same volume of water.

A cubic foot of water weighs nearly 62-5 Ibs.; therefore a cubic
foot of quartz =2-6 x 62:5 =162-5 lbs.

Specific gravity is a character that is frequently of great use in
distinguishing minerals.

To determine S.G. of a Mineral Substance heavier than Water -—
First method—

(1) Weigh the substance carefully in a pair of scales. Call this
the weight in air =a.
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(2) Suspend the mineral from one of the pans by a silk thread,
and weigh it in a vessel nearly full of water. Be careful to
displace any air bubbles that may adhere to the surface of
the mineral. Call this the weight in water =b.

(3) The weight in water will be less than the welght in air ; that
is, b will be less than a.

Subtract b from a, and the difference will be the weight
of water displaced by the mineral.

(4) Divide the weight in air by the difference just found, and
the quotient will be the S.G. required.

This may be expressed in the form of a simple equation :
Rl SO0
a
Second method—

A more exact determination is made by means of a specific gravity
boitle, which is a light glass bottle provided with a perforated
stopper, arranged to hold, when full, a known quantity of water,
say 500 grains.

(1) Fill the bottle with water, insert stopper, and wipe dry.

(2) Make a counterweight of lead-foil exactly equal to the weight
of the full bottle.

(3) Reduce a portion of the mineral to be tested to a coarse sand.
Remove all the fine dust, and weigh out a portion of the
sand less than the capacity of the bottle, say 200 grains.
Call this weight a.

(4) Put the weighed sand into the bottle, taking care to lose none.
Some water will be displaced in doing so. The water so
displaced will obviously equal the bulk of the sand intro-
duced into the bottle.

(5) Again insert the stopper, wipe dry, and weigh, using the
counterweight. It will be found that the counterweight
plus a less weight than a will produce equilibrium. Call
this weight b. Then, as before :

8.¢.=2=b
a

Lustre and Feel. —Many minerals possess a characteristic lustre,
which may be :—
(a) Metallie, like galena ;
(b) Brassy, like pyrites ;
(¢) Resinous, like blende ;
(d) Vitreous or glassy, like calcite ;
(e) Silky, like satin-spar and many fibrous minerals.
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All the hydrous silicates of magnesia, as, for example, talc and
steatite, feel greasy to the touch.

Actinolite and some other minerals feel harsh.

Colour and Streak.—The characteristic colour of many minerals
is a valuable aid in their identification, especially in the case of
those possessing a metallic lustre. The colour of earthy minerals
is liable to great variation owing to the presence of impurities.

The green colour of chlorite,! malachite, and glauconite ; the blue
of azurite; the scarlet-red of cinnabar—are nearly always distinctive.

The streak refers to the colour of the powder of a mineral, and is
best obtained by drawing the substance to be tested across a plate
of unglazed porcelain.

The streak of metallic minerals is generally as dark or ‘darker,
than the colour of the mineral ; and of non-metallic mmerals as
light, or lighter, than the colour.

Classification of Minerals.—The two systems of classification in
common use are called the Chemical and Economic. In the
Chemical classification the minerals are arranged according to their
chemical composition ; thus the carbonates, sulphides, oxides, and
silicates are brought together into distinct groups, which are further
subdivided into hydrous ? and anhydrous.®

In the Economic classification all the ores and compounds of each
metal are brought together in one group ; thus, in the iron group we
have metallic iron, and all the oxides, sulphides, etc., of that metal.
This arrangement possesses many advantages from a commereial
and technological standpoint.

1 Gr. chloros=green. 2 Gr. hydor =water.
3 Gr. a =without, and hydor = water.



CHAPTER XII.
ROCK-FORMING MINERALS.

An Aceount of the more Common Minerals eomposing the
Crust of the Earth.

ABouT three-quarters of the surface of the globe are occupied by
the sea, and one-quarter by dry land. The dry land is mainly com-
posed of such massive rocks as sandstones, shales, slates, lime-
stone, granite, various lavas, etc., but in geology, clay, sand,
gravel, and other unconsolidated rocky materials are also classed
under the general term rock.

Rocks defined.—Many rocks are aggregates of several distinct
minerals, a good example being granite, which is composed of
quartz, felspar, and mica. Some Tock-masses are composed of
some one mineral alone in a more or less impure state ; thus marble
is an impure form of calcite, and dunite an impure massive form
of olivine.

Examination of Rocks.—That branch of geology which deals
with the study of rock-masses as seen in the field, and with the
minute structure of rocks as determined in the laboratory, is called
Petrology.t

The megascopic? examination of a rock refers to the results
obtained by viewing the rock with the naked eye. The micro-
scopic® examination refers to the study of the minute structure as
seen in thin slices placed under the microscope.

Minerals oceur in Two Conditions.—A mineral may occur in
Nature in two conditions or forms, namely :—

(1) Crystalline—that is, in more or less well-defined crystals.
(2) Amorphous—that is, massive, or without definite crystalline
structure or form.

In mineralogy the crystalline form of a mineral is frequently
given a distinct name ; thus the diamond is the name applied to

1 Gr. petra=a rock, and logos=description.

2 Gr. megas =large, and skopein=to view.

3 Gr. micros=small, and skopein =to view.
188
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the crystalline form of carbon, corundum of alumina, and selenite

of gypsum.
A mineral may be chemically composed of :—

One element, as the diamond, which is pure carbon.

Two elements, as ordinary table salt, composed of the metal
sodvum, and the gas chlorine.

Three elements, as calcite, the principal constituent of all crystal-
line limestones, composed of the metal calcium, carbon
and oxygen.

Four or more elements, as the garnet and mica, which are complex
and variable silicates of many bases.

Gold, silver, platinum, iron, lead, and mercury, and all the metals
that occur in Naturein the native or metallic condition, are minerals.
The chemical combinations of the metals with oxygen, sulphur,
arsenic, fluorine, etc., are commonly spoken of as ores. For
example :—

Zinc +sulphur =Zn8 =zinc blende.
Lead +sulphur =PbS =galena.

All the ores of the metals are classed as minerals, and their study
forms an important branch of mineralogy.

Thus we find that oxygen, sulphur, etc., possess the property
of combining with metals, or bases as they are then called, to
form a group of minerals known as ores. Ores commonly occur
aggregated in lodes or veins and in irregular deposits. As rock-
forming minerals they are not important, with the exception of the
compounds of iron, which are abundant and widespread.

Silicates and Carbonates.—Oxygen, sulphur, and other elementary
substances combine with the metals to form ores; but silica
(Si0,) and carbonic acid (CO,) possess the property of being able
to combine with the oxides of the metals, as bases, forming large
and varied groups of minerals termed silicates and carbonates
- respectively. Both are important as rock-forming constituents,
the former occupying the dominant place.

Take the case of carbonic acid (carbon dioxide).

Acid. Base.
Carbonic acid + lime.

Co, + Ca0O =Calcium carbonate.
Carbonic acid + magnesia.

CO, + MgO =magnesium carbonate.

Carbonic acid may combine with one base, as with lime, forming
calcite; or with two bases, forming dolomite, the carbonate of
calcium and magnesium. :

Carbonate of lime and carbonate of magnesia, in both their
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crystalline and massive forms, compose rock-masses that are
frequently of great extent.

Silica possesses all the properties of an acid, and is hence chemi-
cally termed silicic acid. Now silica, unlike carbonic acid, can
combine not only with one but with two, three, or more bases in
the same compound, giving rise to an exceedingly varied and
numerous class of minerals of homogeneous structure and uniform
composition.

Thus silica may be combined with—

One base, as in talc, the silicate of magnesia ;

Two bases, as in olivine, the silicate of magnesia and iron ;

Three bases, as in epidote, the silicate of alumina, lime, and iron ;

Four or more bases, as in mica (muscovite), a silicate, of alumina,
potash, and other bases.

From what has been said, we see that silica may occur in
Nature as—

(1) Free or uncombined, as in quartz, which is the principal con-
stituent of beach sand and sandstones.

(2) Combined with bases such as alumina, lime, magnesia, soda,
potash, etc., forming the vast group of minerals termed
stlicates.

PRINCIPAL ROCK-FORMING MINERALS.

A great many minerals enter into the constitution of the crust
of the Earth, but the main mass is composed of a few predominating
compounds of these: silica, 8i0,, in its free and combined condi-
tions constitutes more than half of the known crust.

Alumina, nearly all of which occurs combined with silica, is
present to the extent of 15 per cent.

After alumina follow iron oxides, 7-5 per cent.; lime, 55 per
cent.; magnesia, 45 per cent.; soda and potash, each 3 per cent.
All of these, except a portion of the iron, exist in the condition
of carbonates and silicates.

The principal rock-forming minerals are as follow : —

(1) Quartz. (10) Nepheline.
(2) Felspar. (11) Tourmaline.
(3) Mica. (12) Calcite.

(4) Olivine. (13) Aragonite.
(5) Serpentine. (14) Dolomite.
(6) Chlorite. (15) Fluorite.
(7) Hornblende. (16) Apatite.

(8) Augite. (17) Iron ores.

(9) Rhombic pyroxene.
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Primary and Secondary Minerals.—A primary mineral or rock
constituent is one that is developed during the cooling of the
molten magma, or, in the case of a sedimentary rock, that appeared
among the original constituents.

A secondary mineral is one that appeared after the rock-mass
was formed. It is generally a product of the alteration or decom-
position of one of the original or primary minerals.

Essential Mineral. — Many kinds of rock are recognised by
geologists as being composed of an aggregate of certain minerals.
Thus granite, as previously stated, is an aggregate of quartz, felspar,
and mica. If any one of these be absent, the rock would not be
recognised as a granite ; hence these three are spoken of as essential
minerals.

Accessory Minerals.—These are minerals that may or may not
be present in a rock. They are accessory because their presence
or absence does not alter the constitution of the rock, though,
if abundant, they may modify it to some extent. Thus, when
tourmaline is present in granite it is merely accessory.

Quartz,—This occurs in both the crystalline and amorphous
or chalcedonic forms. It is harder than steel, and therefore cannot
be scratched with a knife or file. On account of its great hardness
it is frequently the last or ultimate residue of the detritus derived
from the denudation of a land area ; for while the softer materials
are reduced by attrition to the condition of mud either during
their transport to the sea or after they reach the sea, the quartz
particles manage to survive, although doubtless greatly reduced
In size.

These surviving quartz grains, sometimes angular, sometimes
semiangular, and frequently rounded in shape, are piled up on sea
and lake beaches, forming the familiar sea-sands found on nearly
every strand.

When free from impurities, quartz is clear and transparent,
but it is frequently pale-grey, pale-yellow, golden-yellow, or reddish-
brown in colour owing to the presence of iron oxides. The intensity
of colour becomes greater as the percentage of iron oxide increases.

Quartz is the principal constituent of sandstones, and is an
essential constituent of mica-schist, gneiss, quartzite, rhyolite,
and quartz-porphyry. As a secondary mineral deposited from
slowly moving siliceous waters it occurs, filling cracks, fissures, and
cavities. It is frequently developed in igneous rocks as a secondary
product resulting from the alteration or decomposition of silicates.

Large bodies of quartz in the form of siliceous sinter are deposited
by thermal springs in many volcanic regions.

Siliceous sinter is deposited in successive layers, and for that
reason frequently possesses a banded or laminated structure.
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When newly formed it is massive or amorphous, but in course
of time it develops a finely crystalline structure.
The principal varieties of crystalline quartz are as follows :(—

Rock crystal is a colourless transparent variety much used for
spectacle-glasses, lenses, etc.

Aimethyst, which is a purple or violet variety often of great beauty.
The colour is mainly due to the presence of manganese
oxide.

Catrngorm has a fine smoky-yellow or brown colour.

Ferruginous quartz possesses a yellow or reddish-brown colour
due to the presence of iron peroxide. Abundant in many
lands.

Among the numerous varieties of massive or chalcedonic quartz
are :—

Chalcedony, found lining cavities in rocks and as stalactites.
The colour is often milk-white, yellow, brown, or lavender-
blue.

Carnelian, red or reddish-brown.

Flint, of various shades from grey to black. Occurs as nodules
in chalk, and as beds, forming rock-masses.

Agate is a variegated and banded chalcedony.

Plasma is a leek-green variety speckled with white.

Heliotrope or bloodstone is a leek-green variety speckled with
red.

Onyz, a banded variety of chalcedony.

Chert, a calcareous form of massive quartz, occurs in nodules
and beds, and is a rock rather than a mineral.

Jasper, a massive or very finely crystalline quartz coloured red,
reddish-brown, or yellow by iron oxides. In some of the
older formations there occur beds of hard, fine-grained,
red, or purple siliceous shales and slates, which are generally
spoken of as jasperoid shales or jasperoid slates.

Among the different forms of hydrous silica are :—

Opal, which occurs in great variety ranging from wood-opal to
the gem noble opal. Wood-opal is what is familiarly
termed silicified or petrified wood. It is merely a replace-
ment of wood by particles of hydrous silica.

Felspar.—This important family consists of several minerals,
which show a close relationship in chemical and physical properties,
as well as in their mode of occurrence.

Chemically considered, the felspars are silicates of alumina and
one or more of the bases potash, soda, and lime.

The cleavage of the felspars is specially characteristic, and it
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enables the different species to be divided into two natural groups,
namely :—
1. Orthoclase.!
II. Plagioclase.?

This * subdivision is based on the direction of the cleavage-
planes ; for, whereas all the felspar minerals show good cleavage in
two directions, in orthoclase felspar these two directions are at right
angles to one another, and in the plagioclase felspars they are
slightly oblique. In other words, orthoclase crystallises in the
monoclinic crystal-system, and plagioclase in the triclinic.

The distinguishing character of plagioclase is the appearance of
fine lamelle (see fig. 139), arising from polysynthetic twinning,
which is never exhibited by orthoclase.

Orthoclase usually presents dual twinning on various types, the
commonest being the Carlsbad. Twinning may often be detected
with a hand lens, but is best seen in thin sections viewed in polarised
light.

gOrthoclase (monoclinic) is typically a silicate of alumina and
potash, consisting of silica =646, alumina =185, and potash =169
per cent. When soda replaces the potash we get soda-orthoclase,
which is a triclinic felspar. Orthoclase is an essential constituent
of granite, gneiss, and syenite, in which it occurs as tabular crystals
of a grey, creamy, or pink colour.

Sanidine is a clear glassy variety of orthoclase. It is a common
constituent of modern acidic lavas, as rhyolite, trachyte, and
obsidian.

Plagioclases or Triclinic felspars. These include two distinct
species, albite, typically a silicate of alumina and soda; and anorthite,
typically a silicate of alumina and lime. Between albite, which
represents the acidic type of plagioclase and anorthite, the basic,
there are various mixtures of these two, producing a continuous
series of closely related minerals.

Let Ab =albite =Na,Al,SigO44.
An =anorthite =CaAl,Si, 0.

Thus the series of plagioclases includes—

Albite 3 (pure) =Ab.
Oligoclase *  =AbgAn, to AbsAn,.
Andesine 3 =AbgAn; to Ab,;An,.

1 Gr. orthos=straight, and klasis=breaking.
2 Gr. plagios=slanting, and klasis=breaking.
3 Lat. alba=white.

1 Gr. oligos=small, and klas{s=breaking.

5 From Andes in South America.

13
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Labradorite ! (most acid) =Ab,An,.
Labradorite (medium) =Abg An,.
Anorthite? (nearly pure) =An.

For the most part the plagioclase felspars are constituents of the
basic and semi-basic or intermediate types of igneous rocks, and
orthoclase, with its glassy variety, sanidine, of the acidic.

Acidic and Basie defined.—An acid or acidic rock or mineral
is one in which the silica or silicic acid, 8i0,, is in excess of the
bases ; and a basic rock or mineral is one in which the bases pre-
dominate. Take the case of orthoclase. Its composition is—

Silica, . ;s . . 64-60 per cent.
Alumina, . : SIENSTS A IR
Potash, . ; g S TGS

100-00 per cent.

The silica exceeds the sum of the bases, alumina and potash;
therefore this mineral is acid or acidic.

Mica.>—The mica family comprises a great many species, ali of
which occur in thin flexible plates. The micas are silicates of
alumina and other bases. The most important as rock-forming
minerals are as follow :—

Muscovite* (Potash-mica) occurs in thin transparent plates, and
is an essential constituent of granite, gneiss, mica-schist,
and many crystalline rocks. It is the white mica of
commerce, and in plates over two inches square is of
considerable value.

Biotite5 (Magnesia-mica) is a black mica which is abundant in
some granites, gneisses, and schists.

Lepidolite® (Lithia-mica) possesses a ruby-red or peach-blossom
colour. It is found in some granites and schists.

Sericite is a colourless hydrous mica, produced by the alteration
of alkali-felspar. It is also developed by the action of great
pressure, and hence is abundant in schists that have been altered
by dynamo-metamorphism.

Olivine.—This is a silicate of magnesia and iron. It is an essen-
tial constituent of basalt, and forms the main mass of olivine

1 From Labrador in North America.

% Gr. a=without or not, and orthos=straight.
3 Lat. mico=1I glisten.

4 From Muscovy.

5 From Biot, the French mineralogist.

8 Gr. lepis=a scale, and lithos=a stone.
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or peridotite ; a rock which in some places occurs in masses of great
extent.

Serpentine.—This is the hydrous silicate of magnesia and iron.
It frequently forms rock-masses and also occurs in veins and nests
in basic igneous rocks. It is an alteration product of olivine or
other basic minerals.

Chlorite.—This is a hydrated silicate of magnesia, alumina, and
iron which occurs in small dark olive-green scales, or in green
earthy aggregates. It is an essential constituent of chlorite-
schist, and is quite common as an alteration product of hornblende
in igneous and metamorphic rocks.

Hornblende.—This is a silicate of magnesia, lime, alumina, and
other bases. Itincludes a great many varieties, which are arranged
in two groups :—

(1) Aluminous =brown or black varieties.
(2) Non-aluminous =pale-green and grey fibrous varieties.

In a general way it may be said that the dark hornblendes affect
semi-basic rocks, such as diorite and andesite; and the pale green
fibrous varieties acidic rocks, such as gneiss.

The dark varieties also form rock-masses, as in the case of horn-
blende-schist and amphibolite.

Hornblende is an essential constituent of syenite, diorite, and
hornblende-andesite, but it occurs abundantly as an alteration
product of augite.

The name amphibole is frequently used as a family name to
include all the varieties of hornblende.

Augite.)—A variable silicate of lime, magnesia, alumina, iron,
and manganese. It includes many varieties, which are generally
grouped under the family name monoclinic pyrozene.

Like hornblende, the augites fall into two natural groups,
namely :—

(1) Aluminous =dark varieties, including common augite.
(2) Non-aluminous =green varieties.

The green varieties are found abundantly in metamorphic rocks,
as gneiss, crystalline limestone, and various schists; and the
dark or aluminous varieties, in rocks of a basic type, as basalt,
diabase, and andesite. The clear-green variety diallage is found
in serpentine and gabbro.

Rhombic Pyroxenes.2—These are variable silicates that occur
abundantly in many basic igneous rocks. The most common

L Gr. quge=lustre.
2 Gr. pur=fire, and wenos=a stranger.
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varieties ave enstatite, bronzite, and hypersthene, the former being
plentiful in serpentine and olivine rocks.

Nepheline,!—A silicate of alumina and soda with some potash.
This is an important constituent of alkali volcanic rocks. It is
always present in phonolite, and is also found in some basalts.

Some greenish and reddish massive varieties of nepheline,
known as eleolite, occur in some syenites and ancient crystalline .
rocks.

Tourmaline.—A silicate of alumina, iron, and other bases. Colour
generally black, but green and red varieties are not uncommon.
Frequently occurs in long well-developed hexagonal prisms.

Tourmaline commonly occurs in granites, gneisses, schists, and
crystalline limestones. With quartz it forms tourmaline-rock.
This mineral is the nearly constant associate of tin ore.

Caleite (CaCO;).— This is the principal constituent of all
limestones. It is present in many shales and sandstones. As a
secondary product resulting from the alteration of silicates con-
taining lime, calcite is found filling cracks, fissures, and cavities in
many igneous and crystalline rocks.

It is deposited by water in caves, forming stalactites which hang
from the roof, and stalagmites which grow up from the floor.

The soft, spongy, or porous variety deposited by water at the
foot of limestone cliffs and in rock-shelters is a calcareous sinter
known as travertine.

Aragonite (CaCOgz).—This is the rthombic form of carbonate of
lime. It composes the shells of many molluses, but is a less stable
compound than calcite. It is not abundant, being generally found
in thin veins in basalt and other igneous rocks. The fibrous variety
is often very beautiful.

Dolomite (Carbonate of lime and magnesia).— This forms
extensive beds of massive magnesian limestone belonging to many
different geological formations. It also occurs in small quantity
as an alteration product of ordinary limestone and aragonite.

Fluorite (Fluoride of calcium =fluor spar, CaF,).—This generally
occurs in limestone formation as the gangue or matrix of lead and
zinc ores.

Apatite.—This is the phosphate of lime with a little fluoride or
chloride of calcium. It occurs in large crystals and as massive
deposits in metamorphic rocks. Minute needles are common in
many granites, schists, and basalts.

Iron Ores.—Iron in its various forms is one of the most widely
distributed of all the substances that enter into the structure of the
Earth’s crust, being found in rocks of all kinds and all ages. It
occurs combined with silica in many rocks and rock-forming

 Gr. nephele=a cloud.
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minerals, and also as separate compounds of oxygen, sulphur, etc.,
forming what are termed ores of iron.

Silica combines with the protoxide of iron and other bases,
forming silicates. The indistinct green or bluish-green colour
which is so prevalent in all classes of rock is commonly due to the
presence of iron. When such rocks weather or become decomposed,
the silicates are frequently broken up owing to the removal of one
or more of the bases. The iron protoxide, FeO, being liberated,
changes or oxidises into the peroxide, Fe,O,, which possesses a red
or rusty-brown colour. Thus it comes about, as we so frequently
find, that rocks which possess a pale-green colour in the fresh
undecomposed portions, become red or rusty-brown on weathered
surfaces, or even produce brick-clays that are yellow or reddish-
brown.

The most abundant natural compounds of iron are as follow :—

Native iron, found in meteorites and serpentine alloyed with
nickel. ‘

Iron protoxide, FeO, not in free state, but combined with silica
in many silicates.

Magnetite, FegO,, the black magnetic oxide.

Hematite, Fe, 04, the red peroxide, 4.e. highest oxide.

Limonite or brown hydrous peroxide.

Pyrite, FeS,, the yellow sulphide.

Marcasite, FeS,, the white sulphide.

Pyrrhotite, Fe,S,, the magnetic sulphide.

Titanite (Titaniferous iron), a black, feebly magnetic mineral.

Glauconite, a dark-green hydrous silicate of magnesia and iron.

Magnetite—This mineral is commonly found in igneous and
erystallinerocks. It occursin thick beds, irregular masses frequently
of great extent, and as small grains disseminated throughout many
igneous and altered rocks. In rocks subject to weathering it
changes first to the carbonate and then to the brown or red peroxide.
Hence sands, gravels, and compact rocks containing magnetite
soon assume a rusty-brown colour on the surface when exposed to
the action of air and water.

H ematite—This valuable ore of iron occurs as beds interstratified
with sedimentary and schistose rocks, and as a constituent of many
mineral veins.

Limonite—This ore occurs in beds and irregular deposits in
stratified formations, and as the gossan or cap of sulphide lodes.
In the form of bog-iron it is frequently found as irregular sheets on
the lake-bottoms and in marsh lands where it has been deposited
by the action of organic acids,
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This is the oxide of iron which gives the prevailing yellow or
rusty-brown colour to soils, clays, sands, and many sandstones.

Pyrite—This mineral is present in the majority of gold, silver,
copper, and other mineral veins. It also occurs as disseminated
crystalline grains in slates, and many varieties of schistose rock.
As a secondary product it is frequently abundant in altered ande-
sites and other igneous rocks. It is also common as nodules and
pseudomorphs in clays and shales. Pyrite in its crystalline form
i1s a very stable compound, being hardly affected by atmospheric
oxidising agents even after long exposure.

Marcasite—This is the rhombic form of iron disulphide. It is
quite common in clays, shales, coal, and all stratified formations,
also in mineral veins. It decomposes very rapidly when exposed
to moist air, liberating free sulphuric acid which at once attacks
the minerals with which it comes in contact, forming alum, gypsum,
or other sulphates.

Pyrrhotite—This mineral is not so widely distributed as pyrite
and marcasite. It occurs mostly as grains and masses, impreg-
nating metamorphic or crystalline rocks.

Titanste—This composes the black titanic iron-sand found on
many sea-beaches. It occurs as scattered grains and plates in
many igneous and metamorphic rocks. It is a very stable com-
pound, and for that reason is able to resist weathering for a long
time without alteration or oxidation.

Glauconite—This is an important constituent of many sand-
stones and limestones to which it frequently imparts a characteristic
green colour. It is found filling and coating foraminifera and other
minute organisms, and is generally believed to have an organic
origin. Glauconitic greensands are prevalent in Cretaceous and
Lower Tertiary marine rocks in all parts of the globe, but are
unknown now among the Palxozoic formations. It is probable
that most of the valuable aggregations of iron-ore associated with
the more ancient altered sedimentary rocks are composed of iron
segregated from Paleozoic glauconitic sandstones and limestones.



CHAPTER XIII.
SEDIMENTARY ROCKS.

A ROCK may be composed of one or more simple minerals, or it may
be a mechanical aggregate of particles derived from pre-existing
rocks.

Classification of Rocks.—Rocks may be grouped in two great
natural classes, namely :—

I. Sedimentary or Aqueous.
II. Igneous.

The altered forms of sedimentary and igneous rocks constitute a
third class :—
II1. Metamorphic,

The grouping of rocks as Sedimentary and Igneous is purely
genetic and therefore based on a scientific principle. The class
Metamorphic does not possess the same value, as it merely comprises
altered forms of rocks that, in their unaltered condition, are
included in the other two classes. Its use, however, may be
defended on the grounds of expediency and convenience.

Sedimentary Rocks.

Sedimentary rocks, as the name implies, are composed of sedi-
ments that were laid down by the agency of water; hence the
equivalent name Agqueous so frequently applied to them. They
are also called Clastic or Fragmentary, but the second of these is
open to the objection that many masses of igneous rocks are frag-
mentary, but in no sense sedimentary or aqueous.

Sedimentary rocks that are composed of material derived from
the denudation of pre-existing rocks are said to be detrital ; that
is, mechanically formed. Those formed by the accumulation of
organisms, either calcareous, siliceous, or carbonaceous, are termed
organic ; while the minerals that accumulate on the floor of lakes
and inland seas as the result of chemical precipitation or evapora-
tion are called chemical.
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Here we have a basis for a threefold subdivision of sedimentary
rocks :—
1. Detrital.
2. Organic,
3. Chemical.

These three groups are further subdivided as under :—

(@) Arenaceous '—Sandy and pebbly rocks.

L. Detrital {(b) Argillaceous 2—Clays and shales.

(@) Calcareous 3—Limestones.
oy G J(b) Siliceous *—Cherts and flints.
Fee0 \ (¢) Carbonaceous—Coals.
((d) Ferruginous >— Ironstones.

J’ (a) Carbonates—Limestones.

. (b) Sulphates—Gypsum.

g emicy] } (¢) Chlorides—Rock-salt.
(d) Silica—Siliceous sinter.

Detrital Group.
ARENACEOUS Rocks.

The main types of rock included in this group are :—

1. Breccia.
2. Conglomerate.
3. Sandstones and gritstones.

Breceia.®—This is a rock composed of angular fragments of stone
cemented in a paste of sand or mud, or set in a matrix of carbonate
of lime, silica, or oxide of iron (Plate XV.).

Breccias were formed in places where frost-formed screes or talus-
slides descended into sheltered bays or lake-basins in which the
material was spread out near the shore without being subjected to
the wear and tear or sorting action of rapidly-moving currents.

Breccias, from the nature of their formation, may sometimes
attain a great thickness, but they seldom cover an area of large
extent.

Some breccias exhibit a rude stratification, and in places where
they have accumulated slowly they may even contain fossils. As
a rule, however, they are not fossiliferous.

1 Lat. arena=sand. ¢ Lat. argilla=clay. 3 Lat. cale=lime.

4 Lat. silex=flint. 5 Lat. ferrum=iron.
6 It, breccia =a crumb (pronounced bréchia).



To face page 200.]

QUARTZITE AND CHERT BRECCIA—UTAH.

(U.S. Geol. Survey.)
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Many breccias contain a variable proportion of water-worn
material, and some are known to pass in the same plane into
coarse conglomerate.

A, breccia composed principally of angular slaty fragments is
called a slaty-breccia ; of sandstone, a sandstone-breccia ; of mica-
schist, a mica-schist-breccia ; of quartz, a quartzose- breccia, and
S0 omn.

The fragments composing a breccia may range from less than
an inch to many feet in diameter.

Not infrequently a bed of very coarse breccia riding hard on
an old shore-line is found at the base of a conglomerate. Such
a breccia may contain angular masses of rock ten feet or more in
diameter, torn from the bed-rock on which it rests. Such a deposit
would appear to have been formed by the undercutting of steep

F1e. 115.—S8howing breccia. (After Davis, U.S. Geol. Survey.)

sea-cliffs, at the foot of which the water was too deep for the fallen
blocks to be subjected to the pounding and rounding effects of
wave-action.

Moraine-breccias have been formed where the angular ice-borne
material was shot into a lake, estuary, or fiord; or left when the
ice melted.

Fault- or Friction-breccias are frequently found on the walls of
great faults where they were formed by the crushing and breaking
up of the wall-rock during fault-movements.

Friction-breccias also occur on the walls of many large lodes.
They are an evidence that movement has taken place since the
filling and consolidation of the lode-matter. Breccias of this
kind are generally lens-shaped. Only in rare cases are they co-
extensive with the lode itself. Not infrequently the lode-matter
itself is found to be brecciated, showing (@) that the movement
took place before the lode-filling had become hardened, or (b) that
the wall-rock was stronger than the filling.
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Shear-breccias occur along the course of shear-zones. They
have arisen from the crushing and shattering of the county-rock
traversed by a shear-plane, and the subsequent cementing of the
fragments by the infiltration of silica, oxide of iron, or carbopate
of lime.

Wedges of hard rock that have become entangled in great
overturned folds are frequently found to be crushed and brecciated.

Friction and shear-breccias are sometimes called crush-breccias.
They are purely dynamical in origin, and hence fundamentally
different from ordinary sedimentary breccias from which they are
not always easily distinguished.

Sedimentary breccias afford valuable evidence of former terres-
trial conditions. They tell us, for example, of the existence of
high land near the ancient strands, of frost and glacier action.
Crush-breccias, on the other hand, help us to distinguish the zones
of rock that have been subjected to intense folding, shearing, and
faulting.

A certain class of fragmentary volcanic rock is called a volcanic-
breccia, a description of which will be found in the chapter dealing
with igneous rocks.

Conglomerate.—This is a rock composed of consolidated gravel or
shingle. The material comprising a conglomerate is water-worn and
well-rounded, and has given rise to the popular name pudding-stone.

The constituent pebbles usually represent the hardest rocks
in the region, or those hard enough to survive the wear and tear
of fluviatile or marine transport. But conglomerates formed at
the foot of sea-cliffs in sheltered bays may be composed of lime-
stone pebbles, or of other rocks not noted for their hardness. Such
conglomerates are not common.

A conglomerate that contains a considerable proportion of
angular rock-fragments may be called a breccia-conglomerate.

When the pebbles in a conglomerate are mainly granite, the rock
is called a granite-conglomerate ; when sandstone, a sandstone-
conglomerate; when quartz, a quartzose conglomerate; and when
schist, a schist-conglomerate.

The cementing medium may be a matrix of fine sand or mud,
carbonate of lime, silica, or oxide of iron. The descriptive name of
the conglomerate may be qualified by an adjective denoting the
nature of the cementing matrix. Thus, if the cement of a quartzose-
conglomerate is oxide of iron, the rock might very well be called
a ferruginous quarizose-conglomerate ; or if silica, as we find in the
gold-bearing banket of the Transvaal, we may call the rock a
siliceous quartzose-conglomerate. These names for all purposes,
except perhaps the exact petrological description, would be
shortened to ferruginous-conglomerate and siliceous-conglomerate.
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Conglomerates are essentially shore-deposits, and where they
were formed slowly may contain fossils mixed with the constituent
pebbles and sands. Some of the boulders and pebbles may be
fossiliferous, but obviously such fossils were derived from an older
rock-formation, and therefore do not indicate the age of the con-
glomerate. It is quite possible, for example, for a Tertiary con-
glomerate to contain fossiliferous boulders derived from a Silurian
formation. Moreover, a conglomerate may contain rocks that have
appeared as constituents of different formations. Thus, in the
King County of New Zealand there is a coarse conglomerate at the
base of the Lower Tertiaries mainly composed of granite, gneiss,
and crystalline schists derived from a still coarser conglomerate
interbedded with the neighbouring Triassic rocks.

Conglomerates, as might be gathered from the manner in which
the original gravels were formed, thin out rapidly when traced
seaward from the old strand. They are frequently intercalated
with tapering beds of sandstone and shale.

What are called crush-conglomerates are sometimes found on the
walls of powerful faults. They consist of large fragments of wall-
rock that have become more or less rounded, polished, and some-
times striated with the rolling and kneading action to which they
have been subjected during the fault-movements. The boulders
are usually embedded in a matrix of stiff clay composed of
crushed rock. The origin of a crush-conglomerate is purely
dynamical.

Sandstones and Grits.—Sandstones are merely consolidated sands.

River and sea-sands are principally composed of quartz grains,
but the composition of the sand in any given locality depends
principally on the nature of the country from which it is derived.

Sands derived from the denudation of granite, gneiss, mica-
schist, or sandstone consist mainly of quartz frequently associated
with a small amount of magnetite, rutile, zircon, garnet, and
tourmaline. If the sands occur in a situation where they have
not been subjected to much attrition by wave-action or sea-currents,
they may contain a small percentage of mica and orthoclase. The
so-called black sands of New Zealand are principally composed of
magnetite and quartz grains, the prevalence of the magnetite
in places being due to its concentration by the laving action of the
advancing and retreating tides.

Sands derived from volcanic rocks frequently contain a con-
siderable proportion of titanic iron and magnetite, and in some
cases olivine, augite, and hornblende.

In a general way it may be said that the sands resulting from
denudation are the residues of the hardest rock-components in
the region. Quartz is at once the hardest and most abundant
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of all the rock-forming minerals, and for these reasons it is the
principal constituent of nearly all sands.

Sand grains are not always quartz or other simple mineral.
In many coarse sands they are found to consist of small rock-
particles. This is particularly the case in desert sands which often
consist mainly of comminuted rock. And whereas in water-
formed sands, quartz is the principal constituent in the majority
of sands, comprising over 95 per cent. of the total volume, in desert
sands, while still the dominant constituent, it is frequently accom-
panied by considerable amounts of felspar, olivine, augite, heematite,
and other minerals that would be too soft to survive the wear and
tear to which sea-borne sands are exposed.

The cementing medium or matrix of sandstones may be car-
bonate of lime, silica, oxide of iron, or clay.

Carbonate of lime forms calcareous sandstones.

Silica forms siliceous sandstones.

Oxide of iron (limonite) forms ferruginous sandstones.

Clay as a matrix forms argillaceous sandstones.

When the iron-oxide matrix occurs in large quantity, the rock
is sometimes called a limonitic sandstone; and in places where
the iron oxide is present in large excess, the rock may pass into an
wronstone.

In the majority of sandstones the grains are rounded, but in
some arenaceous rocks they are subangular or angular.

The colour of sandstones is generally due to the presence of
some oxide of iron which may impart straw-yellow, yellowish-brown,
dark-brown, red and green hues according to the degree of oxida-
tion and hydration.

Glauconitic sandstones, generally called green sands, are com-
posed of quartz grains coated with the mineral glauconite,! or
of glauconite grains that are frequently the internal casts of
foraminifera.

Glauconite, which is a hydrous silicate of iron with potash and
other bases, is found filling or coating foraminifera and other
marine organisms on the sea-floor off the coast of South Carolina.
It possesses an olive or blackish-green colour, and hence imparts
a characteristic green colour to marls, limestones, and sandstones,
in which it occurs.

A sandstone containing much mica may be described as a mica-
ceous sandstone, and one charged with carbonaceous matter, a
carbonaceous sandstone.

Sandstones that split easily into thin slabs are called flagstones ;
while those that possess no distinct bedding are frequently spoken
of as freestones.

1 Gr. glaukos =sea-green.
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Many of the more ancient sandstones contain a considerable
amount of felspar, and are called felspathic sandstones or greywacke,
to which reference is made further on.

Calcareous, argillaceous, and ferruginous sandstones are usually
soft and easily cut into blocks; the greywackes are hard and
frequently much jointed and broken ; while siliceous sandstones,
which consist of quartzose sand set in a siliceous matrix, are in-
tensely hard and brittle.

The sands of which sandstones are composed were laid down in
a river-bed, or on the floor of some estuary, sea, or lake. Hence
the character of the contained fossils will be a record of the
local conditions of deposition. Thus marine shells will indicate
deposition in the open sea; estuarine shells and the remains of
land plants, estuarine conditions ; freshwater shells and freshwater
fishes with plant remains, lacustrine conditions.

Some sandstones exhibit fine examples of false-bedding, while
those of a felspathic character sometimes show a tendency to
weather in spheroidal forms, the partings of the different layers
being marked by iron-stained seams.

Among well-known examples of sandstones we have the Colley
Sandstone (Surrey), of which Windsor Castle is built ; the Stanley
Sandstone of Shropshire, used for grindstones and bridge-building ;
the Brunton Sandstone of Yorkshire; the Craigleith Sandstone
of Edinburgh ; and the Old Red Sandstone of Scotland. Some well-
known sandstones in the oversea dominions are :— :

The Desert Sandstone—Queensland.

The Grampian Sandstone—Victoria.

The Hawkesbury Sandstone—New South Wales.

The Cave Sandstone—Cape and Orange States.

The Forest Sandstone—Rhodesia.

The Beacon Sandstone—South Victoria Land, Antarctica.

G'rits, or gritstones as they are sometimes called, are composed of
coarse angular grains usually cemented in a matrix of silica or
limonite.

Gritstones composed of material derived from disintegrated
granite are frequently difficult to distinguish from the parent rock,
particularly when they rest directly on it.

A gritstone composed of quartz grains is called a quartzose grit-
stone; and one that contains besides quartz a considerable pro-
portion of felspar, slate, and felspathic material, constitutes a
greywacke.

Many Pal®ozoic and Lower Mesozoic sandstones are greywackes.
They appear to be formed of detritus derived from the denudation
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of land surfaces in which igneous rocks largely prevailed. When
fine-grained they are sometimes difficult to distinguish from igneous
rocks as seen in the field.

Greywackes frequently alternate with shales and conglomera’ces
They are found of all degrees of texture from fine- -grained to coarse
gritty rocks that sometimes approach a breccia in texture. The
prevailing colour is a dark greenish-grey, but pale-green and purple
varieties are common among the Palxozoic formations. Some of
the grey and green varieties are in places brecciated with peculiar
thin angular flakes or splinters of dark slate.

The Silurian and Devonian greywackes of some regions contain
a rich and varied fauna.

ArciLrAcEOUS Rocks.

The fine sediments resulting from the decomposition of silicate
minerals are mainly composed of hydrous silicate of alumina,
which in its pure state is known as Kaolin or China-clay. The
majority of clays are not pure, but contain more or less admixture
of rock-flour, resulting from the mechanical erosion of rocks by
glaciers, running water, or wave-action.

The fine sediments laid down on the sea-floor and in estuaries
and deltas is generally called mud. Hardened mud may form
massive beds of mudstone that possess no lamination, but more
commonly it is finely banded with thin layers or lamine that
easily split apart, forming what is geologically called shale.

The muds, of which shales and mudstones are composed, were,
as arule, laid down in deeper water than the sands of sandstones.
When traced landward, muds graduate into sands, and in the
seaward direction pass into limestone.

Clay rocks when hardened by compression and cleaved by
pressure are converted into slates.

A slate in which mica has been developed by pressure and mole-
cular change is called a micaceous slate or phyllite.

Thus, according to the degree of hardening and alteration, we
get a series of argillaceous rocks, beginning with muds and clays,
that pass progressively into shale, slate, and phyllite.

Slates, shales, and marly clays that have been invaded by
igneous dykes are sometimes changed into an intensely hard,
brittle, fine-grained black rock called Lydian Stone or Hornstone.

Muds containing from 5 to 20 per cent. of carbonate of lime form
marls or marlstones. A sandy shale is called an arenaceous shale,
while one in which there is present sufficient carbonaceous matter
to be easily distinguishable is spoken of as a carbonaceous shale.
A shale containing bituminous matter forms an oil-shale. When
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a shale contains easily recognisable scales of mica, we get a mica-
ceous shale.

Clays, marls, shales, and slates frequently contain fossils which,
in the last two, may be flattened and distorted by pressure. In
many shales the fossil are replaced by pyrite. The shales associated
with coals are usually of estuarine or deltaic origin, and hence
frequently contain an abundance of plant remains, impressions of
leaves being in many cases beautifully preserved along the lamina-
tion planes.

Loam is a mixture of sand and clay with usually some carbonate
of lime. Most loams are of alluvial origin, and for that reason are
mostly found on the floor of river-valleys.

Boulder Clay, or Till as it is called in Scotland, is a more or less
gritty, subglacial clay frequently crowded with angular and sub-
angular blocks of stone. It varies greatly in composition, even
within the limits of a small area. In one place it may be clayey,
in another sandy ; or again it may pass with startling suddenness
into gravelly beds.

Fuller's Earth is a greenish-brown, greenish-grey, bluish or
yellowish soft earthy mineral with a greasy feel. Like kaolin, it
adheres to the tongue, and when placed in water it falls into powder,
but does not form a paste. It possesses great absorbent properties
which enable it to remove grease and oily matters from cloth;
hence its name Fuller’s Earth.

China-clay or kaolin and pipe-clays are generally found in the
neighbourhood of granitic masses, the hydrous silicate of alumina
of which they are composed having been liberated by the decom-
position of the felspar (orthoclase). They are concentrated by the
rain and streams into layers and beds. Occasionally they are
found as veins filling rock-fissures.

The underclays of many coal-seams are often found to be almost
free from lime, alkalies, and iron and other fusible bases. Hence
they possess great fire-resisting properties, being what is termed
refractory. Such clays are called fire-clays. They are ancient soils
from which the lime and alkalies have been exhausted by the
coal-vegetation.

Ganmister is a close-grained, highly siliceous variety of fire-clay
found in the Lower Coal Measures of North England. It is of
great value for the manufacture of gas retorts and furnace linings.

Brick-clays are impure clays, in many cases resulting from the
decomposition of rocks in situ.

Loess is a fine wind-borne dust, in some places of glacial, in others
of desert origin. Itis mainly derived from the mechanical pulverisa-
tion of rocks by moving ice or desert winds. It covers large areas
in Northern China, and in the valleys of the Rhine and Mississippi
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Laterite is a reddish-coloured ferruginous clay found in many
tropical and subtropical lands. It is formed by the subaerial
decomposition of rocks ¢n situ, especially in flat, low-lying jungle
lands where the drainage is feeble. The decomposition of the
rock is accomplished by the removal of the silica and the concentra-
tion and oxidation of the iron. Considerable deposits of laterite
occur in the basalt covered areas of the Deccan. When dried, it
frequently forms hard surface layers sometimes called clay-pans.

ORGANICALLY FORMED ROCKS.

(@) Calcareous. (¢) Carbonaceous.
(b) Siliceous. (d) Ferruginous.

CaLcarREOUS RocCKs.

The rocks of the Calcareous group are essentially composed of
carbonate of lime. The principal varieties of limestone are as
follow :—

. Chalk.

. Coralline limestone
. Shelly limestone

. Crystalline limestone or marble.

. Argillaceous limestone.

. Siliceous limestone.

Magnesian limestone or dolomite.

forming massive limestones.

SO CUH- OO D

Chalk,—This is a very pure form of earthy limestone mainly
composed of Foraminifera and other allied calcareous organisms
that lived in clear water beyond the reach of sandy or muddy
sediments.

Coralline Limestone.—Some coralline limestones, like the beautiful
Oamaru stone of New Zealand, are so soft that they can be easily
sawn into blocks of any desired size. Others have been hardened
by the infiltration of calcareous waters. The softer varieties are
generally found to be composed of broken corals, bryozoans, fora-
minifera, echinoderm spines and plates. In some of the harder
varieties the organic structure has become obliterated, thus giving
rise to what may be called a massive limestone. In many massive
limestones the only fossils that can be distinguished are those that
appear on the weathered surfaces.

The so-called. Petit Granit of Belgium is a dense black crinoidal
limestone containing fragments of shells, corals, and crinoids. It
is a valuable building-stone.
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Shelly Limestone.—This is a limestone mainly composed of
shells of molluses that lived in comparatively shallow water where
they were liable to be mixed with sandy matter and pebbles ; hence
such limestones are frequently impure. Shelly limestones in many
places occur in irregular beds or lens-shaped tabular masses,
and they frequently alternate with sandy beds or conglomerates.

A limestone containing sandy matter is called an arenaceous
lvmestone, and one mixed with pebbles a pebbly limestone.

Some Tertiary limestones are composed of freshwater and land
snails.

Crystalline Limestone or Marble,—In this rock the original
organic structure has been completely obliterated by the develop-
ment of a granular, crystalline structure. Crystalline limestones
are found in stratified formations of nearly all ages, but are particu-
larly prevalent in the older Palxozoic systems. They vary in
colour from the finest white statuary marble of Carrara i Italy to
the dark mottled and veined varieties found in Ireland. Some of
the ancient limestones contain grains and nests of graphite occurring
throughout the whole mass or confined to certain horizons of the
rock.

Magnesian Limestone or Dolomite.—Almost all limestones con-
tain a small percentage of magnesium carbonate. By a process
of partial replacement-of the calcium carbonate and concentration
of magnesium carbonate, the rock is converted into a dolomite.

In the bore-holes put down at Funafuti in the Ellice group lying
north of Fiji, dolomitisation of the coralline and foraminiferal rock
was found to have taken place from 600 feet downward to 1114-5
feet, the greatest depth reached, resulting in the formation of
magnesian limestone with as much as 40 per cent. of magnesium
carbonate. This magnesian limestone closely resembled the
dblomitic limestone of the Tyrol, which occurs at a height of 10,000
feet above sea-level.

The dolomites found associated with rock-salt and gypsum have
not been formed in the same way as the massive dolomites referred
to above. They have been deposited as chemical precipitates on
the floor of saline lakes that had reached a stage of decadence
through insufficient supplies of inflowing water.

Argillaceous Limestone.—Earthy or chalky limestones containing
a considerable proportion of clayey matter constitute what is termed
an Argillaceous or Hydraulic Limestone. The constituents of this
rock are such that when it is calcined and pulverised, the result-
ing powder forms a natural cement which possesses the property
of setting under water ; hence the name hydraulic cement.

Siliceous or Cherty Limestone.—Bands of siliceous limestone are
frequently met with among the older stratified formatilc;ns. In
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some limestones of this class, the carbonate of lime has been re-
placed by iron oxides, that are in many places of great commercial
value.

Carbonaceous Limestone.—A limestone containing a considerable
proportion of carbonaceous matter of vegetable or animal origin
1s called a Carbonaceous or Bituminous Limestone. Such rocks
often give off a fetid smell when struck with a hammer, or when
two pieces are rubbed together, and are therefore spoken of as
Stinkstone.

Oolitic Structure.—Many of the Mesozoic limestones possess an
oolitic structure ; that is, they are made up of minute rounded
grains about the size of a small pin-head, cemented together so
closely that the rock presents the appearance of fish-roe; hence
the name oolite ! or roe-stone.

The origin of this peculiar structure is still uncertain. The
grains consist of calcite possessing a radial and concentric structure.
In many cases a grain of sand or a fragment of shell appears to have
formed the nucleus around which the calcite formed. The carbon-
ate of lime may have been deposited from solution on the floating
earthy nuclei, just as moisture in a saturated atmosphere will
collect on particles of dust.

The oolitic limestones furnish valuable building stones in almost
every quarter of the globe. The Ham Hill Stone of Somerset;
the Portland Stone of Dorsetshire, used in the erection of St Paul’s
Cathedral, London ; the Caen Stone of Normandy; the Swabian
Stone of Wirtemburg ; the Boticino Stone of North Italy ; the
White Stone of Kentucky—are some well-known examples.

The oolitic ironstones of Cleveland and Northampton, in which
the grains consist of carbonate and oxide of iron, have been shown
to result from the alteration of ordinary oolitic limestone.

Cone-in-Cone Structure.—Concretions of limestone in Cretaceous
formations are frequently covered with an outer layer of limestone
generally from two to four inches thick, composed of a mass of
radial, fibrous, funnel-shaped, crystalline forms that fit into each
other, producing a cone-in-cone structure. The origin of this
structure is not yet well understood.

SiLiceous Rocks.

Cherts and Flint.—Many of the older limestones are intercalated
with sheets or lens-shaped masses of siliceous rock called Chert,
which is mainly composed of the tiny siliceous shells of Radio-
laria, the siliceous cases of Diatoms (diminutive plants of a low
type), and the spicules of sponges. The silica is carried in solution

1 Gr. oon=egg, and lithos =stone.
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in sea-water, and these organisms are able to extract it for the
building of their coverings or skeletons.

Chert is generally a fine-grained buff-grey, dark-grey, or black
rock. It is brittle, and breaks with a conchoidal fracture. The
siliceous organisms of which it is composed are set in a cement of
secondary silica deposited by infiltration.

Beds, lenticular tabular masses, and nodules of Flint frequently
occur in chalk and other earthy limestones. The nodules are
generally arranged in layers parallel with the bedding planes.
Like chert, flint is composed of silica extracted from sea-water by
radiolarians and diatoms. ]

The soft incoherent forms of diatomaceous earth are called
Infusorial Earth or Tripoli. They are commercially valuable
as the base or matrix of many nitro-glycerine compounds, the tiny
siliceous shells possessing great absorbent properties.

CarBoNACEOUS Rocks.

These rocks include the different varieties of coal and graphite.

Coal is altered vegetable matter. It consists essentially of carbon
combined with oxygen, hydrogen, nitrogen, and a certain amount
of earthy matter which is left as a residue, or ash, when the coal
is burnt.

The progressive changes that take place in the formation of coal
are seen in the different varieties of that mineral, ranging from peat
to anthracite.

Peat.—Consisting of decomposing vegetable matter.

Lignite.—Compressed and altered peat showing woody structure.

Brown Coal.—Altered lignite showing no woody structure.

True Coal or Bituminous Coal.—Cokes or cakes when burnt.

Anthracite.—Consists mainly of carbon.

Peat consists of stems, roots, leaves, and-mossy vegetation, and
may be seen in process of formation at the present day on the sites
of ancient forests, and on moss and heath-covered water-logged
lands. In recently formed peats, the vegetable matter is only
slightly altered ; while in the older peats, it is partially carbonised
owing to the escape of some of the oxygen and hydrogen.

Lignite ! is a peaty accumulation that has become covered with
sediments. It represents the second stage in the formation of
coal ; and although the woody structure of the vegetation is still
well preserved, there has been a considerable elimination of water
and gaseous products.

Brown Coal is the next phase. It represents a greater degree

1 Lat. lignum =wood.
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of alteration than lignite. Some of poorer qualities cannot be
distinguished from lignite, while many of the better grades
approach a true coal.

True Coal, or Bituminous Coal as it is frequently called, represents
a still higher degree of alteration, and in it all trace of the original
woody structure has generally been obliterated. Microscopic
examination, however, shows that many coals are composed of the
gpores of plants allied to ferns, club-mosses, and horse-tails.
Others consist mainly of woody fibre and bark.

Anthracite ! is the hardest coal. It consists almost entirely of
carbon, practically all the gaseous products having been eliminated.

The anthracites of Wales and Pennsylvania are Carboniferous ;
and the semi-anthracites of New Zealand, Eocene. At Malvern,
in the last-named state, the brown coal has been converted into
anthracite by contact with a sheet of basalt.

Composition of Coal.—The constitution of coal can be very well
shown by a simple test:—

(1) Weigh out 100 grains of finely powdered coal; place in a
platinum dish and dry carefully at a temperature not
exceeding 212° Fahr. The loss of weight =the water.

(2) Place the dish over a Bunsen burner with the lid of the dish
tipped slightly to one side. Apply a dull red heat and
burn off the volatile gases. The loss=volatile hydro-
carbons, and the residue =jfized-carbon plus ash = coke.

(3) Remove lid; tip the dish slightly to one side and burn off
the carbon, keeping the heat going until only a grey or
reddish-grey ash remains. The residue=ask; and the
ash subtracted from the weight obtained in (2) gives the
Jiwed-carbon.

If a fine balanceis available, 10 grains of coal will be sufficient
for the test. Tabulating the results, we may get, for example :—

Water, y : : . ! 2-00
Hydro-carbous, . . : . 3400
Fixed-carbon, . ; . . 62:50
Ash, . . . . . . 1-50

100-00

Cannel is a dull earthy shaly variety of coal often possessing a
conchoidal fracture. It contains a large amount of coal gas, and
for that reason is valuable for gas-making. It sometimes contains

1 Gr. anthrax=carbon.
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shells and fossil fish, and may pass at its edges into bituminous
shale. These facts would indicate that cannel is not formed of
vegetation that grew in place, but is detrital ; that is, composed of
drift-vegetation that settled on the floor of shallow lagoons.

Jet resembles cannél coal, but is harder and blacker, and takes
a fine polish. It is found at Whitby in Yorkshire, and elsewhere.
Its lightness renders it suitable for personal ornaments.

Conditions of Coal Formation.—Coal is the result of the growth
of a dense jungle-like vegetation on low-lying swampy areas on
the sea-board near the mouth of great rivers. The deltas of the
Mississippi and the swampy forests of the Amazon and Orinoco
probably approach the conditions in which the coal vegetation
flourished. ‘

The coal is generally found resting on an under-clay, which is
the soil in which the vegetation grew. In the coals of Westphalia
and Nova Scotia, there have been found the remains of trees still
standing in the position in which they grew, with their rootlets
penetrating the under-clay. This evidence supports the contention
that many coals now occupy the original sites on which the forests

Tew.
g After centuries of growth, the accumulation of decaying vegetable
matter became buried under a covering of sands when the coastal
lands subsided and became submerged.

The existence of numerous seams of coal in the same formation
separated by beds of sandy material would indicate a corresponding
number of oscillations of the land, each elevation being marked
with a revival of jungle or forest conditions.

The thickness of the strata between the different seams of coal
affords some evidence of the duration of each subsidence ; but the
clay or stone-partings met with in many coal-seams cannot always
be taken as an evidence of submergence. They may mark the
encroachment of flood-waters on to the forest-lands during an
abnormal inundation whereby a layer of mud was deposited
among the vegetation, whose growth would be retarded but not
destroyed.

Quality of Coals—Coals enclosed in porous grits or sandstones
are usually of inferior quality ; while those interbedded with close-
grained fireclays and compact sandstones are nearly always high
class. The Upper Cretaceous system at Kaitangata, New Zealand,
contains two coal-bearing horizons, a lower and an upper. In the
. lower horizon, which consists of loose quartzose sands and porous
conglomerates, the coal is an ordinary lignite ; while in the upper
horizon, in which the seams are enclosed in thick beds of compact
sandstone conglomerate, the coal is a hard bright coal of superior
quality.
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The quality of the coal is not dependent on the age of the en-
closing rock. '

Age of Coals.—Lignites are generally confined to the younger
Tertiary formations. Brown coals are found in rocks ranging from
the Cretaceous to Pliocene ; while true coals oceur in all formations
from the Cambrian to the Eocene.

The anthracite of County Cavan in Ireland is Silurian ; the true
coals and anthracites of Great Britain, Continental Kurope, and
Pennsylvania, Carboniferous; the coals of New South Wales
and China, Carboniferous and Permo-Carboniferous; and the
semi-anthracites and bituminous coals of New Zealand, Eocene.

The brown coals of South Hungary, Transylvania, and North
Germany are Lower Miocene ; of New Zealand, Upper Cretaceous
and Lower Miocene: the lignites of Ireland are Pliocene.

All the greatest coal-deposits in the globe are of Carboniferous
age, which would indicate that plant-life in this period reached
a development and luxuriance unrivalled in any other geological
age. The ferns, mosses, equisetums, lycopodiums, and lepido-
dendrons, which constitute the bulk of the Carboniferous coals,
grew to a gigantic size, resembling in habit the forest trees of the
present day.

Graphite.)—The ultimate phase of altered coal would appear to
be represented by graphite, from which all the gases have been
eliminated, only carbon and ash being left behind.

Lenticular beds of graphite, frequently associated with crystal-
line limestones, are found in Canada, Bavaria, Bohemia, New
South Wales, interbedded with gneissic and schistose rocks of
pre-Cambrian, Cambrian, and Silurian age. Graphite of fine
quality is obtained from the Ordovician volcanic series at Borrow-
dale in Cumberland, and it is a constituent of graphite-slate,
graphite-schist, and graphite-gneiss. Some of the Laurentian
limestones of Canada are so charged with it as to be profitably
mined for it.

Masses of graphite still adhering to the original sandstone are
sometimes found among the detritus on the slopes of Mount
Egmont, a volcano which has broken through the brown coal-
measures of that part of New Zealand. This graphite has obviously
arisen from the alteration of pieces of coal that became entangled
or engulfed in the ascending floods of andesitic lava.

Graphite also occurs in veins and filling cavities, as well as in
disseminated scales in granitic rocks in Ceylon, from which a large
proportion of the world’s supply is drawn. Scales of graphite
have also been identified in basalt and diorite. Such graphite
can hardly have had an organic origin. ;

1 Gr. grapho =1 write, and lthos=a rock,
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FerrUGiNOoUS RoCks.

The rocks included in this group are chiefly important for their
great economic value as ores of iron. They are usually limestones
in which the carbonate of lime has been partly or wholly replaced
by carbonate of iron. The oolitic iron-ore of the district of Cleve-
land in Yorkshire is a good example of this class of replacement
deposit.

CHEMICALLY-FORMED ROCKS.

(a) Carbonates—Limestones. (c) Chlorides—Rock-salt.
(b) Sulphates—Gypsum. (d) Silica—Siliceous sinter.

The Carbonate, Sulphate, and Chloride deposits of this group are

Fia. 116.—Deposit of travertine at a cascade.

composed of granular or crystalline precipitates that frequently
occur as lenticular sheets interbedded with sands, clays, and shales.
They were deposited on the floor of saline lakes as a result of the
evaporation and consequent concentration of the dissolved salts
carried into the basin by the drainage of the surrounding country.
The sediments of saline inland lakes seldom contain fossils
except those carried into the basin by streams.
Carbonates.—Waters laden with the bicarbonate of lime or
magnesia when they reach the open air part with carbonic aeid,
and the carbonates are at once deposited. T'ravertine or Calcareous
Sinter is a soft spongy-looking carbonate of lime frequently
deposited in rock-shelters and on hill-slopes in the form of rocky-
cascades where the calcareous waters issue at the surface. These
waters are popularly called petrifying springs, from the circum-
stance that the carbonate of lime is frequently deposited on ferns,
crosses, twigs, and leaves, the forms of which are thus preserved.
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Many travertines become hard and crystalline in structure
through the deposit of secondary calcite.

Dolomitic or magnesian limestones formed on the floor of saline
lakes are not uncommon. The rock is often concretionary, granu-
lar, or finely crystalline in structure, and sometimes exhibits false-
bedding. The precipitation of the mixed carbonates of lime and
magnesia is partly due to the presence of sodium carbonate and
partly to evaporation.

Sulphates and Chlorides.—In inland lakes that have no outlet
to the sea, situated in regions where the evaporation about balances
the flow of the incoming streams, the water in the course of time

Shales. Shaly limestones.

Sandstones and con-- Shaly sandstones. Calcareous sandstones.
glomerates.

Schists. Massive and bedded igneous rocks.

Fie. 117.—Showing symbols used to represent different kinds of rock.

becomes charged with soluble salts. When a certain degree of
saturation is reached, a portion of the salts passes out of solution
and is deposited on the floor of the lake. In this way sheets of
gypsum and rock-salt have been formed on the floor of the Dead
Sea and Great Salt Lake. The basins of many of the saline lagoons
in Central Australia and Utah are covered with a thick crust of
rock-salt mixed with various impurities. X

Deposits of gypsum are sometimes formed in volcanic regions.
A striking example may be seen at White Island, New Zealand.
Here the bed of the crater-lake is covered with a thick layer of
gypsum deposited from the hot acid waters which fill the basin.
The evaporation of the steaming water is rapid, but the loss is
compensated by the mineral laden waters that issue from the
steam-holes and hot springs around the margin of the crater,
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Silica.—In regions of expiring volcanic activity, the thermal
waters frequently carry a considerable amount of silica in solution
in the form of soluble alkaline silicates which are easily decomposed
by atmospheric carbonic acid. On reaching the open air the
silica is deposited in the form of sheets and cascade-like streams.
Extensive deposits of siliceous sinter occur in the volcanic region
‘of New Zealand and in the Yellowstone National Park.

CONVENTIONAL SYMBOLS.

The symbols used by geologists to represent the more common
rocks on maps are shown in fig. 117.

SUMMARY.

(1) Sedimentary rocks, according to the character of the con-
stituents, may be classified as Detrital, Organic, or Chemical.

(2) Detrital rocks are composed of sediments of various degrees
of texture derived from the denudation of pre-existing rock-
masses.

In breccia the material is angular; in conglomerate, water-worn
and pebbly ; in sandstone, sandy ; and in clays, shales, and slates,
very fine or clayey.

The cementing medium may be carbonate of lime, silica, oxide
of iron, or a paste of sand and clay. The colour is generally
determined by the degree of oxidation and hydration of the iron
which is nearly always present.

(3) Organic rocks may be composed of animal or plant remains.
They may be divided into four groups according to their com-
position, viz. Calcareous, Siliceous, Carbonaceous, and Ferruginous.

The Calcareous division comprises the limestones which consist
of the calcareous shells and organisms of molluses, corals, crinoids,
and foraminifera. Some limestones, like chalk, are soft and
earthy; others hard and massive, like the Belgian limestones ;
while ‘many possess a granular or finely crystalline structure.
Coralline limestones may develop a crystalline structure through
the infiltration of calcareous waters ; and by the replacement of a
portion of the carbonate of lime with magnesium carbonate, the
rock may be dolomatised or altered into a magnesian limestone or
dolomite that may resemble the older dolomitic limestones.

Limestones may contain certain impurities. They may be
clayey, forming an argillaceous limestone from which hydraulic
cement is made, sandy, pebbly, or siliceous.

The Siliceous rocks of this group are chert and flint, mainly com-
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posed of diatoms—tiny plants that possess the power of extracting
silica from sea-water.

The Carbonaceous rocks include all the known varieties of coal
ranging from peat to anthracite.

The Ferruginous rocks are mostly carbonate of iron that has
replaced the carbonate of lime in oolitic limestones.

(4) Chemically-formed rocks comprise carbonates, sulphates,
chlorides, and silica. The last is deposited by hot springs in
voleanic regions in the expiring or solfataric stage of activity ;
the others are deposited as precipitates on the beds of inland saline
lakes. When the evaporation balances the inflow, the mineral
matter carried into the lake in solution in time reaches a point of
saturation, when precipitation takes place. In this way beds of
gypsum and rock-salt have been deposited on the floor of the Dead
Sea and Great Salt Lake.



CHAPTER XIV.
VOLCANOES AND VOLCANIC ACTION.

Definition of Voleano.—A volcano may be defined as a more or

less conical elevation having a crater at its summit, from which

steam, gases, streams of lava, dust, and scoriee are ejected.
Voleanoes classified.—Volcanoes may be classified as :—

(a) Extinet.
(b) Dormant.
(c) Active,

An Eaxtinct volcano is one which is not known to have been
active within historic or traditional times.

A Dormant volcano is one which enjoys intervals of complete
quiescence hetween the different eruptions, which may be separated
by hundreds or even thousands of years.

Active volcanoes are always in a state of disturbance. Their
paroxysmal outbursts are, however, generally intermittent and
may be separated by long intervals of comparative quietude, during
which the only evidences of activity are the emission of steam, and
minor explosions that may give rise occasionally to showers of dust
and lapilli.t

Ezamples :—

Extinct volecanoes, . The craters of Auvergne in France, and
Fifel in Rhenish Prussia.

Dormant volcanoes, . Ruapehu and Tarawera, New Zealand.

Active volcanoes, . Etna, Stromboli, Vesuvius, Hekla, Coto-
paxi, Kilauea, Ngauruhoe.

This classification is not altogether satisfactory, as it is not
always easy in its application. Historic time is so short relatively
to the life of a volcano that the so-called extinct cone of to-day may
be an active volcano to-morrow. Up to the time of its first known
eruption in 79 A.p., Vesuvius was looked upon as extinct. Simi-

! Ttal. lapilli =little stones (mostly from the size of a pea to that of a

small walnut). )
219
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larly Tarawera, which burst into activity with such startling sud-
denness in 1886, was never known to have shown the least sign of
action before that date. It had suffered considerably from denuda-
tion and possessed no visible crater. The whole aspect of the
mountain seemed to indicate a state of complete extinction of long
duration.

Sites of Volcanoes.—The vent of a volcano may break through
any geological formation, and may originate on the sea-floor, on
dry land near the sea, on a plateau, or mountain-chain. The
numerous volcanic cones of Auckland are piled up on a platform
of Tertiary marine sandstones and clays not much above sea-level ;
the Miocene volcanoes of Auvergne burst through the granitic and
gneissic plateau of Central France.

Eruptions.—These may be of different types, as :—

(a) Volcanic eruptions = Vesuvian type.
(b) Fissure eruptions =Icelandic type.
(¢) Explosive eruptions =Krakatoan type.

Vesuvian Type— Volcanic eruptions are those confined to one
crater or volcano, as at Vesuvius, Cotopaxi, and Egmont.

Icelandic Type.—In Fissure eruptions there is a quiet welling-up
of lava along a line of fissure, accompanied with little explosive
action and hence expelling little or no ash or fragmentary matter.
The great volcanoes Kilauea and Mauna Loa in the Sandwich
Islands are fine examples of the fissure type of volcanic action.
The lava floods of Idaho, Victoria, Oregon, Washington, and
California form plateaux over 200,000 square miles in extent ;
and great basaltic plateaux also occur in Victoria, in Australia, and
the Deccan in India. All have been formed by vast floods of lava
that issued from fissure-rents of great magnitude.

The greatest outpouring of lava in historic times took place in
Iceland in 1783. Floods of lava issued from a fissure twelve miles
long and poured over the land, diverting streams from their course,
filling up river-gorges, and forming lakes of molten rock on the
neighbouring plains. The main streams travelled over forty miles
from the point of emission.

Hekla does not form a cone, but an oblong ridge which has been
split by a fissure along its whole length that bears a row of craters.

Krakatoan Type—These take place through the sudden ex-
pansive force of subterranean steam. They usually happen with
appalling suddenness ; and frequently their explosive force is so
titanic that they rend and shatter the rocks at the point where
the explosion is concentrated into fragments, which may be hurled
far and wide with devastating effect.. In a few hours forests
may be destroyed, towns overwhelmed, lakes dried up, old land-
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marks obliterated, and the surrounding country converted into a
lifeless desert.

The four most stupendous and destructive explosive eruptions
of historic times are those of Vesuvius in 79 A.p., Krakatoa in 1883,
Tarawera in 1886, and St Vincent in 1902.

Before 79 A.p., there was no tradition or record of former volcanic
activity at Vesuvius. The ancient crater was overgrown with
wild vines, while the mountain slopes and neighbouring plains were
dotted with villages surrounded with vineyards and well-cultivated
fields. At the base of the mountain stood the populous and
cultured cities of Herculaneum and Pompeii.

The premonitory evidence of coming disturbance began with a
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¥ia. 118.—Vesuvius, showing the older crater-ring of Monte Somma
and the new cone within it. (After Phillips.)

series of earthquakes in 63 A.D., which caused much damage to
buildings and created considerable alarm among the people hiving
in the neighbourhood of the mountain. The earthquakes increased
in frequency and violence, and in 79 A.D. finally culminated in a
series of terrific explosions which truncated the bulk of the ancient
cone by nearly one half, forming the well-known Monte Somma
ring from which the present cone rises. The immense volumes of
steam which issued from the crater were condensed and fell in
torrential rains which swept down the mountain slopes carrying
before them ejected dust and scorie. The floods of mud thus
formed, together with the showers of falling ejecta, buried the cities of
Herculaneum and Pompeii and devastated the surrounding country.

The history of Vesuvius, until the eruption of 1036, was a long
series of explosive outbursts, producing only fragmentary material.
In that year there was an overflow of lava for the first time ; and
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from then onward the mountain entered on a new phase of volcanic
activity.

Perhaps the most stupendous explosive eruption in historic
times was that which took place at Krakatoa, a volcanic island in
the Straits of Sunda, between Java and Sumatra, in August 1883,
when a large portion of the island was destroyed and the remainder
devastated with a thick covering of dust and other fragmentary
ejectamenta. The actual sound of the explosions was heard at
Ceylon, more than 2000 miles away ; and much of the dust was
projected so high into the air and was so excessively fine that it
was caught up in the upper currents of the atmosphere and carried
many times round the globe, giving rise to a series of gorgeously
coloured sunsets that continued for several months.

Particles of Krakatoan dust fell in Japan and America, and some
even reached as far as Europe.

The disturbance in the surrounding sea was relatively greater
than on land. The waves propagated by the explosions caused
enormous loss of life on the adjacent coasts and low-lying islands.
They travelled as far as Cape Horn, 7818 miles away.

The Tarawera eruption in New Zealand took place in June 1886,
and was preceded by little or no warning. In a few hours after
the first terrific outburst, the mountain and plateau at its base were
rent with a gaping fissure nearly nine miles long. The volcanic
energy soon became concentrated in numerous independent centres
of explosive activity along the fissure from which there issued
continuous showers of fragmentary matter and enormous volumes
of steam. The dust was spread over 10,000 square miles, over-
whelming the neighbouring forests and native villages, and con-
verting the country into a weird grey wilderness. Immense
volumes of steam were condensed into rain which, uniting with
the falling dust, formed a plastic mud that broke down the
forest-trees and buried the hapless villages lying in the track of
the powerful winds that accompanied the eruption.

The sounds of the explosions were heard at Christchurch, over
400 miles away. They resembled the detonations of cannon or
violent blows on the side of an empty iron-tank. It was during
this eruption that the far-famed Pink and White Terraces at
Rotomahana were destroyed.

The disastrous explosive eruption of Mon Pelée in Martinique
is still fresh in the memory of everyone. In April 1902, the volcano
began to emit steam, ashes, and sulphurous vapours. The latter
were so abundant that horses dropped dead in the streets of St
Pierre, situated on the plain bordering the mountain. On 5th May,
floods of mud descended from the crater where it had been accumu-
lating for some time, and earthquakes were numerous. On 8th May,
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the eruption reached its climax. On that day a black cloud of dust,
steam, and sulphurous vapours swept down through the breach
in the crater fronting St Pierre, passed over the plain, and in two
minutes struck the city, which was at once overwhelmed, aind the
inhabitants to the number of 30,000 were killed. The detonations
of the explosions that followed were heard 300 miles away.

The great crater of Mon Pelée is now occupied by a fragmental
cone which terminates in a column of solid lava several hundred
feet high. This column is believed to be the lava which solidified
in the vent and was pushed up by the expansive force of the steam
and vapour below.

Fr1a. 119.—Showing plug of phonolite lava, Mato Teepee,
Missouri, U.S. Geol. Surv. (After Jagger.)

Craters.—The crater ! of a volcano is a cup-shaped depression
at the summit which communicates below with a fissure in the
Earth’s crust. It is through this vent or pipe that the ejecta and
gases issue from below.

Active and dormant volcanoes as a rule possess well-defined
craters. In extinct volcanoes, older than Miocene, the craters and
vents are generally obliterated by denudation ; but scores of craters
in the Auvergne and New Zealand, that probably date back to the
Miocene or early Pliocene, are as fresh as if only recently formed.

Volcanic Cones.—The fragmentary material and lava streams
ejected by volcanoes accumulate around the neighbourhood of the
vent, and thus build up the cone-shaped elevations that are so
characteristic of volcanoes. At Auckland, where some of the cones
have been cut down for the extraction of building-stone, the different

1 Gr. krater =a large bowl.
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layers of material are seen to dip away from the central vent in all
directions, as shown in the next figure.

Tuff-Cones.—These are volcanic cones composed of dust and
scorie piled up by different eruptions. Frequently the material
is spread out in distinct layers that may in some cases present the
appearance of well-stratified aqueous strata. This arises from the
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Fra. 120.—Showing structure of voleanic cone.

fine and coarse material being arranged in alternating layers. The
sorting was apparently effected by the varying force of the ex-
plosions and the winnowing action of the wind.

The structure of a tuff- or cinder-cone is shown in fig. 121.

F1a. 121.—Showing structure of a tuff-cone with
alternations of fine and coarse ash.

Lateral Cones.—In some of the larger volcanoes, the eruptions
of lava do not always take place from the central crater at the
summit, but from smaller vents on the sides. The uprising lava
in the central fissure exerts enormous pressure on its walls ; and in
the case of a high volcano, rupture may take place at some weak
point before the lava has risen high enough to overflow the crater-
lip.

The fluid pressure of a column of molten rock with a specific
gravity of 2-65 is 114-75 lbs. per square inch for every hundred
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feet of height, or 72 tons per square foot for every thousand
feet. When the crater-walls are unable to withstand this pressure,
rupture takes place at the weakest point.

The summit-crater of Etna is nearly always in a state of mild
activity, emitting clouds of steam and dust, but the eruptions of
lava usually take place from lateral vents around which there
have been built small parasitic cones, ranging from 200 to 600 feet
high.

Lava Streams,—When a stream of lava issues from a vent, it
glows with a white heat, and at night may light up the sky overhead
with a ruddy glow, as of a forest fire. It flows with the motion
common to all viscous fluids, its rate of flow depending on the
fluidity and depth of the mass, the steepness of the declivity, and
the roughness of the ground over which it descends.

The upper surface, as it cools, assumes a red heat, and finally
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Fr1a. 122.—Showing mode of progression of lava stream.

becomes black and cindery, the last effect being due to the escaping
steam and gases which are expelled during the process of cooling.

The onward motion of the fluid mass below breaks up the solid
surface into jagged, cindery, ragged cakes that are tilted up and
frequently half engulfed in the molten flood below. Moreover, the
rolling motion of the stream tends to pile the solid jagged masses
into irregular mounds that are slowly carried forward on the moving
tide of lava.

The front of the lava stream progresses by a rolling motion, by
which the upper surface becomes the lower. In this way, before
the stream has travelled far, the bottom has become a confused
tangle of angular blocks that are slowly dragged along by the pasty
mass.

The upper surface of very fluid lavas frequently becomes spongy
and frothy, while the slowly cooling mass below assumes the curious
ropy and streaky appearance of boiled sugar that has been poured
down an inclined plane. The 1§.lane of this flow-structure is always

parallel to the surface over which the lava travels, but ai}cidental
5
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obstructions may cause the fluxion-planes to become bent, twisted,
or gnarled.

In many volcanoes the lava rises up and fills the crater, over the
rim of which it flows in a gentle stream ; but when any portion of
the crater-wall is weak, it may be carried away. The craters of
Stromboli, Vesuvius, Ruapehu, White Island (Plate XVI.), and
many other volcanoes have been breached in this way.

The molten lava, as it pours out of the vents, resembles the slag
of a blast-furnace. When it cools rapidly, as it frequently does,

Frc. 123.—Showing corded structure of lava, Galtalaekr, Hekla,
Iceland. (After Tempest Anderson.)

at the thin edges of the stream, or where it flows into a sheet of
water, it sometimes solidifies in the form of a glass.

The vitreous or glassy form of acid lavas is called obsidian or
simply volcanic glass; and the black, glassy form of basic lavas,
tachylite. Pumice is the light, frothy, fibrous, spongy glass which
forms on the surface of acid lavas. In other words, it is the cindery
form of obsidian, and is frequently composed of a matted mass of
glassy fibres.

Columnar Strueture.—This structure is frequently seen in
effusive rocks. It is developed by the stresses that arise in a thick
stream of lava as it passes from the liquid to the solid state. As the

. result of the cooling and shrinking, the crust of the lava becomes
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intersected with more or less symmetrical sets of cracks that divide
the surface into hexagons that fit one another like the cells of honey-

Fra. 124.—Fingal’s Cave, Staffa.

comb. As the pasty mass under the crust cools, the cracks extend
downwards at right angles to the surface. Ina few cases the columns
are arranged in a radial or fan-shaped form,

F1o. 125.—Showing columnar structure of basalt, Giant’s Causeway,
Antrim, N. Ireland. (After Tempest Anderson.)

Columnar structure, being mainly a result of contraction arising
from cooling, is usually best developed in those portions of the
magma exposed to the cooling effects of the atmosphere, and of the
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rocky surface on which the lava rests. Hence, in thick lava-flows
this characteristic structure may be only developed in the upper
and lower portions.

The columnar structure is found in effusive igneous rocks of all
kinds, but is most frequently seen in those of a basic type.

Pillow-Structure.—When a very fluid basaltic lava is chilled by
contact with water, the surface sometimes assumes the appearance
of a number of large pillows packed together. Pillow-structure is
seen in lavas of all ages. (Good examples may be seen in the sea-
cliffs near Ballantrae,®! in south-west Scotland, where a flow of
basalt is intercalated with the Silurian rocks; at Cape Oamaru,?
New Zealand, where a stream of basalt is associated with Middle
Tertiary strata ; and on the sea-coast of Savaii, where the recent
lavas of the Matavanu volcano flow into the sea.

Dr Tempest Anderson,® who was an eye-witness of the actual
formation of this exceptional lava-structure, states that the lava,
chilled by the waves, extended itself into lobes which, reduced to
a pasty condition by cooling, would be seen to swell into buds with
narrow necks, and these, being still in communication with the
source of supply, would rapidly increase in heat, mobility, and size
until they became lobes as large as a sack or pillow, or perhaps
stopped short at the size of an Indian club or large Florence flask.

At Ballantrae and Cape Oamaru, the spaces or cracks between
the pillows are filled with fossiliferous limestone.

Spheroidal Weathering.—Rocks are frequently divided by two
systems of joints, or by joints and the bedding-planes, into roughly
_cuboidal blocks. When water percolates along these planes, it
decomposes the rock, changing it into clay. At the edges where
two planes meet the action is twice as rapid as on the sides of the
block ; and at the corners where three planes meet, it is three
times as rapid. This differential rate of weathering causes the edges
and corners to become gradually rounded, and in time the block
may assume a spheroidal form.

When the decomposition of the block is complete, as frequently
happens near the surface of the ground, the rock is entirely changed
into clay; but when incomplete, a rounded, boulder-like core of
undecomposed rock may remain in the centre.

The rocks that are the most prone to spheroidal weathering are
basalts, andesites, phonolites, granites, tufaceous sandstones, and

1B. N. Peach and J. Horne, The Silurian Rocks of Scotland, vol. i.;
London, 1903.

2 J. Park, ‘ Marine Tertiaries of Otago and Canterbury,” T'rans. N.Z.
Inst., vol. xxxvii. p. 513.

3 Tempest Anderson, ““ Volcano of Matavanu in Savaii,” Quart. Jour. Geol.
Soc., vol. Ixvi. p. 633.
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Fra. 126.—Showing pillow-structure at Cape Oamaru, New Zealand.
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greywackes; but such relatively soft rocks as mudstones and
marly clays, that have been broken into small cuboidal blocks by
shrinkage cracks, frequently exhibit this phenomenon in a perfect
manner.

The clays resulting from the decomposition of rocks in situ are
called residual clays to distinguish them from glacial clays, and the
detrital clays that often accumulate on slopes and in hollows.

Spheroidal weathering is not always the result of aqueous de-
composition. In regions where there is a considerable range of
daily temperature, as in alpine valleys and arid highlands, angular
blocks exposed at the surface soon assume a spheroidal shape.
In this case the rounding is due to the stresses arising from the
alternating expansion and contraction of the surface skin of the
rock. If the intensity of stress on the sides of the block is repre-
sented by 1, that along the edges will equal 2, and at the corners or
solid angles, 3. Owing to the action of these unequal stresses the
block peels off in wedge-shaped flakes and curved splinters, and
the effect of this is to cause the block to assume a rounded shape,
but without the formation of residual clays.

Amygdaloidal Strueture.—A lava stream, through the expansive
force of the escaping steam and gases, is usually made vesicular
or scoriaceous at the surface and bottom. Later these bubble-
cavities may become filled with mineral matter deposited from
solution, constituting what is called an amygdaloidal structure. The
amygdaloids or almond-shaped blebs are obviously of secondary
origin.

Fragmentary or Pyroelastic! Ejecta.—These rocks include the
various fragmentary material ejected by a volcano, in the form of
large and small blocks, scorie, lapilli, ash, and dust.

The blocks are mostly angular or subangular masses of lava that
are often of enormous size. Rounded blocks are not at all rare.
Among the blocks that are projected into the air many fall back
into the throat of the vent, where they are churned up until again
expelled. In this way the blocks that are not reduced to small
fragments may be worn until they become well-rounded.

The cindery pieces of lava are called scorie ; while the smaller
scoriaceous fragments are usually spoken of as ash. The grit and
dust are merely comminuted lava.

The small pieces of lava torn from the pasty lava form what are
called lapilli, which range from the size of peas to that of walnuts.
The larger masses of liquid lava that are projected from the vent
solidify while swirling through the air, and thereby frequently
assume a torpedo or bomb-like form with curious twisted ends ;
hence their name volcanic bombs.

1 Gr. pur=fire, and klastos =broken,
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The coarse angular blocks, when consolidated, form what is
called a volcanic breccia. The pell-mell mixture of large and small
blocks set in a matrix of grit and dust, is usually called a volcanic
agglomerate. The loose material that blocked up the throat of an
expiring or spent vent forms, when consolidated, an agglomerate-
neck.

The finer material ejected by volcanic explosions is frequently
subjected to a certain amount of wind sorting, and hence is fre-
quently deposited "in layers that often possess a well-stratified
appearance. The successive layers of material ejected by different

F1e. 127.—Showing voleanic bomb from Auckland, New Zealand.

eruptions form parallel sheets that, when exposed in gorges or on
the banks of streams, appear to be stratified. Such bedded material
is called wolcanic tuff.

Most volcanoes occur near the sea, and many are actually situated
on the sea-floor. Lavas that flow into the sea are sometimes broken
up into blocks and sand by the explosive action of the steam
suddenly generated on their surfaces. The lavas and ashes of
submarine volcanoes become interstratified with the ordinary sedi-
ments of denudation.

The ejecta from a land volcano may fall into the sea, or it may be
carried into the sea by streams and rivers draining the eruptive
area. When sorted and laid down in beds, this material forms what
are called marine tuffs. Tuffs formed in this way may attain a
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CLoup Forms—ErvurTIoN oF CoLiMo Vorcano, Mexico, 1910.
(Photographed from railway train during eruption.)

A. Form of steam cloud five minutes C. At fifteen minutes.

after first explosion. D. At twenty minutes.
B. At ten minutes.
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considerable thickness, but they will always be confined to the
neighbourhood of the eruptive area. At their edges they may be
interbedded with ordinary sandstones, mudstones, or limestones.
Sandstones containing a considerable proportion of fine volcanic
material are called tufaceous sandstones. Marine tuffs and
tufaceous sandstones are frequently fossiliferous.

The fragmentary material ejected by a volcano frequently
includes blocks of granite, schist, slate, or other rock torn from
the rocks through which the volcanic fissure passes. Among the
debris ejected by Vesuvius, blocks of fossiliferous limestone are
comparatively abundant.

Steam and Gaseous Emanations.—The principal product of many
volcanic eruptions is steam. In the early stages of the eruption
the steam rises from the crater in the form of a pillar, which is
crowned with a cloud shaped like a cauliflower ; in the later stages
it spreads out into the well-shaped pine-tree form. These cloud-
forms are well seen in Plate XVII., which shows an eruption of
Colimo volcano, in Mexico, in 1910. The caulifiower cloud was
seen to rapidly develop into the pine-tree form.

Besides steam, many other vapours, including those of sodium
chloride, iron chloride, chlorine, sulphuretted hydrogen, and sul-
phurous acid, that were dissolved in the molten magma, escape
from fissures and cracks in the cooling lava.

The exhalations in the first stages of cooling are mainly the
chlorides of sodium and iron, and in the later stages sulphuretted
hydrogen and sulphurous acid. In volcanic regions the character-
istic smell of sulphurous acid, SO,, pervades the atmosphere at all
times, more particularly in regions where volcanic activity is on
the wane.

The fissures from which gaseous emanations escape are called
Fumaroles, the walls of which are frequently lined with beautiful

_incrustations of sulphur crystals sublimed by the interaction of
H,S and 