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PREFACE

Tais little book on elementary Geology originated out of a first-year course
of lectures delivered, in ever changing form, at Glasgow University during
the years 1930 to 1937. The palaeontological chapters, V and XLIII to
LVII, have been written by Dr. John Weir, the remainder by myself. The
illustrations, apart from those listed under the heading Acknowledgments, have
been drawn by Dr. W. J. McCallien.

The authors are very grateful to Profs. A. E. Trueman and J. Walton
and Drs. C. J. Stubblefield and R. O. Jones for many helpful suggestions.

Glasgow University has accepted the copyright, and proposes to devote
any profit towards field expenses incurred during research by members_of
the University geological staff. ¥his 11 miesk waekosy ook I~ 4o %

E. B. BAILEY

20th September, 1938.
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PART 1
INTRODUCTION TO GEOLOGICAL PHENOMENA






CHAPTER 1

REPRESENTATIVE DISCOVERIES

[HE word Geology is derived from the Greek ge, the earth, and logos, science.
Seology is the Science of the Earth, and is especially concerned with the
aistory of the Earth in past ages. If the importance of a science is measured
oy the number of unexpected and impressive discoveries which it has made,
then Geology may be given a very honourable place. Let us pass some of
shese discoveries in review ; they will constantly reappear as we proceed
vith the course.

INTERCHANGE OF LAND AND SEA.—In innumerable localities marine
fossils can be found embedded in solid rocks that appear at the surface of
the dry land, even at great heights above sea level. The explanation of these
fossils was debated for centuries, and it was held by some in the sixteenth and
seventeenth centuries that they were mere sports of Nature, mimicking true
shells, corals, etc. Sports do actually occur, and every year are brought in
by beginners who have been deceived by some superficial resemblance ; but
for a long time now the reality of vast multitudes of fossils has been accepted,
because the fossils have been made a subject of careful examination by
trained biologists, who find in them just the same sort of structures, in detail,
as occur in living organisms. After we have satisfied ourselves that a parti-
cular set of fossils is genuine, we still have many questions to settle. For
instance, if our fossils are shells or corals, can we decide whether the animals
of which they are the remains lived on land or in water and, if in water,
was the water fresh or salt? This is again a question for the experienced
biologist. Each fossil is compared with its living relatives so as to form an
idea of its probable habits. Thus if the fossil is a shell of the coiled univalve
type that we find in garden snails, or sea whelks, we have to be careful in
our judgement, for obviously such snail-like creatures live to-day both on
land and in water, and more minute comparisons are required before we can
decide the habitat of our fossil.

On the other hand, if the fossil is a shell of the bivalve type that we find
in oysters and cockles, we are safe in saying that it lived in water, not on
land ; but we must study it carefully before we can say whether the water
was fresh or salt, for, whereas oysters live in the sea, there are many bivalved

creatures called freshwater mussels that live in our rivers.
3



4 INTRODUCTION [cHAP.

Lastly if the fossil is a coral we can give an immediate answer. To-day
all corals live in the sea, and the study of Geology consistently confirms the
deduction that all corals in the past have also lived in the sea. This state-
ment means that whenever we find a fossil coral its associates are of types
which we should independently interpret as marine.

In an introduction such as this it is only possible to outline an argument,
not to present convincing detail. Let us accept provisionally that geologists,
with the help of biologists, have been able to decide which fossils are of land,
which of fresh water, and which of marine origin, and that very many of the
fossils that occur inland, even at great altitudes, are marine.

The next question, which was debated in the early days of our science,
was whether the marine fossils found on land had lived where they are now
situated, say in the middle of Europe, or whether they had actually lived on
the sea beds of the present-day oceans, such as the Atlantic, and had then
been transported into their present remarkable position. For instance,
Noah’s deluge was often in the past called to the aid of Geology, and was held
responsible for washing numberless marine creatures far inland from the bed
of the sea. This suggestion has been completely abandoned as a general
explanation. Here is one of a multitude of arguments. Many of the fossils
which we find are quite manifestly in the position of growth. Thus there
are well-known layers of rock, extending horizontally for twenty miles or
more, that consist of corals joined together. Such a layer is a fossil coral
reef (Fig. 10). No one who looks at it could imagine that it had been swept
into its present inland position by the help of a deluge.

Accordingly all geologists admit as abundantly proved that land and sea
have interchanged. At certain periods in the geological past the British
Isles have been completely, or almost completely, covered by the sea. To
mention one item of evidence, Snowdon, the highest mountain in Wales, has
marine fossils embedded in the rocks that form its very summit.

We shall deal later in some detail with the problem of how fossils have so
often come to be entombed in solid rock. It is enough at present to remark
that a fossil in a sandstone is the geological equivalent of a modern shell
buried in sand.

BrITISH VOLCANOES.—A great many people are aware that there are
extinct volcanoes in Britain. Yet no member of the human race has seen a
British volcano in eruption. When the discovery was first announced that
British volcanoes exist, though totally extinct, it was received with scepti-
cism ; but to-day all doubt has disappeared. The argument may be stated
under three heads :

(1) Many British rocks resemble the products of active volcanoes so
closely that there can be no doubt that they are volcanic too. When this was

. first established, geologists had nothing more powerful to help their vision
than a pocket lens. Later, methods were developed for the microscopic
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examination of thin sections of rocks (Chapter XXVII), and the agreement
of character was found to hold down to minute detail. The rocks of the main
part of Snowdon, of Borrowdale, of the Campsie Fells and Kilpatrick Hills,
of Mull and Antrim, provide examples.

(2) It is possible to reproduce the characters of these rocks in the labora-
tory by cooling melts of the proper chemical composition, but not in any
other known fashion.

(3) Similar rocks are often found veining and disturbing associated rocks
in the field, in a manner that shows they must have been injected in a liquid
condition (Fig. 107).

Here it is necessary to utter a warning. One must not jump to con-
clusions. In Science one must not trust to a single line of argument. It is
often thought by intelligent people, who happen to have had no scientific
training, that some of the conical mountains of Scotland are old volcanic
cones. Their shape agrees with this interpretation, except for the absence
of a crater at the top. Such an agreement is always worth following up.
On examination, however, it is found that there is no volcanic cone in Scot-
land. Schiehallion, for instance, the famous mountain against which scientists
‘ weighed the earth ’, consists of non-volcanic rocks. As for our real vol-
canoes, such as occur in plenty in the Campsie Fells, they are all too old to
retain their original shapes. They have crumbled away like ancient castles.
We can recognise them by their substance, not by their form. They are in
ruins.

Brrrise 1cE-SHEET.—The glaciers of Britain were as unexpected as the
volcanoes, and yet have been demonstrated equally beyond doubt. One
indication is afforded by the scratches, which still remain on many rock
surfaces (Fig. 1), scratches exactly similar to those seen on rocks from which
Swiss glaciers have melted within human memory. Another bit of evidence
is the occurrence of recognisable stones, often themselves scratched, carried
long distances, even hundreds of miles. Thus Highland stones have been
carried in great numbers across Lowland Scotland into England, in a manner
that cannot be attributed to rivers or to any other agent of transport except
glaciers. Additional evidence is furnished by fossils, such as the bones of
mammoth (Fig. 323) and woolly rhinoceros (Fig. 15) and the remains of
arctic shell-fish and arctic plants, which lived alongside the ice-sheets and
were manifestly suited to an arctic climate.

ScENERY.—One of the greatest services that Geology has rendered to
mankind is in the interpretation of scenery. Geology teaches us that, in the
main, scenery is a work of sculpture, technically spoken of as erosion, from
a Latin word meaning gnawing away. There are many agents of erosion,
and chief among them are the streams and rivers. The landscape of Britain
is essentially the same as the channelled surface of a sandy foreshore attacked
by rivulets in the short interval between successive tides—only the scale is
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vastly different. The valleys are the channels cut by erosion. The mountains
are what remains between, waiting in turn for demolition.

This great lesson was not easy to learn, but it has been established now
for many years. One fact in support may be cited. If we look around us,

S : Bk
Ak " it e Bk ks 5 i 1

Fia. 1. Striated rock surfaces near Glen Roy.
(Geol. Surv. photo.)

and see a crag or mountain range, we always find on examination that it
consists of unusually hard rock. Examples are of all sizes from Arthur’s
Seat to the English Lake District or the Highlands of Scotland. They stand
up above the general surface because their material has from its hardness
resisted the attack of erosion more successfully than adjacent softer rocks.
They have not been preferentially upheaved by some subterranean force.
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GeoLogcIcAL TIME.—Once geologists realised that scenery is a product of
erosion, they made another unexpected discovery : the earth must be almost
incredibly old. Roman walls and Roman roads can still be traced across the
face of our country. The general surface, therefore, has scarcely been modified
during the past 1500 years. Either we must doubt the erosion origin of
scenery, or we must allow that the carving of Britain has taken many
millions of years.

At one time Lord Kelvin thought the claims of geologists on the bank of
time were extravagant. Now, however, that radium has been discovered
and its heat-producing disintegrations recognised, physicists have come to
see that geologists were correct, and have given us invaluable assistance in
actually numbering the millions of years that have passed in the history of
the globe.

EvoLuTioN oF LIFE.—One of the most important discoveries of Science
is summarised under the heading evolution. Life has developed from simple
forms to complex. Evolution could scarcely be doubted on the evidence
directly supplied by Zoology and Botany ; but let us never forget that the
only actual record of the course followed by evolution is that which is pre-
served, however imperfectly, in the rocks. It belongs to Geology. The
fossils of the latest rocks differ little from the living creatures of to-day. As
we go back in the geological record we find greater and greater divergences
of type. The older fossils in some cases can be shown to be ancestral to the
modern forms. In other cases they have died without leaving descendants.

MOUNTAIN STRUCTURE.—Let us mention one further discovery. Some-
times we find rocks that have been driven many miles horizontally, in great
slices, over their fellows. The picture one gets is much the same as that
presented by an arctic sea, where ice floes have crashed into, and ridden over,
one another.

One of the main questions at present discussed by geologists is : Do
continents drift? To this no definite answer can be given, but it will be
possible in the sequel to indicate the sort of evidence that suggests the possi-
bility that, for instance, South Africa and South America once lay side by
side (Fig. 307). Perhaps the matter may be settled by measurement, for a
succession of longitude observations taken at a particular site in Greenland
makes it appear possible that Greenland is nowadays drifting at an appreci-
able rate towards America.



CHAPTER II
ROCKS (MAINLY SEDIMENTS)

GEoLOGY is chiefly concerned with rocks, for these furnish it with the material
of most of its story. To begin with, therefore, it is well to know what is meant
by the word rock. As in the case of many other words there are differences
of meaning, which can usually be understood only by the context. Thus
rock is often defined in textbooks in a very inclusive sense as : Any natural
dead solid matter which occurs in bulk. )

According to this definition most of what we know on earth, except the
air and water, the plants and animals, consists of rocks. The loose sand of
the seashore is rock, even though it may be quite unconsolidated and largely
or wholly made of shell fragments. Peat too is rock in this sense. But
individual shells, or bones, are not rock ; nor is an individual crystal, because
it does not occur in bulk.

The word rock, Kowever, is also used in a more restricted sense to mean
consolidated natural matter which occurs in bulk.

This more restricted use excludes soft sands and clays and peats. It is
in keeping with everyday non-geological practice, and has its definite place
in Geology.

There are many different kinds of rocks. We shall consider them under
four headings : Sedimentary ; Igneous; Veinstones ; Metamorphic.

SEDIMENT

In Geology a sediment, or sedimentary rock, is defined as any non-volcanic
rock deposited on the solid surface of the earth, either under air or under
water.

Such sediments may be further classified as mechanical, organic, and
chemical.

MzcHANICAL SEDIMENTS.—The mechanical sediments are made up of
fragments, large or small; they are also called clastic sediments, from a
Greek root meaning broken. The fragments of which they are composed are
derived from pre-existent rocks, and this has given rise to still another
common name for the group, namely detrital sediments, from a Latin root

meaning rubbed away.
8
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The main divisions of the mechanical sediments are as follows :

Unconsolidated Consolidated
Gravel Conglomerate
Sand ) Sandstone
Mud, clay, silt Mudstone, shale

The origin of the coarser mechanical sediments presents no difficulty.
In every feature, apart from consolidation, a conglomerate is obviously a
gravel, and a sandstone obviously a sand. The interpretation of mudstones
and shales as consolidated muds is more difficult, since the fragments that

F1e. 2. Mudstono crowded with fossil shells of Liassic age.

go to make a mud are frequently so small that they cannot be individualised
even with a microscope. The evidence is as follows :

(1) Shales and mudstones occur interlayered among sandstones, just as
mud is interlayered among sand.

(2) They often contain fossils recalling the shells and plant-remains that
may commonly be found in mud (Fig. 2).

(3) On chemical analysis they agree with mud, just as a sandstone on
chemical analysis agrees with sand.

Having settled the origin of these various types of sediment, the next
question is the cause of consolidation or hardening.

There are various processes at work, either singly or in combination :
pressure, heat, cement.

PrEssure.—The consolidation of rocks, which consisted originally of soft
deformable material, such as clay or peat, is largely due to pressure. The pres-
sure is generally caused by the weight of superincumbent material. We shall
learn presently that it is a commonplace for a layer of sediment to be covered
up by layer after layer of other sediment, until a mile or more has accumulated
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upon its top. This exercises enormous pressure. The particles are brought
into close contact and forced to fit together. It is quite easy, for instance, to
compress peat artificially and obtain from it a hard substance resembling coal.
The consolidation of mud to mudstone, or shale, is mainly due to pressure.

HeaT.—When rocks are buried to great depths their temperature rises
and this helps in consolidation. There is another way in which buried
sediments can become heated. We have already spoken of volcanoes, both
ancient and modern. At volcanoes molten material is coming up from below
to the surface of the earth. It brings its high temperature with it and heats
the rocks it meets underground. Rocks, heated in this fashion, and later
exposed to observation by erosion, are found to be intensely hard. Such a
hard baked rock is called hornfels, a German word, in which horn means
the same as in English, while fels means rock. A hornfels is so called because
many baked rocks, when broken, have a smooth and rather shiny surface
like polished horn. The hardening of rocks by heat is a practice that man
adopts when he bakes clay into brick.

CEMENT.—When man wishes to build a house of bricks he mortars the
bricks together with a calcareous cement which sets and binds. Similarly much
of the consolidation of rocks is due to cement. There are three main cements :

Calcareous - - - - CaCO,4
Ferruginous - - - Fe, 04
Siliceous - - - - SiO,

Calcareous sandstones are white or grey. Their cement is calcium car-
bonate, the important ingredient of human mortar. They are casily shaped,
but do not stand exposure to weather, especially to the acid atmosphere of
a town. The calcareous cement or matrix is dissolved by acid, and the
sandstone returns to sand, an unfortunate condition for the owner of a house
built of such material.

Ferruginous sandstones are red, and are held together by iron rust.
Almost all the common mineral colours of nature are due to iron in some
form or another. One often finds sand lying about an old rusty anchor
cemented to a ferruginous sandstone.

Other sandstones are bound by siliceous cement. They are pale in colour
and may be very hard.

OreANIC SEDIMENTS.—Organic sediments arise through the life processes
of organisms. In composition they are mostly calcareous, but there are also
important examples which are siliceous or carbonaceous.

The main groups may be listed as follows :

Unconsolidated Consolidated Approximate Composition
Shells Limestone CaCO,
Radiolarian Ooze Radiolarian Chert SiO0,

Peat, etc. Coal C
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Most limestones are in part made of the remains, large or small, of shells,
corals, etc. Solution, followed by redeposition of some of the calcium car-
bonate, furnishes a cement, and limestones consolidate rapidly.

Radiolaria are microscopic marine organisms with siliceous skeletons
(Fig. 118). The consolidated chert has a siliceous cement.

Coal, the chief carbonaceous sediment, results from the remains of plants.
Peat is unconsolidated coal. In our climate peat is accumulating in bogs

Fi1a. 3. Bedding and jointing in Carboniferous sandstone, Muckross
Head, Donegal. (J. R. Welch photo.)

with few or no trees ; under tropical conditions it forms in mangrove swamps,
etc. Most of our coal seams were forest growths, to begin with, rather than
peat mosses.

CHEMICAL SEDIMENTS.—Chemical sediments are precipitates from
solution with little or no help from organisms. Some limestones are chemical
precipitates, but the most characteristic rocks of this class, if we leaye ice
out of consideration, are : anhydrite, CaSO, ; gypsum, CaSO,.2H,0; and
rock salt, NaCl. Deposits of these minerals are only forming to-day in
enclosed or semi-enclosed bodies of water, like the Great Salt Lake or the
Dead Sea, which are evaporating under desert conditions.
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BeppIiNG.—Sediments, whether they form on the land, or in a lake, or
in the sea, are deposited in layers. These layers are spoken of by geologists
as beds, strata, or seams ; or, if they are very thin, laminae.

; It is a common and quite
unimportant mistake to think
that strata is singular ; the sin-
gular is stratum, strata is the
plural.

The word bed, stratum, or
lamina is applied to a layer of
any kind of sediment. The
word seam is usually restricted
to a bed of valuable material,
such as coal.

Bedding or stratification is
so characteristically developed
among sedimentary rocks that
these are often spoken of as
the stratified rocks.

Bedding may be regular, in
which case the beds have
parallel plain tops and bot-
toms (Fig. 3).

Or it may be irregular, in
which case the surfaces of suc-
cessive beds are curved or meet
one another at an angle.

Irregular bedding is called
false bedding, because it may
give a wrong impression as to the order of superposition of adjacent beds ;
but this is a matter we have not yet reached. False bedding is classified
according to origin and nature as follows :

Tip or Cross
Current{ Ripple
Slip

In current bedding the irregularities of the bedding are original, they are
due to the currents which deposited the material. In the variety known as
tip, or cross, bedding, the current builds out a stccession of tilted laminae
(Figs. 4, 310). It is very characteristic of deltaic accumulation. In the
ripple mark type of bedding a surface is produced with a succession of little
ridges and furrows. It is very often seen on a seashore or in sand dunes,
and is produced by currents, either of water or wind.

Fi1a. 4. Current bedding in Permian sandstone,
Brodick, Arran. (Geol. Surv. photo.)

False Beddjng{
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In slip bedding the irregularity is due to slipping (Fig. 5). If a set of soft
clays accumulate on a fairly steep slope, some time or another they are apt
to slip down and crumple
as they go, especially if
shaken by an earthquake.

Even regular bedding
is not all of one type. If |
sediment of varied de-

grees o-f coarseness, such Fic. 5. Slip bedding in Ordovician sediments noar
as a mixture of sand and Girvan. (After S. M. K. Henderson.)
clay, settles to the bottom

through still water, its material tends to separate as it falls, for the coarser
sand reaches the bottom earlier than the finer clay. Thus in some deposits we
find a succession of beds, in which each bed has a relatively coarse base and
a relatively fine top. Bedding of this type is said to be graded (Figs. 6, 7).
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F16. 6. Graded bedding F1G. 7. Succession of graded beds.
in Precambrian grit, Inish-
owen, Donegal.

Of late, particular attention has been paid to the characteristics of
current, slip and graded bedding, and from this very simple source altogether
unexpected geological facts have been deduced (Fig. 279); but we must
know more about the subject as a whole to appreciate their true worth.



CHAPTER III
ROCKS (concluded)

IGNEOUS ROCKS

THE second great class of rocks is called igneous from the Latin ignis, a fire.

Igneous rocks may be defined as rocks which have consolidated from
fusion or been produced by hot explosions.

They are familiar to all of us, at least by report, in lavas.

After a lava has consolidated, it may still retain recognisable evidences
of its previous fluidity. Here, for instance, in Fig. 8, a man is seen prodding

Fia. 8. Cooling lava, still soft, Albert National Park, Central Africa.
(After H. Hackers, Qeog. Mag., 1937.)

his walking stick into the still viscid surface of a very recent flow somewhere
in Africa. The mark will continue. The same point is illustrated by pieces
of lava, brought home by tourists from Vesuvius, and holding pennies that
cannot be dislodged.

Again, many specimens of modern consolidated lava are full of round
holes blown up by steam. Steam escapes from solution in molten rock
material when the latter reaches the surface, just as gas escapes from solution

in soda water when the latter issues from a syphon. Subsequent consoli-
14
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dation of the lava preserves the shape of any of the bubbles that have not
already burst. Thus the presence of bubbles in a solid rock tells us clearly
that the rock was once liquid.

Bubbles in a lava are called vesicles, meaning little vessels ; often such
vesicles later become filled with minerals deposited by percolating waters.
The infillings are then called amygdales, because they resemble almonds in
appearance, and amygdalon is the Greek for almond. Most agates, for
instance, are amygdales. Britain has many vesicular and amygdaloidal
rocks that are unquestionably lavas.

Some modern lavas after they solidify are in large part made of glass.
The presence of similar glass in ancient lavas is another proof of the former
molten condition of these rocks. Glass, at any rate of the chemical com-
position met with in lava, can only arise through the cooling of a melt.
The glass of our windows and bottles has been made by cooling artificial
melts.

Many lavas, both modern and ancient, contain abundant crystals, which
have grown in the lava instead of, as in sediments, being introduced as frag-
ments. This again is a suggestion of former fluidity ; but it is a matter that
requires more discussion than is necessary in the case of glass. The com-
monest type of lava in the world, basalt, is generally crystalline rather than
glassy.

Any natural molten material is called by geologists magma. Magma may
occur underground or at the surface of the earth. In the former position it
is spoken of as intrusive magma, and in the latter position it is called extrusive
magma or molten lava. Magma ceases to be magma when it consolidates to
rock. Intrusive magma consolidates to a solid intrusion ; extrusive magma
to a solid lava.

It will be noticed that the word lava can be applied to either molten or
solid material. Some people also use lava to cover magma in any position ;
but this is an unfortunate practice for it tends to lose sight of the difference
between intrusions and lavas, which for many geological purposes is an
extremely important matter.

It is easy to examine intrusions, as well as lavas, in many parts of the
north and west of Britain. Let us take as an example a well-known intrusion
occurring at the famous Fossil Grove in Glasgow. It is of a type called
dolerite. It has cooled underground, and this has led to slower cooling and
more crystalline texture than is common in a lava. Thus it contains no
glass except at its margin, where it came in contact with cold sedimentary
rocks and got suddenly chilled. Soon it heated up the neighbouring sedi-
ments, and, after that, its own interior cooling became a very slow process.
The original liquidity of the dolerite is best shown by the way it has disturbed
the sediments into which it has been intruded, and by the way it has pene-
trated them as narrow veins.
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- Granite is another intrusive rock-type. Its igneous nature was deduced
by a Scottish geologist called James Hutton from an examination of its
crystalline texture in hand specimens. He then went to Glen Tilt in 1785
to see how granite behaves in the field, and to his delight found that it had
penetrated neighbouring rocks in narrow veins, which shows that it must
have been liquid when it came into position. This constitutes one of the
historic triumphs of geological investigation.

Fic. 9. Dyke, Corriegills shore, Arran. The dyke owing to its jointing
has been preferentially washed out by the waves. Note hardened sandstone
at contact.

Intrusions, even where they consist of identical material, such as dolerite,
may differ greatly in shape. There are two very common forms of intrusion
which it is convenient to define at this early stage.

A dyke is an approximately vertical intrusion with parallel sides. Most
dykes are of very moderate width, and so resemble walls in shape, which
accounts for the name that has been given to them (Fig. 9).

A sill is an intrusion which approximately follows the bedding. The
dolerite at the Fossil Grove occurs as a big sill with minor sills associated.
The dolerite at Hound Point on the Firth of Forth is another example. Fig.

107 illustrates very clearly how its base locally transgresses the bedding of
associated sediments.
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VEINSTONES

The veinstones are very unimportant from the point of view of bulk, but
very important from the point of view of the value of their materials. They
may be defined as underground deposits from solution.

Where the solution has been cold, the vein may approximate to a chemical
sediment, except that it has formed underground ; where the solution has
been hot, it has often been the emanation of a magma, and the distinction
between veinstones and igneous rocks becomes arbitrary.

The metalliferous sulphides and other valuable ore-minerals mostly come
from veinstones (Chapter XXTII).

METAMORPHIC ROCKS

Where rocks have undergone an exceptional amount of change, they are
said to have been metamorphosed. The common structural and mineralo-
gical changes involved in mere consolidation or weathering do not qualify a
rock for the title. At this stage it is enough to state that shale may be meta-
morphosed into slate as a result of pressure, or more complex stress, and into
mica-schist by co-operation of stress and heat. Igneous rocks can also be
metamorphosed. Thus basalt and dolerite are changed to hornblende-schist,
while granite may be altered to a variety of gneiss (Chapter XX1V).

GEOLOGICAL DEDUCTIONS

Let us turn aside to notice the sort of information which follows from a
very elementary study of rocks. For instance :

(1) A shale full of marine fossils high above sea level indicates either
upheaval of a part of the sea bottom or a withdrawal of the sea. In almost
all cases it means the former, but we require more evidence than is given above.

(2) Extinct fossils tell us that the containing deposit accumulated so long
ago that much subsequent change has occurred in the life of the world
(Fig. 2).

(3) A fossil coral reef in Britain shows that the climate of our country
was once much hotter than to-day, because coral reefs are now restricted to
warm seas, mostly within the tropies (Fig. 10).

(4) Deposits of rock salt and gypsum in Cheshire show that the climate
was once that of a desert.

(5) Fossil rootlets piercing the rock beneath a coal seam (Fig. 11) show
that the plants that have formed the coal grew in the place where we now
see the coal. The root-bed is an essential part of the evidence. Plants can
float, and are often drifted by water currents far away from their place of

growth before being deposited—for instance Siberian trees are carried in
B B.G.
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Fic. 10. Coral limestone, A, under coal, B, under marine shale, C, under
modern shingle and blown sand, East Lothian. (Geol. Surv. photo.)

great numbers to Spitsbergen ; but a coal resting upon its root-bed, or seat-
earth, has evidently grown where we find it. This is very important, for the

(e | »

Fig. 11. Fossil root penetrating coral limestone, A of Fig. 10.
(Geol. Surv. photo.)
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plants of such a coal give an indication of the climate of the place where they
are found ; whereas the Siberian trees just mentioned give no indication of
the climate of Spitsbergen to which they have wandered.

‘We have in these few instances noted that Britain formerly enjoyed much
warmer climates than at the present day. This supports the view that the
continents are drifting and that Britain long ago was much farther south than
it is to-day.

(6) A suggession of basalt sheets with vesicular tops at the Giant’s Cause-
way shows that Antrim has had its volcanoes.

(7) Soon after entering the Highlands at Luss or Aberfoyle we meet with
great slate quarries. We begin to understand what is meant by those who
tell us that most of the rocks of the Highlands are metamorphic.

(8) We climb from Glen Nevis up Ben Nevis and note that we are walking
on granite. We wonder why, if granite formed from fluid magma, this latter
did not flow down and block the glen (Fig. 91). Suddenly we realise that
erosion has cut out the glen long after the consolidation of the granite.



CHAPTER 1V
TECTONICS AND MAPS

EARTH MOVEMENT.—At the present time the earth’s crust is very stable
in the British Isles. There is occasionally a slight tremor, or earthquake, as
it is called, but within human record British earthquakes have all been very
tame affairs. It is far different in many other regions of the globe, for
instance in the Mediterranean belt, including Italy, and in the Circum-
Pacific belt, including New Zealand, Japan, Alaska and California (Fig. 110).

Earthquakes are vibrations, and are now recognised as a transitory
symptom of earth movements that cause permanent displacement of the
earth’s surface. The largest single displacement on land that has becn
measured in connection with a modern earthquake was an elevation of part
of the Alaskan coast by as much as 47 feet in 1899.

Displacements, such as occur occasionally to-day, have also happened in
the past in many parts of the world, as is clearly to be read in the geological
record. Excavations show that, since Roman times, considerable subsidence
has occurred in London, for they have uncovered land surfaces of the period
well below present-day sea level. The movement has probably been affected
in very small stages. In Scotland little or no change has occurred since the
Roman invasion ; but at a somewhat earlier date, still within human occu-
pation, there was marked elevation. The coast of Scotland is bordered by
a low terrace, capped with shingle and backed by a cliff containing obvious
sea caves, now high and dry. This terrace is called a raised beach, because
from its nature it is evidently a sea beach, though it stands well above high
water mark (Fig. 325). Again the old question may be asked : has the land
risen or the sea fallen? We may answer in this case that the land has risen,
because the beach is not everywhere at one and the same elevation above
the modern shore line ; in fact, it does not extend far into England, and is
absent even from the Outer Hebrides and the Orkneys and Shetlands. The
date at which the upheaval occurred can be roughly fixed, for the canoes of
our stone-age predecessors have on rare occasions been found in the deposits
of the beach.

Similarly in Sweden it is easy to prove that there has been elevation of
mid Sweden during human times, and that it has been accompanied by

depression of southern Sweden.
20
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Examples might be multiplied. Clearly the earth’s crust moves, rises,
falls, tilts and bends ; and, according to many observations made in con-
nection with modern earthquakes, it breaks.

Movements of the earth’s crust are partially recorded in their effects upon
the bedding of sedimentary rocks. Most, though by no means all, slopes on
the bottom of the sea are very gentle indeed. Thus layers or beds of sedi-
ment, as a rule, accumulate almost horizontally. Subsequent tilting of the
earth’s crust gives the beds an inclination. In Britain, which despite its
present calm has had a very troubled past, the majority of bedded rocks have
a decided inclination. Some even are vertical or overturned. This con-
dition does not hold everywhere. For instance, in the interior of Russia, or
in the interior of North America, there are great areas, where even very old
rocks, though upheaved, remain almost flat.

The inclination of a bed is called dip, and can be measured in the field
with a simple instrument called a clinometer. The dip at any particular
locality is indicated on a geological map by an arrow pointing in the direction
of greatest inclination. This direction is taken with a compass, and it must
be remembered that a compass needle very rarely points to the true north.
The divergence, or declination as it is called, varies both with locality and
date. At London, for instance, the compass pointed 11° E. of N. in 1580,
true N. in 1652, 24° W. of N. (an extreme value) in 1810, and 13° W. of N.
in 1935. The local value for some particular date is often indicated on the
margin of a map, along with an estimate of the rate of change. Suppose
magnetic north lies 15° W. of N., we must, if we want the compass card
correctly orientated, let the needle come to rest at the mark 15° W. of N.

Just as an inclined bed has one particular direction in which the inclina-
tion is greatest, so also it has another direction in which the inclination is
zero. The direction of zero inclination, that is of horizontality, of a bed is
called strike. It follows at once that strike is always at right angles to dip.

If a bed is horizontal in all directions it has no definite direction of dip,
or strike. The map symbol for horizontality is an upright cross with equal
arms,

If a bed has been so tilted as to become vertical its attitude is marked
on the map with a longer line in the direction of strike, crossed by a shorter
line at right angles.

The earth’s crust is not tilted uniformly in one direction, otherwise it
would presently reach upward to heaven and downward elsewhere. Tt is
bent into arches and depressions. These structures are very clearly repre-
sented in the attitude of bedding. Any bend in bedding is called a fold.

An arch-fold, where beds dip outwards on either side from a central line,
is called an anticline (Fig. 12).

A trough-fold, where beds dip inwards from either side towards a central
line, is called a syncline (Fig. 25).
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The central line is called the axis of the fold.
The definitions given above for anticline and syncline are replaced by
more general definitions in Chapter X XIII.

Beds, including laminae, are the ultimate units of stratigraphy, and the
presence of bedding planes is of the greatest service in helping us to unravel
the structure of the earth’s crust and the deformations which it has under-
gone. Geological structure is so important a subject that it has been given
a special name, Tectonics, which is based on the same Greek word as appears
in architecture. For detecting dip and strike and certain other elements of
structure, beds are the most convenient units ; but for many purposes they

Fia. 12. Anticline in Coal Measures, Saundersfoot, Pembrokeshire.
(Geol. Surv. photo.)

are inconveniently thin. This brings us to the next stage in our strati-
graphical classification.

FormaTIiONS.—A formation is a stratigraphical unit limited at top and
bottom by bedding planes, and defined by some character chosen for con-
venience. Note that the definition of any particular formation is a matter
of convenience. In very exceptional circumstances it may be convenient to
take a single bed as constituting a formation. Much more often a great
number of beds with some common characteristic are taken together and
treated as a single formation, tens, hundreds or even thousands of feet thick.
Again, since formations are units of convenience, one and the same succession
of beds for some particular purpose may be grouped as a single formation,
and for another purpose may be split up into two or more formations.

There are three main characters by which formations are defined :
lithology, fossils and succession.

(1) Lithology means rock character from the Greek lithos, a stone, and
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logos, science. Most of you have seen or heard of the white cliffs of England,
which by the way reappear in Antrim. They are made of a distinctive white
limestone called chalk, and it is an easy matter to understand that the Chalk
Formation is a convenient stratigraphical unit defined by lithology.

(2) Fossils supply the subject matter of Palaeontology, which literally
means the science of ancient life, based upon Greek words palaeos, ancient ;
ontos, being. When geologists came to study the Chalk Formation they
found that the upper part contains a fossil sea urchin called Micraster (Fig.
318), which does not occur in the lower part. Thus it has been possible to
establish the Upper Chalk Formation on palaeontological evidence.

(8) Succession is something that we shall understand more fully presently.
For the moment suppose that in some district we find an easily definable
formation, A, overlain by a heterogeneous assemblage, B, and this in turn
by an easily definable formation, C; it may be convenient to call B a
formation, and define it as containing all the beds that intervene between
A and C.

ErostoNn oF rFORMATIONS.—It is clear that deposit and erosion are
necessary accompaniments. It would be impossible to continue for long
depositing sediment on any one part of the earth’s surface, unless some other
part were suffering erosion to supply the requisite material.

It is also clear that erosion, if it is to continue, must be accompanied by
elevation. Erosion is incessantly lowering those portions of the earth’s
surface that are exposed above sea level, so that it would in time remove all
protuberances, were it not for compensatory upheavals, such as are recorded
by elevated tracts of marine sediments.

Elevation of marine sediments, coupled with erosion, supplies ideal
opportunities for study of geological formations, including that supremely
important matter the order of succession of geological formations.

Let us consider a few very simple, and at the same time typical, examples.

Suppose a set of marine formations has been elevated, and that the sea
has cut or eroded its way into the new land, thus producing a vertical cliff.
Such a sea cliff furnishes what we call in geology a natural vertical section,
where section means nothing more nor less than a cutting. In a cliff the order
of succession of geological formations is self-evident : if at any particular
place there are two formations in the cliff, the upper formation occupies the
upper part of the cliff (Fig. 13).

The sea in making a cliff, also cuts a flat surface in the rocks at the foot
of the cliff. A flat section does not give us any insight into the succession of
formations, so long as these formations have themselves remained flat ; but
it does give us a great deal of information if it has been cut across inclined,
that is dipping, formations. A moment’s consideration shows that on a flat
surface successively higher formations come to occupy the surface in the
direction of dip (Fig. 134).
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Here one may introduce a technical word, outcrop. Where a formation
comes to the surface it is said to outcrop or crop out, and the area in which
it lies at the surface is called its outcrop. Usually superficial deposits, such
as sea sand for instance, are left out of consideration in speaking of the out-
crops of solid rocks. Thus
one is quite correct in
speaking of an outcrop of
chalk, on such and such
a beach, even where the
actual surface is covered
over by sea sand, so long
as chalk is the first solid
rock below the sand.

If we want to say that
a formation is to be seen naked at some particular locality we use the word
exposure.

Let us now return to the flat section cut by the sea across dipping forma-
tions. If we make a geological map of such a flat, and colour each formation
with a distinctive tint, we shall have bands of colour running across our map.
A little consideration will show that on a horizontal surface the direction of
outcrop of dipping strata corresponds with the direction of strike.

Let us proceed from the simple cases presented by a cliff and a flat to the
slightly more complicated case of an upland country, cut into hills and
valleys by rivers and other subaerial agents of erosion.

The first essential is to remember how ordinary geographical contours
run in such a district. The contours make their way horizontally along the
hill sides, and whenever they come to a valley, to maintain their horizon-
tality, they bend upstream in the form of a V with the apex pointing
upstream.

Where hills and valleys have been eroded out of a horizontal series of
beds, the outcrops of the beds will follow the contours, encircling the hills and
V-ing upstream at eévery valley.

This type of outcrop is admirably illustrated in many geological maps
where the successive formations are coloured in different tints.

Let us now consider a little more difficult case, where the formations dip,
instead of being horizontal. This introduces a problem.

There are two independent influences at work. There is a tendency for
an upper formation to outcrop in the higher ground, and there is also a
tendency for it to outcrop in the direction of dip. If the direction of dip is
towards the high ground then the two tendencies will co-operate to put the
outcrop of the upper formation on the high ground. If the direction of dip
is away from the high ground then there is a struggle between the two
tendencies and the stronger wins. That is, if the hill slope is steeper than
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F1c. 13. Relation of outcrop to dip and slope.
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the dip, then the upper formation will outcrop on the higher ground ; but
if the dip, directed downhill, is steeper than the hill slope then the upper
formation will outcrop on the lower ground (Fig. 138).

Finally let us note what happens to the mutual boundary of the outcrops
of dipping formations crossed by a valley of erosion. . The boundary is de-
flected at a valley, but the direction of deflection is not always upstream as
in the case of a geographical contour or of the outcrop of a flat bed. The
V may point either upstream or downstream according to the relation which
exists between the dip of the beds and the rlope of the valley bottom. There
is, however, one very simple rule to remember. The apex of the V in any
valley points towards the outcrop of the overlying formation. This rule
follows from the obvious relation that in the arms of the V, on the valley
sides, the overlying formation occupies the uphill exterior position.

Let us note another very straightforward fact. If an outcrop crosses a
valley with no deflection it must be vertical. A little common sense is re-
quired in applying this rule. A valley may be wholly cut in superficial
deposits, in which case it has no effect upon outcrops underlying the super-
ficial deposits. Also it may be impossible on a small-scale map to show
deflections of outcrop that actually exist in Nature. Leaving these details
aside we may sum up : horizontal formations follow the contours ; dipping
formations pay less attention to them ; vertical formations disregard them
(¢f. Fig. 48).



CHAPTER V
PALAEONTOLOGY

PavaEONTOLOGY, the science that deals with the life of former geological
periods, is based on the study of fossils. The word fossil, which denotes
something dug up, was once applied generally to any kind of mineralogical
or structural curiosity derived from the rocks, even if the object was not
connected in any way with a once living creature. There is a tendency at the
present time to apply the word fossil as an adjective to certain inorganic
structures and phenomena such as fossil raindrops, fossil earthquakes, etc.,
but the scientific connotation of the term is now practically limited to the
remains of animals and plants dug up from the rocks. By remains we mean
not only preserved parts of animals and plants, but also evidences of their
existence such as trails, burrows, castings, excreta (coprolites), footprints,
pipes formed by rootlets, and so on. This limited meaning of the word fossil
is still consistent with its derivation, but the term fossilisation, which ought
to mean the act of digging up, is illogically used in modern practice for the
process of preservation.

Although the science of Palaeontology is little more than a century old,
references to fossils occur sporadically in philosophical writings from the
time of the Hellenic civilisation. Thus about 500 B.c. Xanthus of Sardis
drew attention to the occurrence of fossil shells in certain lands of the eastern
Mediterranean and correctly concluded that the localities where such re-
mains occur had formerly been submerged by the sea and that the limits of
land and ocean were constantly undergoing change. FEratosthenes the
Alexandrine and the Latin historian Strabo drew similar conclusions from
the occurrence of fossil oysters in the Libyan Desert. During the Middle
Ages little attention was paid to the subject of fossils, but with the revival
of learning in the fifteenth century there began a long series of disputes con-
cerning their nature. Some of the disputants regarded fossils as inorganic
structures that either by accident or by Divine intention simulated the shells,
bones and teeth of modern animals. The artist, philosopher, and versatile
genius Leonardo da Vinci was prominent among those who championed the
alternative, realistic and now prevalent view that fossils are the remains of
once living organisms (see p. 3).

26
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Early studies of fossils lacked co-ordination and system, and it was not
until the end of the eighteenth century and the beginning of the nineteenth
that Palaeontology was placed on a scientific basis largely by the work of
two men—William Smith in England and Cuvier in France. Cuvier applied
to the skeletons of fossil vertebrates the methods of comparative anatomy
already used for the study of recent animals, and his work showed that many
fossil animals were of types that no longer exist. To-day we regard this fact
as almost axiomatic, and it is difficult for us to realise the enormous import-
ance of its recognition in Cuvier’s time, and the impetus that it gave to bio-
logical and geological research. William Smith (Fig. 312) was the pioneer
in the use of fossils as markers of geological time.

The evidence of Palaeontology is of the greatest importance to the
biologist in the study of evolution ; but to the geologist it is fundamental,
because the geological time-scale is based on the succession of fossils in the
sedimentary rocks. Geological events cannot be correlated with recurrent
astronomical events to form a time-scale like our day, month and year. In
geological history, except perhaps in what are called Pleistocene and Recent
times, we do not date a rock formation in terms of years, with reference to
some historical event like the birth of Christ ; we date it by the assemblage
of fossils occurring in its sediments, assigning the formation to the par-
ticular division of the geological time-scale that is characterised by these
fossils. )

It was on these lines that William Smith established the first principles
of Stratigraphy—the science that deals with the orderly arrangement of the
sedimentary rocks and their geological dating. Smith was a mining engineer
and mineral surveyor, and, in the course of his work in the neighbourhood
of Bath, he observed that each of the formations represented in the local
Jurassic rocks was characterised by a fossil assemblage that differed from
those found in formations above or below. He was further able to show by
means of the fossils that some of the formations recognised near Bath
could be traced across England to the Yorkshire coast. These observa-
tions formed the basis of stratigraphical Geology, and demonstrated that
there had been a succession of different faunas living in the English area
during an important fraction of geological time. Later workers applied
the principles enunciated by Smith in different regions and in other
formations ; and the outcome was the construction of a more or less
standard time-scale of geological history, based on the orderly succession
of the fossils in the sedimentary rocks. Fossils have not equal value
a8 time indices. The recognition of good time markers is a matter of ob-
servation and experience and depends on such factors as the range in time
of the particular category (species, genus, etc.—see below, p. 31), the ex-
tent of its geographical distribution, and the number of individual fossils
it yields.
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System-Group System Life
Recent \
Quaternary {Pleis tocene | |Age of Man
L Newer Tertiary | Pliocene
Kainozoic . (Neogene) Miocene  Age of Mammals
(Recent Life) Oli and the
. igocene
Older Tertiary [ E Modern Flora
ocene
(Palaeogenc) ] Paleocene
Mesozoic { Cretaceous 1Age of Reptiles
. . Jurassic and
(Middle Life) Triassic )\ New Red J Ammonites
Permian | Sandstone 1 Age of Amphibia
L and Coal Flora

[ Upper ‘ Carboniferous

Palaeozoic ‘ Devonian (Old Red Sandstone) J Age of Fishes
(Ancient Life); Silurian l Age of Trilobites
l,Lower‘ Ordovician and
l Cambrian J Brachiopods
Precambrian \ Age of unrecorded

| life and earlier

The major divisions of the standard time-scale are shown in the above
table in the form generally used at the present day. These major divisions
are subdivided again and again on a palaeontological basis, so that extremely
refined correlations of strata are often possible. Very exact detailed know-
ledge of the stratigraphy of an area can thus be built up, and is of the greatest
importance, not only in Pure Science, but also in proving and working
natural resources like coal, oil, ironstone and building-stone.

Fossils in addition enable us to date in terms of the geological time-scale
the great movements of the earth’s crust that have modified the surface of
the globe. They also supply us with much other information concerning the
geography of past ages. For instance they afford evidence of the local
physical conditions prevailing at the time of deposition, such as climate,
depth and salinity of the water, presence or absence of strong currents, and
other information about environment.

Only the hard parts of animals are really suitable for preservation—shells,
bones, teeth, scales, etc. Usually the soft parts decay too rapidly for pre-
servation, though in rare cases, under suitable conditions they may furnish
excellent impressions and casts. Very rapid burial in extremely fine sedi-
ment is necessary, so that the form of the soft parts may be impressed on the
sediment before they decay. Much the same holds in the case of plants.
The fossil trees of Glasgow’s famous Fossil Grove (Fig. 14) are sandstone
casts taken by Nature from moulds or impressions of trees that rotted away
after their lower parts had been buried in mud and sand.
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Most shells consist of calcium carbonate, in the form of calcite or aragonite
with an admixture of organic material. Here the word organic is not used,
as above, in a purely biological sense, but as the chemist uses it—to indicate
the complex hydrocarbon products that make up the body-tissues and fluids
of living creatures. Bones are made of calcium phosphate together with
organic material ; the shells of crabs, lobsters and other crustacea, the
shells of certain brachiopods, and the external skeletons of graptolites are
composed of a horny substance called chitin that is similar to the material
of finger-nails; while the hard parts of radiolaria, certain sponges and di
atoms are siliceous. Fossil shells and bones are sometimes preserved in their
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Fi1c. 14. The Fossil Grove, Victoria Park, Glasgow. Sandstone casts of
Carboniferous troes. (Glasgow Corp. photo.)

original condition, where percolating water is excluded from the formation.
In animals with chitinous skeletons, and in plants, a process of de-oxidation
leads to a relative increase in the percentage of carbon, or carbonisation as
it is called. In plants it gives lignite and coal, and in animals highly car-
bonised fossils of hard parts, e.g. the shells of crustacea.

A common mode of preservation is called petrifaction. In petrifaction
mineral material is introduced from solution in such a manner as to retain
some of the structural features of the organism. In many cases a little
original organic material remains in an altered condition, as for instance in
the carbonised cell walls of certain silicified or carbonated plants. In other
cases petrifaction has replaced all the organic and inorganic material, pro-
bably step by step, guided by the pre-existing structure. The commonest
replacing substances are calcite, silica, iron pyrites and limonite.
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In sandstones, percolating water containing carbon dioxide, CO,, con-
verts the calcite or aragonite to the soluble bicarbonate, and the original
shell may be entirely removed, leaving only a mould, which may remain
hollow or later furnish a cast in some foreign material.

The fossil record of past life is necessarily incomplete, apart altogether
from the fact that it has only very partially been explored. Animals not
possessing hard parts are practically unknown in the fossil state—e.g. most
worms, jelly-fish, slugs, etc. Even hard parts decompose entirely, if not
quickly buried. We have a much more complete record of prehistoric marine
animals than of land animals, because in the sea and particularly on the
continental shelf, with its prolific benthic (or bottom-dwelling) fauna, there
is a good chance of burial by accumulating sediment, whereas on land burial
of animals immediately after death depends on accidental circumstances—

Fi1c. 16. Rhinoceros mummified by osokerite, excavated in 1929 in the clays
at Starunia. (Acad. Sci. Cracow photo.)

floods, sand or dust storms, trapping in swamps, etc.—and the hard parts
are liable to be exposed until they decay. Occasionally, however, the acci-
dental preservation of land animals has been almost unbelievably perfect.
Mammoths are sometimes dug up in the frozen tundra of Siberia (Fig. 323)
with their flesh in an eatable condition. Rhinoceroses are found mummified
in the tar pools of Rumania (Fig. 15), and insects in amber, a fossil resin.
Even the record of marine animals with hard parts is usually imperfect.
By the oscillations of the crust consolidated marine sediments are elevated
to form land, and then gradually, perhaps entirely, destroyed by weathering,
together with their fossil contents. Sometimes the fossils prove resistant and
may be incorporated in a later formation when they are known as derived
fossils. They may be regarded as a special type of pebble. They furnish
evidence of unconformity (Chapter IX), but are to be neglected in assessing
the age of the later formations. Derived fossils may be recognised by signs
of wear and tear (due to transportation) and by adhering fragments of rock-
matrix that are foreign to the enclosing formation. As an example of
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derived fossils the thick-shelled Jurassic oysters known as Gryphaea often
occur in Pleistocene boulder clay of the East of England.

In spite, however, of the imperfections of the fossil record, there is no
great group of living or extinct animals whose skeletal structure and evolution
is not known in outline; and some parts of the evolutionary story have
been unravelled in remarkably full detail.

The largest divisions of the animal kingdom are called phyla. A phylum
assembles all the creatures that have a common structural plan. Thus the
vertebrates, e.g. mammals, fish, reptiles, birds, have all a backbone, con-
sisting of separate bones (vertebrae), arranged in series.

Phyla are subdivided into classes, classes into orders, orders into families,
families into genera, and genera into species. The species is the unit of
classification. There is no agreed concept of the species, but for working
purposes it may be defined as a collection of similar individuals capable of
interbreeding and giving rise to fertile offspring. The latter criterion is not
available to the palaeontologist in defining fossil species—he has to observe
whether variation in a series of similar individuals is continuous or discon-
tinuous.

A genus is a collection of species, having certain features in common
(morphological definition), or it is a collection of species all derived from the
same immediate ancestral stock (genetic definition). The genetic definition
is more satisfactory than the morphological, and is the ultimate aim of all
classification. In the study of any group of animals the morphological classi-
fication must necessarily precede the genetic.

The system of nomenclature for denoting a species is the binomial system
usually ascribed to the Swedish naturalist Linné (Linnaeus). Modern sys-
tematic biology dates from the publication of the tenth edition of Linnaeus’
Systema Naturae (1758). Any cases of binomial nomenclature published
before that date are invalid.

In the Linnaean binomial system each species of animal or plant has a
name consisting of two words—the first generic, and the second specific.
The common edible oyster is called Ostrea edulis—Ostrea the generic name,
edulis the specific, both in Latin or in Latin form. The initial letter of the
generic name is always capital.

A generic or specific name to be valid must have been published with a
description or figure; and it is advisable when an author is describing a
species for the first time to name a specimen, or specimens, as types. These
are carefully preserved, usually in a museum, to serve as the ultimate
criterion for determination, because descriptions and figures are often in-
adequate. In museums, types are distinguished by small circular coloured
labels.

It is often helpful to add the author’s name after the specific name thus :
Ostrea edulis Linné. In cases where a species, after definition, has been
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transferred to a different genus, the name of the original author is retained,
but is placed within brackets. For instance, Ostrea maxima Linné has
become Pecten maximus (Linné).

Certain other conventions are adopted. For instance in the explanation
of Fig. 286, we find Ogygiocaris [Ogygia) buchi (Brongniart). In this case
Brongniart named a particular trilobite Ogygia buchi, and for many years
his action passed unchallenged so that geologists the world over became
familiar with the title. Eventually, however, it was pointed out that the
name Ogygia had already been given to a genus of moths, and that the
trilobite all the time had been swimming, as it were, under false colours.
Accordingly a new name, Ogygiocaris, was introduced for the dispossessed
trilobite, but the now invalid name Ogygia may still be retained, if de-
sired, within square brackets to minimise the confusion resulting from
the change. Again, in the legend of the same figure, we may note Orthis
(Dinorthis) flabellulum J. de C. Sowerby. In this case the name within
round brackets, printed in italics with an initial capital, is of subgeneric rank.

In short, the specialists have a complicated subject to handle, and they
have devised a code to express, in a few words and symbols, a very consider-
able amount of information. A beginner should not spend time in mastering
the rules of procedure, but it will repay him to understand the principles or
he may be confused, or even disgusted, by examples that he will meet in the
course of his reading.

Subsequent chapters, XLIII-LVII, are designed to give the necessary
zoological and botanical background for a study of fossils.



PART I1

DETAIL REGARDING ROCKS, MINERALS AND
STRUCTURES






CHAPTER VI
MECHANICAL SEDIMENTS

LET us now return to consider in more detail the various subdivisions of the
sedimentary rocks, beginning with the mechanical.

DEPOSITS WITH BOULDERS AND PEBBLES.—Conglomerate, as already
stated, is consolidated gravel. It consists of rounded pebbles derived from
earlier rocks, often with sand filling the interspaces. Its pebbles have been
transported and rounded by water, either by the flow of a river or by the
waves of a sea or mighty lake. Thus, like most rocks, conglomerate carries
a story for those who can read.

Breccia is a rock resembling conglomerate, only its fragments are angular
instead of rounded. The word breccia is Italian and connected with our word
break. Not all breccias are sediments, but many are. Sedimentary breccias
generally originated as scree, or, as the Americans call it, talus. There is
every gradation between conglomerate and breccia. This is nothing unusual.
Many other rock types grade imperceptibly into one another. Thus pebbly
sandstone stands as a link between conglomerate and sandstone.

Another bouldery deposit, very widespread in Britain, is called boulder
clay or till, an old Scots word meaning clay. Boulder clay holds numberless
boulders and pebbles of solid rock in an unbedded matrix of clay. The
boulders can in many cases be proved to have come immense distances, even
hundreds of miles. They are not rounded except at their angles, and they
very often carry scratches similar to those shown by the rock surfaces in
Fig. 1. The condition of the boulders, and the unbedded character of the
matrix, give the deposit a distinctive character. Boulder clay to-day is being
formed by glaciers in Switzerland and Norway. The boulder clay we find
in Britain is certainly glacial in origin. Ancient consolidated boulder clay
is called tillite. Examples are found in even more extraordinary geographical
situations than that occupied by the boulder clay of Britain.

ARENACEOUS.—AIl kinds of sand deposits are called arenaceous, from the
Latin arena, sand.

It is common knowledge that water currents, whether of rivers or waves,
can round boulders and pebbles. Experience, however, shows that water
cannot round small grains, unless they are of particularly heavy material.

The grains as they become smaller lose the chance of acquiring much momen-
35
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tum from the comparatively slow currents that are all we find in water.
Also the water acts as a cushion shielding the grains from impact against one
another or against solid rock.

On the other hand wind can round sand grains, as is well known to any
one who examines the larger sand grains of the Sahara. The wind travels at
great velocities and does not furnish an efficient cushion to protect the grains
of the sand blast which it carries. Think for a moment of the comfort of
bathing among breakers on a stormy day. The sand in the sea does not cut
one’s skin. Contrast this with the discomfort of lying in the sand dunes
behind the beach, with the blast biting into one’s body.

Thus in Geology when we find a sandstone with well-rounded grains we
are almost certain to find on considering the whole of the evidence that it has
been derived from the sand of a desert, not a seashore.

It has already been explained that sandstone is consolidated sand, and
mention has been made of the main types of cement responsible for its
consolidation. Various important varieties of sandstone may now be
enumerated.

Freestone is any rock which does not split preferentially in some parti-
cular direction and yet is easily or freely worked by saw or chisel in any or
every direction. Thus sandstones, if they do not part readily along their
bedding, and if they are held together by a soft though firm cement, are
typical freestones. Freestone, however, is a builder’s term, and refers only
to the building quality of a rock, so that we must understand from the first
that all freestones are not sandstones. In Glasgow the freestones commonly
used are sandstone, but in London they are limestone.

Flagstone is very different from freestone, because its distinguishing
character is the ease with which it splits along conveniently spaced bedding
planes into slabs. The most typical flagstones are impure sandstones con-
taining a good deal of clay material. They occur in great abundance in a
formation called the Old Red Sandstone, where it outcrops in Caithness.
The Caithness flags used to be worked in large quarries for export ; but the
industry has now been ruined by the employment of concrete. The Caithness
flags formed in a very extensive lake which often dried up. The flags very
commonly show ripple marks and suncracks (Fig. 16).

Quartzite, like flagstone, contrasts strongly with freestone, but it is in re-
gard to another property than bedding. Quartzite is very hard and intractible.
It is a pure siliceous sand bound together with siliceous cement. It takes its
name from the common crystalline variety of silica known as quartz. It is
of little use for building, but is extensively quarried in Shropshire for road
metal.

Arkose is a highly felspathic sandstone. A typical arkose is a pink rock
mostly made up of quartz and felspar. Felspar is another common mineral,
to be dealt with presently. Arkose, in a small specimen, may be difficult to
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distinguish from granite, which is for the most part made of the same two
minerals, quartz and felspar. In arkose, however, the minerals occur as
fragments, lying side by side, whereas in granite they have grown from
fusion, and fit into one another. Also, in a big specimen, or in the field, one
is almost certain to see bedding in an arkose. Arkose is largely developed in
the North-West Highlands of Scotland, where it makes the country about
Loch Torridon. Arkose and quartzose sandstone may both result from the
destruction of granite ; but the conditions of derivation are different. The
production of arkose from granite requires weather conditions that do not
lead to chemical destruction of felspar. As we shall presently learn, a desert

Fig. 16. Suncracks in flags, Thurso, Caithness. The cracks aro filled
with sandstone. (Geol. Surv. photo.)

supplies such conditions, and it is probable that most arkoses have been
produced under a fairly arid climate.

Greywacke is a sandstone in which quartz, and generally quartz and
felspar, are mixed with enough dark impurities to give the rock a grey colour.
Greywacke is really a German word meaning grey stone. The term is seldom
applied to any but very well compacted material. Greywacke is the com-
monest rock in the Southern Uplands of Scotland and in parts of Wales.

Grit is a term that is applied in several different senses. Some use it to
mean a sandstone with big grains ; others to mean a sandstone with angular
grains ; others again to mean greywacke. It is wise if you are writing a
scientific account, and want to use the word grit, to explain in what sense
you are employing it.

ArciLLaceous.—All the different kinds of clay rocks are grouped as
argillaceous. The Latin word argilla means a white clay, but the geological
word has nothing to do with colour.
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Shale is the commonest form of compacted clay or mud. Its special
character is its laminated style of bedding. A clay as originally deposited
in water consists very largely of water, which when the clay dries is replaced
by air, held in minute pores. The consolidation of clay under pressure
squeezes out much of the water, or air, and accentuates the bedding. The
presence of mica flakes deposited along the bedding is another very common
feature that helps to make shale fissile, capable, that is, of splitting easily
into thin layers.

The particles, other than mica, that go to make a clay, or a shale, are
usually too small to be distinguished by the naked eye. Clay is typically a
deposit of still bottom water. In the sea, which is the great repository of
sediments, there is a belt of shallow coastal water that is disturbed by tides
and waves. This has been called the Belt of Variables, because the nature
of its deposits varies extremely according to local circumstances. It is here
that on open coasts one commonly finds shingle or sand, with, in the tropics,
coral reefs ; while in sheltered estuaries one may encounter broad flats of
mud. Outside the Belt of Variables, where the sea bottom extends to
depths scarcely touched by tides or waves, conditions are more constant, and
the coasts of the continents are surrounded by a broad belt known as the
Mud Belt. Some of the clays of Geology are extremely extensive. There is
a clay known as the Oxford Clay, which may still be recognised in many
localities between the Hebrides and Switzerland. Thus we learn that much
of western Europe lay within the Mud Belt of the sea bottom during the
geological time that we call Oxfordian.

Oil ghale is a variety of shale from which oil can be distilled in consider-
able quantities. Most shales contain a certain amount of carbonaceous
material retained from the plants and animals, whose remains mingled with
the original mud. In an oil shale this carbonaceous material is unusually
abundant. The best known examples in the world occur in the East of
Scotland, where they have given rise to an oil industry that has put up a
wonderful fight with the free-oil industry of other countries. In oil shale the
carbonaceous material is part of the solid rock ; to get oil one must mine
rock and then distil it, two expensive operations. On the other hand, the
free oil, found in America, Persia and elsewhere, is stored in liquid form in
the rocks, and comes gushing up when a hole is bored down to the under-
ground reservoir. No wonder Scottish oil is hard put to it to compete with
foreign oil, and it would have no chance were it not that oil shale yields
ammonia on distillation, as well as oil, and this furnishes a valuable manure
in the form of ammonium sulphate. It is naturally important to be able to
distinguish oil shale from ordinary shale, without having to distil a specimen.
Oil shale is of brown-black colour with brown streak ; it is of leathery con-
sistency and tends to yield a curly shaving when scraped with a knife. The
word streak means the colour of a specimen reduced to powder. It may be
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observed on scratching a specimen with a knife, or on rubbing it against a
rough surface of white porcelain, or again on powdering it and rubbing the
dust on white paper. Scottish oil shales formed in freshwater lagoons or
estuaries, and they owe most of their organic material to minute plants
belonging to the algae (p. 354).

Mudstone is another type of consolidated clay-rock, distinguished from
shale by absence of fissility, due to wider spacing of the bedding planes.

The name marl is used in two somewhat different senses. In the first it
means an argillaceous rock without lamination, in which the consolidation
is intermediate between that of a soft clay and hard mudstone. Such a marl
on an exposed surface has a very characteristic habit of breaking up into
small eubes about the size of dice. In its other sense marl stands for cal-
careous clay. At the bottom of pools or shallow lakes a shelly clay often
accumulates, which largely consists of fragments of fresh-water shells. This
deposit is called shell marl, and is sometimes used as a calcareous manure,
that is, for liming fields.

We may complete our description of the truly sedimentary argillaceous
rocks widh a notice of one of the most widespread of oceanic deposits. In
going from the shores of the continents we pass in succession a number of
submarine zones, two of which have already been noted. The full succes-

sion 18 : Belt of Variables
Mud Belt
Organic Belt
Red Clay Abysses .

Beyond the Mud Belt the waters of the ocean have lost almost all detrital
material derived from the continents. Here the Organic Belt (Chapters VII
and VIII) receives the remains of organisms that for the most part float,
during life, somewhere in the superficial layers of the sea, and, after death,
drop down like gentle rain or mist. They drop just as plentifully in the
shallower waters of the Mud Belt as in the deeper waters beyond, but in the
shallower waters their bulk is small compared with that of the mud from the
land. On the deeper side of the Organic Belt the organisms also drop down ;
but many of them, having to traverse miles of water, dissolve before
reaching the bottom ; while the remainder perish on the bottom, where they
lie long unprotected immersed in water with a comparatively high content
of CO,.

Accordingly in the deepest reaches of the ocean bottoms, the abysses as
they are often called, there is neither terriginous nor organic sediment. There
is in fact scarcely any sediment at all; but a characteristic red clay does
collect with almost incredible slowness (Fig. 17). It derives its material
from the ash and pumice of volcanoes and from the fall of meteorites. It
accumulates at such a leisurely pace that dredging brings up the remains of
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extinct and living creatures lying side by side on its surface. Amongst its
commonest fossils are the ear bones of whales, often extinct. The rest of
the skeleton has dissolved, leaving only the most resistant part.

Abyssal red clay has been elevated into dry land in Barbados, and may
occur elsewhere, though its nature has been disputed. It is thought by
many that, although land and sea have frequently changed places, the
abyssal depths of the ocean have practically never been upheaved.

RESIDUAL DEPOSITS

Fireclay is a clay rock that withstands heat, or to use a technical word,
is refractory. The definition is based upon industrial worth, and this in turn
upon chemical composition. A fireclay is rich in aluminium silicates and
poor in oxides of iron, magnesium, calcium and the alkali metals. In Geology
fireclays are generally seat-earths of coal seams. In such case the bedding
is obscured or destroyed by penetration of rootlets belonging to the plants
that have yielded the overlying coal. The oxides that are in characteristi-
cally small quantity are the oxides which the plants have removed by suck-
ing them up in solution for their own use.

Fireclay is almost always classed as a variety of sedimentary rock, but
it does not wholly fall within the definition. Most fireclays were not de-
posited on the surface of the earth in their present condition, even apart
from consolidation. They have derived their distinctive chemical charac-
teristics through alteration after deposition. They are in fact fossil soils,
they have lost much of their material ; what remains is technically called a
residuum, or less strictly, but much more commonly, a residual deposit.

Residual deposits are the insoluble products of rock weathering, which,
having escaped distribution by transporting agencies, remain in place of the
rocks from which they have been derived.

Soil is in large measure a residual deposit, mixed with decaying plant and
animal matter, and with a variable proportion of added sediment, either
wind- or water-borne.

The chemistry of a residual deposit depends partly upon the nature of
the parent rock, and partly upon the climatic and botanic conditions to
which this parent has been exposed. Much of the chalk of the South of
England is covered with a residual deposit called clay with flints. In large
measure it represents the insoluble residue of the chalk; and its flints are
unworn—quite unlike the round flint pebbles of a conglomerate.

Where complex silicate minerals, such as occur in igneous rocks, weather
under humid temperate climates, they tend to yield hydrated aluminous
silicates, which are known collectively as the clay minerals. Under tropical
or subtropical conditions chemical leaching often goes further, producing
residuals of hydrated oxide of aluminium known as bauxite, and hydrated
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oxide of iron of the composition of iron rust. The resultant residual deposit,
sometimes preponderantly aluminous, sometimes preponderantly ferrugin-
ous, is called laterite, from the Latin later, a brick, because, though soft
enough to dig while damp, it hardens on exposure to very serviceable
building material. In fact it furnishes the building stone and road metal of
large tracts of India and Africa. The most aluminous forms of laterite, con-
gisting essentially of the mineral bauxite, are themselves called bauxite.
The name is derived from Beaux in the South of France, where ancient
laterite has been largely worked as an ore of aluminium.

Ganister is the arenaceous equivalent of fireclay. Typically it is ex-
tremely rich in silica, and makes a good refractory.



CHAPTER VII

ORGANIC SEDIMENTS (CALCAREOUS)

LIMESTONE AND DOLOMITE.—Limestone, as already remarked, ranks
first, in bulk at any rate, among organic sediments. It has many industrial
uses ; being fairly soft, and yet firm, it makes a very valuable building stone,
though subject to the attacks of weather ; it is the sole source of lime, much
used in mortar, cement, agriculture and chemical industry ; it is employed
as a flux in the extraction of iron from its ores, supplying lime to combine
with siliceous impurities to give readily fusible slag.

The shelly and coral limestones are the easiest to interpret, for they are
made up largely of the calcareous skeletons of creatures big enough to see
with the naked eye. Such rocks have generally formed in the comparatively
shallow waters of the Belt of Variables.

In the Organic Belt outside the Mud Belt the main calcareous shells
that collect on the “sea bottom belong to the foraminifera, which are
always small and often microscopic. A very common genus is Globigerina.
The resultant deposits cover wide extents of the ocean bed at great
depths, and are so soft when accumulating that they are like mud to
handle. They are called foraminiferal, or Globigerina, ooze (Figs. 17, 115).
The Chalk is in large measure a consolidated foraminiferal ooze, and
at one time it was thought that it must have formed at very great
depths ; but more careful examination of the evidence has shown that
it was a comparatively shallow water ooze. We shall go into this evidence
later.

There are two different crystalline forms of calcium carbonate, calcite
and aragonite. Living organisms may build their skeletons of either of these
minerals, one type of creature developing the one, and another the other.
Calcite, however, is the more stable of the two, and in actual consolidated
limestone calcite is the form commonly found, whether as an original product
or as a substitution for aragonite.

While many limestones are predominantly made of organic skeletons,
whole or fragmentary, that can be recognised as such with the naked eye,
most contain a certain amount of fine matrix, the organic origin of which
may be disputed. It has evidently been a fine calcareous ooze or mud.

42
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There are several ways in which such ooze may originate, of which may be
mentioned :

(1) as a last stage in the breaking up of shells or corals ;

(2) as a chemical precipitate favoured by the life processes of bacteria ;

(3) as a chemical precipitate unconnected with life processes.

There can be little doubt that all three are important on occasion, but it
may be a matter of difficulty to settle which has been followed in any parti-
cular case.

Recently a careful study has been made of the Great Bahama Bank in
the West Indies, and interesting results have been published in the 1933
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F1a. 17. The deposits of the oceans. (After Murray.)

volume of the Geological Magazine. The Bahama Bank is a broad belt of
shallow water bordering some of the West Indian islands. Its waters are
evaporating more quickly than they are renewed by local rain and streams.
Therefore they are maintained by inflow from the neighbouring deep ogean.
Their salt content is higher than is proper to this neighbouring part of the
ocean, and the conditions are such that CaCO, must be deposited, either
organically or chemically, otherwise there would be supersaturation in
respect of this compound. In keeping with this we find that there is a
CaCOjq deposit on the bottom, partly in the form of shell fragments, partly
in the form of minute incoherent crystals of aragonite. Such crystals cannot
themselves be shell fragments. They have obviously been deposited as inde-
Pendent crystals from solution. Further investigation shows that, while the
deposit of these crystals may be in part quite independent of life, yet locally
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it seems to be greatly helped by bacteria. The presence of suitable bacteria
in large numbers has been demonstrated in mangrove swamps that often
border the bank. The chemical reactions involved are varied and a little
complicated, and those specially interested may refer to the paper itself.
The formation of the minute crystals is probably spasmodic. Storms by
stirring up the otherwise quiet sheltered waters of the bank give rise to inter-
mittent precipitation of CaCO,;. Their effect is partly direct, for stirring
helps crystallization, and partly indirect, for stirring also helps to liberate
excess CO, from solution, and CaCOj is only soluble in water which contains
CO,.

As stated above most of the Bahama Bank is a sheltered sea, but there
are tracts which are kept in almost continual motion by currents. Here the
CaCO;, instead of building minute incoherent crystals of aragonite, forms
little spherical growths known as ooliths, because they look like fish eggs,
and oos in Greek means egg and lithos stone. These little spheres grow by
adding layer on layer while they roll about ; the layers at Bahama are made
of aragonite. It is scarcely possible that bacteria have had anything to do
with the precipitation of the CaCO, in this case, but certain authors in the
past have claimed that films of seaweed (algae) grow on ooliths and help in
their formation by decomposing CO, from the neighbouring water.

Ooliths of CaCO; have been found in process of formation in many other
localities. The share algae have in their formation is disputed, but the clear
fact is that they only form in warm water, moved by currents. Consolidated
ooliths give rise to oolitic limestone, rare in Scotland but abundantly
developed in England. It makes a very beautiful freestone, much used in
London. St. Paul’s Cathedral, for instance, is built of an oolite known as
Portland Stone. An English name sometimes given to oolite is roe-stone ;
the idea conveyed is again that of a stone with the appearance of fish-roe.

An argillaceous limestone is often called a cementstone, because on heat-
ing it gives a cement that sets under water. Nowadays cement is made from
pure limestone, powdered and mixed with clay in the proper proportions and
then burnt. The great cement of to-day is called Portland Cement, and the
limestone used in its manufacture in Britain is generally chalk. The name
Portland must not be taken to suggest that the cement has ever been made
from Portland Oolite, but merely that the finished product at a distance
looks something like Portland Oolite.

Cementstone of early Carboniferous date is an important rock type in the
Glasgow district, where it cannot be claimed as made of the remains of plants
or animals, for it is unfossiliferous. Instead it seems to have been a chemical
precipitate, deposited in a lagoon subjected to intermittent evaporation.
Possibly here, as so often, plant life co-operated in bringing about precipita-
tion ; but if so, it has left no structure behind.

The Glasgow cementstones often contain much carbonate of magnesia in
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addition to carbonate of lime, the two combined in a double carbonate,
MgCO, . CaCO,4, known as dolomite. The same feature is found in many
other limestones, and these are said to be magnesian, or dolomitic. Quite
commonly the double carbonate predominates, or occurs alone, and the
resultant rock is itself called dolomite. The name is familiar on account of
the beauties and climbing opportunities of the Dolomites of the Tyrol.

Dolomite as a rock looks very like limestone, but there is a simple chemical
test ; dolomite will only dissolve in warm dilute acid, whereas limestone
dissolves freely in either warm or cold dilute acid. Solution in either case is
accompanied by cffervescence or fizzing.

Dolomite is sometimes a good building stone, but if it has a little calcare-
ous cement it may go to pieces in a town atmosphere. The Houses of Parlia-
ment, at Westminster, are built of dolomite, and though only 100 years old
have required very expensive renovation, during which the weathered dolo-
mite has been in part replaced by oolitic limestone.

The origin of dolomite is often difficult to decide. In the cementstones
of the Glasgow district it was probably precipitated as such, when the rock
was forming. In many cases, however, dolomite can be shown to have re-
placed limestone through chemical reaction of percolating solutions. For
instance, fossils of a kind that must have started as calcium carbonate may
now be found recast in dolomite.



CHAPTER VIII
ORGANIC SEDIMENTS (SILICEOUS AND CARBONACEOUS)

RADIOLARIAN AND DIATOMACEOUS DEPOSITS.—In introducing organic
sediments mention has been made of microscopic marine animals with sili-
ceous skeletons, called radiolaria (Fig. 118). To-day radiolaria are contri-
buting to the formation of radiolarian ooze over wide expanses of the ocean
beds (Fig. 17).

Let us recall the Organic Belt that intervenes between the Mud Belt and
the Red Clay Abysses. In its shallower portions the Organic Belt is covered
by preponderantly calcareous oozes made of foraminifera, while in its
deeper portions it is covered by preponderantly siliceous oozes made of
radiolaria.

The difference is due to the effects of solution. The foraminifera and the
radiolaria live together in the surface waters. The forams, as they are often
called for short, are the more abundant, and so tend to give their own
character to the deposits that collect below. On the other hand the radio-
laria are the less soluble, and where the water is particularly deep, their
skeletons alone manage to reach the bottom, or at any rate to remain un-
dissolved until blanketed by further deposit. If the water is deeper still,
even the radiolaria dissolve, leaving the field clear, as we have seen, for
abyssal red clay.

Radiolarian cherts are fairly common in Geology, and in some cases
appear to have resulted through consolidation of abyssal radiolarian ooze,
though in other cases they may be of shallow water origin. Radiolarian
cherts often accompany submarine volcanic rocks, and it seems certain that
submarine volcanoes, by furnishing siliceous solutions to the sea, give
specially favourable opportunities for the growth of radiolaria.

Diatoms are microscopic plants with siliceous skeletons (Fig. 246). There
are both fresh-water and marine diatoms. The marine forms flourish best
where the oceans are fairly fresh and where glacial waters are supplying
relatively abundant siliceous matter. Suitable conditions hold at present in
the Antarctic Ocean, where much of the bottom is covered with diatomaceous
ooze (Fig. 17). It is a remarkable fact that all the known examples of fossil
diatomaceous ooze are of relatively recent date, which contrasts with the fact

that many fossil radiolarian oozes are of extreme antiquity. It is probable
46
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that the simple diatom is a very ancient form of life, but the habit of building
a siliceous skeleton may be a new acquisition.

Unconsolidated diatomaceous earth of fresh-water origin has been worked
extensively on Deeside in Scotland. For a long time it was employed as an
absorbent for the liquid explosive employed in dynamite. Marine diatoms
in the seas around our coasts furnish the prime source of food for the herring.
The diatoms are eaten by minute crustacea, which in turn are eaten by the
herring.

PraT, coaL aAND omL.—The outstandingly important carbonaceous rock
is coal. It is derived from accumulations of plant material, and has a long
history behind it.

At the present time peat is forming over wide areas. In temperate and
cold countries it results mainly from the growth of mosses (such as Sphag-
num), very common in Ireland and in the mainland of Scotland, or sedges
(such as Scirpus), very common in the Outer Hebrides. Peat of this kind
forms bogs on uplands or in hollows. Often the hollows are coastal swamps
or fens.

In warm and tropical countries peat is accumulating from swamp
growths of trees such as mangrove and cypress.

The accumulation of peat in the north is partly due to cold slowing down
decomposition. The accumulation of peat in tropical swamps is partly due
to heat speeding up growth. The coal seams of Britain, to judge by the
nature of the vegetation, have been derived from tropical swamps.

The first step, from plant to peat, is due to bacteria, which lead to fermen-
tation controlled and arrested by the products of reaction.

Peat can be converted experimentally into a glistening black coal-like
substance by subjecting it to intense pressure at quite moderate temperatures.

Natural coal very often shows its planty constituents even on casual
examination. When specially treated and looked at with a microscope, it
reveals an unexpected wealth of vegetable structure. There can be no doubt
that coal in its various stages is peat matured under pressure at moderate
temperatures. The pressure is generally supplied by the weight of super-
imposed strata. The temperature rises a little with depth of cover. Some-
times pressures connected with mountain-making movements, and tempera-
tures connected with igneous intrusions, lead to the extreme type of coal,
namely anthracite, and even graphite.

The various grades, or ranks, starting with peat are: Peat, lignite,
ordinary coal, anthracite, graphite.

In this list the percentage of carbon increases and the percentage of
volatile constituents decreases. This last is shown by a drop in the per-
centage, not only of hydrogen, but also of oxygen and nitrogen.

As regards the different appearances of these varieties, lignite is generally
browner and more obviously planty than ordinary coal; while anthracite is
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shinier and does not soil one’s fingers ; and graphite is very soft and dirty,
being the black lead of pencils.

In the great anthracite fields of Pennsylvania and South Wales, the coal
has undergone gentle metamorphism in connection with mountain making.
Graphite sometimes results as an extreme product of such metamorphism.
In Scotland both anthracite and graphite have been produced to a small ex-
tent through metamorphism of coal by dolerite intrusions.

There is a special kind of coal called cannel, which contains an unusual
proportion of volatiles, and also of argillaceous matter that on burning is
left behind as ash. Such coal is duller in lustre than ordinary coal and breaks
with a conchoidal fracture. On distillation it yields abundant illuminating
gas, so that cannel is also called gas coal. In fact the name cannel is a
corruption of candle, for good quality cannel coal burns like a candle when
lit with a match.

At the end of the nineteenth century cannel was by far the most valuable
kind of coal. Now that incandescent mantles are used, all that is needed is
a heating gas, and cannel coal has lost its price.

Speaking in generalities, ordinary bright coal has originated through
growth in place of the plants that go to form the coal, whereas cannel coal
has originated through the deposit of a carbonaceous mud full of dirt and
also of the minute water plants called algae ; it is, to use a common phrase,
of drift origin.

The following table gontrasts the properties of the two kinds of coal in a
manner that illustrates their two modes of origin.

Growth in Place Drift Coal
Ordinary Coal Cannel
Small ash Big ash
Extended and constant Restricted and variable
Aquatic animals absent Molluses and fish present
Algae not abundant Algae abundant
Rooty seat-earth general Rooty seat-earth exceptional

Cannel coal is closely related to oil shale, but lacks the fissile structure.

During the concentration of peat to coal, there is an immense reduction
of volume. Wet peat may contain about 80 per cent. of water. This intro-
duces an interesting illustration of the need for caution in scientific interpre-
tation. Sometimes a coal seam is found to enclose a band of sandstone,
perhaps a quarter of a mile broad and many miles long, which in cross-
section is flat-bottomed and arch-topped, with the bedding of the overlying
material also arched. A leading authority in Yorkshire, where such occur-
rences have been carefully studied, thought that the sandstone had retained
its original form, and interpreted it as a sand bank. This led him further.
He claimed that the coal containing the supposed sand bank must have
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formed as a drifted deposit of vegetation, dropped in the water in which the
sand bank accumulated. It has recently been pointed out by Kendall that
the convexity of the upper surface of
these sandstone bands is a secondary
phenomenon due to shrinkage of the
peat. The sand accumulated in a
stream bed cut in peat (Fig. 18). At
first it was convex downwards and
flat on top. With shrinkage of the
peat below, the marginal portions of
the sand were lowered, so that the
bottom of the sand became fairly flat
and the top convex.

Since this explanation was given
an unexpected confirmation has come
from the modern fens of East Anglia.
The photograph from which Fig. 19 is
taken demonstrates a remarkable sub- Fic. 18. Kendall's explanation of cross
sdenco of fenland peat olloving ari. (20 f caran sibone aud e
ficial drainage, sometimes more than
10 feet in less than a century. Other photographs show that certain paths
or broad lanes that now stand above the general level of the fens follow the
courses of silt-filled stream beds, left
high and dry by the shrinkage of
surrounding and partially underlying
peat (Fig. 20. It should be added that
Godwin, Geog. Journ., 1938, has de-
nied the shrinkage illustrated in this
figure). The photographs that have

Fra. 20. Imaginary cross sections
of peat, due to removal of water by drain- through mud and sand of a stream
age. The post hasstood firm with its base bed in peat, before and after drainage.
grounded in silt. The depth of the con-

tracted peat in 1932 was 11 ft. 4 in.

(Both figures after Fowler, Geog. Journ., 1932.)
D B.G.
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led to the interpretation of the paths as stream courses were taken from the
air. In regard to this part of the story no question has been raised, but
Godwin claims that the upstanding lanes owe their shape to original
deposition, in fact that they are undeformed levées, a term explained in
Chapter XXXII.

Mineral oil and gas are not rocks, but they are sufficiently allied to coal
to warrant consideration here. There is practically no doubt that mineral
oil and gas have mostly resulted from the decomposition of marine organisms,
likely minute plants. The subject is very difficult, for oil and gas can migrate
from rock to rock, and it is certain that the rocks which yield oil and gas
are not as a rule those in which the oil and gas originated. Oil and gas are
generally found in porous sandstones or fissured limestones, which act as
reservoirs. It is probable in almost all cases that the oil and gas have
originated in associated clay rocks.



CHAPTER IX
CONFORMITY AND UNCONFORMITY

BeroRE proceeding further with details regarding the formation of particular
kinds of rocks, we may turn to a consideration of continuity and interruption
in deposition. The subject is of the first importance in Geology. A series
of deposits, whether sedimentary or volcanic, may be regarded as a book of
history. If deposition has been continuous the book is complete ; if discon-
tinuous, then pages or chapters are missing, and we must go elsewhere to fill
the gap.

In undisturbed portions of the Mud Belt of the sea bottom, deposition of
sediment may perhaps be regarded as continuous, though there are likely to
be times of relatively rapid sedimentation alternating with other times of
extremely slow sedimentation.

If a tract of the Mud Belt be depressed so as to enter the Organic Belt,
or the Red Clay Abysses beyond, its sedimentation may still be considered
as continuous, though the rate may become almost vanishingly small.

On the other hand, if a tract of the Mud Belt is elevated into the Belt of
Variables, its sedimentation is likely to be definitely interrupted, at intervals,
by current erosion alternating with current deposition.

If further the tract be raised above sea level, it is probable that its sedi-
mentation will, on the whole, be overtaken by erosion.

With these considerations before us let us define and discuss certain
terms which are constantly used in Geology.

Surface rocks, whether sedimentary or volcanic, are said to be conform-
able to one another, if their periods of deposition have not been separated
by an interval of erosion.

Conversely they are said to be unconformable to one another if their
periods of deposition have been separated by an interval of erosion.

The word unconformity is sometimes used to mean the surface that
separates unconformable rocks, and sometimes the relation that exists be-
tween unconformable rocks.

Different kinds and degrees of unconformity are recognised :

(1) Unconformities are local or widespread according to the extent of
country through which they are developed.

Local unconformities abound in current-bedded deposits. It is often the
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case that current crosion occurs at one point, while current deposition occurs

less than an inch away.

Widespread unconformities are very common. The glacial deposits of
Britain everywhere, except perhaps in Norfolk, rest upon an eroded surface

Fic. 21. Angular unconformity. Lower
Old Red Sandstone conglomerate resting
on folded and eroded Dalradian, Kerrera,
off Oban. (Geol. Surv. photo.)

often neglected in general statements of relationships.

of older formations. Many of the
widespread unconformities of Geology
record an advance of the sea over
what has previously been a land sur-
face. Such an advance is called a
marine transgression.

(2) Unconformities are little or
big according to the time interval
that separates the deposition of the
unconformable rocks.

Little unconformities, such as
commonly occur in current-bedded
deposits, scarcely interrupt the con-
tinuity of deposition, from the point
of view of time. They are, therefore,
Thus a current-

bedded sandstone, full of little local unconformities, may quite properly be
included as an item in a conformable sequence.

R PSR Y

F1e. 22. Disconformity. A, marls and sandstones of Trias; B, Upper

Cretaceous conglomerate ;
Welch photo.)

C, Chalk. Murlough Bay,

Antrim. (J. R.

In a big unconformity the time interval represented by the unconformity
may amount to very many millions of years. This is generally the case as
regards the unconformity beneath the glacial deposits of Britain.

(3) Unconformities are angular or non-angular. Angular unconformity
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is often called stratigraphical discordance (Figs. 21, 23), while non-angular
unconformity has been named disconformity (Fig. 22).

In an angular unconformity sediments above and below the unconform-
able junction differ in dip. This relation may result, on a small scale, from
irregular bedding due to currents or slipping ; but in many very important
cases it chronicles a tilt by earth movement, followed by erosion, and finally
a return of deposition. Such a history is a commonplace of British geology,
where often we find a steep or even vertical formation overlain by another
with gentler inclination. Classical examples occur in the River Jed, at
Siccar Point and east of the entrance to Loch Ranza in Arran (Fig. 23).
They were described towards the end of the eighteenth century by the same
James Hutton, who interpreted granite.

Fia. 23. Hutton’s unconformity, Loch Ranza, Arran.
(After Geikieo.)

In a disconformity, sediments above and below the unconformable junc-
tion have parallel bedding.

Important disconformities are comparatively rare in Britain, because
our country has had a restless history. On the other hand in the stable
platforms, that are typified by the middle of North America or Russia, dis-
conformities are abundant. In these platforms even the oldest fossiliferous
rocks have not been tilted more than a fraction of a degree. They are
hundreds of millions of years old, and have been elevated and eroded, but
have scarcely any appreciable dip. It is common to find these flat ancient
rocks underlying flat modern lake clays. The unconformity is immense,
measured in years, but it finds no expression in a difference of dip.

Let us now consider the sort of evidence which helps us to recognise
(a) conformity, and () unconformity :

(a) ConrorMrTY.—(1) A conformable junction between two formations
of different lithology is often marked by interbedding of the contrasted rock
types, which indicates a passage or transition from the one formation to the
other.

(2) A conformable junction is also suggested where there is continuity of
fauna or flora.
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(b) UnconrormrTy.—(1) Angular unconformities are generally very easy
to recognise. If the junction is exposed, and the angular discordance is
considerable, the relationship is self-evident. Even if the junction is not
exposed, an angular unconformity is usually clear once a geological map
has been made, for the dips plotted on the map tell the story.

(2) An exposed unconformable contact between two formations is often
recognisable as an erosion surface cutting irregularly across the bedding of
the older formation.

(3) Erosion of an underlying formation previous to the deposition of an
overlying formation is often indicated by pebbles of the former enclosed in
the latter.

(4) Unconformity is often shown by a formation resting in different
localities on different members of the earlier part of the succession. Where
a member of a conformable sequence extends beyond its immediate prede-
cessor 8o as to rest directly on older rocks, it is said to overlap its predecessor
on to these older rocks. An unconformable bed, which passes across a series
of older rocks, is said to overstep each of them in turn.

(5) Unconformity is suggested by a gap in the fossil sequence.

(6) Unconformity occurs wherever an unmetamorphosed sediment rests
directly on an intrusive igneous rock, such as granite. Granite can only
consolidate under cover. It metamorphoses its roof, as we call such cover.
Therefore if it is immediately overlain by unmetamorphosed sediment we
may be sure that erosion has removed the metamorphosed roof prior to the
deposition of the unmetamorphosed sediment.

(7) Unconformity occurs wherever an unmetamorphosed sediment rests
upon a distinctly metamorphosed rock. Metamorphism does not end
abruptly. It always fades away. Therefore we can infer that a sharp
unfaulted junction between metamorphic rocks and non-metamorphic sedi-
ment indicates erosion prior to the deposition of the latter.

(8) If a formation is unconformable to an intrusion, it must be uncon-
formable to any sediments cut by this intrusion, if it happens to come in
contact with such sediments. This criterion may be of great assistance in
an intermittently exposed district.



CHAPTER X
MAP-READING

LET us return to the connections which exist between erosion and outcrops.

(1) As already stated, on a flat surface that has been eroded across a set
of uniformly dipping formations, the outcrops of the formations succeed one
another in parallel bands, each following its line of strike at right angles to
the dip.

(2) An ordinary landscape is fairly flat in a broad sense, though cut into
many hills and valleys on a relatively small scale. Therefore we can usually
recognise the direction of strike on a geological map by noting the general
direction of outcrop, leaving out of account local twists due to hills and
valleys. Thus on looking at a geological map of England we see that the
line of strike in Nottinghamshire is north and south and in Northampton-
shire north-east (Fig. 24).

(3) Having recognised the line of strike we know that the dip is at right
angles. Students very often think that the dip is always at right angles to
the line of outerop, but this is not the case. The line of outcrop may be tre-
mendously affected by the local shape of the ground.

(4) The rule that dip is at right angles to strike is not enough in itself to
fix the direction of dip, it merely limits it to one of two opposing directions.
Thus if the strike is north and south, as in Nottinghamshire, the dip must
be either east or west.

(5) The next rule to remember is that on level ground, or on ground that
is broadly speaking level, the dip is from the underlying formation towards
the overlying formation.

(6) Here we take advantage of the hills and valleys. They let us know
at once which is the underlying and which the overlying formation. The
relationship may be stated in two ways, either as a rule to be remembered,
or as a deduction to be understood :

(6a) At a valley the outcrop of the underlying formation V’s towards the
outcrop of the overlying formation.

(6b) If we stand on some formation in the bottom of a valley and we see
another formation above our heads in the two walls of the valley, then the
formation exposed in the valley bottom underlies the formation exposed in
the valley sides. This is a very simple common-sense way of looking at the
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matter and is invaluable in map-reading. Take as an example the formations
numbered 20 and 21 in Northamptonshire (Fig. 24). No. 20 is seen showing
through in several valley bottoms. It is therefore the underlying formation.
We have already recognised that the strike here is north-east, and as the
dip has to be at right angles to this, and as the overlying formation outcrops
on the whole towards the south-east, the dip is now fixed as south-east.

<
uis

1
177

28. Pleistocene and Recent
26. Eocene

25. Chalk

24. Gault and Upper Greensand
23. Lower Greensand

21. Oolites

20. Lias

19. Trias

18’. Permian limestone

18. Permian sandstone

17. Coal Measures

16. Millstone Grit -

15. Carboniferous Limestone
10. Precambrian

/ée///

77

F1a. 24.  Geological map of Nottingham and Northampton.

You will be well advised to buy the cheap and very interesting map of
the British Isles published by the Geological Survey ; and, once you have
got it, play with it.

For instance :

(1) Draw a north-west and south-east section across Northamptonshire.

(2) Consider whether the evidence of succession obtained in Northampton-
shire settles the order of succession in Nottinghamshire. Draw an east-west
section across Nottinghamshire,

(3) Recognise the angular unconformity at the base of the Permian for-
mation, from Nottinghamshire to Yorkshire (18’, Fig. 24).

(4) Understand the unconformable Recent and Pleistocene formations
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about the Wash and Humber. They consist mostly of fenland peat and
recent river sands and clays called alluvium (28, Fig. 24).

Up to this stage we have for the most part been considering outcrops that
have a persistent dip ; but, as the strike changes between Nottingham and
Northampton, it is obvious that the dip must also have swung round through
an equivalent angle.

Let us now consider the outcrops of folded strata. In crossing a simple
anticline or syncline we find no change of strike, but we do find a reversal
of the direction of dip.

Let us start with an anticline striking north and south, that is an anti-
cline in which the individual beds strike north and south. Suppose also that

¥ia. 25. Syncline in Carboniferous Limestone Series, Berwick on Tweed.
(Gool. Surv. photo.)

the ground is eroded flat. It is obvious that along the axis of an anticline the
lowest, that is the oldest, of the exposed formations will come to the surface,
while on either side higher, that is younger, formations will occur in a
succession of outcrops running north and south (Fig. 12).

In the case of a syncline just the opposite holds good. The youngest
formation outcrops along the axis, and older formations flank it on either
side (Fig. 25).

No anticlinal fold continues indefinitely round the globe, with every-
where beds dipping outwards from a central axis. Usually in both
directions, separated by an interval which may be a fraction of a mile, or
may be many miles, the limbs of an anticline swing round to meet one
another with outwardly directed dip along the axis of the fold. In extreme
cases, instead of having an elongated arch, or anticline, we have a circular
arch, or dome. Dome, as a geological word, is defined as a fold in which the
beds dip outward in all directions from a centre (Fig. 33).
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Basin is the corresponding opposite. It is a fold in which beds dip inward
in all directions towards a centre.

There are all gradations between anticlines and domes, and between
synclines and basins. It is often a matter of choice whether we speak of
some elongated dome as an anticline or a dome. This is illustrated in the
well-known Wealden dome that brings Lower Cretaceous rocks to the
surface in Kent and Surrey. It is a pronounced feature of the Geological
Survey map of the British Isles. Note the oval distribution of the colours.
Tt is excellent practice for you to make a copy of this part of the British map,
and insert dips on it and draw sections across it. It is well worth while to
get on friendly terms with geological maps. It not only helps to pass exami-
nations, but to enjoy the country. There is no better companion on a hike
than a geological map. Remember Geology is the great interpreter of scenery.

Good examples of basins are afforded by the coal basins of Lanarkshire
and South Wales. The dark colour used for the Coal Measures shows up on
the map of Britain even at a distance. Again it is good practice to copy
these outcrops on to paper, and to insert dips and draw sections.

Now we are in a position to introduce two very common geological terms,
inlier and outlier.

An inlier is an outcrop of .a lower formation, or group of formations, com-
pletely surrounded by outcrops of upper formations.

An outlier is an outcrop of an upper formation, or group of formations,
limited by erosion, and cempletely surrounded by outcrops of lower formations.

In the definition of outlier it is necessary to introduce the qualification :
limited by erosion. A patch of recent clay, marking the bottom of a drained
lake, is not an outlier, though probably surrounded by outcrops of lower
formations.

On flat ground an inlier generally marks the outcrop of a dome. The
Weald again furnishes a typical example, partly covered by the waters of the
English Channel. Similarly on flat ground an outlier generally marks the
outcrop of a basin. The South Wales Coal Measures constitute an outlier.

In a country cut into hills and valleys, inliers and outliers oftén occur
without any dome or basin structure. Inliers tend to be exposed in valleys,
and outliers on hill tops.

Here is a bit of advice as to the drawing of sections across the relatively
simple maps that you are likely to study during your first year. Remember
that changes of slope are much more numerous than changes of dip. There
is a tendency for beginners to put higher formations everywhere into syn-
clines. This holds well enough on the broad scale ; but, in detail, irregu-
larities of outcrop are much more often controlled by the shape of the ground
than by variation of dip. Bear this in mind, and use your intelligence. So
far as possible draw steady dips in your sections with the help of a ruler,
and adjust the surface to fit the exposures.



CHAPTER XI
COAL, WATER AND OIL IN RELATION TO STRUCTURE

GEOLOGICAL structure has an immense importance in matters of economic
as well as scientific interest. 1t is common to talk of coal basins, for in many
places once-continuous spreads of Coal Measures have been rendered discon-
tinuous by erosion following folding. The tendency is for a formation to be
removed by erosion, where it has been elevated into domes and anticlines,
and to be preserved from erosion, where it has been depressed into basins
and synclines.

Geological structure also largely controls the underground distribution of
water. This is an important matter, with which we shall deal in detail
presently (Chapter XXXI). Here it is only intended to introduce the subject,
but even so it is necessary to define a few terms.

A rock is said to be permeable, or pervious, if water can pass through it
under the influence of gravity at an appreciable velocity : the freer the
movement, the higher the degree of permeability.

Rocks may be permeable for either of two reasons. An openly porous
rock is permeable, and so also is a rock that is fissured.

Unfortunately some excellent geologists use the term porous as meaning
permeable. This is a pity, for porous really means containing little cavities.
Clay is porous. Quite a large part of the volume of a piece of dry clay
consists of air contained in immense numbers of minute chambers or pores.
Placed in water the clay slowly sucks in water until the pores are full. Itis
possible in this way to measure the porosity of a clay by measuring its in-
creased weight on wetting. The porosity of clay is very high ; but clay is not
permeable. Water may be drawn into clay by surface tension, but it can
scarcely be got to move through this medium by gravity. Friction and
adhesion virtually prevent water from filtering through so minutely porous
a substance merely in response to its own weight. Thus clay, in spite of its
porosity, makes an ideal impermeable lining for a reservoir. If a reservoir
bed is cracked one can avoid leakage by puddling with clay.

Thus, while openly porous rocks like gravel and sand are permeable,
closely porous rocks like clay are impermeable, unless they are crossed by
open fissures.

Permeable rocks underground offer passages for the migration of water.
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If they are covered and floored by impermeable rocks, the combination
behaves like a pipe, in which the tendency is for the water to flow down at
first to fill the lowest levels, and then to accumulate until it finds an exit.

: This affords an explanation of underground circulation of
water. The rain that enters on the hill tops may be con-
ducted in natural pipes for hundreds of miles to escape at
last on the plains in springs. For the present it is enough
to say that synclines and basins of permeable rocks fur-
nish natural underground reservoirs for water; and that
if the permeable rocks of these structures be overlain by
impermeable layers the water contained in them may be
under high pressure. For instance water enters the per-
meable chalk in hill country both north and south of
London (Fig. 26). The chalk underground is underlain
and overlain by impermeable clays. It is bent into a
syncline passing below London. There it furnishes a reser-
voir. Several bores have been drilled through the imper-
meable cover to reach this great underground reservoir.
Water in a system of pipes, whether natural or artificial,
tends to reach its own level. Thus, when the bores tap
the chalk under London, the water tends to rise to the level
at which it is standing in the flanking hills. These hills are
at a higher level than London itself, and accordingly when
the first bores were sunk the water sometimes spouted out
at the surface.

Wells, in which water rises to the surface from deep-
seated sources, are called artesian, from the province of
Artois in France.

So far as London is concerned the happy days of true
artesian wells have gone. Many wells have been sunk, and,
as a result of pumping, each in time has become the axis of
what is known as a cone of exhaustion. The general pres-
sure has been relieved, so that at no point does water any
longer get to the surface unaided : indeed, under much of
London, the water level in wells supplied from the chalk
lies 150 feet below sea-level. There is difference of opinion as
to whether the London wells should still be called artesian ;
probably it is better to speak of them as sub-artesian.

Before going on it is well to emphasise the self-evident fact that water
will not automatically rise in a well any higher than the point at which it
enters the ground. If you forget this, and you are an engineer, you may get
no water. If you are a student answering examination questions, you may
get no marks., So take care how you draw your sections.

(After Geol. Surv.)
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Fic. 26. Diagrammatic section across London Basin.
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We have already spoken of the underground migration of mineral oil and
gas. These fluids traverse permeable rocks, and are held back by imper-
meable rocks. Their movements are in large measure controlled by the
underground migration of water. Oil and gas float on water. Let us con-
sider the consequences in two simple cases.

Think of a syncline of a permeable formation, with impermeable for-
mations above and below, so as to furnish a natural pipe. Suppose that the
syncline has been cut across by erosion, so that its pipe of permeable material
comes to the surface on either side with an underground connection in
between. Suppose also that the pipe was originally full of oil, but that its
two open ends have long been exposed to rain.

Water supplied by the rain will sink through the oil, reach the bottom
of the synclinal pipe, and there collect. It will gradually displace the oil,
which must accordingly escape at the surface. Thus a syncline or basin
will not furnish a permanent reservoir for oil, much less for gas. A bore
under London has no hope of meeting oil or gas, only water.

On the other hand an anticline or dome often furnishes an ideal reservoir,
for gas and oil. These light fluids, floating on water, tend to be driven up
both limbs of an anticline and to collect in its summit arch, so long of
course as there is a permeable formation covered by an impermeable for-
mation to serve as pipe. In such a case gas is often found in the permeable
formation at the crest of the anticline, oil farther down in the limbs, and
water farther down again (Fig. 27).

Fia. 27. Anticline showing distribution of gas, oil and water
in a permeable formation.

The Weald dome of Kent. is superficially of the right form to serve as a
reservoir for oil and gas, but the conditions are complicated : the exposed
formations have been tapped by post-dome erosion, while the concealed
formations had already been drained in pre-dome times, when, as can be
demonstrated, they suffered gentle synclinal folding and peripheral erosion.
Still, gas obtained from a bore in the centre of the dome has for several years
lit the railway station at Heathfield. Signal Hill, not far from Los Angeles,
California, is in a much more productive condition (Fig. 28). It is an anti-
clinal excrescence, due to earth-movement of so recent a date that erosion
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has scarcely begun its work of levelling. Signal Hill had already been
planned as a township, and divided into lots 25 feet by 25 feet, before
geologists realised that it might be the landmark of an important subter-

Fi1e. 28. The Long Beach Oil Field, California. The low ridge, Signal Hill,
has been caused by a recent anticlinal uplift. (Aerial Surveys photo).

ranean reservoir of oil. When the first boring was rewarded by a gusher, the
individual landowners drilled each his own hole, so as not to lose his share of
the migratable wealth. The resultant congeries of bristling derricks fur-
nishes a most impressive monument to unco-ordinated enterprise.



CHAPTER XII
MINERALOGY AND THE CRYSTAL SYSTEMS

Ur to the present we have often used the word mineral without troubling
about a definition. Like many other words it has more than one meaning.
Even when employed as a noun, it has two very distinct meanings, one
scientific, the other legal. It would be very foolish to suggest that one is
right and the other wrong. They are both right in their own place. The
difference is illustrated in the circumstance that coal and slate are not
minerals in the scientific sense, but are minerals in the legal sense. We are
at present concerned with the scientific definition.

A mineral is any natural solid, which can yield a homogeneous particle.
There are two exceptions : glasses resulting from fusion are excluded ; so
too are direct products of life, unless they are regarded as parts of fossils.

The connection between mineral and rock can be stated quite simply :

A single mineral, or for that matter, a glass, may make a rock, but only
if it occurs in bulk : examples are furnished in exceptionally pure limestone
and vein quartz, and (for glass) obsidian.

Most rocks are aggregates of minerals; examples are afforded by lime-
stone and sandstone, unless exceptionally pure, and by granite.

Minerals are either amorphous or crystalline :

Amorphous minerals are internally similar in all directions. They form
a very small division, and the best example is opal.

Crystalline minerals are internally dissimilar in certain intersecting
directions, though similar in all parallel directions.

The internal dissimilarities, referred to above as a distinguishing feature
of crystals, can be detected in one or more of the following ways :

EXTERNAL SHAPE.—If a crystalline substance had similar internal pro-
perties in all directions it would tend to grow as a sphere, but such is not
the case.

INTERNAL PHYSICAL PROPERTIES.—A orystal may differ, according to
direction, in its thermal and electric conductivity ; in its transmission
velocity for sound and light ; in its colour in polarised light ; in its hardness
and cleavage ; etc.

CHEMIOAL PROPERTIES.—A chemical corrosive sometimes etches figures
of definite shape on a flat crystal surface.

63
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Let us return to the question of external shape. Crystals occur in a
multitude of shapes, which at first sight makes the subject appear hopelessly
confusing. Study, however, has shown that these almost innumerable
shapes can be referred to six, some say seven, crystal systems.

Before detailing the crystal systems, let us define a few terms :

The plane surfaces that bound crystals are called faces.

The lines, along which crystal faces meet, are called cdges.

Any line, about which a crystal may be rotated into at least one other
position of identical aspect, is called an axis of symmetry. It passes through
the so-called crystal centre.

To understand all this more clearly, see what happens if you turn a cube
about an axis drawn through its centre and connecting the mid-points of

Cubic Orthorhombic Hexagonal

Tetragonal Monoclinic Triclinic

Fia. 29. The six crystal systems.

two opposite faces. The cube assumes an identical aspect four times during
a complete revolution. In this case the axis of revolution is an axis of
fourfold symmetry.

Description of the shape and other properties of crystals is greatly facili-
tated by reference to certain imaginary lines called crystallographic axes.
These crystallographic axes are drawn through the centre of a crystal, either
parallel to edges, or along axes of symmetry. Except in the case of the
Hexagonal System, three axes and no more are selected. In the Hexagonal
System it is convenient to take four axes. Whenever possible the axes are
selected at right angles to one another and of equal length. Two axes are
said to be equal, or of the same length, if they lie along directions possessing
identical properties ; and they are said to be unequal, or of different lengths,
if they lie along directions endowed with different properties.

We are dealing with the subject very lightly, but it is possible to illustrate
it by considering two crystal models, a cube and an octahedron (Fig. 65).
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It is particularly easy to understand that a cube can be referred to three
equal axes at right angles, because it has three sets of edges at right angles
and these edges are all equal in length.

In the case of the octahedron we can also choose three equal axes at right
angles, because three precisely similar axes of symmetry lie at right angles
to one another.

Let us now use crystallographic axes to define the six crystallographic
systems (Fig. 29) :

Cubic : three axes at right angles, all equal.

Tetragonal : three axes at right angles, two equal.

Orthorhombic : three axes at right angles, none equal.

Monoclinic: two axes at right angles to the third, and inclined to one
another, none equal.

Triclinic : three axes inclined, none equal.

Hezagonal : three equal axes at 120° to one another in one plane, and a
fourth unequal axis at right angles to this plane.

Crystallography will be dealt with in more detail in Chapters XXV and
XXVI.



CHAPTER XIII
MINERALS GROUPED ACCORDING TO THEIR CHEMISTRY

CuEMIsTRY is of fundamental importance almost everywhere in Science.
One of the most surprising discoveries ever made is that the seemingly
infinite variety of substances around us can be resolved into about a dozen
elementary substances.

The elements are classed as metals and non-metals. There are only six
really common metals in geology, and you will have to know their names
and symbols : aluminium, Al; iron (Latin, ferrum), Fe ; magnesium, Mg ;
calcium, Ca; sodium (ratrium), Na ; potassium (kalium), K. There are
only two really common non-metals : oxygen, O, and silicon, Si. Oxygen
is the great supporter of respiration and fire. Its compounds are called
oxides : those with the metals are called bases, and those with the non-
metals are called acidic, because on combination with water they yield
acids. Three other less abundant non-metallic elements deserve mention,
because of their great importance in Geology, namely : carbon, C; chlorine,
Cl; and sulphur, S. Hydrogen, H, functions rather as an abnormal
metal.

Not every acid contains oxygen. Two exceptions that we shall have to
remember are hydrochloric acid, HCI, and sulphuretted hydrogen, H,S. The
really essential element in acids is hydrogen, H, which also occurs in water,
H,0.

Reaction between acids and bases, or combination between acidic oxides
and bases, yields salts. Most rock minerals can be regarded as combinations
between the acidic oxide silica, SiO,, and one or more bases. Calcite, ara-
gonite and dolomite, however, result from the combination of the acidic
oxide carbon dioxide, CO,, with one (or two) bases. Anhydrite and gypsum
are sulphates, that' is salts of sulphuric acid, H,SO,. Gypsum, it may be
added, is a hydrated sulphate, where, as always, hydrated indicates the
presence of combined water. Rock, or common, salt is a chloride, that is a
salt of hydrochloric acid. Galena is a sulphide, that is a salt of sulphuretted
hydrogen.

With this introduction it is possible to furnish a rough chemical classifi-
leation of most of the common minerals of igneous and sedimentary rocks,
leaving the ore minerals of veinstones for later consideration.

66



[cuaP. xiii]

MINERALS AND THEIR CHEMISTRY

67

OXYGEN, O

Almost omnipresent, for there are only a few important minerals, such as
rock salt and pyrites, that do not contain oxygen.

SILICON, Si

Igneous
Quartz, hexagonal, SiO,

Chalcedony, including Agate, is ~

cryptocrystalline SiO,, deposited
from solution in cavities, mainly the
vesicles of lavas.

Silicates

Sedimentary

Quartz reappears as fragmental
grains, and is the most characteristic
mineral of sandstones (many of the
other igneous minerals reappear in
similar fashion in sediments, but
seldom need be mentioned in the
lists that follow).

Flint, allied to Chalcedony, grows
as nodules in Chalk. Some of its
material is amorphous and soluble in
potash.

Chert, impure flint (often bedded)

Opal, hydrated SiO, (amorphous)

Silicates

One of the characteristic tests for silica, either as quartz, chalcedony, or
flint, is its hardness. It is harder than a knife blade. Hardness is constantly
employed in distinguishing minerals, and for rough purposes the finger nail
and knife blade are the standards of comparison. For more accurate work

a scale of ten divisions has been arranged, beginning with the softest.

It

will be noticed that, after the first two, which are softer than a finger nail,
there follow four, which are softer, and four, which are harder, than a knife

blade.

(1) Talc, hydrated silicate of Mg

(2) Gypsum, hydrated sulphate of Ca
FINGER NAIL

(3) Calcite, carbonate of Ca

(4) Fluorspar, fluoride of Ca

(5) Apatite, double fluoride and phosphate of Ca

(6) Orthoclase, double silicate of K and Al
KNIFE BLADE

(7) Quartz, silica, SiO,

(8) Topaz, double fluoride and silicate of Al
(9) Corundum, oxide of Al

(10) Diamond, carbon, C
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The chemical compositions are given largely to help in remembering
the order. Nos. (1) and (2) are hydrous. Nos. (2)-(5) are salts of Ca. Ortho-
clase and quartz are easy to remember, either side of the knife blade. Nos.
(8) and (9) are aluminous gems, for corundum, when suitably coloured, is
called ruby or sapphire. No. (10) is the hardest and most valuable of gems,
and is pure carbon. It is no accident that three gems—topaz, corundum and
diamond—come at the hard end of the list, for it is one important character-
istic of a gem that it should be hard and durable.

ALUMINIUM, Al

Igneous Sedimentary
Most silicates, especially White Mica, Chlorite and
Micas (monoclinic) and Kaolin (monoclinic) and
Felspars (monoclinic and triclinic) Bauzite (amorphous)

The micas may be grouped as white mica, or muscovite, a silicate of Al,
K and H, and black mica, or biotite, a silicate of Al, Fe, Mg, K and H. They
illustrate the fact that most of the mineral colouring of Nature depends on
iron. The silicates are usually colourless, either transparent or white, if they
contain no iron, and are coloured, or else black, if they contain iron. Another
fact to remember is that in the silicates of igneous rocks iron is always accom-
panied by magnesium. Accordingly a convenient adjective, ferromagnesian,
has been coined. :

The micas also illustrate a property of crystals to which we have as yet
scarcely referred, namely cleavage. Some crystals have the property of
splitting along particular directions known as cleavage planes. If all the

planes are parallel there is said

to be one cleavage, and this is

the case with the micas and

chlorite, which both have excep-

I tionally perfect cleavage (Fig. 30).

¢ Monoclinic felspar is a silicate

of Al and K, and is called ortho-

clase. It has more than one

cleavage, and when a felspathic

rock like granite is broken the felspar cleaves and gives shining faces. This

generally allows us to distinguish felspar from quartz, since quartz has no
cleavage, and breaks like glass. Hardness also distinguishes the two.

Triclinic felspar is a silicate of Al and Na, mixed in variable proportions
with a silicate of Al and Ca. It is called plagioclase, with various names
determined by the proportion of Na to Ca. The Ca-rich species contain most
Al. Plagioclase is very like orthoclase, but is distinguished by repeated
lamellar twinning, which shows as parallel banding on a cleavage face.

Fia. 30. Mineral cleavage.
a, mica ; b, hornblende ; ¢, augite.
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Twinning is a regular intergrowth of individual crystals of one species.

Chlorite is a hydrated silicate of Al, Fe, Mg, without the K of biotite. It
looks very like biotite, but is softer, scratching very easily with the finger
nail. It is also inelastic, whereas biotite is elastic. It results from the
alteration of ferromagnesian silicates such as biotite.

Kaolin is one of the clay minerals, a hydrated silicate of aluminium. It
comes from the alteration of felspars, and in its purest form is the china clay
of Cornwall, which has originated from granite through attack of natural
steam. It is white and very soft.

Bauxite is hydrated Al,O,. It is a product of tropical weathering.

IRON, ¥e
Igneous Sedimentary
Dark Minerals Dark Minerals

Biotite, Hornblende and Chlorite, including Chamosite (monoclinic)
Awugite (monoclinic) Glauconite (amorphous)
Olivine (orthorhombic) Haematite (hexagonal)
Magnetite and Limonite (amorphous)
Pyrites (cubic) Pale Mineral

Stiderite (hexagonal)

We have already considered biotite. The next two minerals, hornblende
and augite agree with biotite in being silicates of Fe and Mg with some Al ;
but they are easily distinguished, for both have double cleavage (Fig. 30).
In hornblende the cleavage angle is about 60° (or 120°), and in augite about
90°.

Olivine is generally an olive-green and much less noticeably cleaved than
hornblende or augite.

Magnetite and haematite are oxides of iron, Fe,O, and Fe,0,. Limonite
differs from haematite in being hydrated. Pyrites is sulphide of iron, FeS,.
These minerals have a property which is not shared by silicates. Their
powder or streak is coloured. This is easily seen if we knock off some powder
against the edge of a hammer and rub it on paper : magnetite has a black
streak ; haematite, red; limonite, yellowish brown; and pyrites black,
although the mineral itself is a brassy yellow.

Magnetite has the further property that its powder can be picked up
with a magnet.

Pyrites glitters like gold, but even a beginner in Geology can tell the
difference if he tests for hardness. Pyrites will not scratch with a knife,
whereas gold cuts. Also pyrites when rubbed on unglazed porcelain, leaves
a black streak, but gold a golden yellow streak.

Chlorite in sedimentary rocks has mainly resulted from the weathering
of igneous ferromagnesian silicates. Chamosite, however, grows on the sea
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floor as ooliths. It is an uncommon, but important, hydrated aluminium
silicate of Fe.

Glauconite is a dark green hydrated silicate of Fe and K, which under
certain conditions is produced in small grains on the sea bottom. It is
generally interpreted as a chemical precipitate, but has recently been
claimed as a submarine alteration product of biotite. It is commoner than
chamosite, and both ancient and modern glauconitic greensands are well
known. Glauconite looks like chlorite (including chamosite), and is almost
as soft, but can be distinguished chemically and optically, that is with a
microscope.

Siderite is iron carbonate, FeCO,. Like dolomite it dissolves with effer-
vescence in hot hydrochloric acid, while little affected by cold acid. It can
be distinguished from dolomite by its greater specific gravity and its chemical
reactions. It is not clear and colourless, as calcite so often is, and its lack of
reaction with cold acid distinguishes it at once. It frequently occurs in
argillaceous beds or nodules known as clay-band ironstone, which is the iron
equivalent of cementstonc.

MAGNESIUM, Mg

Igneous Sedimentary
Always accompanies Fe in the Chlorite and Serpentine
silicates, and i8 especially (monoclinic)
abundant in Dolomite (hexagonal).

Olivine (orthorhombic)

Secondary minerals are
Chlorite, Serpentine and
Talc (monoclinic)

Serpentine and talc are both hydrated silicates of Mg. There is generally
enough Fe associated with serpentine, either in combination or mixture, to
colour it. Serpentine may occur in bulk, that is as a rock, in which case it
has usually resulted from the alteration of olivine-rich igneous rocks. Its
hardness is about equal to that of calcite (3 of the scale), and as it takes a
good polish, and stands the weather it is much used for ornamental purposes.
Talc of course is much softer (1 of scale) and is greasy to the touch. Some
of you have met it in the form of powder. Rocks composed largely of talc
are called soapstone, and are much employed in Norway in building fire-
places in wooden houses. Dolomite, CaCO, . MgCO,, has been described in
connection with limestone (p. 45). It is employed as a refractory lining for
furnaces. .
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CALCIUM, Ca

Igneous Sedimentary
With Fe and Mg in Calcite (hexagonal)
Hornblende and Augite Aragonite (orthorhombic)
(monoclinic) Dolomite (hexagonal)
With Al and Na in the Anhydrite (orthorhombic)
Triclinic Felspars Gypsum (monoclinic)

The calcium-rich triclinic felspars are called anorthite, bytownite and
labradorite. With increasing sodium they are called andesine and oligoclase.
Labradorite is named after Labrador, where it often possesses iridescence ;
but this is by no means a necessary feature of the mineral. Andesine is
named after the Andes.

Calcite, calcium carbonate, CaCO,3, and dolomite, CaCO, . MgCO;, have
been mentioned frequently already. All we need remember about aragonite
is that it is an alternative crystalline modification of CaCOj.

Anhydrite is the anhydrous sulphate of calcium, CaSO,. It is found in
great abundance in geological deposits formed under desert conditions ; this
is a matter to which we shall return presently (Chapter XV).

Gypsum, CaSO,.2H,0 is very commonly deposited to-day in desert
environment. It also results from oxidation of iron sulphide in the presence
of calcite in marine clays. Its cleavage and softness help us to recognise it.

SODIUM, Na

Igneous Sedimentary
Albite (triclinic) Rock Salt (cubic)

POTASSIUM, K

Orthoclase (monoclinic) White mica, both fragmental and
Microcline (triclinic) secondary (monoclinic)
Micas (monoclinic) Glauconite (amorphous)

Sylvine (cubic)

Albite is the pure soda felspar of the plagioclase series. It is a double
silicate of Al and Na. It is distinguished from the Al-Na-Ca members of
the series by optical tests and lower specific gravity. It is distinguished
from orthoclase by lamellar twinning.

Orthoclase is the corresponding potassium felspar (silicate of Al and K),
which, though it belongs to a different crystallographic system, has very
nearly the same crystal shape and cleavage. It differsin not having lamellar
twinning. -
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Microcline is identical in composition to orthoclase, but has cross-
twinning.

Sodium and potassium are very closely allied in their chemical properties.
One of their important differences is the ease with which potassium forms
micas in igneous and metamorphic rocks. Of these, white mica or muscovite
is extremely stable. Not only does it resist destruction, once formed, but
also it readily develops, on a minute scale, when potassium felspars are
altered by weather. Accordingly muscovite is stored up in sedimentary
rocks, where in accordance with its flaky character it gets wafted by gentle
currents to the Mud Belt. In fact potassium tends to accumulate in argil-
laceous sediments, while sodium, which does not readily form micas, passes
into solution and is the outstanding metal in sea water.

Rock salt is sodium chloride, NaCl. It is very frequent among desert
deposits, ancient and modern. Tt is distinguished from other soft cleavable
minerals that you handle by its taste.

Sylvine is potassium chloride KCl. It too has a strong salt taste, but you
are not very likely to meet it. It occurs as a very rare constituent in desert
deposits, and is only found in bulk at Stassfurt and other German localities,
where it is worked as a manure; for, broadly speaking, plants require
potassium, whereas animals require sodium. The rarity of sylvine is con-
nected with its extreme solubility, as well as with the comparatively small
amount of K that occurs in sea and other natural waters.

No attempt has been made to tell all that should be known, even by a
first-year student, about the minerals that have been listed. Much informa-
tion should be acquired by handling specimens and at the same time con-
sulting more special treatises.



CHAPTER XIV
CHEMICAL SEDIMENTS ELSEWHERE THAN IN DESERTS

WE now pass to the last group of sediments, namely, the chemical precipi-
tates.

Water is classed as hard or soft according as it yields a lather with soap
with difficulty or with ease.

London has hard water, Glasgow soft.

Hardness is due to the presence of salts of calcium and magnesium in
solution, since these form insoluble precipitates with soap solution.

Where the salts are bicarbonates, CaCO, . H,CO4 or MgCO;, . H,COj,, they
are decomposed by boiling, and the simple carbonates precipitated. Hard-
ness due to these easily decomposable salts is termed temporary.

Where hardness is due to sulphates or chlorides, which do not decompose
on boiling, it is called permanent.

CALCAREOUS AND SILICEOUS.—The kettles of the London district are, or
were, often lined with CaCOg (much of the water is now artificially softened).
The hardness of London water is largely due to bicarbonate of Ca, picked up
from the Chalk, All natural water, for instance rain water, contains some
CO, and can convert limestone into soluble bicarbonate until saturation is
reached. The Loch Katrine water supplied to Glasgow is soft because there
i8 no limestone in its drainage basin.

Woe shall later follow the solvent power of water containing CO,, leading
to the production of caves in many limestone districts of the world. At
present we are concerned with chemical deposition, rather than chemical
erosion. In Nature we constantly find a tendency towards balance of
opposing principles. For instance erosion often proceeds to such an extent
that a small change in conditions leads to deposition. Thus in limestone
caves, which are a product of erosion, we almost always find growths of
calcite, which are a product of deposition. We must remember that water
may enter limestone from a planty soil, which raises its CO, content to a
comparatively high figure. Such water dissolves a correspondingly large
supply of CaCOj as bicarbonate. If presently it is exposed to an atmosphere
that allows of loss of CO,, or alternatively of H,O, as is the case in many
ventilated caves, deposition will follow. The resultant growths take two

particularly common forms :
73
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Stalactites, which are pendants from the roof, and stalagmites, which are
spires built up from the floor.

In both, the internal structure is the same. A cross-section shows con-
centric layers of growth, with radiating fibrous prisms.

Stalactites are formed by drip from the roof. The deposit starts actually
on the roof of the cavern. It grows through the years and slowly develops
into a pendant reaching downward.

Stalagmites are formed in analagous manner, where the drip splashes on
the floor. In course of time a stalactite and stalagmite may unite in mid air
to form a continuous column.

Calcite is frequently precipitated on the surface of the ground by springs
issuing from limestone. The resultant deposit is characteristically porous
and is called calcareous tufa, calcareous sinter, or travertine. It takes its
name sinter from the German for cinder, on account of its porous texture. It
is of common occurrence in many limestone districts. While Scotland has
little limestone except in the North-West Highlands, England has much, for
instance in the Pennines. Springs depositing travertine are sometimes
called petrifying springs. The travertine grows rapidly, and if a bird’s nest
or handful of moss is put in such a spring, each fibre gets coated with calcite
in a year or two, so that the whole is turned to stone. Such curiosities are
sold to tourists.

Hot springs coming through limestone may deposit great masses of tra-
vertine, and the rock may be compact enough to serve as excellent freestone.
Rome is largely built of travertine. The United States employs it for many
big structures, and London is taking to the habit. On a broad scale travertine
is very handsome. Glasgow imports a little for ornamental borders to shop
fronts, but the effect may be disappointing.

The Mammoth Springs in the Yellowstone Park exhibit a feature often
shown at hot springs. They have deposited calcareous tufa with a very
irregular domed surface that supplies rims to a terraced succession of basins
(Fig. 31). The explanation is as follows: Suppose hot calcareous water
spreads slowly outward from a spring over a flat surface. It cools and
evaporates, and at a certain distance from the source begins active deposition,
thus eventually building up a wall enclosing a basin. The wall once made
tends to increase, for the water slowly trickling down its surface is cooling
and evaporating more advantageously than in the basin behind. Outside
the wall the water has to flow a few additional feet or yards, before cooling
and evaporation bring it once again to a supersaturated condition of active
deposit. Thus basin after basin is formed at successively lower levels.

Simple water plants called algae flourish in these hot springs, and by
decomposing the CO, in solution help to break up the soluble bicarbonate.
The importance of their share in forming travertine is a rather open question.

Siliceous sinter is a porous cinder-like deposit of opal formed by alkaline
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hot springs. It is a rare rock except in the geyser districts of Iceland, the
Yellowstone Park and New Zealand. In cach case the springs are coming
through lava of a type known as rhyolite that by decomposition readily
yields opal. In New Zealand the siliceous sinter built a wonderful succession
of basined terraces, known as the Pink and White Terraces, now destroyed
by volcanic explosion. They were like the calcareous terraces of the Mam-
moth Springs, explained above. Plant life co-operates in the formation of
siliceous sinter, but it is doubtful whether it is important.

The calcareous and siliccous sinter of hot springs are both deposited from
clear water. There is another very highly characteristic deposit, often found
in the hot springs of the Yellowstone Park, namely mud. Here one finds the

¥ia. 31. Terraco basins of calcareous sinter, Mammoth Springs,
Yollowstone Park, U.S.A.

paint pots or mud volcanoes, as they are called, with steam bursting in
mighty bubbles through material of the consistency of porridge.

The Carnegie Institute has recently investigated the calcareous, siliceous
and mud springs of the Yellowstone Park. Below is a granite mass, cooling
slowly and giving off steam with abundant CO, and some H,S. Where these
gases come up through limestone, the main reaction leads to solution of the
bicarbonate, CaCOg3 . H,COj,, which affords ideal conditions for the subsequent
deposition of calcareous sinter. Where the gases come up through rhyolite,
their effect depends upon how much water they meet and at what depth :

(1) If the gases meet plenty of water, well below the surface, they are
cooled quickly in the absence of air, and their H,S escapes oxidation. The
CO, weakly attacks the rhyolite giving an alkaline solution of Na,CO,, and
this dissolves a little SiO,. The total action is small and the water remains
clear. On cooling and evaporation opal is deposited.

(2) If the gases only meet a little water, and that near the surface, the
H,S is oxidised to H,SO,, which actively attacks the rhyolite giving Na,SO,,
at the same time producing a mud of kaolin and opal powder.
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These hot springs are wonderfully numerous and wonderfully wide-
spread and wonderfully interesting in the Yellowstone Park. Probably some
day within the next few thousand years much of the park will go sky high in
a volcanic explosion.

FEerruciNous.—Iron exists in solution in some natural waters as bicar-
bonate, FeCOg . H,CO,. If this loses CO, under conditions which prevent
oxidation it is deposited as granules of siderite, FeCO,. Thus have resulted
many of the clay-band ironstones, commonly found in formations that carry
coal seams; clay-band ironstone is very like cementstone, only with Fe
instead of Ca. In some clay-band ironstones, known as mussel-band iron-
stones, there has been replacement of calcareous shells by FeCO;. Black-
band ironstone is the same as clay-band, but is black through richness in
carbonaceous material derived from plants. Clay-band and black-band have
been the most important forms of iron ore found in the coal-bearing strata
of Britain. Black-band is particularly valuable, as its carbonaceous material
decreases the necessity for coal in the processes of extraction.

If the iron carbonate in solution oxidises it yields limonite. This often
furnishes a spongy deposit on lake bottoms, known as bog iron ore, much
used in Norway and Sweden. Bacteria play an important part in the precipi-
tation of bog iron ore.

Chamosite and glauconite have already been referred to somewhat fully
in the mineral list. It may be added that chamosite is responsible for some
very important iron ores, such as the Cleveland ironstone of Yorkshire and
the Raasay ironstone ef the Hebrides. Until recently it was thought that
the Cleveland ironstone had been formed as an oolitic limestone and later
converted into ironstone by percolating solutions ; but this is now known
to be a mistake.



CHAPTER XV
CHEMICAL SEDIMENTS OF THE DESERTS

TuE remaining chemical deposits are those which have resulted from eva-
poration, especially under desert conditions, of partially severed arms of the
sea, or of inland lakes without outlet, such as the Dead Sea and Great Salt
Lake. Where inland lakes receive much of their water from the drainage of
sedimentary rocks, their salt deposits are similar to those of the sea—pro-
bably because they are collecting old sea salts washed in minute quantities
out of the sediments.
The commonest chemical deposits in such situations are :

NaCl Rock salt
CaS0O, .2H,0 Gypsum, called Alabaster, where pure, finely granular,
and suitable for carving

CaSO, Anhydrite, abundant in ancient, but not in modern,
desert concentrates
CaCO,; and Calcite and Dolomite, in such deposits as the cement-

CaCO; . MgCO;4 stones of the Glasgow district.

Where drainage enters modern desert lakes after traversing crystalline
rocks, rather than sediments, sodium carbonate, Na,COj, is often deposited. -

Many geological formations contain rock salt. They clearly indicate
desert conditions of evaporation. Gypsum is a characteristic associate of
rock salt and is considerably more abundant. This is in keeping with the
fact that it is less soluble and therefore more easily precipitated. In depth
many of the gypsum deposits of Geology give place to the dehydrated
sulphate, anhydrite. If gypsum is exposed to water under a pressure of
about 30 atmospheres, it changes to anhydrite ; or, alternatively, if calcium
sulphate is precipitated under these conditions it appears as anhydrite. In
Nature only gypsum has as yet been found in process of deposition. Never-
theless those who know anhydrite deposits best think that the anhydrite was
deposited as such, because they can see no evidence of shrinkage. It is well
to remember, however, that there is little ocular evidence of shrinkage in
connection with a coal seam, and it seems possible that anhydrite in Nature
is mainly a subterranean condensation product of gypsum under pressure.

The reverse process, the hydration of anhydrite, is a commonplace in Nature,
717
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in regions with underground circulation of water. The swelling effect is very
obvious, for it crumples up the bedding of the resultant gypsum or leads to
concurrent veining. Gypsum is used in commerce as a source of plaster of
Paris—a powder containing partially dehydrated sulphate obtained by heating.
On adding a little water the powder sets to a firm cement of gypsum.

Sylvine, KCl, as already stated, is very rare on account of its great
solubility.

All these soluble salts not only require extreme conditions of evaporation
for their deposit, but also favourable conditions of entombment for preser-
vation. It is essential that they be protected with an impermeable cover,
and it is necessary that they be not exposed to circulating waters. It is
sometimes found that they are completely washed out, or leached, from
formations which, standing above sea-level, have been exposed to circulation,
although they may be preserved in the same formations in depth. Stagnant
conditions, such as favour the underground preservation of oil and gas, also
favour the preservation of salt. Thus water underlying oil is often brine.

Salt is mined in some districts. In others it is brought up to the surface
in solution. Water pumped down is recovered as brine. In Cheshire subsi-
dences due to extraction of salt in this fashion have given rise to several
small lakes.

Common salt is one of the great necessities of animal life. This is not so
obvious in our islands where salt is blown over the pastures from the sur-
rounding seas. In some of the interior States of America it is laid down by
law that salt must be fed to cattle. The reason is that cur blood and other
juices are salt solutions. It is known that our early ancestors were marine.
When they crawled out of the sea, they had, unconsciously of course, to
maintain marine solutions for their cells to live in. Thus we see that the
Salt Tax of India is connected with our evolutionary history very many
millions of years ago.

Another feature of interest about common salt that has forced itself upon
scientific attention during the last thirty years is the tendency of buried salt
beds to flow together towards centres and form domes. Salt domes have
been investigated in India, Persia (Iran), Rumania, Germany and the Gulf
region of America. Salt is soft and light, in comparison with other rocks,
and so tends to work its way up to the surface like a viscous fluid. On the
way it arches and pushes aside the neighbouring rocks. In many cases salt
beds seem to be able to lie dormant for long geological ages. As a rule it
appears that salt migration is started by earth movements of the type respon-
sible for the folded structures of mountain chains such as the Alps. In the Gulf
of Mexico region, however, there is no sign of mountain folding. There has
been only a gentle tilt of the formations followed, or accompanied, by erosion.
This has left a wedge-shaped load of formations on the back of the salt layers ;
and they do not seem to have been able to withstand the uneven load.
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The salt domes or plugs are sometimes a few miles in width. Their salt
has often forced its way through enormous depths of sediment, also measured
in miles (Fig. 32). The salt of Persia is of Cambrian date, that is it belongs
to the earliest fossiliferous :
formation. It carries great
broken blocks of shale con- Tertiary %
taining Cambrian fossils,
and it lifts these with itself Mesozoio% :
vertically through several
miles of later formations. ,

When the Persian salt Palaeozolca
arrives at the surface it
continues to well up like
a slow-motion fountain, F1a. 32. Salt plug. (J. V. Harrison, Inst.

Petroleum Tech., 1931.)
and spreads over surround-
ing modern deposits as a shect known as a salt glacier (Fig. 33). Wherever
it goes it carries blocks of rock along with it, showing that it has behaved
like glacier ice.

It is only in, or near, Persia that salt glaciers are known. Elsewhere,
when the salt arrives at the zone of circulating sub-surface water, the sodium
chloride dissolves leaving a layer of anhydrite, CaSO,, as cap-rock.

Salt domes are mainly
valuable for the influ-
ence they have upon the
migration of oil in adja-
cent strata, and for the
sulphur which this oil
sometimes produces
through reactions with
cap-rock.

We have already seen
how oil tends to migrate
into anticlines and domes. The domes raised by salt have proved to be among
the most important oil reservoirs known to geologists.

The reaction producing sulphur is not wholly understood, but roughly it
may be represented by the following equation :

CaSO, + C +2H =Ca00; + H,0 +8.

Most of the sulphur of commerce comes from salt domes near the Gulf of
Mexico. One dome aloné has yielded £30,000,000 worth of sulphur. It is

extracted by pumping down superheated water, which returns accompanied
by molten sulphur.

<——21,000 feet —>

Pre-Cambrian

Fia. 33. Salt domes and salt glaciers. (Lees, Inst.
Petroleum Tech., 1931.)



CHAPTER XVI
GEOPHYSICAL SURVEY

SaLt domes may be hidden under modern deposits, so as to make little or
no show at the surface. The big money prizes that sometimes attach to their
discovery have done much to inspire extremely ingenious and successful
methods of prospecting, of a type called geophysical surveying. These
methods naturally have many other applications.

(1) GRAVITATIONAL.—If a salt dome has a cap-rock of anhydrite, the high
specific gravity of this mineral may lead to detection. The ground is surveyed
with an extraordinarily refined balance, called the E6tvos balance, after its
designer, an Austrian physicist. This balance will show any difference in the
strength of gravity at its two ends. Thus, placed crosswise near the edge of
a hidden anhydrite cap, the balance registers a minute difference of gravity
that may be diagnostic,

The same method is also employed to help locate concealed masses of iron
ore, or concealed anticlines or synclines, where these folds have cores of
relatively heavy, or light, formations. The process is one of groping, with
higher mathematics and physics, for a gravitational phenomenon that in
turn must be interpreted in the light of the geological possibilities of the
district. The answer is generally a well-founded guess that may assist
enormously in the ultimate exploration by boring.

(2) EARTHQUAKE.—It is possible to produce artificial earthquakes by
exploding charges of dynamite. It is also possible to obtain a time record
of the arrival of the earthquake at any particular point. This gives the
velocity with which the earthquake has been transmitted. The velocity of
an earthquake depends upon the material which it traverses, and it happens
that rock salt transmits earthquakes more rapidly than the sedimentary
rocks with which it is generally associated. Thus velocity records may reveal
the position of a concealed salt dome.

The gravitational method, mentioned above, raquires elaborate observa-
tions concentrated within the critical area. This is apt to attract attention
and raise land values—a distinct disadvantage from an Oil Company’s point
of view. The earthquake method escapes this difficulty, for the whole
district is evenly investigated from a preconcerted net-work of stations.
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Thus during the progress of the survey no one has grounds for guessing
whether or no salt has been located, except the computator.

The earthquake method has numerous other applications. For instance,
an earthquake passing down through relatively unconsolidated formations
to a relatively consolidated floor tends to be reflected at the plane of contact.
By taking the time of the echo an estimate may be formed of the depth of
the contact. This may be an important matter for both science and eco-
nomics.

(3) MaaNETIO.—It is easy to understand that a magnetic survey may
furnish evidence of a relatively magnetic body, such as a mass of magnetite
ore. It is almost as easy to realise that a magnetic survey may point to the
position of an unusually non-magnetic body, such as a salt dome. Of recent
years magnetic survey has achieved a great triumph in the indirect location
of the famous Rand banket reef (a gold-bearing quartzite), where this for-
mation is prevented from reaching the surface by an unconformable cover of
dolomite. Klsewhere, at an exposed outcrop, the banket reef is found to be
underlain at some distance down by three beds with marked magnetic pro-
perties. The sub-dolomite ¢ outcrops ’ of these beds were sought and found
by magnetic survey, and from their spacing it was possible to estimate the
position of the banket. Boring then brought fortunes to those who had faith
in the scientific guesswork of the expert in charge.

(4) Evectric.—Conductivity experiments, based upon the high conduc-
tivity of wet rocks compared with dry, or of ores compared with silicates,
have often led to valuable conclusions. The latest application is to test the
conductivity, foot by foot, of bore holes put down for oil. The results after
expert interpretation guide the operators to the levels at which oil is entering,
levels at which the subsequent lining of the well should be perforated.

Other electrical prospecting seeks natural electric currents that may
betray underground oxidation of sulphidic ores.

(5) AR pHOTOS.—Though not usually included in the geophysical cate-
gory, photography from aeroplanes may be mentioned as a modern aid to
geological prospecting. Valuable results have been obtained in detecting
ill-expressed salt domes in marsh-land, where a very small difference of
elevation may lead to a pronounced difference in vegetation. Similarly air
photos have helped in Africa through locating bare patches that mark
exposures of copper ore.

(6) Dowsing.—Dowsers armed with hazel twigs claim to be able to detect
underground water, rock contacts, etc. The practice is of old standing ; but
many scientists think that it is based, sometimes upon fraud, sometimes upon
self-deception. A few good scientists believe that they possess the dowsing
faculty. Our knowledge is at present in an unsatisfactory condition.



CHAPTER XVII
IGNEOUS ROCKS (PRINCIPLES OF CLASSIFICATION)

In introducing the great class of igneous rocks, emphasis was laid on the
distinction between lava and intrusion (Chapter I1II). Let us add a definition
of volcanic ash.

Volcanic ash is a rock produced by hot explosions. The adjective vol-
canic, as applied to rocks in strict geological speech, refers only to lava or
ash. Intrusions are not volcanic, except in so far as volcanic ash may some-
times be described as intrusive, where, for instance, it is retained in the pipe
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Fia. 34. Dumgoyn and Dumfoyn, Stirlingshire, from the south. Two
volcanic necks of Lowor Carboniferous age. Lavas of the same age on the

right. Smooth slopes below lavas composed of Ballagan Beds on Upper Old
Red Sandstone. (A. Geikie, 1897.)

of a volcano. The material blocking the pipe of a volecano, whether solid or
fragmental, is said to occupy, or constitute, a neck, or, sometimes, a vent.
Scotland is famous for its volcanic necks. Dumbarton Rock is a basalt neck.
Dumgoyn, another conspicuous landmark in the neighbourhood of Glasgow,
is an ash neck (Figs. 34, 35).

Intrusions are split up for convenience into two great groups on the
basis of size.

Where intrusions are of little individual thickness they are called minor
intrusions or, less happily, hypabyssal intrusions ; Aypa is used to mean
subordinate, and abyssal suggests depth.
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Where intrusions are big in all their measurements they are called major
intrusions or plutonic intrusions. Pluto is invoked to recall the under world.

The adjectives volcanic, hypabyssal and plutonic are constantly used in
Geology ; and it is well to understand that they have a slightly different
scope when applied to rocks on the one hand and to rock-types on the
other.

A volcanic rock is a lava or ash.

A volcanic type (¢f. C in Figs. 37, 38), commonly occurs as a volcanic
rock ; but it also may occur as a small minor intrusion. For example basalt,
which makes most of the lavas of the world, also occurs as thin dykes and
sills, which of course are typical forms of minor intrusions.

A hypabyssal rock is a minor intrusion.

0 % nMILE

Fia. 35. Section through Dumgoyn and Dumfoyn nocks. Agg., Agglo-
merate ; J.B., Jedburgh type of basalt occurring intrusive in tho necks and as
lavas on d’, Ballagan Beds, on ¢*, Upper Old Red Sandstone. (After Gool.
Surv.)

A hypabyssal type (¢f. B in Figs. 37, 38), commonly occurs as a minor
intrusion ; but it may also occur as a big lava or a small major intrusion.
Kxample : dolerite.

A plutonic rock is a major intrusion.

A plutonic type (¢f. A in Figs. 37, 38), commonly occurs as a major
intrusion, but it may also occur as an unusually large minor intrusion.
Example : gabbro.

Thus, while volcanic, hypabyssal and plutonic rocks are distinguished
by their relations determined in the field, volcanic, hypabyssal and plutonic
types are distinguished by their characters determined by inspection of
specimens, with either naked eye, lens or microscope. The criteria employed
for the purpose are summed up under the heading texture.

Texture denotes the intimate mutual relations of the mineral constituents
and glassy matter in a rock.

Volcanic types have textures characteristic of rapid cooling, that is they
contain a considerable proportion of glass or very small crystals ; in other
words the texture of much of their material is either glassy or microcrystal-
line.

Hypabyssal types have little or no glass, that is they are typically holo-
crystalline, a word which, in spite of its spelling, means wholly crystalline.
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The general size of crystals is greater than that common in lavas, and smaller
than that common in plutonic rocks. If augite and plagiocluse occur to-
gether, there is a strong tendency for the augite to fit into the interspaces
between the felspar laths, giving a texture known as ophitic (the pattern is
supposed to recall the skin of an ophis, Latin for snake). If quartz and ortho-
clase occur together, there is a strong tendency for very minute and compli-
cated intergrowth known as micrographic texture (where graphic conveys
the idea of writing of the cuneiform type, Fig. 36).

0-02in.=0-5mm.
—

Fra. 36. Granophyre, consisting of micrographic intergrowth of quartz
(clear) and orthoclase (cloudy) as seen in thin section under the microscope
(see Chapter XXVII).

Plutonic types are all holocrystalline ; and the grain size is considerable,
so that individual crystals can easily be seen with the naked eye. Very often
the crystal grains have so interfered with one another’s growth that they do
not exhibit their natural crystal faces, that is they are allotriomorphic
(allotrio means strange, and morphic refers to shape, ¢f. amorphous).

In some specimens the distinction between volcanic, hypabyssal and plu-
tonic types is very clear. In what we call the non-porphyritic varieties :

(1) Volcanic types are either glassy or crystalline of texture so fine as
almost to escape the naked eye. The natural glass, obsidian, and non-
porphyritic basalt are good illustrations.

(2) Hypabyssal types are sufficiently crystalline to show the texture
clearly to the naked eye, but the different minerals are not very distinct.
Thus a dolerite, consisting of black augite and white felspar, looks dark grey
rather than black and white.
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(3) Plutonic types are so coarsely crystalline that the different minerals
occur as easily recognisable individuals. Thus a gabbro, consisting of the
same minerals as dolerite is black and white.

On the other hand many specimens show a mixture of textures that at
first sight is confusing. Some, that are labelled basalt, glitter with big
crystals, as obvious as any in an ordinary gabbro (cf. the olivine and augite
of Fig. 37c). Closer examination shows in such cases that the big crystals
are enclosed in a fine-textured groundmass. This compound texture is called
porphyritic and may be defined as follows :

In porphyritic texture large crystals called phenocrysts are set in a finer-
grained groundmass.

Fi¢. 37. A. Gabbro; B. Dolerito; C. Basalt. As seen in thin section
under the microscope (see Chapter XXVII). Scheme of ornament : black
and dark, iron ore and serpentine; dotted, olivine; checked, augite; clear
with indications of cleavage, felspar.

(The original porphyry of the Ancients was purple in colour, hence the
name. Pheno comes from a Greek verb meaning to appear, ¢f. phenomenon.)

Porphyritic texture generally results from a change in the conditions of
crystallization. Suppose a magma to be cooling slowly under plutonic con-
ditions, its early crystals will grow with plutonic dimensions. Suppose now
the magma rises from the deep-seated reservoir and is extruded as a lava, the
residual melt, in which the early crystals are enveloped, may consolidate as
glass or as a microcrystalline aggregate. This is the history of the porphy-
ritic texture of many lavas. The change of conditions responsible for por-
phyritic texture is not always as extreme as outlined above. After a check
the residual melt may continue to crystallise under hypabyssal or plutonic
conditions. A porphyritic rock is classed as of volcanic, hypabyssal or
plutonic type according to the texture of the groundmass. Plutonic types
are represented by porphyritic granite at Glen Fyne, Shap, Cornwall and
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elsewhere. On the whole, however, porphyritic texture is commoner among
volcanic and hypabyssal types.

A division of igneous types according to texture is not sufficient in itself,
for there is a very wide range of variation in chemical and mineralogical
composition, and this must be taken into account. Igneous rocks, viewed
chemically, are almost wholly made of silicates, accompanied in certain cases
by free silica. These components differ very greatly in composition, but
they can be grouped roughly according to the proportion of silica (SiO,)
which they yield on analysis. The following table is useful :

Quartz Pure SiO,

Acid fels Orthoclase lR h in SiO
elspars { Albite j Rich in Si0,

Intermediate felspars { gﬁizzzze } Moderate in SiO,

. Labradorite

Basic felspars {Bytownite ] Poor in Si0,

Hornblende J

Augite

Ultrabasic felspar Anorthite ]

Biotite Very poor in SiO,

Olivine f

Orthoclase and albite are called acid felspars, because on analysis they
give a high percentage of the acidic oxide SiO,. At the same time they are
the felspars of K and Na, which are called the alkali metals. So we have the
curious fact that the extreme acid felspars are cqually often called the
alkali felspars.

The basic and ultrabasic felspars are those plagioclase felspars that are
rich in Ca.

Once we realise something about the chemical composition of minerals,
we can form a good idea about the chemical composition of rocks made of
these minerals. On examination a granite is seen to consist largely of quartz
and orthoclase. Obviously granite must on analysis contain a high per-
centage of silica : it is what geologists call an acid rock.

On the other hand gabbro consists of basic felspar and augite, with very
often olivine too : the rock itself must be basic.

More generally : as the ferromagnesian minerals are all basic or ultra-
basic, a dark igneous rock is probably either basic or ultrabasic.

There are further points which emerge. A granite rich in orthoclase
evidently has resulted from a magma rich in K. If it contains a ferromag-
nesian silicate, we should expect this also to contain K. Now the only
igneous ferromagnesian silicate containing K is biotite ; therefore we are
not surprised to find that biotite is the most characteristic ferromagnesian
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mineral of granite, although biotite is more basic than either hornblende or
augite. .

The two mincrals hornblende and augite have rather closely comparable
compositions. They are both ferromagnesian minerals containing Ca ; but
hornblende tends to be poorer in Ca and at the same time richer in Na,
which explains its common association with the intermediate felspars. No
mention has previously been made in these pages of Na in connection with
hornblende, because it is a very minor constituent. It is, however, significant
in the present connection ; so that it is useful to think of biotite as the K-
ferromagnesian silicate, and of hornblende as the Na-ferromagnesian silicate.

After this introduction we may lay down the SiO, boundaries adopted
in the chemical classification of igneous rocks :

Ultrabasic - - - - - 35745 per cent. SiO,
Basic - - - - - 45755 per cent. SiO,
Tntermediate| S "N31 5565 per cent. Si0
|Na-K | p 2
Aeid - - - - - - 65775 per cent. SiO,

It will be seen that two branches are recognised in the Intermediate
class ; the one is rich in plagioclase felspar, the other in orthoclase.



CHAPTER XVIII

IGNEOUS ROCKS (CLASSIKIED)

IN the explanation of the Table (p. 90) it is pointed out that Basalt and
Granite are both doubly underlined, because of their extreme abundance.
Basalt is the commonest of lavas. This is probably in part due to the great
fluidity of basic magma. A modern basalt lava has been known to flow for
forty miles after reaching the surface. Granite is the commonest of intru-
sions. This is probably in part due to the stickiness of acid magma under
superficial conditions. Very often acid igneous rocks only reach the surface
as fragments carried up by voleanic explosions.

The definitions that follow repcat the information summarised in the
Table, and are made the basis of appropriate discussions.

GRANITE (Fig. 38a)

Composition : 65-75 per cent. SiO,.

Minerals : Orthoclase, quartz, biotite.

Texture : Coarse holocrystalline ; allotriomorphic or hypidiomorphic.

The terms holocrystalline and allotriomorphic have already been ex-
plained. Hypidiomorphic means that individual crystals show a tendency
to idiomorphism or proper form (idio means belonging to oneself, ¢f. idio-
syncrasy, some would say, cf. idiot).

The minerals given in the Table are the more important minerals, often
called the essential minerals. They are accompanied by small quantities of
other minerals called accessory minerals. Magnetite and apatite are found
as accessories in almost any type of igneous rock.

Igneous rocks are, to use a chemical phrase, mixtures not compounds.
There is therefore no sharp line separating adjacent types. For instance,
every gradation connects granite with syenite and quartz-diorite. Thus
hornblende and plagioclase often appear in rocks which are quite properly
included as granite. A granite containing hornblende may be called a horn-
blende-granite, without troubling to invent a new name.

The granites of different districts can often be distinguished. Thus
muscovite accompanies biotite in the granites of Cornwall and Devon, but
is very seldom found in the granites of Western Scotland. Granite is by far
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the most voluminous intrusive type in the Highlands and Southern Uplands
of Scotland, and, of quite a different date, in Cornwall and Devon.

Fi1c. 38. A. Granite, with clear quartz, cloudy felspar and cleaved biotite ;
B. Quartz-felspar-porphyry ; C. Rhyolite, with flow structuro. As seen in thin
section under the microscope (se¢c Chapter XXVII).

PORPHYRY AND FELSITE (Fig. 38B)

Composition and Minerals : same as in granite.

Texture : holocrystalline, but to some extent micro- or even crypto-
crystalline (crypto means concealed, cf. erypt). Micrographic intergrowth
of quartz and orthoclase is very frequent. So too are spherulites of ortho-
clase, in which radiating bundles of orthoclase, often associated with quartz,

grow from individual centres to build
little spheres. Porphyries are distin-
guished from felsites by possessing por-
phyritic texture. According to general
inglish custom the phenocrysts of a
porphyry include either quartz or alkali
felspar, or both.

RHYOLITE AND OBSIDIAN (Fig. 38c)

Composition and Minerals: same as
in granite with the addition of glass.

Texture : cryptocrystalline in rhyolite
to glassy in obsidian. Either type may
be porphyritic. Spherulitic structure and
flow banding are very frequent.

Fia. 39. Perlitic cracks in glass as
seen in thin section under the micro-
scope (see Chapter XXVII).

Glassy rocks often develop small systems of concentric spherical cracks,
known as perlitic cracks, as a result of shrinkage during cooling (Fig. 39).
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Rhyolite is rether common in Wales, where Snowdon is made of rhyo-
litic ash. Rhyolite lavas make the finest scenery of Glen Coe.

SYENITE

Composition : 55-65 per cent. Si0,, coupled with richness in K and Na.

Minerals : orthoclase, biotite, hornblende.

Texture : coarse holocrystalline ; allotriomorphic or hypidiomorphic.

Syenite is a rare type compared with granite. It often contains some
quartz and plagioclase felspar, thus showing relationship to granite and
quartz-diorite. Quartz-free syenites usually include rather rare mincrals,
among which the most important is nepheline.

Nepheline is a silicate of Al and Na, with a smaller percentage of SiO,
than in albite. It is of the hexagonal system.

Nepheline is called a felspathoid to remind us that it is related in com-
position to the Na-felspar, albite. There is a corresponding Al-K-felspathoid
related to orthoclase. It is called leucite, and crystallizes in the cubic system.
It is never found unaltered in plutonic rocks, because on slow cooling it
decomposes. It is, however, well known in lavas. The lavas of Vesuvius are
leucite-bearing basalts.

Syenites with felspathoids are called alkali syenites.

Though the leucite of plutonic rocks always decomposes during cooling,
its former presence can sometimes be recognised, where aggregates of
secondary minerals preserve its characteristic shape. This illustrates a
common phenomenon in igheous rocks. Very often a primary mineral is
replaced by one or more secondary minerals which preserve the form of the
primary mineral. Insuch a case the secondary minerals are said to constitute
a pseudomorph after the primary mineral.

Pseudo suggests falsity, and here advertises the fact that the secondary
minerals are displaying a morph, or shape, that is not their own.

Syenites occur near Loch Assynt in Sutherland.

TRACHYTE

Composition and Minerals : same as in syenite. Glass is very unim-
portant.

Texture : medium to fine holocrystalline, panidiomorphic (pan means
all, ¢f. pan-American). The dominant mineral in trachyte is orthoclase,
generally in the form of laths, arranged in parallelism by flow. The resultant
texture is known as trachytic. Trachytes may be either porphyritic or
non-porphyritic.

It will be noted that the name trachyte is used for both volcanic and
hypabyssal types. It might be convenient to have different names for fine-
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grained and medium-grained trachytes ; but the type is comparatively rare,
and most people agree that one name will do.

Trachytes with felspathoids are called phonolites, because they give a
musical ring under the hammer, and phonos means voice. Traprain Law and
the Bass Rock, two well-known Scottish landmarks, are intrusions of
nepheline-phonolite.

QUARTZ-DIORITE

Composition : 5565 per cent. SiO,, coupled with richness in Ca and Na.

Minerals : plagioclase, biotite, hornblende, with subordinate quartz.

Texture : coarse holocrystalline ; allotriomorphic or hypidiomorphic.

The plagioclase felspars of quartz-diorites are usually oligoclase and
andesine. Hypersthene is a common ferromagnesian mineral in some
varieties. It belongs to a mineral family known as pyroxene, which also
includes augite. Hypersthene differs from augite in its crystal system, which
is orthorhombic. Thus hypersthene is called an orthorhombic pyroxene, and
augite a monoclinic pyroxene. When we come to consider the optical pro-
perties of minerals, we shall find that orthorhombic and monoclinic minerals
are eagsily distinguished.

Quartz-diorites are common in the Highlands and Southern Uplands of
Scotland.

PORPHYRITE

Composition and Minerals : same as in quartz-diorite.

Texture : porphyritic with medium-grained holocrystalline groundmass,
generally containing micrographic intergrowths of quartz and orthoclase.
It is essential, according to usual English standards, that plagioclase, more
basic than albite, should occur among the phenocrysts. These latter gener-
ally also include biotite or hornblende. There are very many porphyrite
dykes in the Highlands and Southern Uplands of Scotland.

ANDESITE

Composition and Minerals : same as in quartz-diorite, except that quartz
is generally absent and glass generally present.

Texture : usually porphyritic with plagioclase and ferromagnesian pheno
crysts in a fine-grained groundmass, which may be either glassy, hyalopilitic
or pilotaxitic.

Hyalopilitic denotes a felt-like web of minute plagioclase laths, with
glass between—hyalo is the Greek for glassy; pilum is the Latin for dart
and refers to the microscopic appearance of the plagioclase laths. This
type of groundmass is so characteristic of andesites, that it is often called
andesitic.
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Pilotaxitic denotes a similar groundmass, except that it is almost free of
glass. Taaxitic is from a Greek word meaning arrangement.

Andesine is a very characteristic felspar in andesites. The mineral and
rock both take their names from the Andes in America, which are largely
built of andesite lavas and ashes. In fact all the great ring of volcanoes that
girdles the Pacific from America to Japan produces andesite as its commonest
type. The lavas of Ben Nevis, and many of the lavas of Glen Coe, are ande-

site. Andesite lavas and ashes are also strongly represented in the Lake
District.

GABBRO (cf. Fig. 37a)

Composition : 45-55 per cent. SiO,.

Minerals : labradorite, augite and often olivine.

Texture : coarse holocrystalline ; allotriomorphic or hypidiomorphic.

The labradorite and augite of gabbro often carry innumerable minute
inclusions, geometrically arranged. These are spoken of as schiller inclusions,
because of the iridescent reflections which they give. The augite of gabbro
may also exhibit an additional cleavage and is then called diallage.

Gabbro though fairly rare makes the Cuillins of Skye, and on a larger
scale a great mountain zone in Southern Norway.

DOLERITE (Fig. 378)

Composition and Minerals: same as in gabbro but without schiller
inclusions or diallagic cleavage.

Texture : medium, holocrystalline, very often ophitic.

Dolerite is the commonest intrusive type of the Midland Valley of Scot-
land and of the North-East of England. Itis found in Edinburgh at Salisbury
Crags, and in Glasgow at the Necropolis Hill and Fossil Grove. What may
be a single sill carries Stirling Castle, the Forth Bridge at Queensferry and
long stretches of the Roman Wall in Northumberland (the Great Whin Sill
of the North of England).

Where dolerite intrudes into carbonaccous sediments it distils gas from
these sediments, and during the process of cooling it is attacked by the gases
it has itself made. Thus its silicates are largely converted to kaolin and
dolomite, and the resultant rock is known as white trap. White trap is very
common in Scotland, and is typically developed at the Fossil Grove.

LAMPROPHYRE
Composition : same SiO, limits as in gabbro.
Minerals : same as in syenite or quartz-diorite.
Texture: medium holocrystalline, panidiomorphic, porphyritic with
phenocrysts of ferromagnesian silicates only.
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Mineralogically the lamprophyres correspond more closely with syenite
and quartz-diorite than with gabbro. They often contain orthoclase, and
plagioclase felspars that are more acid than labradorite, along with biotite
and hornblende. It is the concentration of these two ferromagnesian
minerals that leads to lamprophyres being basic instead of intermediate.

Lamprophyres accompany the porphyrites of Scotland.

BASALT (Fig. 37c)

Composition and Minerals as in gabbro, with sometimes a little glass.

Texture : fine-grained ; porphyritic or non-porphyritic; the augite
either microophitic, microgranular or microprismatic.

Basalt is the commonest lava type in the world. Examples : Iceland,
Columbia River (U.8.A.), Deccan (India), Antrim (Ireland), Skye and Mull
(Hebrides), Campsie Fells and Kilpatrick Hills (Glasgow).

PERIDOTITL, fr quently altered to SERPENTINE (Fig. 40a)

Composition : 35-45 per cent. SiO,.

Minerals : olivine, augite and sometimes anorthite.

Texture : coarse to medium holocrystalline ; allotriomorphic or hypidio-
morphic.

The peridotites are rather rare, and it has not been thought necessary to
have separate names for the hypabyssal and plutonic types.

Fresh peridotites occur in Rum, and serpentines in Ayrshire and at the
Lizard in Cornwall.

Fia. 40. A. Peridotite; B. Oceanite. As seen in thin section under the
microscope (see Chapter XXVII). Ornament scheme : dotted, olivine ; close-
lined, serpentine after olivine ; checked, augite ; clouded, plagioclase unusually
abundant ; opaque base of B contains much glass, iron ore, ete.
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OCEANITE (Fig. 40n)

Comgposition and Minerals : same as in peridotite.

Texture : fine-grained holocrystalline, seldom glassy.

A number of names are current for various types of ultrabasic voleanic
types. Oceanite is rich in olivine. The name is connected with the relative
abundance of ultrabasic lavas in oceanic islands.

The frequency of basic and ultrabasic rocks in oceanic islands, coupled
with gravity determinations that indicate a high density for ocean beds,
suggests that deeply submerged areas are floored with basic and ultrabasic
rocks. This is in keeping with the world-wide association of basic and ultra-
basic igneous rocks with radiolarian chert, which is interpreted by many as
an upheaved oceanic deposit. Deep-sea lavas and intrusions are usually
much altered with development of albite, epidote, chlorite and serpentine.
Their alteration is probably due to interaction with sea water under pressure.
It recalls to some extent the production of white trap in a carbonaceous
environment. Decomposed basic submarine lavas are often called spilites.

The continents, in contrast to the ocean beds, arc largely made of rela-
tively siliceous material that floats upon a basic substratum, continuous, it
is supposed, with that which floors the oceans.



CHAPTER XIX
EVOLUTION OF ROCKS

THERE is no doubt that sediments have derived their material from igneous
rocks, with additions from the sea and atmosphere. It is true that the
derivation may be at second or third hand. A sandstone very often has got
its quartz from an older sandstone, unmetamorphosed or metamorphosed,
but the original sandstone of the series must have got its quartz from some
igneous rock, generally a granite, or, to a very minor extent, from quartz
veins, ete. Logically therefore it would be preferable to start a discussion of
the evolution of rocks with a discussion of the evolution of igneousrocks. On
the other hand the processes involved in the production of sediments are so
commonplace and familiar that it seems justifiable to begin with sediments.

SEDIMENTS

In the production of sediments we must first take account of two pre-
paratory processes :

(1) fragmentation ;

(2) chemical decomposition.

These may act, either singly, or together. We shall return to them in
later chapters.

After the material has been prepared it is subjected to sorting
processes :

(1) current action, which leads to deposition of conglomerate, sandstone

and shale in different belts ;

(2) solution, which preferentially removes Ca and Na from mechanical

sediments, and preferentially spares Al and SiO, ;

(3) organic precipitation, which leads to formations rich in CaCO;,

8i0, or C;

(4) evaporation, which leads to formations rich in CaSO, .2H,0, NaCl,

ete.

Let us for a moment consider the chemistry of the operations.

A conglomerate, if it has originated from the fragmentation and transport
of uniform material, may retain the chemical characteristics of its source
unaltered.

G 97 B.G.
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A typical sandstone consists mainly of quartz. Such a sandstone usually
results directly, or indirectly, from destruction of granite. The quartz
grains of granite are big enough to be seen with the naked eye, and, being
hard and insoluble, they tend to retain much of their original dimensions.
Current action sorts them out in a belt between pebbles, on the one side, and
mud, on the other. The composition of many sandstones approaches pure
Si0,. This may result from a splitting up of granite without addition from
any external source.

A typical mud may be developed by chemical decomposition of igneous
rocks, followed by sorting through current action and solution. Current
action, as already explained, tends to segregate quartz as sand, while solution
tends to remove Ca and Na and to spare Al. During decomposition of
igneous rocks hydrated minerals are formed, either silicates or oxides. Some
of these easily break down to an incoherent powder of microscopic or sub-
microscopic grain. When such powder is washed into rivers, it can only
rest on a bottom that is free from current : for instance, within the Mud Belt
of a lake or of the sea. Flaky minerals, such as muscovite and chlorite, even
though of larger size, accompany the powder to the Mud Belt, because their
shape makes them very susceptible to currents. The processes outlined above
give mud a characteristic chemical composition : Si0,, Ca and Na tend to
be low ; Al tends to be high ; K, carried in muscovite, tends to be moderately
high ; and there is always a considerable amount of combined H,0, which
cannot be removed by simple drying. Mud, unlike sand, cannot be regarded
as entirely due to the splitting up of igneous rocks, for its combined water is
an addition.

The chemistry of organic and chemical precipitation is too obvious to
detain us. It will be noticed that it differs profoundly from that of igneous
rocks. Thus in a limestone one finds Ca separated from its usual metal asso-
ciates, and combined with CO, instead of SiO,.

IGNEOUS ROCKS

Although igneous rocks at the present time have a very wide range of
chemical composition, to begin with they were presumably represented by
a single silicate magma of fairly uniform composition and of world-wide
extent. This covered a metallic core, consisting mostly of iron and only very
slightly soluble in the overlying silicate melt. ‘The original uniformity of the
primeval silicate magma is a laboratory deduction. If any two, three or
more igneous rocks are melted together in a crucible, they mutually dissolve
to give a single uniform solution.

To-day there are, as we have seen, very great chemical differences
separating many of the familiar types of igneous rock. The processes con-
cerned in bringing about these differences must be as methodical as those
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that bring about the differences between the various types of sediments,
because granite and basalt, to confine our attention merely to the two com-
monest igneous types, are found in numberless places with chemical charac-
teristics just as well defined as those of sandstone and shale.

The two processes which seem most important in developing an assem-
blage of rock types from a uniform magma are :

(1) CrYSTALLISATION, which prepares the way by dividing the material
into two chemically dissimilar parts : early crystals and residual melt.

(2) SorTING, which separates the early crystals from the residual melt.
Sorting may be done in a variety of ways :

(@) GRAVITATIONAL SORTING : if the early crystals sink, they automati-
cally separate from the residual melt. Sinking is not nearly so potent in
silicate melts as in water solutions, because of high viscosity. Thus consoli-
dated lavas very seldom show any difference of composition all the way from
top to bottom.

(b) DRAINING or SQUEEZING of the residual melt from a meshwork of
early crystals.

Both these sorting processes are effective in Nature.

(@) Gravitational sorting is illustrated in a dozen examples among the
plutonic intrusions of Mull. The particular intrusions are individually about
a quarter of a mile broad and are exposed in vertical depth on the hill sides
for about 1,500 feet. The tops of their exposures are acid and relatively
light and the bottoms basic and relatively heavy, with every intermediate
stage between (Figs. 41, 42). This is to be expected in gravitational sorting,
for it is found by experiment and observation that the early crystals from a
silicate melt are more basic, and also specifically heavier, than the residual
melt. Let us give the contrast between the top and bottom of one of these
Mull exposures :

Top Bottom
Colour - - pale pink black and white
Spec. gravity - 2:5 30
Minerals - - alkali felspar and quartz labradorite and augite
SiO, per cent. - 68 50

(b) Sorting by squeezing out of residual melt is exemplified in the very
prevalent formation of aplite veins during the crystallization of intrusions.
These aplite veins represent the penultimate residual melt segregated from
almost completely crystallized rock. They are particularly abundant in
association with plutonic rocks, where they generally occur in the marginal
zone a little inside, or a little outside, the plutonic mass. Their attitude in
such a position may be anything from horizontal to vertical. More occasion-
ally an aplite vein occurs in a flat dolerite sheet, in which case it presents a
relatively simple geometry that helps us to interpret its origin. Such a vein
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Fia. 41. Differentiation products, Glen More, Mull, as seen in thin section
under the microscope (see Chapter XXVII).

A. Lower basic portion : gabbro; black crystals, iron ore; shaded groy,
augite ; white, plagioclase ; note patch of fine-grained acid residuum at right
top of section. (After Geol. Surv.)

B. Intermediate portion : largely acid residuum.

C. Higher acid portion : mostly acid residuum.

avoids the chilled top and bottom of its host, choosing instead the more
crystalline central part, where it adopts a moderately flat posture. It
commonly measures an inch or so in thickness. Obviously, when it was
liquid, it must have been injected into a horizontal crack under a pressure
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that was sufficient to raise the overlying mass of rock, including very probably
some thousands of feet of sediment. The injection-pressure can only have
been supplied by steam, the agent responsible for the terrific explosions that
occur at volcanic centres. Silicate magma under pressure can dissolve a
considerable amount of water. As the carly crystals develop, this water is
concentrated into the residual melt. With increasing concentration the
pressure required to keep the steam in solution rises. Eventually when there
remains very little residual melt, the concentration of water becomes so great
that its vapour pressure excecds the pressure due to the weight of the covering
rock. Let us form a simplified picture of the sill at this stage. It has a
completely solid top and bottom resulting from chilling against roof and
floor. In between it is almost solid. We may regard it, for diagrammatic
purposes, as consisting in this

middle part of a series of irre- chilled edge

gular pillars of solid matter bind- =) == 0
ing together the top and bottom =
(the shape of the pillars and in- — 0 J\\), ET &
terspaces is immaterial, but it is
41
0 -

casier to visualise the mechanics

if they are pictured approximately =
vertical asin Fig.43). Between the =
columns is residual melt. When chilled edge

this melt is forced to liberate Fic. 43. Diagrammatic representation of
steam at a higher pressure than thedistribution of residual magma in an almost
that which weighs upon the roof, completely ('mmf)lidated dolerite sill. In the
X . next stage growing steam pressure develops a
it can only find relief upwards, by  jpizontal aplito vein in the middle of the sill.
straining the pillars. If the pillars
snap, some residual melt is forced by the steam into the resultant cracks,
and furnishes the veins which we call aplite veins.

It will be noticed that, according to this explanation, aplite veins do
work against external pressure in forcing room for themselves. This fur-
nishes a partial answer to a long-standing puzzle. Aplite veins are more
finely crystalline than the rocks they traverse. They have a texture which
suggests rapid cooling. This is exactly what would be expected if the veins
have had to expend some of their energy in making room for themselves.
They would cool themselves, much as a gas cools itself when it expands
suddenly against external pressure. Calculations suggest that such a
mechanical cooling would not be sufficiently important to account unaided
for the observed effects. 1t is, however, possible to invoke the aid of contri-
butory factors. The sudden relief of pressure, accompanying a snap, must
«allow an accumulation of water to pass into steam, which by changing the
composition of the residual melt must leave it supersaturated, and by
mechanically stirring it must favour rapid fine-textured crystallization.
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The processes of crystallization and sorting that we have considered
split up an original magma into two dissimilar parts. By sorting at intervals
during the process of crystallization, many dissimilar parts may be obtained.
By remelting the crystal crops, and repeating crystallization and sorting, the
variety of the products can be increased. This is a method constantly em-
ployed in chemical laboratories and industrial works, where it is known as
fractional crystallization.

The name differentiation has been given in Geology to the splitting up of
an original magma, often called the parent magma, into a number of unlike
parts. Differentiation is a subtractive phenomenon ; there is no addition of
material from outside. It is the only phenomenon that concerns us when we
contemplate the production of new types from a universal magma.

Once magma can come in contact with already differentiated igneous
rocks, or with sediments, an additive phenomenon, assimilation, becomes
possible. Assimilation may modify a magma through incorporation by
solution of external material.

Field observations show that igneous magmas have often been modified
by assimilation. The extent, to which assimilation is responsible for the
large number of igneous types that we know, is a matter of dispute. Many
think that assimilation plays only a minor rdle compared with differentiation.
Certainly igneous rocks have not resulted from wholesale melting of sedi-
ments, without some process of admixture, for igneous rocks differ in chemical
composition from sediments.

Let us take an illustration. Suppose we could not make chemical
analyses, it might be suggested that granite has resulted from melted sand-
stone, and basalt from melted shale. Chemical analysis forbids any such
theory. In a typical granite the SiO, percentage is lower, and the K,O per-
centage higher, than in a typical sandstone. Similarly in a typical basalt, or
any other basic igneous rock, the CaO percentage is higher than that of
MgO, the Na,O percentage is higher than that of K,O, and the molecular
sum of CaO +Na,O +K,0 is higher than the molecular value of Al,Q,;
whereas in a typical shale all these relations are reversed. It may be added
that in the felspars, which are the commonest of igneous minerals, the mole-
cular ratio of CaO +Na,0 +K,0 : AL,O,is 1:1,



CHAPTER XX
JOINTS

BEFORE passing on to vein-stones it is important to know something more of
the division planes that exist in rocks, since they often guide the deposition
of subterranean precipitates.

We have already dealt with bedding planes. Now let us consider joints.

Joints are cracks in rocks, along
which there has been little or no
relative movement except separa-
tion on a minute scale. o e _____,_J

All consolidated rocksarejointed. N
This is what might be expected. We
have seen that the earth’s crust is
subject to movement, and it is in-
conceivable that great sheets of
brittle material, such as are fur-
nished by beds of consolidated
rock, could be moved about with-
out cracking. We shall see pre-
sently that shrinkage, due to one
cause or another, is responsible for
certain joints; but earth move-
ment, of one sort or another, is
responsible for the universality of
the phenomenon.

There are usually three sets of W& ROt
joints, roughly at right angles Fic. 44. Flagstone stack, Lybster,
to one another. In sediments Caithness.
one of these three sets generally Note two sets of vertical joints at right
approximately follows the bedding angles to one another and to the bedding.

h (Geol. Surv. photo.)

(Fig. 44).

Particularly prominent joints, which continue their course uninter-
ruptedly for a considerable distance, are called master joints. One or
two of the three sets of joints usually provide the master joints; the
remaining set, or sets, consists of joints with interrupted course. Such

103
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interrupted joints stop, and start again, at master joints. They retain
parallelism, though not continuity.

Igneous rocks are often jointed in a very characteristic manner, and it is
obvious that such special jointing cannot be ascribed to earth movement.
All agree that the columnar structure, frequently developed in lavas and
minor intrusions, is cracking due to shrinkage of the rock during cooling
after consolidation (Fig. 45). Columnar jointing is illustrated in many parts
of the world, but no examples are more famous than those of the basalt lavas
seen at the Giant’s Causeway on the Antrim coast (Fig. 46), and at Fingal’s
Cave in Staffa.

Fic. 45. Base of columnar basalt sheet, probably lava, on irregular surface
of agglomerato, Frodebo, Faroes. (Nat. (ieog. Mag. photo.)

Such shrinkage joints develop in the direction of cooling. This is a
matter of observation, for in a horizontal intrusive sheet, which must have
cooled from above and below, the joints are vertical ; whereas in a vertical
intrusive sheet, that is in a dyke, the joints are horizontal. We can picture
the joints developing at some appropriate temperature of snapping, and
keeping pace during their development with the advance of the isothermal
surface corresponding to this particular temperature. The rock along this
isothermal surface will tend to contract uniformly in all directions included
in the surface. It satisfies this tendency by contracting not towards a single
centre, which would involve comparatively large-scale movement, but
towards a multitude of centres distributed as uniformly as is possible within
the isothermal surface.

The most uniform distribution of centres imaginable corresponds with
that belonging to rows of billiard balls packed as closely as may be. The
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balls fit into straight rows, with each successive row half a ball in front of, or,
what is the same thing, half a ball behind, its predecessor. In this alternating
arrangement each ball touches six other balls, so that each centre is equally
close to six other centres, the greatest number attainable. The contraction
of the material between cach pair of adjacent centres will tend to produce a
crack bisecting at right angles the line that joins the centres. Such cracks
will obviously constitute regular hexagons, each hexagon enclosing a centre
of contraction. In Nature regular columnar jointing shows a marked
tendency to assume a hexagonal pattern.

Let us now return to the statement that joints grow in the direction of
cooling. Sometimes a vertical intrusion is found
with vertical columns, where at first sight hori-
zontal columns might be expected. This hap-
pens, for instance, in the cylindrical plug of
basalt that occupies the Dumbarton neck. We
are justified in assuming in such a case that, by
the time the intrusion had cooled to the tem-
perature of jointing, the wall rocks had been suffi-
ciently heated to make cooling from above more
important than cooling from the side.

Often there is only one set of columnar joints
developed in a lava or an intrusion ; but at the
Giant’s Causeway and Staffa we find basalt lavas
that have developed two sets of columnar joints.
In each case there are broad regular columns in
the lower part of the lava, which are due to slow
regular cooling from the base; while there are
narrow irregular columns in the upper part, Fic.46. Columnar jointing,
which are due to rapid irregular cooling from (('l.'m}‘g’ zhcu"s“w“y’ Antrim.

e, . J. R. Shelford photo.)
the top. This compound type of jointing is
called double-tier jointing. FKingal’s Cave has been quarried by the waves
in the lower regular tier, leaving a roof supplied by the upper irregular ticr,
in which the tendency for an undermined column to fall is greatly reduced.

Those of you who know the great road-metal quarry at Troon, in Ayrshire,
with its big export trade to England, must have admired the perfect vertical
columns of the quarried dolerite. The quarry was selected for large-scale
development because of the jointing. A single blast at the base of a column
may bring the whole to the floor.

Shrinkage cracks due to drying are responsible for some of the jointing of
sediments. Columnar jointing of peaty mud is a very familiar sight during
dry weather in the Highlands. Drying mud, on what has been the flat
bottom of a peaty pool, develops vertical columns, whereas in the vertical
walls it develops horizontal columns,
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Most of the jointing of sediments is due to earth movement, and is often
very regular in direction through great depths and over wide areas—though
the closeness of spacing depends largely on the material : joints are some-
times only a fraction of an inch apart; at other times many feet. Cleo-
patra’s Needle in London is one of the longest unjointed stones in the world.
It consists of granite from Egypt. It is said that a slightly longer mass was
measured in the Ross of Mull granite in connection with a proposed monolith
to commemorate Queen Victoria’s consort. The monolith was not extracted,
but all the same the base of the Prince Consort monument at Kensington does
consist of Ross of Mull granite.

It is thought by many that jointing has to a large extent been caused
during the propagation of earthquake waves. The best argument in support
of this view is that joints often traverse the boulders and pebbles of conglo-
merates, as was noticed very early in the history of Geology in regard to
conglomerates at Oban. This certainly suggests that the joints in question
have been formed by a sudden snap. If they had been produced slowly, in
response to gradually accumulating stresses, one would expect them to bend
round and avoid hard boulders, merely breaking the soft matrix.

A very puzzling superficial system of joints is sometimes developed,
especially in granite, and is called sheet jointing. It is splendidly exhibited
in Arran, where conspicuous joints roughly correspond in direction with the
major, not minor, surface slopes of the granite mountains and glens of the
north part of the island (Fig. 47). It has been suggested that these joints

Fic. 47. Sheet jointing in granite, Arran. (Geol. Surv. photo.)

are produced by alternate heating and cooling of the surface controlled by
diurnal, seasonal or climatic changes, or else by swelling of the surface due
either to chemical decomposition or to relief from pressure as a result of
erosion. All suggested explanations at first sight seem inadequate, but there
is no doubt of the reality of sheet jointing, however it originates. It may be
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added that the extremely delicate instruments, with which records of distant
earthquakes are taken, show that every day our valleys open a little, to close
again at night. This is a result of superficial heating and cooling.

Joints, however produced, co-operate with bedding in guiding erosion.
Most steep or vertical features in scenery are directed by joints. This applies
in relation to long lines of cliff in the open, with all their detail of stack and
pinnacle, and to the walls of gorges and caves. Here it is convenient to say
a few words about the term escarpment. Kscarpment, in common and
military English, means a cliff or steep slope. In Geology it has the same
meaning, but is especially applied to a cliff or steep slope that constitutes the
edge of an outcropping bed or formation.

One of the most ordinary features produced during the erosion of sedi-
ments, lavas and sills is a combination known as escarpment and dip slope.
Consider a resistant sandstone interstratified between unresistant shales.
The shales above are soon stripped away to leave the top of the sandstone
exposed, thus giving a slope corresponding with dip. The shales below, when
once they are laid bare, are also cut away, and this leads to undermining of the
sandstone. The latter breaks along joints and furnishes a cliff or escarpment.

Artificial excavation, like erosion, is much controlled by joints. For in-
stance, before the introduction of steam shovels, it was sometimes easier to ex-
cavate granite, because it is jointed, than boulder clay, which is unjointed.

Jointed rocks arc particularly readily worked up the slope of the most
gently inclined set of joints, often that which follows the bedding. This puts
at least one of the other two sets of joints into an overhanging position
relative to the quarry, so that by blasting or wedging it is specially easy
to dislodge a mass. The Ballachulish granite quarries were laid out on this
plan. Facilis descensus Averno is an old saying. This method of quarrying
has proved all too easy, it is actually dangerous; and so nowadays it is
illegal in Britain to work with an overhanging quarry face.

In the case of comparatively thin limestone outcrops on level ground,
such as are common in Scotland, the quarryman may not be able to make
the best use of the jointing, because he may have no other choice but to
follow the rock down to the dip. In coal, however, which is so valuable that
it is quarried far below the ground, the miner can advance with due regard
to the direction of jointing, or cleat, ashe callsit. His choice has an important
bearing upon the ease of getting the coal, the size of coal produced, the
control of roof strata, and the safety of the workmen. For instance, in a
coal of a hard nature, the working face is usually kept parallel with the main
cleat, which helps the coal to fall away when undermined. Whereas in soft
coal such an arrangement, especially if the working is up the dip, may en-
danger the workmen and produce too much small coal. To meet this diffi-
culty the working face is adjusted at some chosen angle, sometimes even at
a right angle, to the main cleat.



CHAPTER XXI
NORMAL FAULTS

Favrrs are fractures in rock, along which there has been displacement of
the material on the one side with respect to that on the other. The name is
of old standing, and comes of the trouble which such fractures give to miners
and quarrymen.

Faults are of three main kinds. In this chapter we shall only deal with
the class known as normal faults, so called because they are the ordinary
faults in rocks which have been but slightly folded.

A normal fault is inclined, and relative sliding movement has occurred
down the slope of the fault.

The slope of any fault is called the hade. It has direction and amount,
and the latter is measured in degrees from the vertical. Most normal faults
are steep with a hade of about 15°.

A fault strikes at right angles to its hade.

The vertical component 6f a fault’s displacement is called throw. Quite
a number of Scottish normal faults have a throw much exceeding 1,000 feet.
The Campsie and Ochil faults are two very large faults in the Midland Valley
of Scotland.

The horizontal component of a fault’s displacement, measured at right
angles to strike, is called heave. With a hade of 15°, heave is quarter as big
as throw. Thus a 1,000-foot fault is likely to have a 250-foot heave.

The heave of a normal fault increases the length of a country at right angles
to the strike of the fault. Normal faults are therefore a result of actual or
relative tension.

When faults are moving they lift, or lower, the landscape. Immediately
afterwards, erosion sets to work to level down the unevenness produced. In
our own country erosion has overtaken earth movement, to such an extent
that probably no cliff or steep slope exists in Britain, which is the direct
result of earth movement. Faults, however, often influence the scenery of
our country, since they may bring together outcrops of hard and soft material,
and erosion tends always to leave the hard standing up a bit above the soft.
It is good practice to draw a section showing a hard formation interstratified
between two soft formations, the whole inclined and faulted, and to insert
erosion surfaces at successively lower levels.
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In ancient faults there is generally nothing to tell us whether the one side
has gone up or the other down ; but the side which relatively has moved up
is called the upthrow side, and the side which relatively has moved down is
called the downthrow side. On geological maps a fault is shown by a line,
generally with a special colour or ornament, and the downthrow side is indi-
cated by a tick.

We may now re-define a normal fault as one that hades in the direction of
downthrow.

The hade of an exposed fault can be measured in the field with the same
instrument, clinometer, as is used in measuring dips.

On a map faults generally cross valleys without appreciable V-ing,
because they are so steep (Fig.
48). If the V can be recognised
it points in the direction of hade.

In the simple maps that stu-
dents handle during a first-year
course, it is well to assume that
all faults are normal, and to
draw them in section hading
towards the downthrow.

Now let us consider how
faults are discovered.

A fault is sometimes ex-
posed, in which case its position
is marked by a belt of broken KFia. 48, Map of '.steo‘p strike fuu}t. cutting

. moroe gently inclined formations.
rock, accompanied by scratches
called slickensides, and by polishing. If the fault is considerable the rocks on
either side are often of different character and attitude, as shown by bedding.

Often a fault is not actually exposed, for the broken material along it
tends to be worn away leaving a hollow, partly filled with superficial deposits.
The existence of such a hollow, running across country in a straight line,
immediately suggests the presence of a fault. One of the biggest faults in
the world is the Great Glen Fault of Scotland. Its course is marked from
Fort William to Inverness by an erosion hollow followed by lochs, rivers,
roads and the Caledonian Canal. The crushing of the rocks exposed along
the seashore near Fort William is amazing. Of course as a rule the hollows
along fault outcrops are on a relatively minute scale.

*Often, even when a fault is not marked by any special feature in the
landscape, its presence is self-evident, for different formations may be seen
aiming at one another across its position. Thus if the eastern part of a hill
slope is made of flat sandstone, and the western part of flat limestone, one
is pretty safe in concluding that the two formations are separated by a steep
fault. Sometimes in ill-exposed country the evidence may well escape the
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attention of a beginner, and yet be quite obvious to a trained worker. A
sudden change of dip is one of the phenomena that makes a geologist look
about him and take notice. Dips change with folding, but as a rule not very
abruptly ; whereas they do very often indeed alter quite abruptly at a fault.

A geologist in the field always records his observations of outcrop, dip,
etc. on a map. Faults may often become much more apparent when the
evidence has been assembled for a considerable area. Again and again one
realises on looking at a map that formations are aiming at one another across
some particular line that must be marked as a fault.

The more the strike of a fault diverges from the strike of the bedding,
the more obvious is the fault upon a map. In the extreme case a fault may
strike in the direction of the dip of the bedding. Such faults are called dip
faults.

Let us consider for a moment the effect that a dip fault has on outcrops.
At the time of its formation such a fault does little else than raise part of the
outerop to a higher level. The resultant displacement, though very obvious
in the field, does not show on a map, except on the actual fault face, which is
exceedingly narrow. Erosion, however, tends to cut down the upthrow side
to the same height as the downthrow side. If you draw a section you will
see at once that this carries the outcrop on the upthrow side back in the
direction of dip. In this sense dip faults are said to displace outerops horizon-
tally. The effect is so noticeable that it is not likely to escape detection either
in the field or on a map upon which observational data have been recorded.

The other extreme is the strike fault, which follows the strike of the
formations. It may be much more difficult to detect, if not actually exposed.
Criteria which sometimes help are as follows (in every case it is assumed that
the formations mentioned
are conformable) :

\ (1) Two adjacent forma-

RN tions dipping towards or

5}(\) away from one another
o (Fig. 49).

2 a (2) A sudden change of

Fic. 49. Indications of strike faulting. dip. .
. . (3) A younger formation
1. Two formations dipping towards one another. o
2. A sudden change of dip. dipping towards an older

3. A younger formation, b, dipping towards an (for instance, where down-
older formation, a. throw opposes dip). .
« (4) Omission of outcrops
in a known sequence (for instance, where downthrow helps dip).
(6) A straight, and therefore steep, boundary between two formations
running across a valley, in contrast with neighbouring V-ing outcrops that
indicate gentle dips (Fig. 48).
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The direction of downthrow of a fault is determined in one of two ways :

(1) DirECTION OF HADE.—Hade can be seen in any natural section of a
fault, and also in artificial sections such as coal mines. Normal faults are so
characteristic of gently folded country that one is seldom wrong, in such a
country, in assuming that the downthrow is in the direction of hade. It
may be added that plans of underground workings in coal seams show the
hade of a fault very clearly if more than one coal seam has been worked up to
the fault. The trace of a fault that hades west occurs successively farther
west in each lower seam.

(2) YOUNGER FORMATION AGAINST OLDER.—If two formations that can
be dated are brought together by a fault, then obviously the younger for-
mation must mark the downthrow side, because previous to faulting it was
at a higher level than its neighbour (if we leave out of account complications
that may be introduced by a dip greater than the inclination of the fault
itself). This principle applies equally in the field or in map reading. Here
is a method that is often of use in actual practice in map reading. If a fault
cuts across outcrops and produces a displacement, place a finger of each hand
on the outcrop of one and the same formation on the two sides of the fault,
each finger pointing in the direction of dip. Then the lower finger is on the
downthrow side.

To determine the amount of downthrow, draw a section to scale across the
fault, taking care that the section is drawn at right angles to the fault and
that the resolved dip of the formation and
the hade of the fault are properly shown ; <
then the vertical component of displace- /é <&
ment is the throw. The amount in feet N
may be written along the mapped course
of the fault, on the downthrown side.

Although First Year Students need not
trouble about such details, it is interesting
to realise that the outcrop-displacement
produced by a normal fault is partly due
to heave. At first sight it might be thought 130
that a dipping outcrop, after crossing two a0’ (000 Ft.
equal and opposite faults, would carry on
along the continuation of its old course,un-
deflected. This is not the case, unless the 3
outcrop crosses the faults at right angles.  Fi6. 50. Map showing the effects
The two faults, it must be remembered, of downthrow and heave upon dipping
have broadened the country by theamount #nd vertical outcrops, subsequently
of their combined heaves, and therefore eroded to & plain.
produce a corresponding displacement in any outcrop which they cut (Fig.
50). In the case of vertical beds or dykes, the heave-displacement at each

<

g
=
N
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and every fault is the only mappable feature, for downthrow-displacement
vanishes. This heave-displacement gives no indication of the direction of
downthrow (Fig. 50).

There is another aspect of heave which is of very great importance to
mining geologists. If you draw a section you will readily understand that a
vertical bore hole, which passes through a normal fault, always misses part
of the section. Thus it is well, when boring for coal, to choose a site that is
not on the downthrown side of a neighbouring fault. Faults are so common
in Scotland and some parts of England that it may be impossible to avoid
them in boring. The presence of a fault in the cores brought up from bores
may be marked by broken slickensided rock. Sometimes, however, it
escapes direct detection, because broken rock may come up in an inde-
cipherable slush. In such cases faults are recognised, and allowed for, by
comparing the journals of neighbouring bores.

Faults have an engineering importance as broken belts of rock that :

(1) in wet rocks, serve as a source of water, desirable or undesirable ;

(2) in dry rocks, allow of leakage of water from reservoirs ;

(3) in any rocks, furnish weak foundations ;

(4) in regions of modern movement, such as California or Japan, are

liable to displacement with disastrous results.

Faults in combination determine certain structures that have been given
special names :

A graben (German for trench, cognate with our grave) is a subsidence
bounded on two sides by parallel faults throwing down towards the
interior. Another name is fault trough (Fig. 50).

A horst is an elevation bounded by faults throwing down towards the
exterior.

Step faults are two or more parallel faults throwing successively in the
same direction.

All these fault structures at the time of their development make corre-
sponding geographical features, but these are liable to be obliterated by
erosion and deposit. The Jordan Valley in the Holy Land, and the Great
Rift Valley in East Africa, are modern grabens that still retain much of the
form given by earth movement. Professor Gregory, before he came to
Glasgow, took a very prominent share in the investigation of the Great Rift
Valley. He went out as a younger member of a British Museum expedition,
and, when the seniors fell ill, carried on with his native party alone in a semi-
hostile country.



CHAPTER XXII
CONCRETIONS AND VEINSTONES

CONCRETIONS
CoNCRETIONS are natural growths of mineral matter, which form about a
centre or core.

The growth may take place in superficial water, or, more commonly,
underground. Concretions serve therefore as a link between the chemical
precipitates among sediments and the underground chemical precipitates
known as veinstones. Concretions give us many examples of the approxi-
mate balance of solution and deposition, already noted in connection with
stalactites. Material dissolved at one point may be reprecipitated close at
hand. Often one can see a cause for such reprecipitation, since many con-
cretions; but by no means all, have grown about a decaying organism. Any
concretion that can be described as a lump may be called a nodule.

The commonest mincrals to give concretions are : calcite, forming lime-
stone nodules ; siderite, forming ironstone nodules ; flint and chert. The tex-
ture is generally very fine, but sometimes coarse. Thus, in exceptional districts
(Fontainebleau and the Bad Lands of South Dakota), one finds large well-
formed crystals of calcite full of sand grains. Other somewhat mysterious
examples of the concretionary growth of large crystals are furnished by the
post-Glacial muds of the Firth of Clyde and certain other estuaries.

Concretions are usually either irregular or spheroidal in form. If sphe-
roidal they lie flattened along the bedding.

The flints of the Chalk formation, called chalk flints for short, occur as
irregular nodules or bands roughly following the bedding, but also to some
extent distributed along transverse joints. They have derived their material
from siliceous sponges disseminated through the chalk. Not infrequently
they have grown about some fossil such as a sea urchin. The solutions that
brought the flint carried away an equal volume of chalk, so that the nodule
replaces country rock. In some cases, however, concretions displace country
rock in the same way as growing ice crystals may lift gravel.

There is a particular type of limestone nodule, called kankar, extensively
worked for lime in tropical parts of India and East Africa. The nodules are
dependent for their formation on an alternation of wet and dry seasons.
They are irregular in form, though with a distinct vertical tendency, and are

H 113 B.G.
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of very fine-grained smooth texture. The top division of the Upper Old Red
Sandstone, and also of the New Red Sandstone, in Scotland carries limestone
nodules, called cornstones, which in form, attitude and character precisely
resemble the kankar nodules of to-day. They furnish evidence that at the
time of their formation Scotland was dry land with a tropical climate of
alternating wet and dry seasons.

The vertical tendency of cornstones, though generally ill expressed, is
sometimes spectacular. There are rows of cornstone nodules in the Upper
Old Red Sandstone of Arran that look like a group of organ pipes.

VEINSTONES

Veinstones are underground chemical deposits or replacements, formed
along joints or faults. They have very often been supplied by igneous
emanations.

Veinstones may be divided on a commercial basis into gangue, which is
the comparatively worthless portion, and ore, which is the comparatively
valuable portion. Often, as new uses are found for uncommon metals, part
of the gangue of one generation of miners becomes ore to the next ; and spoil
heaps are worked over to extract material previously treated as waste.

Minerals that are frequently grouped as gangue include :

Quartz (hexagonal) - - - - Si0,

Calcite (hexagonal) - - - - CaCO,

Fluorspar (cubic) - - - - CaF,

Barytes (orthorhombic) - - - BaSO,

Tourmaline (hexagonal) - - - Borosilicate of Al and Fe

The first three have been mentioned in previous chapters.

Barytes is white when pure, has a good cleavage and the hardness of
calcite (H3, see scale of hardness, p. 67), but does not fizz with acid, and is
very heavy for its size. In fact its high specific gravity is distinctive. Barytes
is often called heavy spar, while the name barytes itself comes from the
Greek for heavy.

Tourmaline occurs in long three-sided or six-sided lustrous prisms, easily
distinguished from hornblende by optical tests.

Among the ore minerals may be mentioned :

Gold (cubic) - - - - - Au
Pyrites (cubic) - - - - - FeS,
Haematite (hexagonal) - - - Fe,0,
Siderite (hexagonal) - - - - FeCO4
Silver (cubic) - - - - - Ag
Argentite (cubic) - - - - AgS

Galena (cubic) - - . - - PbS
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Zinc Blende (cubic) - - - - ZnS

Copper Pyrites (tetragonal) - - - CuFeS,
Malachite (monoclinic) - - - CuCO,4 . Cu(OH),
Cagsiterite or Tinstone (tetragonal) -  SnO,

Stibnite (orthorhombic) - - - Sb,S,

Cinnabar (hexagonal) - - - - HgS

It will be noticed that these veinstone minerals, except tonrmaline, have
simple compositions. In this they differ from the complex silicates that make
up the bulk of igneous rocks. In corrclation with their simple chemistry
they crystallise for the most part in the two systems that have the highest
symmetry, a matter that we yet have to consider. These two systems are
the cubic, with three equal axes at right angles, and the hexagonal, with three
equispaced equal axes in one plane and a fourth unequal axis at right
angles to this. Copper pyrites, malachite, cassiterite and stibnite are
exceptions. The long form and corresponding cleavage of stibnite are
very distinctive, taken in conjunction with its metallic grey lustre.

All the ore minerals-listed have metallic lustre, except siderite, zinc
blende, malachite, cassiterite and cinnabar. We have already dealt with
siderite, which can easily be recognised as a carbonate by treatment with
warm acid. Zinc blende and cassiterite both have adamantine lustre and
tend to be slightly transparent. Malachite is green, and cinnabar is red.
Fortunately the latter is softer (H 2) than haematite (H 6), and of higher
specific gravity.

All coloured minerals with metallic lustre give a black or coloured streak,
which further scparates them from the silicates. The colour of the streak,
as already pointed out, is not necessarily the same as that of the lustre, for
pyrites has a black streak. Of the ores without metallic lustre, the highly
coloured malachite and cinnabar give green and red streaks respectively,
and zinc blende and cassiterite give rather indefinite pale brownish streaks.
The best rough test with which to distinguish zinc blende from cassiterite (in
absence of a microscope) is hardness. Zinc blende (H 4) is scratched with a
knife, and cassiterite (H 7) is not. Hardness is also very useful in distin-
guishing copper pyrites (H 4), which is scratched with a knife, from iron
pyrites (H 6-5) which is not.

As in the case of the minerals of igneous and sedimentary rocks, a first
year student is expected to get to know a good deal more than is here set
down. He should examine the minerals themselves with the help of a book
of reference, such as Rutley’s Elements of Mineralogy.

The simple chemical composition of the gangue and ore minerals is
responsible, not only for the high symmetry of their crystallization, but also
for their habit of occurring in veins. These simple compounds tend to
separate along with water vapour from the crystallizing silicates.
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Tourmaline accompanies the veinstone minerals because of the volatility
of boron compounds.

In several cases it is found that there is a distinct zonal arrangement in
the deposit of ores in Nature, just as there is a zonal arrangement in the
deposit of volatile substances in the chimneys of smelting furnaces. Corn-
wall gives a good example. For the present purpose it is sufficient to mention
merely the metal, without particularising the ore. The following is the order,
starting from the hottest region at the time of deposition, that is from
within, or just outside, the Cornish granites: tin, copper, zinc, lead, lead
with silver, iron.

Thus a mine, which started on the outcrop of a copper vein, may find
itself in depth a tin producer.

Similar zoning is met in other fields. Butte, of Montana, the greatest
copper camp in the world, shows very clearly an exterior upper zone of zinc
and an interior lower zone of copper.

The mobility of the ore solutions makes it easy for chemical reactions to
occur with resultant replacements. In fact replacement is a much more
important phenomenon in ore geology than in igneous geology. The products
depend, partly upon the nature of the ore solutions, and partly upon the
nature of the country rock. In Cornwall, where the granitic emanations
were rich in boron, and the country rock was slate, tourmaline has been pro-
duced on a considerable scale. Limestone is a rock that is very susceptible
to chemical alteration, and in many parts of the world rich ore-replacements
are worked in limestone as country rock.

Very important changes affect ores as a result of long-subsequent weather-
ing. There is a tendency to oxidize the metallic sulphides near the present
level of the ground, and to remove the resultant sulphates in solution. Thus
an impoverished or leached zone is produced, which may mask riches still
left underground. Where, for instance, the copper veins of Butte reach the
surface they carry no copper at all. They were worked for their small content
of silver, and this led miners down to the unoxidized depths where copper is
abundant.

Very often the leached zone is counterbalanced by a zone of secondary
enrichment farther down. Descending solutions may undergo complex re-
actions leading to precipitation of insoluble compounds. The material of
these concentrations may have come in part from portions of the leached zone
now actually eroded away. In many fields the zone of secondary enrichment
is all that is worth working.

Sedimentary sorting may produce rich accumulations at the surface.
Alluvial gold and stream tin are cases in point. The heavy valuable material
is concentrated by natural currents, just as it is in the artificial currents
produced by panning. Another name for alluvial gold is placer gold.



CHAPTER XXIII
TECTONICS

WE shall now consider structural map-reading on a more quantitative basis
than before, and then pass on to certain additional aspects of folding and fault-
ing. Some familiarity with tectonics is an essential preliminary to the under-
standing of the Metamorphic Rocks which are to follow in Chapter XXIV. The
present chapter is to be regarded as a sequel to Chapters 1V, X and XXT.

Dip AND varLLEY-sLopE.—The following four propositions may be
regarded as self-evident, but nevertheless are useful.

(1) If an inclined bed is cut through by a valley, and if the outcrop of
the bed does not reach the valley floor either upstream or downstream, then

the component of the dip parallel to the valley must equal the bottom-slope
of the valley.
(2) If a bed crosses a valley undeflected, it must be vertical.
(8) If a bed V’s downstream the downstream component of its dip must
be steeper than the bottom slope of the valley.
(4) If a bed V’s upstream, its dip may be at any angle not included in
(1), (2) and (3).
StaTEMENT OF DIP.—Dip can be expressed either in degrees, or in the
form 1 in so many. Approximately :
1°=1in 60
and, up to 30°,
n°=nin 60 =1 in 60/n
This rule, 1°=1 in 60, is very easy to remember because it is connected
with the ancient habit of dividing units into 60 parts, since 60 has many
factors. Thus we have in time :
60 seconds =1 minute
60 minutes =1 hour
and in angles :
60 seconds =1 minute
60 minutes =1 degrec
60 degrees =1 angle of an equilateral triangle

Very roughly, the angle of an equilateral triangle =1 in 1, which helps

us to remember that much more closely 1°=1 in 60.
117
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D1ps AND coNTOURS.—The 1-in-so-many method of expressing dips is
useful in the graphical solution of problems. Suppose we are working on a
large-scale contoured map, and that an outcrop in crossing a valley cuts the
400-foot and 300-foot contours on the two sides of the valley. Obviously
the line of strike is obtained by drawing a line through the two points at
which the outcrop cuts the 400-foot contour. Also a parallel line should be
obtained by drawing a line through the two points at which the outcrop cuts
the 300-foot contour. Suppose these two lines are x feet apart on the map.
Then the dip is 100 feet in z feet, or 1 in %

Dip IN BORES AND QUARRIES.—A related problem is to determine dip
from records of bores. Suppose a coal has been met in three bores, at sites
which we may call 4, B and C. If we know the relative heights of these
sites, and the depth at which the coal was met at cach of them, it is easy to
calculate the component, or apparent, dip from 4 to B and from A4 to C.
Let us suppose that we find a component dip from 4 to B of 1 in 12, and
from 4 to C of 1 in 5. Then in the line 4B mark B’, where AB’ =12 inches
(or any other unit such as centimetres) ; and in the line AC mark C’, where
AC’ =5 inches. Obviously B'C’ is a line of strike, along which our coal is
the map-equivalent of 1 inch lower than at 4. From A drop 4D, a perpen-
dicular, onto B'C’. Then AD is the line of dip. Also if 4D =z inches, then
1 in x =amount of dip.

An exactly similar construction allows us to calculate the true dip from
two observations of component dips taken along the walls of a quarry.

TrickNEss.—The thickness of a formation is measured at right angles to
the bedding. It can often be measured directly in an exposure, especially
if the exposure consists of a cliff or series of cliffs, standing at right angles to
the bedding. In such a case a succession of partial measurements is made
with a foot rule. It is not necessary that these partial measurements should
follow one another in a straight line, so long as immediately successive
measurements stop and start at one and the same bedding plane.

A problem which often presents itself is to calculate the thickness of a
formation from the breadth of its outcrop and the amount of its dip. This
is done very conveniently by drawing a large section to true scale, using the
observed dip and reading off the thickness at right angles to the bedding.

DepTH.—Another closely allied problem is to determine the depth of
a stratum such as a coal seam at some particular point. A section is drawn
through the point to the outcrop of the stratum, and the depth is read
vertically.

Geological surveyors generally carry about short mathematical tables in
their pockets, which give answers in regard to thickness and depth without
the trouble of drawing sections. The tables need only be very short indeed.
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OVERFOLDING

We have several times had occasion to speak of strata turned vertical or
even upside down. In the latter position they are said to be inverted or
reversed, whereas strata, which have not been inverted, are called normal,
because this is the usual attitude.

The definitions of anticline and syncline, which have so far been given
(Chapter 1V), describe folds in which both limbs are normal. Here is a
general definition of an anticline,
which holds even where one limb is
inverted :

An anticline is a fold with a
core of originally underlying rocks
(Fig. 514, B).

The converse holds for syncline.

The following definitions are very
casy to remember :

A normal fold has both limbs
normal.

A normal fold is symmetrical if
its two limbs are equally inclined in
opposite directions.

An overfold or overturned fold
has one inverted limb.

An overfold is isoclinal if the nor-
mal and inverted limbs are roughly
parallel. . . FiG. 51. A and B are anticlines, which

An overfold is recumbent if the jegerye to bo called recumbent bocause each
two limbs are roughly flat. has a large horizontal component in its cross-

The axial plane of a fold as strike extonsion. Tho stratigraphical suc-

s s cession is from 1, oldest, to 4, youngest. In
nearly as POSSIble divides the fold C, a and b represent antiforms, closing up-

into two equal parts parallel with wards; c and d, synforms, closing down-
strike. wards ; e is a neutral recumbent fold said
The axial plane is vertical in a nor- to close towards a particular point of the
mal symmetrical fold, but becomes eompass.
inclined in a normal asymmetrical fold, and continues so in an overfold,
until it reaches the horizontal in a recumbent fold.
An axis of a fold is the line in which any bed intersects the axial plane.
Pitch is the inclination of a fold axis.
Pitch may be difficult to read accurately on a map, but the following rule
gives very useful results.
The pitch of a fold outcropping on level ground roughly corresponds with

Recumbent
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the dip of the beds in the central part of the fold, where the dip is at right
angles to that of the limbs.

This rule does not hold for recumbent folds.

The pitch of an overfold, if observable, allows us to decide whether the
overfold is an anticline, or a syncline (supposing it is not recumbent). This
is of very great importance, because in an isoclinal overfold, the dips of the
limbs do not give us the requisite information. The rule is quite easy to
understand ; it is as follows : if you look at a map along the direction of

7@ AN
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EAS AT A
F1a. 52. Map and section of a pitching series of folds, some normal,
others isoclinal.

pitch, the anticlines and synclines will have the same general appearance as
if seen in section. For example, if you examine the map of Fig. 52, first along
the pitch, that is with the north-east corner directed away from you, and
then in the opposite direction, you will see that, with the former orientation,
all the anticlines look like anticlines, whether they are normal or isoclinal.
It is comforting to realise that inversion of pitch is a very rare phenomenon
in comparison with inversion of dip.

To distinguish an anticline from a syncline in regions of great tectonic
complexity (c¢f. Fig. 51a and B), we need to know, not only the geometry of



xxiii] TECTONICS 121

the formations in the exposure which is being studied, but also something of
the history of the fold. For a variety of reasons, it is sometimes convenient
to be able to give observed folds names whleh have an entirely geometrical
significance (Kig. 51c) as follows :

Antiform means a fold that closes upwards.

Synform means a fold that closes downwards.

TEAR FAULTS

A tear fault has a horizontal displacement parallel to its strike. In a
pure tear fault there is no downthrow. The hade of a tear fault is generally
steep.

Tear faults are very hard to distinguish from normal faults, unless they
cross the axes of normal folds, or cross vertical beds or intrusions striking at
right angles to themselves. 1f a tear fault crosses an anticline it will move
the whole anticline in one direction ; whereas a normal fault, coupled with
crosion, displaces the two limbs in opposite directions. Kennedy has
recently claimed that the Great Glen Fault of Scotland is a tear fault,
and that the Strontian and Foyers granites, which it truncates, are really
the two halves of a single intrusion separated by 65 miles of horizontal
movement.

Horizontal slickensides are also clear evidence of tear faulting. One must,
however, be careful not to assume that because a fault has functioned as a
tear fault at one stage of its career that its most important movements have
been of this character.

REVERSED FAULTS OR THRUSTS

A reversed fault, or thrust, hades away from the downthrow (this is an
introductory definition to be modified in the following section on Slides).

The hade is generally low, so that the heave, or horizontal displacement
at right angles to the strike of the fault, is often great compared with the
throw. There are many reversed faults, or thrusts as they are commonly
called, with a heave of more than ten miles in extent. The Moine Thrust of
the North-West Highlands is one of the best known in the world (Figs. 290,
291). Its outcrop is visited every year by British and foreign geologists,
merely for the thrill of seeing it. There is an excellent model of it in several
museums, prepared by Peach and Horne, who mapped it for the Geological
Survey. Students are lucky if they can study this model. At any rate they
can buy the penny illustrated guide published by the Geological Survey.

The heave of a reversed fault shortens a country. Reversed faults are
therefore compressional phenomena, and that is why they are called thrusts

(¢f- Fig. 54).
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The direction of relative overthrust is called for short the direction of
movement. This is & matter of definition rather than of abstract physics.

Crushing phenomena are generally more pronounced along thrusts than
along normal faults. A consolidated drawn-out rock-powder, produced by
faulting, is called mylonite, meaning milled rock. Mylonite is commonly
found along important thrusts, such as the Moine Thrust.

Here are a few more definitions :

A thrust-mass or, to use a French word, nappe, is the sheet of rock that
has moved forward on top of a thrust. We are familiar with the word nappe
in its diminutive napkin.

< <

Fre. 3. The Mythen klippe, noar Lake Lucerne.
(Wohrli-Verlag photo.)

The rocky peaks are far-travelled Mesozoic. The foundation, on which they
lie, is Tertiary concealed under grass and forest. In the right foreground is a
forested dip slope of Cretaceous emerging from bencath the Tertiary.

A klippe is a portion of a nappe isolated by erosion (Figs. 53, 291). The
word is German and means cliff. Some of the conspicuous klippes of the
Carpathians and Alps are bounded by cliffs, but this is not a necessary
condition. For a time the Alpine klippes were mistaken for cliff-bounded
islands, with later formations banked up around them.

A window is an eroded gap in a thrust, through which one can look down
upon the rocks below the thrust.

TECTONIC CONTRASTS

The earth’s surface can be divided into :

(1) PERSISTENT PLATFORMS.—These through long ages have moved up
or down with scarce appreciable tilt. Such platforms have persisted for very
different periods of time. Among the most persistent are parts of Russia in
Europe and the Great Plains and the Canadian Shield in North America.



xxiii] TECTONICS 123

These two immense platforms have refused to bend since before Cambrian
times to the present day.

(2) FoLpEp mounTAINS.—These have been subjected to an intense
folding with the production of overfolds, thrusts and slaty cleavage. Folded
mountains are of various dates. Most of Britain lies within the Caledonian
range, which is largely of post-Silurian pre-Devonian date with its north-
western front at the Moine Thrust (Fig. 278). Southern Britain and most of
France and Germany lie within the Hercynian range, of post-Carboniferous
pre-Permian date (Fig. 308). Switzerland, Ttaly and the Pyrenees belong to
the Alpine range of Tertiary date, which extends eastwards through the
Himalayas.

The Caledonian and Hercynian chains are very old, while the Alps are
relatively young. The ancient ranges belong to Geology rather than Geo-
graphy. We all agree that the Alps in Switzerland are mountains, because,
being young, they stand high. Given time they will lose their height through
erosion. They will then cease to be mountains geographically; but their
roots will retain mountain structures, such as folds and thrusts. Geologically
speaking we claim that folded mountain chains are indestructible. It is
geographical nonsense to spéak of the Caledonian chain running across the
North Sea from Scotland to Norway ; but it is true all the same, if we are
thinking in terms of Geology.

The date of a mountain chain is deduced as follows :

A chain is of later date than the latest strongly folded formation that
occurs within it. It is of earlier date than the earliest unconformable for-
mation of its district which has escaped strong folding.

Mountains are not made in a day, so that when we come to detail we can
often divide the period of active folding into stages marked by a succession
of angular unconformities.

Most of Britain has approached, though very imperfectly, the condition
of a persistent platform since the folding of the Caledonian chain at the close
of Silurian times. The Old Red Sandstone, which represents the Devonian,
lies at the base of a comparatively unfolded assemblage of formations. This
condition does not hold true in the south of Ireland, England and Wales,
where Hercynian folding came much later, and where the flat formations
start with the Permian instead of with the Devonian.

The origin of folded mountains is uncertain. They have clearly resulted
from compression ; but the displacements involved are immense, and it is
difficult to know whence comes the motive force.

It used to be thought that the interior of the earth must be cooling,
because heat is escaping. If it is cooling it must be shrinking, and this would
leave the already cooled crust too big for the interior. It has been suggested
that the folded mountains may be compared with the wrinkles that develop
on the skin of a shrinking apple.
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This explanation has been disputed, especially since the discovery of
radium, Tt is certain that if radium were as abundant throughout the earth
as it is at the surface—and even there it is very scarce—it would supply more
heat than is at present escaping from the surface. If so the earth is heating,
not cooling. Probably in some way an approximate balance has been struck.
The problem is far too complex to discuss here. All one can say is that at
present there is no evidence that folded mountains are the product of a
cooling earth.

The folded mountains with their immense thrusts are clear evidence that
different portions of the earth’s crust sometimes move towards one another
for considerable distances. Reference has already been made to the hypo-
thesis of drifting continents. It is thought by many that folded mountain
chains are a symptom of this drift ; that the Alps, for instance, were raised
during a collision of the European and African blocks.

Those who adopt the drifting of continents as an explanation of folded
mountains have still to find a satisfactory motive force. Convection
currents in the layer below the continents have been postulated ; but the
subject is too deep for ordinary geologists.

Perhaps it is well to point out that though the drifting of continents is a
very hypothetical idea, the floating of continents seems to be established. It
is pretty clear that the several continents are made of relatively light material
which does not extend in bulk far under the intervening oceans. As for the
interior of the earth, it is certainly denser than the common rocks of the
continents. One pictures the continents floating something like icebergs
with much of their light material submerged. The idea is summed up in the
word isostasy, which claims that the major features of geographical relief
are in equilibrium with the underground distribution of density. Gravity
determinations seem to demonstrate that the Himalayas, for instance, are
buoyed up by a great downward bulge of light continental material, pro-
jecting into a heavy substratum.

SLIDES : THRUSTS AND LAGS

The definition of thrust, which has been given above, is useful for intro-
ductory purposes, where it is convenient to contrast thrusts with normal
faults. In actual practice, the need soon arises for a more general definition,
one that can be widely applied without self-contradiction. For instance,
one and the same fault may be disposed in antiforms and synforms, which
would (according to literal interpretation of our previous definitions) lead us
to call it in some places a thrust and in others a normal fault. Let us begin
our process of generalization by defining a term that is more inclusive than
thrust, namely slide.
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A slide is a fold-fault, or, in other words, a fault which has arisen in
connection with strong folding.

We can then proceed as follows :

A thrust is a slide which more or less completely replaces the reversed
limb (real or imaginary) of an overturned anticline.

(|) A B C D
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Fic. 54. Thrust tectonics with overlapping approach of AB and CD,
both maintaining their original lengths. BC is rotated and thinned
by elongation.

Let us consider the diagram (Fig. 54). If the elongation of BC into
B'C’ be due to faulting then a thrust lies along B’C’ and partly re-
places a real reversed limb. If again the original interval between 5 and
C had been zero, then B'C’ would represent a thrust replacing an imaginary
reversed limb.
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Fia. 65. Lag tectonics, in which EF and GH aro thinned by elongation without
rotation, while FG is rotated without elongation.

Our next definition is :

A lag is a slide which more or less completely replaces the unreversed limb
of an overturned anticline (real or imaginary).

For introductory purposes Figs. 54, 55 suffice to convey the contrast
between thrust and lag tectonics. In the former, rotation is subordinate as
is indicated by the elongation (with thinning) of the rotated limb B'C". In
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the latter, rotation is predominant, as is indicated by the elongation (with
thinning) of the unrotated limbs £'F" and G'H'.

It is unnecessary to pursue the subject of lag tectonics farther, for it has
comparatively few applications in Geology. It may, however, be pointed
out that movements with a predominant rotation factor are conveniently
called eddies. Lags are developed in connection with eddies, and are a
feature of particularly deep-seated mountain-making movements (Fig. 289).



CHAPTER XXIV
METAMORPHISM

METAMORPHISM is a mechanical, or chemical, rearrangement of constituent
material, generally with a development of new minerals. Processes of ordi-
nary weathering, consolidation and cementation are excepted.

There are two great categories, contact and regional.

CoNTACT METAMORPHISM is limited to the neighbourhood of intrusions,
to which it is due. The belt of contact-altered rock adjacent to an intrusion
is called an aureole.

Contact alteration may result from simple baking, in which case no new
substances are introduced, while volatiles, such as H,0 and CO,, tend to be
expelled. Thus the hydrated silicates of aluminium, common in clay-rocks,
are often converted by baking into andalusite, which is an anhydrous silicate
of aluminium, AlSiO; Similarly, if an impure limestone is heated, the
calcium tends to form silicates known as calc-silicates, which entails loss
of CO,.

Pure limestone, however, recrystallizes to marble, and does not decompose
to lime, as it does when heated in an open kiln at atmospheric pressure.
(Some of the marbles of commerce are merely unmetamorphosed limestones
that are capable of taking a good polish.)

Rocks, other than marble, which have recrystallized under the influence
of heat, are often called hornfels, if the new minerals have not developed
with a parallel structure. Andalusite-hornfels and calc-silicate-hornfels are
commonly found near granites in Scotland and elsewhere.

It is probable that the volatiles, expelled from neighbouring country
rock during baking, may be in large measure dissolved, under pressure, by
the magma, and allowed to escape at volcanoes.

In addition to mere baking, contact alteration often includes changes due
to introduction at high temperature of such volatiles as H,O and compounds
of fluorine, F, and boron, B. When a magma consolidates to rock it has to
get rid of most of its dissolved volatiles, whether original or picked up from
country rock. Tourmaline and muscovite are characteristic products of this
gaseous type of contact alteration, known as pneumatolysis (where pneuma
means gas as in pneumatic tyre). Pneumatolysis is a phase of igneous

activity that has given rise to many mineral veins.
127
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REGIONAL METAMORPHISM is widespread, and not limited to the vicinity
of intrusions. It almost always has two aspects, dynamic and thermal.

Dynamic metamorphism depends on the application of force or stress.

The production of mylonite along a thrust is a restricted example.

Of much wider scope is the production of slate, with its new splitting
structure called slaty cleavage. Slaty cleavage is a structure developed by
deformation, which allows a rock to split along close-set parallel planes. 1t
depends upon the shape and arrangement of particles, not of atoms as in
crystal cleavage. Its metamorphic character is often shown by its develop-
ment across bedding.

N T &y

F1c. 56. Slaty cleavage crossing folded bedding. (Leith, 1914.)

The connection between cleavage and deformation is occasionally quite
obvious to the naked eye. While most slates are altered muds, the beautiful
green slates of Cumberland are altered volcanic ashes. The distortion and
flattening of the fragments, making these ashes, are exceedingly clear. Even
in ordinary slates the distortion of fossils may tell the same tale. So also the
crumpling of bedding speaks of compression. Rocks exhibiting slaty cleavage
are generally strongly folded, and the cleavage runs parallel with the axial
planes of the folds (Fig. 56).

Two contributing causes to the development of slaty cleavage are the
reorientation of flaky minerals already present and the orientated growth of
new flaky minerals. If beeswax full of haematite flakes is deformed by
pressure, the flakes set themselves at right angles to the pressure and give
the mixture an artificial slaty cleavage.

Thermal metamorphism, combined with mechanical metamorphism,
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greatly aids the development of new minerals, and thus increases the grade
of the regional metamorphism.

An argillaceous slate with increasing metamorphism passes through the
conditions of phyllite, mica-schist and paragneiss, terms that we shall pre-
sently define. First of all we must explain a rather difficult word, foliation.

Foliation is a parallel arrangement of new minerals, either along planes or
along lines. Often the new minerals are arranged in alternating leaves or plates
(folia), which may, or may not, make an angle with the bedding (folium in
Latin means leaf; some leaves, of course, such as those of pine trees, are linear).

The origin of such folia is not always understood.

Slates often are sufficiently recrystallized to be classed as foliated, in
which case foliation and slaty cleavage coincide. More metamorphosed
rocks such as phyllite are always foliated.

We shall now define the various forms of metamorphic argillaceous rocks,
often spoken of as pelitic :

Phyllite is a foliated rock of clay composition, shining with finely crystal-
line muscovite and chlorite. It is more crystalline, and therefore more
lustrous, than slate.

Mica-schist is a foliated rock, generally of clay composition and medium
texture, and always rich in mica, which typically includes biotite.

Garnetiferous mica-schist is a highly metamorphosed mica-schist, which

@

has developed garnet (Fig. 57). Com-
mon garnet is a ferromagnesian alu- ar NN
minium silicate of cubic erystallization. ' \ \}\\\\Q\\\\

The grade of metamorphism of a [ \\\6\0\ \\"\ 3\’\\:\ \
pelitic rock is fairly well indicated by il N \Q \\\\G\}\ \{Q \§ 3
the presence, or absence, of certain in- ‘\\»’ \\\o\ N i\\i\
dex minerals. Barrow and his disciples, & N\ \s \ V .
working in the Scottish Highlands, have @l
pointed out that the following serve as NI O
good indices : chlorite, biotite, garnet,
staurolite, kyanite, sillimanite.

The order given is the order of in-
creasing metamorphism. A schist is said to belong to the biotite grade if it
contains biotite and no garnet, and to the garnet grade if it contains garnet
and no staurolite, and so on.

Regionally metamorphosed arenaceous rocks are often called psammitic.
The following are types :

Quartzite may be mentioned, although many quartzites are merely
cemented sandstones, and not metamorphosed in the true sense. A quartzite
is a highly quartzose sandstone with quartz cement.

Quartz-schist is a quartzose rock with enough parallel mica to give a
foliation.

I B.G.

Fia. 57. Garnetiferous mica-schist.
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Schistose grit is a grit which has developed foliation through carth move-
ment. It is a very common type in the Southern Highlands.

Among calcareous rocks, regional metamorphism turns pure limestones
into marbles, and impure limestones into calcareous schist, if there has been
enough clay material to develop mica.

Among igneous rocks, regional metamorphism changes basalt and
dolerite into hornblende-schist. The hornblende results from interaction
between olivine and augite, on the one hand, and labradorite, on the other.
A certain amount of plagioclase is always left. From granite it makes
granite-gneiss with very little mineral change, but with a development of
foliated structure.

Gneiss is a broad term. It means a coarsely crystalline foliated rock,
which in typical cases has the minerals of a granite or a diorite.

Gneisses may result from the metamorphism of igneous rocks, in which
case they are. called orthogneisses. Or they may result from the metamor-
phism of sediments, in which case they are called paragneisses. It is gener-
ally easy to distinguish ortho- and para-gneisses, because, as already pointed
out, igneous and sedimentary rocks have contrasted chemical compositions.
Let us, for instance, compare an orthogneiss, that has resulted from the
metamorphism of a granite, with a paragneiss, that has resulted from the
metamorphism of a felspathic sandstone. Most sandstones are much richer
in quartz, and therefore in Si0O,, than granites. By this test many specimens
of Moine gneiss from the Scqttish Highlands may be recognised as paragneiss.
Or again compare an orthogneiss, that has resulted from the metamorphism
of a basic igneous rock, with a paragneiss of similar SiO, percentage, which has
resulted from metamorphism of a shale. The rules have already been given :

Usually in a basic igneous rock: CaO>MgO; Na,0>K,0; and
molecularly CaO + Na,O + K,0>AlL0,.

Usually in a shale: CaO<<MgO; Na,0<K,;0; and molecularly
Ca0 + Na,O + K,0 <ALO,.

Accordingly a chemical analysis almost always decides whether a meta-
morphic rock started as a basic igneous rock or a shale. Fortunately we
need not as a rule go to the expense of a chemical analysis. An orthogneiss
derived from basic igneous rock is almost certain to contain hornblende,
which as we have seen is the Na-ferromagnesian silicate. A paragneiss
derived from shale will probably be rich in biotite, which is the K-ferro-
magnesian silicate, rather than hornblende. In fact the outstanding feature
of the paragneiss is likely to be an abundance of mica, black or white, since
these minerals not only contain K, but are also rich in Al

The statements offered above hold only for districts of straightforward
regional metamorphism. In many cases regional metamorphism has been
accompanied by igneous injection, and the products are mixed-rocks, for
which the title migmatite is commonly employed.
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CHAPTER XXV
GENERAL CRYSTALLOGRAPHY

WE have already defined a crystal as internally dissimilar in certain inter-
secting directions, though similar in all parallel directions (Chapter XII).

A crystal may be detected by its internal properties, and also by its
external form, where it has grown under conditions that allow it to assume
a characteristic shape.

Crystals generally grow from vapour, fusion or solution, conditions that
give the atoms freedom to find their place in formations of regular pattern.
Quick cooling of a silicate melt gives glass, with disordered atoms.

Faces of crystals grow parallel to themselves, and can, if needs be, repair
themselves.

The general shape of a crystal is called its habit. A mineral like calcite
may exhibit a great variety of habit according to conditions of growth.
For instance it may be long and spiky, or short and stumpy.

Differences of habit may be due either to development of new faces or to
differential growth of old faces.

LAW OF CONSTANT ANGLES.—In Nature, though not in models designed for
beginners, the relative dimensions of corresponding faces vary ; but even in
Nature the angles between corresponding faces are constant. This statement
is really a repetition of what has just been said about a crystal face growing
parallel to itself.

The measurement of interfacial angles is of fundamental importance
in Crystallography, and is performed with an instrument called a
goniometer (Greek for angle measurer).

You will remember that we can refer crystals to axes for purposes of
description. Only three axes are necessary in any case ; and only three axes
are used, except in the Hexagonal System. Let us limit our attention for the
most part to the three-axis scheme.

The axes, as you know, are imaginary lines drawn through the crystal
centre, each parallel to a crystal edge or to an axis of symmetry. If the crystal
has the same properties along two or more axes, then these axes are said to be
equal ; if it has different properties along any two axes, then these axes are
said to be unequal. Finally, crystallographers, where possible, select axes
at right angles and of equal length.
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All this has already been explained. Now we want to go a little farther.
The three axes are named A, B and C.

The A axis comes from the centre towards the observer, when the crystal
is held in its standard position. The + end of the 4 axis lies towards the
observer. The — end lies on the backward extension, on the other side of
the centre.

The B axis extends right and left through the centre. Its + end is to
the right ; its — end to the left.

The C axis extends vertically through the centre. Its + end is at the
top ; its — end at the bottom.

When we give the measurements of crystal axes we are not concerned
with actual lengths, but with relative lengths. We do not say that a crystal
axis is so many feet or centimetres long ; instead we state a ratio, saying, for
instance, that the 4 axis is a times as long as the B axis. In statements of
axial length we always, for convenience, treat the length of the B axis as
unity. This custom has some resemblance to that practised on the race-course,
where, according to report, ratios are expressed in the form 2:1, rather
than 46 : 23. In the Cubic System, where all three axes are equal, the ratio
is 1:1:1. In the Tetragonal System, where only 4 and B are equal, the
ratio is 1:1:¢. In the Orthorhombic, Menoclinic, and Triclinic Systems,
where all three axes are unequal, the ratioisa: 1 :c.

To measure the relative lengths of unequal axes, we chovse as standard
some face that cuts all three axes, and we take the ratio of its intercepts along
these axes as fixing the axial ratio @ : 1 : ¢. The intercepts are not measured
directly, but are calculated from the values of interfacial angles measured
with a goniometer.

Law oF RATIONAL INDICES.—The procedure outlined above is important,
because it has been discovered that a very simple relation connects the inter-
axial slopes of all faces belonging to one and the same crystal. The inter-
axial slopes of any face, if stated in terms of the axial lengths proper to the
crystal, can be expressed in whole numbers. Three numbers are required.
They are called indices, and are written in definite order : the first index
refers primarily to the 4 axis, the second to the B axis, and the third to the
C axis. Together they constitute what is called the Miller symbol of the face,
in honour of their inventor Miller. Some authors write them inside simple
brackets.

Let us build up the rule connecting interaxial slopes and indices in stages,
80 that we may easily visualize the relationships.

If the other two indices remain unaltered, then the interaxial slopes of
a face towards a particular axis are proportional to the corresponding
index. .

Thus the face (011) has no slope towards the A axis ; in other words it is
parallel with the A axis (Fig. 58).
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Again the face (211) slopes towards the A4 axis, from the B and C axes,
twice as steeply as the face (111) (Fig. 58).

The face (111) is the standard face, which we have already employed in
measuring the axial ratio.

We are now prepared for c
the full statement.

Let us take some face such on

as (432) as representative.

The face (432) has a 4 in 3 / o1
slope towards the 4 axis from
the B axis, a 3 in 2 slope to- B m
wards the B axis from the
axis, and a 2 in 4 slope to-

wards the ¢ axis from the 4 ) o A )

axis—all measured in terms of Fia. 58. Comparison of the interaxial slopes towards
oo ST tho 4 axis of tho faces (011), (111) and (211).
axial lengths. That is, if we

wish to draw a diagram showing the slope between the 4 and B axcs, we
mark two distances, 4 along the B axis and 3a along the 4 axis, and join
the points thus obtained (Fig. 59, left).

This method of drawing interaxial slopes does not as a rule give us a
picture of a crystal face. Thus in our diagram of the interaxial slopes of the
face (432), the lines indicating the slopes 4 in 3 and 3 in 2 do not cut the

c B axis at the same point. The
difficulty can be got over very
simply. From the two ends of
any one of the three slope-lines,
draw lines parallel to the other
two slope-lines ; we then obtain

o]

432 the required picture of the face

g‘ ! (432) (Kig. 59, right).
oY The use of signs is very ob-

B B . v,

vious. If a face cuts an axis on
A % A the + side, the corresponding in-
Fia. 59. On the left the interaxial slopes of d.ex I8 +. . If it f&uts it on the —
the faco (432) are plotted in the simplest man- side, the index is —. To save

ner possible. On the right they are combined poom 4 signs are not expressed
to give a picture of the face. in the symbol, and - signs are

placed above, instead of in front of, the index involved. Thus, in a cube (100)
is the near face, and (100) is the far face. Also, in an octahedron, (111) is the
front right top face, and (111) is the back left bottom face. It is easy to see
that faces with opposite corresponding signs are parallel. Thus (111) is
parallel to (111) (Fig. 60).

The simple numerical symbols that define crystal faces are reminiscent
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of the simple numerical formulae that define chemical compounds, such as
FeO,Fe,05,Fe,0,. As a matter of fact the laws of Constant Angles and
Rational Indices in Crystallography are closely analogous to the laws of
Constant and Multiple Proportions in Chemistry. The crystallographic and
chemical laws are alike dependent upon the atomic constitution of matter.
Atoms are the ultimate bricks of which crystals are built, just as they are the
ultimate particles of which compounds are composed. A crystal face is a
plane that passes through the centres of a number of similar neighbouring
atoms. The neighbours are soon used up, so there are not many faces
c possible to a crystal; and these faces are
linked together by the simple geometry ex-
pressed in the law of Rational Indices.

The scientific idea of atoms came as a
result of chemists using the balance. It
might equally well have come as a result
of crystallographers using the goniometer.

When we look sufficiently closely at
crystal structure to think in terms of
atomic spacing, we find that some of our
previous statements require corresponding
adjustment. It is no longer true that a
crystal is internally similar in all parallel
directions, but rather that the properties
of a crystal along any one line are re-
peated exactly along a set of equispaced
parallel lines that are scparated from one
another by distances of interatomic mag-
nitude.

A crystal axis now becomes a line
drawn through a series of equivalent atoms; and unit length along such an
axis becomes a definite distance, namely that separating successive atoms,

All this has long been understood, but it only came within the province
of measurable reality, in comparatively recent times, as a result of indirect
observation with the help of X-rays. Nowadays we know the internal atomic
pattern and the interatomic spacing of most mineral crystals.

As might be expected, the internal pattern of chemically complex crystals
is influenced by the virtual size of their component atoms. This renders
intelligible the isomorphism of albite, NaAlSi;Og, and anorthite, CaAl,Si,Og,
for it happens that Na has much the same atomic volume as Ca, and Al as Si.
On the other hand albite is not isomorphous with, but only similar to, ortho-
clase, KAlSi;O,, because Na differs considerably from K in atomic volume.

SyMMETRY.—Let us drop this side of the subject for a little, and say a few
words about symmetry.

Fi1a. 60. Parallolism of the faces
(111) and (I11).
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Most crystals have a centre of symmetry, in the sense that each face is
balanced by a parallel face on the other side of the crystal.

Many crystals have an axis of symmetry, that is, a line about which a
crystal may be turned into more than one position of identical aspect during
a complete revolution.

If identical aspect is reached twice during a complete revolution, the axis
is said to be of twofold symmetry.

Similarly, if identical aspect is reached 3, 4, or 6 times, the axis is said to
be of 3-fold, 4-fold or 6-fold symmetry, as the case may be.

It is interesting to note that there are no axes of 5-fold, 7-fold or higher
symmetry. Such axes are possible in flowers, but not in crystals. The
simplest proof that there cannot be an axis of 5-fold symmetry is based upon
the atomic structure of matter. As a rule there is more than one sort of atom
building up a crystal. Tn NaCl for instance there are two sorts, Na and CL.
In what follows we shall concentrate attention upon a single sort.

Mark a point O on a sheet of paper to represent the emergence of a
hypothetical axis of 5-fold symmetry at right angles to the paper (Fig. 61).
Then represent by a dot @ the position of
the atom which lies nearest to O, without
actually coinciding with O. The 5-fold sym-
metry about the axis will determine the
existence of a regular pentagon abcde, with f
similar atoms at each corner. The line ac ¢
will be parallel to the line ed. As the atom .0
a is similar to the atom e, there must be an
atom f along ac, where af =ed. But Of is
less than Oa, which is impossible. Therefore
an axis of 5-fold symmetry is impossible.
Uhat e, plr which divide 5 coyetl nte 110 01 Dingram lstscing
. ’ ¢ the impossibility of a five-fold axis
identical halves, the one the mirror image of symmotry in crystal structure.
of the other.

We have already defined the six crystallographic systems in terms of
crystallographic axes (Chapter XII). These systems include a number of
classes, distinguished among themselves by minor differences of symmetry.
The following statements in regard to elements of symmetry refer in each
case to the most symmetrical class of the particular system named.

b

e d

Cusic. Centre
Three 4-fold axes
Four 3-fold axes lthirteen
Six 2-fold axes
Nine planes
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TETRAGONAL. Centre
One 4-fold axis } q
Four 2-fold axes
Five planes
OrtaORHOMBIC. Centre
Three 2-fold axes
Three planes

MoONOCLINIC. Centre
One 2-fold axis
One plane
TRICLINIC. Centre
HEexacoNAL. Centre

One 6-fold axis| seven
Six 2-fold axes /"
Seven planes

You will notice that in all except the Cubic System the axes and planes
of symmetry are of equal number. This is because of a simple geometrical
rule, that any even-fold axis of symmetry combined with a centre of sym-
metry must be accompanied by a plane of symmetry at right angles.

The rule does not hold for 3-fold axes. Therefore in the Cubic System
there are four less planes than axes.

It would be hard to ask you to learn these lists by heart, even though it
is difficult to forget that the six systems have either 0, 1, 3, 5, 7, or 9 planes
of symmetry. Fortunately there is no need to commit anything to memory.
Let us take a cube, for example, as representative of the Cubic System.
Count its faces, there are six ; and its corners, there are eight ; and its edges,
there are twelve. It is such a simple matter that one can do it with one’s
eyes closed. Now look at any cube face. Obviously a 4-fold axis cmerges at
its middle point. The same axis emerges at the middle point of the opposite
face. Therefore there are half as many 4-fold axes as there are faces ; that
gives three. Similarly a 3-fold axis runs through each pair of opposite
corners ; that gives four. Similarly a 2-fold axis runs through the middle

points of each pair of opposite edges; that gives six. And as there are
nine even-fold axes, there must be nine planes.



CHAPTER XXVI
FORMS OF THE CUBIC SYSTEM

Now that we understand about symmetry we can define a very useful term
namely form.

A form is a set of similar faces linked together by symmetry.

The symbol of a form is the symbol of a constituent face, put inside some
particular type of brackets. Thus if the symbol (321) means one face, then
{321} means a number of faces, linked together by the symmetry of the
particular crystal concerned. Some authors use 321 for face, and (321) for
form.

In crystals with a centre of symmetry, the simplest possible form consists
of two parallel faces. That is the form {321} must contain the face (321) as
well as the face (321). A form which consists merely of two parallel faces
is called a pinacoid, and cannot by itself enclose a crystal. 1t is an open
form.

There are many other forms, such as prisms, domes and bipyramids,
found in various systems. The present chapter is limited to a discussion of’
comparatively complex forms found only in the Cubic System, because if
you understand them you can easily master the forms of less symmetrical
systems.

The Cubic System has so many elements of symmetry that all its forms
consist of six or more faces, capable of completely enclosing a crystal. All
the Cubic forms are closed forms. Also in any form such as {321} symmetry
ensures that every face shall occur which contains the indices 3, 2, and 1,
positive or negative, in any arrangement. Thus without thinking we know
that {321} must have a face (123). There are, in all, forty-eight such faces ;
but the number is reduced if two or three indices are equal, or if any index
i8 0. In the extreme case, the cube {100}, there are only six faces.

We can get representative examples of the Cubic forms by using the
indices 0, 1, 2 and 3, combined in groups of three to give Miller symbols.
There are seven representative forms, three with 0 in their symbols, {100},
{110}, {210}, and four without, {111}, {211} {221}, {321}. Forms with O in
their symbols have some vertical faces, and forms without 0 have none. Our
rule connecting indices and interaxial slopes tells us that in any form :

The biggest index of a face symbol shows the axis-end from which the
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face starts. The smallest index shows the axis-end to which the face points
least.

Thus (321) starts from the A axis-end, and points more to the B than to
the C axis-end. .

Similarly (132) starts at the B axis-end, and points more to the C' than
to the A axis-end. This rule is easily modified to meet special cases, where
any or all of the indices are equal.

Let us consider three categories :

(1) In forms with one index bigger than the other two, each face starts
from only one axis-end. Such forms are {321}, {211}, {210}, {100}.

(2) In forms with two equal indices bigger than the third, each face is
shared by two axis-ends. Such forms are {221}, {110}.

(3) In the one form with three equal indices, each face is shared by three
axis-ends. This form is {111}.

There are six precisely similar axis-ends in the Cubic System. Therefore
forms of group (1) must have a total of six times as many faces as meet at any
one axis-end ; forms of group (2) must have three times this number ; and
forms of group (3), two times.

The number of faces that meet at the 4 axis-end is casy to decide in any
particular form. Let us take the most general {321}.

To begin with, let us make a head-on drawing facing the A axis (such
drawings are best made on squared paper). This axis will be represented by
a point A4, the other two axes by horizontal and vertical lines through 4.
Let us think for a minute of the face of a cube. Evidently the horizontal
and vertical lines we have drawn to represent the B and C axes will equally
well represent the horizontal and vertical planes of symmetry that intersect
in the axis 4. Now let us draw two additional lines through A to bisect our
four right angles. These will represent the diagonal planes of symmetry
that intersect in the axis 4.

We now have eight equal angles meeting at A. Each of these represents
in our picture the angle of a face belonging to our general form {321}, because
it is impossible for faces of this form to pass a plane of symmetry without
being reflected, as it were, into a new face (Fig. 62).

It is the easiest matter in the world to give symbols to these faces : each
must begin with 3, as each starts from the + 4 axis-end ; those that lie
nearest to the + B axis-end must have 2 in the second place ; and so on.
Starting in the first angle above the + B axis, we have (321) ; and proceeding
counterclockwise from this beginning we have in all 8 faces : (321); (312);
(312); (321); (821); (812); (312); (32I). It is very good practice to do
this simple problem and ponder over the result. '

In most other forms, fewer faces than 8 meet at 4. The principles are
so simple that they merely require understanding, not memory. Start as
before by drawing the four planes of symmetry passing through 4. If a face
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points directly along a plane of symmetry it will not have an edge in that
plane. Take three examples (Fig. 62) :

The face (210) of the form {210} starts at 4 and points directly at B
because the O tells us it does not point at C at all. Therefore it points
directly along the horizontal plane of symmetry. Therefore the form
{210} has no edge in this plane, but it does have edges in the diagonal
planes.

The face (211) of the form {211} starts at 4 and points equally at B and C.
Therefore it points directly along the diagonal plane of symmetry between B

512 312 2(’)1
321 321 |

321 . 321

@ AN

Frc. 62. Cubic Forms. Head-on drawings of the meeting of faces in the
A axis. Thick lines are edges; thin lines are plancs of symmetry not
occupied by edges.

and C. Therefore the form {211} has no edge in this plane, but it does have
edges in the horizontal and vertical planes.

The face (100) of the form {100} fulfils both conditions. It has 0 in its
symbol, so that {100} has no edges in the horizontal and vertical planes
through 4. Also (100) points equally, namely not at all, at B and C, so that
{100} has no edges in the diagonal planes through 4.

We have got a long way with a head-on drawing of any form, once we
have inserted the faces that start from the 4 axis-end. We have already seen
that the symbols tell us whether these faces reach the other axis-ends, or are
interrupted by edges. Let us see that we understand by taking each repre-
sentative form in turn. We begin by drawing faint vertical, horizontal and
diagonal construction lines. Then according to the principles just ex-

plained, we can insert the faces that meet the 4 axis-end and the intervening
edges.
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The first three forms (Fig. 63) have 0 in their symbol. They therefore
have some faces that are parallel to the 4 axis. Such faces will be repre-
sented by lines in our head-on drawings.

{100} cuBE.—Only one face (100) meets the A axis-end. The corre-
sponding face at the B axis-end is (010), which obviously is represented in
our drawing by a vertical line, the edge in which it meets (100). As A is an
axis of 4-fold symmetry, there will be three other edges completing a

[cHAP.

square about (100).

(9]
Q01

i

"
A

oo

oof
c

2C|>T

103

Thus our drawing shows (100) as a square, and four

faces (010), (001), (010) and (001)
as lines ; while one face (100) is
hidden. This gives a total of
six.

{110} pODECAHEDRON.—We can
at once put in four faces (110),
(101), (110), (101) starting from
the 4 axis-end and separated by
edges in the diagonal planes. Let
us consider (110) more particularly.
Obviously it reaches the B axis-
end. To complete our drawing of
(110) we complete the square with
A and B at opposite corners. To
complete our drawing of the whole

o5y

C
Fia. 63. Cubic Forms. Head-on drawings
of the three forms, cube, dodecahodron and
four-faced cube, in which each face is parallel
to an axis. Thick lines are edges ; thin lines
are planes of symmetry not occupied by edges.

o form, we complete the other threc
faces in like manner. Our drawing
shows four faces beginning with 1
assquares,and four faces beginning
with 0 as lines—obviously the line
BC'represents the face (011) ; while
four faces beginning with 1 are hidden. In all there are 12 faces. The
Greek dodecahedron means 12-faced figure.

{210} FOUR-FACED CUBE.—We can place four faces (210), (201), (210),
(201) starting from the A axis-end and separated by edges in the diagonal
planes. At this initial stage our drawing resembles {110} ; but the face (210)
cannot reach the B axis-end. It must meet in this direction (120). As both
(210) and (120) are parallel with the C axis, they will meet in a vertical edge.
This vertical edge, repeated by the 4-fold symmetry of the 4 axis, gives
a square in our drawing, upon which stands a pyramid with four triangular
faces (210), etc., all meeting in the 4 axis. Similar pyramids must meet in
the other axes. The pyramid that meets in the B axis will be made of the
faces (120), (021), (021) and (120). Of these (120) will show in our drawing
as a triangle, and (021) and (021) as lines, while (120) will be hidden. It is
easy to draw the lines representing (021) and (021) because they have a



xxvi] FORMS OF THE CUBIC SYSTEM 143

2 in 1 slope towards the B axis from the + and - directions of the € axis.
Our drawing so obviously represents a four-faced cube, that we realise with-
out counting that the form has twenty-four faces.

The next four forms (Fig. 64) do not contain 0 in their symbol. They
therefore have no face that is parallel with the 4 axis. Accordingly in these
forms no face is represented in our
head-on drawing by a line ; every
face is represented by an area, or
else is completely hidden. Thus to
count the faces of the form, we
count the faces that are visible in
the drawing and multiply by two.

{111} octaHEDRON.—We insert &
the four faces (111), (111), (111), |°
(111) that meet in the 4 axis-end,
separated by edges in the horizontal
and vertical planes. The face (111)
reaches from the 4 to the Band C' ¢
axig-ends, so that it is represented
by the triangle ABC. The drawing Qr<_— X
of the form is completed by com-
pleting the square B( 'BC.  Four o A
faces are seen, so that the form has
cight in all.

{221} THREE-FACED OCTAHED- Fia. 64, Cubic Forms. Head-on drawings,

. . mostly partial, of the four forms, octahedron,
rRON.—Kight faces (221), (212), etc. hyoo-fucod octahedron, icositetrahedron, and

meet the 4 axis-end, separated from six-faced octahedron, in which no face is
one another by edges in the hori- parallel to an axis. Thick lines arc edges ;
tal tics l‘ d dis 1ol thin lines are construction lines for the pur-

zontal, vertical and diagonal planes. oS¢ Grawing.
The face (221) reaches from 4 to B,
so that A Brepresents a single erystal edge. Symmetry at once tells us that BC
and C'A must also represent edges, and that there must be a face (122) on BC
meeting (221) and (212) at 7', the emergence of the 3-fold axis of sym-
metry. 7T of course lies on the diagonal plane of symmetry through 4. For
many purposes it is enough to insert it approximately by eye, and complete
the drawing by joining 7’4, TB and TC. (If we want to fix T accurately, we
can bisect 4B at M, and join M to C’, where AC' =2A4AC. (" is the point in
which (221), if produced, would meet the C axis, so that M is the trace
of the median in this face symmetrical with regard to 4 and B. T lies in
our drawing at the intersection of MC’ and the diagonal plane AT.) Our
figure is evidently a three-faced octahedron, with twenty-four faces in all.

_ {211} 1coSITETRAHEDRON.—In this form only four faces (211), (211),
(211), (211), meet at the A axis-end, separated from one another by edges

A
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in the horizontal and vertical planes. The face (211) will not reach the B
and C axis-ends, so that at these ends we mark (121) and (112). The edge
of 121 in the BC plane is easily drawn for it has a 2 in 1 slope towards B.
Where this edge BP meets the diagonal plane of symmetry through A4, it is
reflected into PC, the corresponding edge of (112). Since the C and B axes
are of 4-fold symmetry, @, the corner in which (112) and (211) meet in the
AC plane, will be at the same horizontal level as P. Similarly, R, in which
(121) and (211) meet in AB, will in our drawing fall vertically below P.
Three edges are now required, P7', @7, and RT, where T marks the emer-
gence of the axis of 3-fold symmetry in the diagonal plane. As before, T'
may be inserted roughly by eye. (If we want it accurately we draw RT at
such an angle that it will meet BP produced in the C axis.) Clearly our form
is a variety of three-faced octahedron ; but, as this name is in use for {221},
the name icositetrahedron is here employed. It is Greek for 24-faced figure.

{321} six-FACED OCTAHEDRON.—The sketch of {211} can be roughly
changed to represent {321} by inserting edges connecting 7’4, T'B, and 1T'C,
and lettering the faces accordingly. (For accurate drawing P can be fixed
by drawing BP with a 3 in 2 slope towards B. R falls vertically below P.
Then find C’, the point in which (231), if produced, would meet the C axis.
The crossing of C'R and 4P gives T.)

The head-on drawings just described are very satisfactory except in the
case of {100}, (110} and {111}. For these forms slightly oblique drawings are

F1a. 85. Cubic Forms. Approximate oblique drawings of cube,
dodecahedron and octahedron.

preferable (Fig. 65). The following are simple rules for obtaining such draw-
ings without troubling about accuracy of detail.

{100} cuBE.—Draw the square (100) and then indicate freehand the right
hand face (010) and the top face (001) as seen obliquely. Any child knows
how.
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{110} DODECAHEDRON.—Draw a square faintly as a guide. Mark in the
corners firmly. Place A a little below, and to the left of, the centre of the
square. Join 4 to the four corners of the square. Complete the four parallelo-
grams that meet at 4. Complete the two parallelograms necessary to get rid
of re-entrant angles. A very satisfactory dodecahedron emerges with six of
its twelve faces in view.

{111} oCcTAHEDRON.—Draw a square with its opposite corners placed
horizontal and vertical. Place 4 a little below, and to the left of, the centre
of the square. Join A4 to the four corners of the square.

The other forms can also be drawn obliquely, but there is not much
artistic advantage.

B.G.






PART IV

MICROSCOPIC EXAMINATION OF ROCKS AND
MINERALS






CHAPTER XXVII
MINERAL SHAPE, CLEAVAGE AND COLOUR

MobERN geologists obtain a great deal of information from the microscopic
examination of rock slices. The practice was introduced by an Englishman,
Sorby, who died only a few years ago. During his lifetime the microscopic
study of rocks came to be the main foundation of the branch of Geology
known as Petrology. The descriptive side of Petrology is often called
Petrography.

A chip of rock is ground and polished by rubbing on a revolving hori-
zontal steel disc, covered successively with carborundum of two grades, and
finally on a glass plate with still finer carborundum. It is next mounted on
a glass slide, with its smooth face fixed to the glass with the help of Canada
balsam. The rough face is then ground down in like manner, until almost
all the constituents of the slice become transparent (the thickness is checked
by examination betwcen crossed nicols, a matter that you will understand
presently). Finally the thin slice, covered and surrounded with Canada
balsam, is protected with a cover-glass. It is then ready for examination
with a microscope, just as if it were a botanical or zoological preparation.
Such thin rock slices are being made every day in university laboratories
(Figs. 36-40).

The constituent minerals of a rock slice are cut across at random. We
have already seen that the properties of minerals vary according to direction ;
and this must be constantly borne in mind when we are examining rocks and
minerals under the microscope. Let us take two simple illustrations.

(1) Suppose we look at a slice of a quartz-porphyry, in which the quartz
phenocrysts are hexagonal prisms with pyramid terminations. The random
sections of quartz phenocrysts will have different shapes. Longitudinal
sections will be long, with two parallel sides and pointed ends. Cross-
sections will be regular hexagons. So we learn that the shape of a quartz
crystal section varies according to direction. This introduces a difficulty,
for how are we to know that the different sections are all quartz, if they do
not have the same shape? After all, this is a familiar difficulty. When we
look at a flock of sheep, some head on, some side on, some tail on, we see
many different shapes; but we have got accustomed to the complication,
and we do not require any one to tell us that we are looking at one kind
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of animal in different aspects. Thus in a slice of quartz-porphyry, the
quartzes give intermediate, as well as long and short sections ; and all of
them are clear, colourless and devoid of cleavage. To leave quartz, a
question naturally arises as to whether we can determine the crystal system
of a mineral from the shapes of a number of haphazard sections. If idio-
morphic crystals show a tendency to give elongated sections, they are
probably not Cubic. Cubic minerals have so much symmetry that their
sections are generally as broad as they are long—examples : magnetite,
pyrites, garnet. There are certain ill-fed crystals, called skeletons, that
grow in curious elongated forms. Magnetite sometimes builds skeletons,
but most of the magnetite that you will see with the microscope is in
compact octahedra. Crystals of the Hexagonal System tend to give
hexagonal cross-sections—example, quartz.

(2) Let us now turn from shape to cleavage. Many minerals, as we have
alrecady seen, have a characteristic cleavage or cleavages. Under the micro-
scope a cleavage shows as parallel straight cracks. The relation between
cleavage and direction is just as striking as that between shape and direction.
Suppose we are looking at a slice of granite, we are certain to sec scctions of
mica. Mica has one perfect cleavage, and most haphazard sections of mica
show this clearly by one set of parallel cracks. A few sections perhaps may
be cut parallel to this cleavage, in which case the cracks will not show, just
as the pages of a book do not show when one looks down on the cover. This
explains a puzzle. If you take a flake of mica and mount it as a microscopic
slide, you must not expect £o see the cleavage as parallel lines of cracks.

Let us now say a few things about cleavage as a help to identifying
minerals in haphazard sections.

(a) A mineral that has no cleavage naturally cannot show cleavage in
any section—examples : quartz and garnet. An absence of cleavage cracks
is one of the most useful tests for distinguishing quartz from felspar—cf.
Fig. 38s.

(b) A mineral that has only one cleavage cannot show more than one
cleavage in any section, but it may show no cleavage at all in certain sections.
Micas and chlorite are the only common minerals with a single cleavage, and
this serves to distinguish them from groups (1) and (3)—c¢f. biotite, Fig. 38a.

(c) A mineral with two or more intersecting cleavages may show inter-
secting cleavage cracks in many sections, and in others may merely show one
set of parallel cleavage cracks. It cannot show an uncleaved section, except
by accident or where the cleavage is poor. Most rock-forming minerals have
two or more cleavages—cf. augite, Figs. 37a-c, felspar, Figs. 374, 388).

We have already learnt that the cleavage angle of hornblende is about
60°, and of augite about 90° [Fig. 30). This is a very useful test for distin-
guishing the two minerals under the microscope. But it must be remembered
that the cleavage angle, as seen in a haphazard section of hornblende, is not
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likely to be 60°. If the section is parallel to the length of the hornblende
prism, the cleavage traces will be parallel to one another. It is only in a
section at right angles to the prism that the cleavage cracks will be seen
making approximately 60° with one another. Haphazard hornblende
sections give any angle between 0° and about 60°. Similarly haphazard augite
sections give any angle between 0° and nearly 90°.

We may now say a few words about colour in thin section.

Minerals with metallic lustre are opaque—examples : magnetite, pyrites.
Their colour may be examined in reflected light.

Ferromagnesian silicates are transparent and coloured—examples :
biotite, hornblende, augite. Olivine and garnct, however, are very pale.

Non-ferromagnesian silicates and quartz are transparent and colourless—
examples : muscovite, felspars, quartz.

Susceptibility to decomposition is another useful criterion. Thus felspar
is commonly clouded by secondary products, as seen in microsection, while
quartz is clear—cf. Fig. 384, B.

Up to this point we have been talking of properties that are visible with
any microscope. The petrological microscope is always fitted with special
pieces of apparatus called nicols, after their inventor, Nicol of Edinburgh.

For most purposes we may picture light as a wave-motion propagated
through the cther. Vibrations take place in the wave front at right angles
to the line of propagation, that is to the ray of light. Think of any horizontal
ray of ordinary light. The vibrations may be up and down, or sideways, or
any combination of up and down and sideways.

A nicol is an apparatus which will only transmit light that is vibrating in
one particular direction. If we put a nicol in the way of a beam of ordinary
light it will only let half the light through, and that half will be vibrating in
the vibration-direction of the nicol. Such light is said to be polarised.

In a petrological microscope one nicol can be moved into position under
the stage that carries the thin section ; and the other nicol can be moved into
position above this stage. The lower nicol is called the polariser. The upper
nicol is called the analyser. The polariser and analyser are mounted with
their vibration-directions at right angles. They are therefore said to be
crossed. Cross-wires are put in the microscope to mark the vibration-
directions of the two nicols.

Let us now make a simple test with polariser in and analyser out.

The colour of biotite and hornblende is generally much affected by in-
serting the polariser. Moreover the colour of an individual section alters
when it is rotated above the polariser. For instance, if a biotite section
shows cleavage, its colour will be darkest when the cleavage is along one
cross-wire, and palest when it has been rotated through 90° so that the
cleavage lies along the other cross-wire. This property of changing colour
on rotation in polarised light is called pleochroism. Like so many other
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properties it depends partly upon the mineral, and partly upon the direction.
Colourless minerals are of course non-pleochroic. Among the coloured
minerals that you are likely to meet, only biotite and hornblende are markedly
pleochroic. But do not be surprised to find a few biotite and hornblende
sections that do not show pleochroism. For instarce, a biotite flake that does
not show cleavage will not show pleochroism.

The pleochroism of a biotite flake that shows cleavage may be used to
determine the vibration direction of the polariser. It is a rule that is useful
to remember that biotite in its darker position is lying parallel with the
vibration direction of the polariser. Hornblende gives its darker pleo-
chroism when it makes a small angle with this vibration direction. Tourma-
line, on the other hand, gives its darker pleochroism when it lies at right
angles to the vibration direction of the polariser—a fact that constitutes a
very convenient test for the discrimination of tourmaline.



CHAPTER XXVIII
REFRINGENCE AND BIREFRINGENCE

LET us turn to another optical property, namely refractive index. In
Physics, refractive index is connected with the bending of light, which so
often occurs where a ray passes from one transparent medium to another.
In Petrology, refractive index has proved of immense value in the identifi-
cation of material in rock slices. As we shall presently see, it is an easy
matter to determine which of two transparent substances, lying side by side
in a rock section, has the higher refractive index. Accordingly, if we start
by knowing the one substance, so that we can look up its refractive index in
a table, we acquire considerable evidence regarding the refractive index of
the other substance, sufficient to help greatly in its recognition.

Comparison of refractive indices is often made in ordinary light, that is
with both polariser and analyser withdrawn. An important thing to re-
member is that refractive index tests are most successful with the iris dia-
phragm moderately closed. The iris diaphragm is an apparatus intended to
limit the hole through which light enters the microscope, much as the iris
of one’s eye limits the pupil. It is placed below the stage, and you must find
it and learn how to use it. To make the actual comparison we perform what
is called the Becke test, named after a great Viennese professor who dis-
covered it. When you look with a microscope at an edge separating two
transparent substances you will see that a narrow bright line runs roughly
along the margin. This bright line may be exactly along the margin, or it
may be on the one side or the other. Its position alters in this respect as the
microscope is focussed up and down. Its movements tell us at once which
of the two substances has the higher refractive index. Becke’s rule is:
Focus down and the bright line travels from high refractive index to low.

Nothing could be easier to remember, and few tests are more used by a
petrologist.

Two remarks may be offered :

(1) Tt is almost always possible to find a contact between some particular
mineral and the balsam surrounding a rock slice. Orthoclase, microcline
and albite are the only very common minerals which have a refractive index
less than that of balsam. Glass, such as you see in slices of pitchstone, also
has a refractive index less than balsam.
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(2) The bright-line effect increases in intensity as the difference in re-
fractive indices increases. In keeping with this we find that minerals with
a refractive index much higher than that of Canada balsam stand out pro-
minently in a rock slice. Olivine is a case in point.

Refractive index is very often influenced by insertion of the polariser.
Here is an important experiment that you can make to illustrate this point.
Insert the polariser and examine the contact of a quartz crystal with balsam,
say at the edge of a slice of granite. Rotate the slice into a number of
positions, and in each try the Becke test. You are almost certain to find that
in one position the refractive index of the quartz is nearly equal to that of
the balsam, and that in other positions, especially in a position at right angles
to the first, the refractive index is very distinctly higher.

Similar variation of refractive index is a commonplace in crystal sections ;
and if it occurs at all, then there are always two positions at right angles, for
which the difference of refractive index is most clearly marked. Sections,
in which the refractive index varies with rotation, are said to be bire-
fringent ; whereas sections, in which the refractive index remains unchanged
during rotation, are said to be isotropic. By a series of experiments (but it
is not advisable for you to spend time on making them) it can be shown that
sections of non-crystalline substances, such as glass and Canada balsam, and
also sections of Cubic crystals are isotropic ; while most sections of crystals
that are not Cubic are birefringent. Let us remember these facts, even
though we do not bother with the experiment.

Where birefringence is very strong there may be no need of a microscope
to realise it. If you look through any large clear calcite crystal, you will find
that its birefringence makes you see double. As petrologists, however, we
are only concerned with birefringence viewed through a microscope The
distinction between isotropic and birefringent sections is much more easily
recognised between crossed nicols than by the Becke test. You will remember
that a nicol will only transmit light with a definite vibration-direction. Ac-
cordingly, crossed nicols, having their vibration-directions placed at right
angles to one another, will not transmit light, unless something is put in
between the nicols which modifies the vibration direction of the light from
the polariser before it reaches the analyser. Experiment soon shows that
isotropic substances, such as glass, Canada balsam and crystals of the Cubic
System, have no tendency to modify the vibration direction of polarised
light. When placed between crossed nicols such substances cannot be seen
through the analyser. On the other hand birefringent sections do as a rule
modify the vibration direction of polarised light ; and when placed between
crossed nicols they can be clearly seen through the analyser.

The following is a very simple and very instructive experiment. Rotate
a birefringent section between crossed nicols. As it goes round it becomes
black four times in a complete revolution. These four positions are along
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two lines at right angles to one another and are called extinction positions.
In different minerals the extinction positions often have different relations
to the length of the crystal section, or to the direction of its cleavage cracks.
Let us consider two examples :

(1) An elongated section of biotite always extinguishes when its length
is rotated into parallelism with either of the cross-wires of the eye-piece.
Biotite is therefore said to have straight extinction.

(2) An elongated section of hornblende has almost always to be rotated
so that its length is oblique to both cross-wires before it extinguishes. Horn-
blende is therefore said to have oblique extinction.

There is no time to elaborate these important properties ; you must learn
their uses while working with slices in the laboratory. Here, however, is a
warning. You must not expect that all haphazard sections of a mineral such as
hornblende will give oblique extinction. As a matter of fact elongated horn-
blende crystal sections may give any angle of extinction from 0° to 20°, accord-
ing to their orientation. Similarly, elongated crystals of augite may give any
angle from 0° to 45°. It is the maximum extinction angles that are tabu-
lated in reference books for the various minerals.

Though it is easy to distinguish birefringent minerals from isotropic
minerals, glass, ete., between crossed nicols, the theory of the matter would
take too long to explain in the present pages. Those of you who are going
on with Geology should read it in more elaborate text-books—it is really very
simple. Here it need only be pointed out that there are three factors con-
cerned in the modification of the vibration direction of polarised light
passing through a crystal section :

(1) The strength of the birefringence of the crystal as cut in the parti-

cular section ;

(2) the thickness of the section :

(3) the wave-length of the light.

As light of different colours has different wave-lengths, the third factor
determines that different colours are differently affected. White light is a
mixture of all colours, so that the various ingredients of a white polarised
beam are differently affected by a crystal section, and in turn differently
transmitted by the analyser above. The principle may be illustrated by
considering a very simple example. Suppose that a mixture of red and blue
light has been transmitted by the polariser. Suppose also, as may quite well
happen, that the vibration direction of the red light has been turned through
90° on passing through a crystal section, while that of the blue light has been
turned through 180°. Obviously the red portion of the original mixture of
lights will be passed by the analyser, and the blue part rejected. Accordingly
the mineral section will appear red when viewed through the analyser. In
illumination with white light, complex combinations of colours will result,
depending upon the birefringence and the thickness of the section. These
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colours have been studied and, broadly speaking, may be summarized as
follows for a section of standard thickness : black indicates zero birefringence;
grey or white, low birefringence ; and bright colours, such as red or blue,
high birefringence. Fuller details will be given in Chapter XXIX. Mean-
while a few obvious applications of microscopic examination may be noted.
In connection with the plagioclase felspars twinning has already been
defined as a regular intergrowth of individual crystals of one species. The
individual crystals that are intergrown are called twins. Often only two
twins occur in association, in which case they are called simple. In other
cases many twins are associated, in which case they are called multiple.
Excellent examples of simple and multiple twinning are afforded by the
felspars. Orthoclase is prone to simple twinning, and plagioclase to multiple,
combined with simple, twinning. You will remember that if you look at a

Fi1G. 66. Micro-sections between crossed nicols.

(a) Simple twinning in orthoclase.
(b) Multiple twinning in plagioclase.

cleavage face of a hand specimen of plagioclase you may see a succession of
stripes of alternately different orientation, so that, for any particular position,
one set of stripes may glitter while the other is dull. Twinning is generally
much clearer between crossed nicols than in a hand specimen. As adjacent
twins have different orientations they usually have different extinction
positions and different polarisation colours. Thus multiple twins of plagio-
clase between crossed nicols show as alternating bands of two different
colours or shades (Fig. 66). This is one of the most characteristic features
of plagioclase, and helps greatly in its identification.

As regards distinguishing the various types of plagioclase, a beginner
should rely mainly on the Becke test. If the refractive indices are below
balsam, the plagioclase is albite ; if very near balsam, in some sections below,
in others above, the plagioclase is oligoclase. More calcic plagioclases have
increasingly high refractive index. Often a plagioclase crystal has been built
up in a series of zones. Its interior may be a kernel of labradorite, and its
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outer zones andesine, oligoclase and albite, in turn. The zones are easily
recognised by differences of extinction angles between crossed nicols ; and
it is an instructive exercise to compare their refractive indices with that of
balsam if a contact happens to be present in the slice.

The Becke test is of great assistance in the ancient art of prospecting
brought up to date. Rivers, especially in non-glaciated countries, collect
very useful samples of the valuable minerals of a country. Suppose, for
instance, some river sand contains gold ; by the help of this clue we may
follow up the tributary, which supplies the gold, and eventually come to the
vein, or reef, as it is often called. Most valuable minerals are heavy, and it
is on this account that the natural washing by rivers tends to furnish concen-
trates. The prospector continues the washing process with his pan. Some
of the valuable material that he looks for is opaque, and there are various
physical and chemical tests for it, such as colour for gold, magnetism for
magnetite, and blowpipe tests in other cases. The transparent material can
be separated with heavy liquids. Broadly speaking, any transparent
material that sinks in a liquid which floats quartz is worth considering,
though of course it is more likely to be valueless than valuable. One of the
chief tests of minerals thus sorted out into a heavy residue is based on the
Becke test. A number of oils of known refractive index are kept in bottles
(and periodically tested). The mineral powder is examined on microscope
slides, on which it is mounted in turn in a drop of each of the standard oils.
Becke’s test shows that the mean refractive index (without polariser) of the
powder is above that of one standard oil, and below that of the next. This
is likely to identify the mineral, when reference is made to a list of minerals
tabulated according to their refractive indices.



CHAPTER XXIX
MORE ADVANCED PETROGRAPHICAL TECHNIQUE

A STUDENT reading this book is expected to be learning much of his lesson
in the laboratory. An average first-year student has neither time, nor
apparatus, to go far with microscopic petrography. He should, however,
become familiar with the commoner rock-forming minerals, and with the
main textural varieties of rocks themselves. He should be able to read some
of the history of a rock from its microscopical appearance. He should know
how to distinguish a sedimentary from an igneous rock ; and in an igneous
rock he should recognise signs of rapid or slow crystallization, and form some
idea concerning the order in which the mineral constituents have consolidated.

A helpful start in getting to recognise minerals under the microscope is
furnished by an examination of slices of those two most abundant of igneous
rocks, granite and basalt (Figs. 37, 38). The student knows what to expect
in such slices, and that is more than half the battle. With patience and
occasional personal assistarfce, he should soon learn, on the basis of the two
previous chapters, to recognise quartz, orthoclase, biotite (probably also
muscovite and hornblende), plagioclase, augite, olivine and magnetite.

Here we have reached about the limit for the ordinary beginner. The
remainder of the present chapter is really intended for second-year students.
It furnishes additional material for the determination of birefringent minerals.
It should greatly assist in the use of petrographic tables, which are arranged
in key form to guide in the recognition of any mineral that can reasonably
be expected to occur in a rock slice. A student who feels at home with a
petrographic table has established himself in a self-reliant position.

One excuse for introducing moderately advanced technique into an
elementary treatise is that beginners are apt to find existing accounts rather
difficult to follow (but see H. H. Read, Rutley’s Elements of Mineralogy,
23rd ed., 1936, chap. iv, which has appeared since this chapter was prepared).

To CENTRE OBJECT GLASS.—It is often necessary to rotate a small crystal
section in the centre of the field of a high-power objective. For this purpose
accurate centring is essential. The procedure is as follows: Choose some
minute crystal as a marker. Move it beneath the intersection of the cross-
wires. Rotate the stage. If the axis of rotation coincides with the inter-
section of the cross-wires, rotation will leave the marker on this intersection.
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If not, rotation will carry the marker away from the intersection to perform
a small circle round the axis of rotation. Thus when the stage has been
rotated through the 180°, the axis of rotation must lic at the midway point
between the intersection of the cross-wires and the displaced position of the
marker. Two screws, at right angles, are provided for the centring of the
object glass, which latter carries with it the image of the cross-wires. With
the help of these screws bring the image of the intersection of the cross-wires
to coincide with the ascertained position of the axis of rotation.

Test as before ; and, if the centring is still imperfect, repeat the screw
adjustment.

WEDGES AND PLATES.—For crossed-nicol work it is sometimes important
to be able to reproduce a standard scale of colours, which corresponds with
increasing birefringence. Accordingly a full petrographic outfit always con-
tains a quartz-wedge. Thisis a long, narrow, very thin slip of quartz, mounted
on glass, and cut to give straight extinction. The quartz is not of uniform
thickness, but ground so as to taper regularly to a feather edge. When
inserted in the 45° position with reference to the cross-wires (somewhere
between the crossed nicols, cither on the stage of the microscope, or in a slit
provided in the microscope tube—try both), the quartz-wedge gives the
requisite scale of colours. Starting from the taper edge we have the following
succession : black, grey, white, yellow, red, violet, blue, green, yellow, etc.
Several of the colours repeat so that we have yellow, for instance, of more
than one order. The violet mentioned above is called the sensitive violet,
and the colours disposed on the thin side of it are called first-order colours.
The colours of successively higher orders show a tendency to merge, and
towards the thicker end of the wedge are replaced by continuous white,
spoken of as white of a high order. All this may seem to require a good
deal of memory; but in actual practice the more significant facts can be
acquired in a few educative minutes spent in manipulation of a quartz-
wedge.

The quartz-wedge is supplemented by two other pieces of apparatus,
called respectively a mica-plate and a gypsum (selenite)-plate. They consist
of cleavage plates of uniform thickness, mounted to give straight extinction.
Standard thicknesses are selected ; and an orthodox mica-plate in the 45°
position between crossed nicols gives grey-white of the first order, while an
orthodox gypsum-plate gives the sensitive violet.

HEeLPING AND HINDERING.—Now take a granite slice and fix your atten-
tion on some grain of quartz or felspar that is giving, say, white between
crossed nicols. Rotate the slice until the grain is as bright as possible, that
is, until its two extinction directions are in the 45° position as regards the
cross-wires. Now gradually insert the quartz-wedge, first along the one
extinction direction, then along the other. The effects are contrasted : in
the one case the grain and quartz-wedge help one another and give a colour
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that is higher in the scale than either gives alone ; in the other case the two
hinder one another, and when, for instance, either alone would give white,
the two together give black, signifying complete compensation.

The above experiment is easy because the colour due to the quartz-wedge
can be adjusted by using a thinner or a thicker part. Except for this,
similar experiments can be made with the mica- and gypsum-plates. Here
again it is very obvious that different effects are produced when either plate
is inserted, first along the one, and then along the other, extinction direction ;
but, as the plates are of uniform thickness, it is unlikely that their hindering
effect will amount to exact compensation in conjunction with a haphazard
grain.

A gypsum-plate is usually employed where very lowly birefringent grains,
giving grey, have to be tested. The sensitive violet of a gypsum-plate is
readily raised to blue by a helping grey, and lowered to yellow by a hindering
grey.

THIN EDGES.—Sometimes it is easier to distinguish helping from hindering
by attention to colour movement rather than colour change. Many sections
of crystal grains are thinner at some portion of their margin than in their
interior. If these thin edges are in contact with balsam or with a relatively
lowly birefringent mineral, or even with a highly birefringent mineral in the
extinction position, they will give a rim of colour lower in the scale than that
due to the thicker interior. Any rock slice that is examined is likely to
provide examples—for instance where remnants of olivine are surrounded
by serpentine. The test is 8asy. Place the grain with its extinctions in the
45° position. Insert the quartz-wedge, first along one, then along the other
extinction direction. Watch while the wedge travels in. If the colours
migrate from the thick to the thin of the grain, the wedge is helping and
vice versa.

Excellent practice can be obtained from calcite grains lying against
balsam. Here the marginal colour bands are likely to be so narrow that their
migration may only be visible under a high power.

X, Y, Z axes.—Standard books and tables, in their accounts of Triclinic,
Monoclinic and Orthorhombic minerals, list three principal refractive indices,
corresponding with three vibration directions at right angles to one another :
the three principal indices are called «, 8 and y, beginning with the smallest
(an order that is so natural that it is easy to remember) ; the three corre-
sponding vibration directions are called X, ¥ and Z (or @, b and ¢), and are
spoken of as the principal axes of the optical indicatrix. The X, ¥ and Z
axes need have no relation to the crystallographic axes, except in so far as
the latter are axes of symmetry or stand at right angles to planes of symmetry.
What we must fix in our minds is that X and Z are the vibration directions

corresponding respectively with the smallest and largest refractive indices
of the mineral concerned.
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Where any one of the X, Y, Z axes lies in a section, it functions as an
extinction direction. It is possible to have both the X and Z axes lying in
one and the same section, in which case both function as extinction directions.
Of course this relationship is exceptional, so that the strict X, Z terminology
has few applications to haphazard birefringent sections.

X-ER AND Z-ER AXES.—By analogy it is justifiable to distinguish the two
extinction directions of any birefringent section under the names X-er and
Z-er axes, defined as follows: the X-er axis of a mineral section is the
vibration direction corresponding with the smaller refractive index (probably
not exactly «); and the Z-er axis is the vibration direction corresponding
with the larger refractive index (probably not exactly y). This terminology
of X-er and Z-er can be applied to any birefringent crystal, no matter its
system.

POSITIVE AND NEGATIVE.—A mineral is said to be + with respect to a
particular direction if the X -er axis lies perpendicularly across that direction.

This definition is easy to remember because both the positive sign and
the letter X are themselves crosses.

A mineral is said to be ~ with respect to a particular direction if the X-er
axis lies along that direction.

SIGN OF A QUARTZ-WEDGE.—Let us begin by determining the sign of our
quartz-wedge and mica- and gypsum-plates. This is easily done with the
help of a thin slice of granite. The procedure is as follows :

(1) Determine the vibration direction of the polariser by noting the dark
position of a pleochroic biotite (Chapter XX VII).

(2) Determine by the Becke test which extinction position of some
selected grain of quartz gives the lower refractive index (with the analyser
removed and the polariser left in position, Chapter XXVIII). The X-er axis
of a grain that is orientated to give its lower index, must be lying parallel with
the vibration direction of the polariser. Make a sketch of the grain, marking
on the sketch the X-er axis. Rotate the slice through 45°. Insert the quartz-
wedge at right angles to the X-er axis of the grain. If it helps, the quartz-
wedge is +. If it hinders, it is —.

Once we have determined the sign of our instruments, we should label
them, + or — as the case may be. We should of course test them, one
against the other.

SIMPLE USE OF INSTRUMENTS.—Our marked instruments can be employed
to determine the positive and negative directions of any mineral in a slice.
Place the mineral with its extinction directions in the 45° position, and insert
along one or other of these directions the testing wedge or plate. If the two
help one another, their X-er axes are parallel ; and vice versa.

A few simple experiments will satisfy a student that :

(1) Muscovite is + with regard to its cleavage.

(2) Idiomorphic quartz is + with regard to its length.

L B.G.
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(3) Nepheline is — with regard to its prismatic cleavage, which often
gives close parallel lines in sections that show the maximum birefringence of
the mineral.

Biotite, owing to its colour, is a difficult subject. Sometimes it has a
thin edge, which allows of the migration test.

ORDINARY AND EXTRAORDINARY INDICES.—So far as muscovite is con-
cerned, the results just noted are easily confirmed in terms of the X phrase-
ology by reference to books or tables. On the other hand these publications
use a different terminology in the case of quartz and nepheline. In fact for
the Hexagonal and Tetragonal systems, only two principal refractive indices
are listed, w the ordinary index, and € the extraordinary. The ordinary index
can be found in any section—it corresponds with vibrations along any direc-
tion in the plane at right angles to the principal axis of symmetry. The
extraordinary index, in its full tabulated value, can only be found in ex-
ceptional sections that include the principal axis of symmetry—it corre-
sponds with vibrations along this axis. In most birefringent sections the
ordinary index, w, is accompanied by an index intermediate in value between
w and e.

We need find no difficulty in remembering that the vibration direction
corresponding with the extraordinary index lies along the principal axis of
symmetry. It is mere common sense that a unique vibration direction
cannot make an angle with an axis of 6-fold, 4-fold or 3-fold symmetry.

Let us now consider the information tabulated in the books with reference
to the two Hexagonal minerals, quartz and nepheline. For quartz the
ordinary is the lesser index of refraction ; therefore in our phraseology the
X-er axis lies across the principal axis of symmetry. For nepheline the
extraordinary is the lesser index ; therefore the X-er axis lies along the
principal axis of symmetry. Thus quartz is + with respect to its principal
axis of symmetry ; and nepheline is -.

Orpric AxES.—We have already emphasised that the birefringence of a
mineral section depends upon the nature of the mineral, the thickness of
the section and the direction considered. The direction factor determines
that, in any rock slice containing a large number of haphazard sections of
some particular mineral cut to uniform thickness, the refractive index of
individual sections will range from zero to a definite maximum.

Any isotropic section of a birefringent mineral is said to be at right angles
to an optic axis.

Crystals of the Hexagonal and Tetragonal systems have only one optic
axis, and are called unjaxial. Obviously this one optic axis must lie along
the principal axis of symmetry, and light must be propagated along it with
the ordinary refractive index. Such crystals are said to be + if their optic
axis is crossed by the X-er axis of the crystal, that is if w<e ; and vice versa.
Thus quartz is a + mineral ; and nepheline is a — mineral.
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Crystals of the Monoclinic, Triclinic and Orthorhombic systems have two
optic axes, diverging at an angle that is characteristic for the mineral. The
two optic axes lie in the XZ plane (at right angles to Y) and their acute
bisectrix is either X or Z. Biaxial crystals are said to be positive if the acute
bisectrix is crossed by the X axis ; and vice versa.

As the optic axes are isotropic and at right angles to Y, all light is pro-
pagated along them with the f index.

UNIAXIAL FIGURE.—A section at right angles to an optic axis is con-
veniently studied between crossed nicols in convergent light.

A lens, called a condenser, is placed beneath the stage to converge light
upon a point in the mineral plate. The high-power object-glass of the
microscope is then focussed down to bring the rays, as they diverge after
leaving the plate, once more parallel (to observe the result one may either
insert an additional object glass, called a Bertrand lens, in the tube of the
microscope, or one may remove the eye-piece).

A convergent bundle of rays is rather difficult to think about. It is a
great convenience to replace it in

imagination by a parallel bundle. Let '4 B| /B:l’_l
us take an example. WEDGES

It is easy to sce that a convergent l , ,I
bundle of rays with its axis along the A C
optic axis of a + uniaxial crystal, cut

in plate form, produces an exactly B
similar picture to that due to a OBJECT GLASS
parallel bundle of rays traversing at ;
right angles a series of + wedges,
radiating from a point (Fig. 67). The
. PLATE

argument is as follows :

(1) The ray AB is not affected by
birefringence, because it is travelling
along an optic axis. The ray A'B’ is CONDENSER

not affected by birefringence because c A

it traverses a zero thickness of the
wedges. . Fia. 67. Diagrammatic comparison of

(2) The ray C D suffers birefrin- rz;diat,'ing. we’dgos iu.pax'allel light and a
v plato in convergent light.

gence because it is propagated along a
direction other than an optic axis ; also the farther D is from B, the stronger
is the birefringence. The ray C'D’ suffers birefringence because it is propa-
gated through a definite thickness of birefringent material ; also the farther
D' is from B’ the greater is this thickness.

(3) Since AB is the optic axis of a positive uniaxial mineral, any axis at
right angles to 4B must behave as an X-er axis ; therefore in its birefringent
course the ray CD is controlled by an X-er axis perpendicular to the plane




164 MICROSCOPIC PETROGRAPHY [cHAP.

ABD. Since the wedge traversed by C'D’ is positive, the ray C'D’ is con-
trolled by an X-er axis perpendicular to the plane 4’B’'D’.

Similarly a - uniaxial figure can be imitated by using — wedges.

We can now picture for ourselves the appearance of a uniaxial figure, +
or —, due to convergent light directed along the optic axis of a uniaxial
crystal cut in plate form (the plate need only be of very small dimensions if
accurately centred). In imagination replace the convergent beam by a

| parallel beam, and the minute plate by a

- AL B considerably more extensive system of bire-

. a fringent straight extinguishing wedges.

At the centre of the system there will be
black, because the wedges here have no
thickness. Black will also extend along the
. cross-wires, because the wedges give straight

A’ extinction (Fig. 68, 1). Round the centre,
where not obscured by the black arms of the
cross, there will be rings of colour, reproducing
the succession to which we are accustomed
when we look at a quartz-wedge in the 45°
position.

If the birefringence of the mineral examined

in convergent light is strong, or the thickness

. of the plate considerable, the colour rings are
narrow and crowded. If the birefringence is

weak, or the plate thin, the rings are diffuse

Fic. 68. Diagrammatic com- and widely spaced.
parison of I, a uniaxial figure, . .
and T1, a biaxial figure, with the A student with practice and help should be

plane of the optic axes in the 45° able to get a uniaxial figure from any fairly
position. The dotted lines are large isotropic section of quartz in a granite
merely directions explained in glice, The figure is rather ill defined, owing to
the text. the weak birefringence of the mineral.

A much brighter and more appealing uniaxial figure is furnished by
caleic scapolite—a somewhat uncommon mineral found in certain marbles.
A university should have sections of scapolite-marble for beginners in the
use of convergent light.

A close approximation to a uniaxial figure is given by any biotite flake
placed flat on a glass slip. Biotite is really biaxial, but the divergence of its
optic axes is so slight that its figure may be taken as a fairly satisfactory
representation of the uniaxial class.

SIGN OF A UNIAXIAL MINERAL.—To determine the sign of a uniaxial figure,
treat it as if it were due to wedges radiating from the point O (Fig. 68, 1) and
determine the sign of these imaginary wedges O4, OB, OA’, OB’. Any one
of our three instruments may be used. If, when inserted along 4A4’, it helps
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the colours in AA4’, and hinders the colours in BB’, then the figure has the
same sign as the testing instrument ; and vice versa.

The gypsum-plate is particularly useful for figures with low birefringence.
Introduce it along AA’. It replaces the black cross by a cross of sensitive
violet. If it is helping the hypothetical wedges O4 and 04’, its violet at O
merges towards 4 and 4’ into blue, and towards B and B’ into yellow ; and
vice versa. With this simple procedure it is possible to show that the uni-
axial figure of quartz is +.

The mica-plate is more useful for figures with moderate birefringence.
Introduce it along AA4’. It replaces the black cross by a cross of grey-white.
If it is helping in the 44’ direction, its white at O merges towards 4 and 4’
into yellow, and towards B and B’ into black, and vice versa. Therefore two
black dots transverse to the mica-plate mean that the figure has the same
sign as the mica-plate ; while two black dots along the mica-plate mean that
the figure has the opposite sign to that of the mica-plate. With this pro-
cedure it is easy to show that scapolite is —; also that the pseudo-uniaxial
figure of biotite is —.

The quartz-wedge may be used for figures with close colour banding,
where migration of colour is easier to appreciate than change of colour. If
on inserting the wedge along AA’, the colours migrate in from 4 and 4’
towards O (virtually from thick to thin), and out from O towards B and B’
(virtually from thin to thick), the quartz-wedge is helping the hypothetical
wedges O4 and OA4’ ; and vice versa.

Wherever possible all three instruments should be used. If they give
answers that can be interpreted, these answers should agree. With practice
proficiency is reached.

Biaxian rreURE.—The biaxial figure, for purposes of utility, may be
regarded as a development from the uniaxial figure. The part played by the
single optic axis (O, Fig. 68, 1) of the uniaxial figure is shared by the two
optic axes (O and O’, Fig. 68, 1) and the acute bisectrix C. The biaxial figure
does not remain constant as it is rotated between crossed nicols. When the
optic axes lie along a cross-wire there is a black cross centred on C, combined
with non-circular coloured rings, which, viewed as a whole, are grouped
symmetrically about C. When the optic axes are rotated into the 45°
position, as in Fig. 68, 11, the black cross opens up into two separated brushes,
while the coloured rings maintain their complicated pattern. The interval
OO0’ depends on the optic axial angle (tabulated as 2V) and greatly helps in
the identification of a mineral. For most tests it is sufficient to have one
optic axis in the field of the microscope (N.B. a student must not risk mis-
takes by working with a section in which both optic axes lie outside the
field). If the optic axial angle is small, the individual brushes will be very
curved when examined in the 45° position (Fig. 68, m). If the optic axial
angle is large, the brushes become more nearly straight. Whether much or
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little curved, the brushes in the 45° position always turn their convexities
towards the acute bisectrix. In the very special case, where the optic axial
angle is 90°, the brushes are straight, and neither bisectrix can be claimed as
acute. Accordingly a crystal with 2V =90° does not have an optical sign.

Examples of lowly birefringent high-angled biaxial figures can be easily
got by examining isotropic sections of felspars selected from slices of plutonic
rocks. Even better for a beginner is the highly-birefringent moderate-
angled figure furnished by a flake of muscovite laid flat on a glass slip.

SIGN OF A BIAXIAL FIGURE.—After practice with a uniaxial figure (Fig.
68, 1) the sign of a biaxial figure (Fig. 68, 11) is easily read. Let us assume
that the figure is positive. Then the length A4’ in the biaxial figure is +,
just as it is in a + uniaxial figure. The only difference is that at the acute
bisectrix we find a minimum of birefringence (so far as 4.4" is concerned),
instead of the zero met with at the optic axis O of the uniaxial figure.

Since C is birefringent, and ACA" is +, OCO"is —. It will be noted that
OCO' has no analogue in the uniaxial figure.

At O and O’ in the biaxial figure there is zero birefringence, just as at O
in the uniaxial figure.

OB and O'B’ are + in the biaxial figure, just as their analogues are in
a + uniaxial figure.

Where only one optic axis is in the field of view, the important point to
realise is that BOC changes sign at 0. B0 within the concavity (obviously
equivalent to BO in the unpiaxial figure) is +, if the figure is positive ; O is
isotropic ; and OC (without analogue in the uniaxial figure) is —.

The same sort of tests are made as in the case of the uniaxial figure,
depending either on change or migration of colour. The student should
think out the matter for himself. He has got the gist of it if he realises that
insertion of a quartz-wedge, which produces colour migration from B towards
0, will at the same time produce colour migration from O towards C, and
from C towards 4 and A’ ; and vice versa. In fact, so far as colour migration
is concerned, the acute bisectrix of a biaxial figure functions as though it
were the optic axis of a uniaxial figure.

The value of determining the sign of a biaxial figure is illustrated by the
fact that it enables us to distinguish — orthoclase from + albite, and + labra-
dorite from -anorthite. The easily investigated muscovite is - .
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CHAPTER XXX
WEATHERING

Up to this stage attention has been concentrated upon rocks, minerals and
maps, because it is possible to handle them in laboratories. Henceforward
we shall deal more with the scenic and historical sides of the subject, to
which the best introduction comes by way of excursions. Scenery will be
treated mainly from the geological standpoint. Land forms will be discussed,
and it will be left to the botanical and agricultural good sense of the reader
to supply the trees and grass.

Rocks provide the material of landscape. The moraines and drumling
of glaciers, the cones of volcanoes, and the dunes of the shore or the desert
furnish instances of scenery that has resulted from accumulation. Still, most
scenic features, at any rate in Britain, are a product of sculpture. In the
bottoms of river valleys, and over the surface of great plains, there is gener-
ally a very characteristic association of accumulation and sculpture.

Rock sculpture is spoken of technically as erosion or denudation. The
two terms mean the same thing, namely removal of rock, where rock is used
in its broadest sense.

Erosion may take place without preliminary preparation of the material.
In much of their activity rivers, glaciers, coastal waves and desert winds
attack and destroy fresh rock; but the way is generally prepared to a
greater or less extent by processes grouped under the general title of weather-
ing. Weathering is defined as disintegration or decay produced by the
operation of weather.

Weathering agents include frost, change of temperature, wind, rain and
underground water derived from rain.

Gravity and organisms often co-operate with and regulate the processes
of weathering. Gravity tends to draw disintegrated or semi-fluid or under-
mined material downhill. Vegetation has more varied tendencies: (1) to
supply a tenacious surface that can repair itself ; (2) to regulate the entry
of water into soil ; (3) to disintegrate by root penetration and growth, often
followed in the case of trees by overturning ; (4) to supply solutions that
decompose the rocks chemically. Earth worms, moles, rabbits and other
animals bring material from below up to the surface. Overgrazing and
ploughing may give opportunity for disastrous soil-erosion by wind or rain.

169
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MECHANICAL WEATHERING.—Where the agents of weathering produce
disintegration without chemical change the result is called mechanical
weathering. FROST is a very important agent of mechanical weathering.
Water swells with enormous force when it freezes. In our homes this pheno-
menon is fairly commonly experienced in connection with burst pipes during
a hard winter. In Nature the process is repeated time after time, so that
bedding planes and joints, and even the pores between individual particles or
crystals, are wedged open. Thus a rock may be broken by frost into enormous
blocks or into a loose grit.

CHANGE OF TEMPERATURE is generally thought to be important in hot
arid climates. The sun raises bare rock surfaces to a high temperature to
be followed by rapid cooling at night or in the rain of thunder-storms. As
the heat comes from the sun the effect is called insolation. Three main
effects are attributed to insolation: (1) exfoliation, where a set of joints is
produced parallel to the surface of the exposed rock; (2) cracking of
pebbles ; (3) disintegration, where individual crystals, such as the quartz
and felspar of granite, become detached owing to their different coefficients
of expansion.

Insolation has recently been questioned by a good observer, partly owing
to failure to imitate its effects in the laboratory. Still it seems probable that
it is the true cause of many of the effects attributed to it. Rightly or
wrongly some travellers say that flints sing at dawn in the Sahara. At any
rate, in such regions, a roof of galvanized iron crackles loudly when a cloud
passes between it and the sun. Here are two unconnected observations that
seem to support insolation :

(1) The rhyolite lavas of Glen Coe every summer lose flakes about the
size and thickness of one’s thumb nail. It is difficult to understand what
but sunshine has detached these flakes.

(2) In the semi-arid wastes of America it is a commonplace to find
plateaus covered with ancient alluvial gravels. The hard rounded pebbles
are often cracked in half. It is again difficult to explain the cracking except
by insolation.

WiND is treated as a weathering agent in so far as it is concerned with
the removal of loose particles. When it operates a sand-blast, it is placed
in another category. As a weathering agent wind is responsible for the
general cleaning up, or deflation, of rock surfaces, which is characteristic of
many deserts where accumulation is not in progress. Far-travelled dust-
storms are known to all of us, if only by report.

RAIN, before it collects into streams, is regarded as a weathering agent.
It washes away loosened particles and softens and weights clay, thus making
it flow. The importance of rain depends largely upon its amount, and also upon
the humidity or dryness of the atmosphere. The intermittent rains of arid
regions may produce marked channelling, and yet leave the solid rock dry.
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This favours the opening up of joints and the production of pinnacles (or
hoodoos), which in a moist climate would tend to fall through flow of their
sodden foundation, a matter that will be considered later in regard to land-
slips. Here reference may be made more particularly to a curious product
of rain erosion known as earth pillars (Fig. 69). Often in a garden after a
shower you may notice pebbles standing above the general surface mounted

Fic. 69. Earth pillars, Klohenstein, Austria.

on little pedestals of earth. Each pebble has acted as an umbrella sheltering
the earth. Occasionally the same effect is produced on quite a large scale,
where rain is eroding a conglomerate or moraine containing large boulders.
What are known as earth pillars are produced, each sheltering beneath an
umbrella boulder. When this is at last undermined the pillar is washed down
until another boulder is exposed. Favourable conditions for the formation
of earth pillars are vertical rain and a dry climate, so that the pillars do not
get soaked and softened. Good examples are very rare in Britain, but occur
at Fochabers in the east of Scotland (conglomerate of Old Red Sandstone).
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Much more impressive developments occur here and there in the Alps
(moraine). In one instance it is possible to drive in a large diligence through
a tunnel cut in a gigantic earth pillar. Earth pillars are among the most
impressive of natural phenomena and highly instructive.

Mention has been made of the effect of vegetation upon weathering. It
has been found by experience that forests tend to reduce flooding. One of
their main effects is to help the rain to enter the soil, so that its water may
take days or months to reach the streams instead of hours. In semi-arid
country grass is a great regulator of rain erosion. If the country is over-
grazed, the rain strips the surface of its soil.

CHEMICAL WEATHERING.—Attention has already been drawn to chemical
processes that affect minerals and rocks during weathering. Here let us
briefly sum up the effects. They are mainly due to water derived from rain
and charged with a certain amount of CO, and O,. The content of CO, is
much enriched by passage through soil containing decomposing plant material.

(1) SorLutioN.—CaCO,; may be dissolved, whether it forms the rock lime-
stone or merely acts as cement as in a calcareous sandstone. Gypsum and
rock salt are considerably more soluble.

(2) AvTERATION.—Attack upon CaCO, is emphasized in cities where there
is an appreciable amount of SO, in the atmosphere. Ordinary weathering
may lead to alteration of silicates with production and removal of soluble
carbonates ; concurrently Al may be left behind, as hydrated silicate (kaolin)
under temperate conditiong, or hydrated oxide (bauxite) under tropical con-
ditions. The metals preferentially removed in solution are Ca and Na. The
sulphur of sulphides is also leached out after oxidation to sulphate. Fe tends
to be retained oxidized and hydrated. In temperate climates the resultant
limonite often forms a hard layer known as iron pan at the base of soil below
peat. In tropical climates it gives ferruginous laterite, already described.

Here one may refer to a curiosity known as spheroidal weathering, of
which there are many examples in Scotland owing to an abundance of
susceptible dolerites and basalts. Blocks between joints tend to be attacked
by water travelling along these joints and to be weathered into solid spheroids
encased in a succession of concentric coats, arranged like the successive coats
of an onion. The explanation is that, as dolerite or basalt weathers, it often
swells through hydration of its minerals, rather than shrinks through solution,
and each swollen superficial layer detaches itself from the sound core. Some
authors give another explanation, and believe that spheroidal weathering is
guided by spheroidal cooling cracks. This does not seem to be the ocase,
because sediments rich in igneous debris fairly often show spheroidal weather-
ing (Fig. 70). Spheroidal weathering is also well developed in a glauconitic
greensand south of New York.

WEATHER ACCUMULATIONS.—Certain accumulations in which there has
been comparatively little transport may be treated as direct products of
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weathering. They have been to some extent already considered under the
head residual deposits (Chapter VI). Their nature varies according to many
factors, such as original rock, exposure and climate.

BOULDER FIELDS are characteristic of many mountain tops like that of
Ben Nevis. Frost has been very important in opening joints and breaking
surfaces. Vegetation is lacking, and the wind blows away all fine material.
The power of the wind is very obvious on some of our Highland tops, where,
for instance, a knob of white vein-quartz, surrounded by dark schist, may
have served as source for an extensive trail of fragments.

SN

Fia. 70. Spheroidal weathering in grit, Inishowen, Donegal.

TALUS, or SCREE, is a related deposit, forming an apron spread over
slopes beneath rock exposures. Frost again is of prime importance. To
develop a great scree, the rate of production of the scree must counter-
balance the rate of wastage. Screes are particularly big in arctic countries.
They are small or absent in deserts, where the fallen material is supplied so
slowly that it often disappears as dust without making an appreciable
accumulation. Screes are also at a minimum on live sea and river cliffs,
where removal at the base is, of course, particularly active. In an ordinary
scree the fragments are weathered from all sides, and may be soaked with
percolating waters that emerge at the base in springs. All this tends to keep
them in check. Much of the movement of the material of scree is due to fall
and jump and roll, and the passage of animals. Much is of a slow recurrent
nature spoken of as surface creep.

IN SURFACE OREEP the superficial material of a slope, including even
the upper part of the solid rock, tends slowly downhill. This is due to
recurrent disturbance through alternate wetting and drying, freezing and
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thawing. If the material swells by wetting or freezing it will swell downhill
rather than uphill ; and when it contracts again on drying or thawing it will
contract downbhill, rather than uphill. Surface creep, or solifluxion as it is
often called, has to be guarded against where roads and railways cross steep
hill slopes. The road may be dug down to a firm foundation and embank-
ments, or revetments, built above it, also on firm foundation, to hold the
creep in check. In the Alps, and even at home, the solid rocks may be so
pulled out of position by surface creep that dips observed at the surface may
be quite untrustworthy. The term surface creep is sometimes applied to the
material that has crept, as well as to the process of creeping.

Solifluxion is not altogether confined to slopes. If a flat superficial
deposit contains internal water and is subjected to freezing, the disseminated
ice swells upwards, thus tending to tilt towards the vertical any associated
elongated pebbles that happen to start in an inclined position. On thawing
the contraction of the water allows of a readjustment of the deposit as a
whole, and it is unlikely that the pebbles will regain their original attitude.
Thus frequent repetition of freezing and thawing produces a cumulative
effect. Many gravels of the South of England were long exposed to tundra
conditions during the Glacial Period, and record the fact in an upper zone,
some few feet thick, in which the pebbles are characteristically up-ended. A
more spectacular, though less easily explained, result of solifluxion is known
in many subarctic lands under the name of stone polygons. In these the
stones of a clay-with-stomes deposit have been segregated into vertical
fissures with polygonal plan. The fissures presumably have resulted from
contraction, due possibly to excessive freezing or to thaw, and have served as
efficient traps for any stones that have been washed over the surface.

RAIN wasH is another term which, like surface creep, may mean either a
material or a process. In the former sense it is fine material washed along by
rain water that has not collected into definite streams. A combination of
surface creep and rain wash produces a series of parallel scarps and terraces
on many of our exposed Highland tops. The scarps slowly advance, up-
turning sods and heather. Their progress is not directly downhill, for it is
very distinctly influenced by the direction of the prevalent wind.

LANDSLIPS, or LANDSLIDES, are on a bigger scale again. They may be of
solid rock, measuring miles in horizontal extent, or they may be of debris.
They may go at a disastrous pace and cause catastrophe, or they may go
slowly and merge with surface creep.

Landslips generally take place after rain, or thaw, or earthquake, or
undercutting by stream or sea.

They are particularly liable to occur where bedding, or less often joints,
dips downhill at a gentler angle than the slope of the hill, especially where
permeable material such as chalk rests upon a clay. Throughout much of the
South of England, the Chalk is underlain by a clay known to geologists as



xxx] WEATHERING 175

the Gault, but to others not infrequently as the blue slipper. The chalk
on wetting becomes additionally heavy, and the clay below becomes
lubricated.

Miners thoroughly understand the common-sense relationship between
landslips and dip, and, if possible, they pile their bings of waste material on
the down-dip side of their shafts.

Landslips, however, often occur on steep slopes without any obvious
structure to help them. The following features are very characteristic :

(1) A semicircular cliff from which the landslip has detached itself.

(2) A broken uneven surface marked by pools and fissures.

(3) Two banks built up of material stranded at the side during the general
downbhill rush.

(4) Springs issuing from the end.

In mountainous countries landslips may cause damage, either by direct
overwhelming of villages, etc., or by damming temporary lakes, which later
may produce disastrous floods by digging rapidly through the incoherent
obstruction.

Vertical fissures are a general early feature of land-slipping. Where
danger is apprehended the growth of such fissures may be kept under obser-
vation for years.

The grandest landslips of Britain are those of northern Skye, where
Tertiary lavas intermittently slide over Mesozoic sediments, giving rise to
magnificent unexpected precipices, pinnacles and hollows. In England, the
undercliff of the Isle of Wight furnishes another noteworthy example. Here
Upper Greensand of the Cretaceous System moves forward over Gault Clay ;
and the Greensand scar, from which the last addition to the landslip origi-
nated, dominates a vast irregular tumbled slope leading down to the seashore
far below.

Landslipping and surface creep are among the most potent methods of
erosion in a climate such as ours. In arid countries they do not ordinarily
occur. Great cliffs of clay stand firm, that here would resolve themselves into
confused slopes of sludge. It is only in such countries as Egypt and Iraq that
sun-dried bricks are of much use.

AVALANCHES are a particular type of landslip, where snow furnishes most
of the material. They are responsible for a great deal of erosion in high
mountains.

SorL is the most important accumulation due to weathering. It is fine-
grained mineral matter containing a certain amount of plant and animal
material and capable of supporting plant life.

Soils are being very closely studied at the present time, and are classed
under two main headings :

Sedentary soil is derived from solid rock. The intermediate zone of
partly broken up and decomposed rock is called subsoil.
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Transported soil is derived from material, such as river alluvium or
glacial drift, which forms a cover of recently transported material on top of
solid rock.

This classification is unfortunate in that it deals with the substratum
rather than the soil itself. Soils are apt to receive much of their material
from above, as dust, clay, sand, etc., blown or washed over the growing
plants. It seems a pity that transported soil does not mean a soil largely
formed by contemporaneous transport.

Many soils consist of material that has been left after other material has
been removed in solution (leached out). These residual soils have been dealt
with in Chapter VI. They include the bauxitic and limonitic laterites of
the tropics.

WEATHER SCULPTURE.—A large proportion of the sculpture of land-
scape is directly due to weathering. The following are characteristic
examples :

(1) OPENING UP OF VALLEYS.—Rivers cut narrow gorges or canyons ;
the opening up of such gorges into V-shaped valleys is due to surface creep
and landslip (Fig. 71). The river at the bottom removes the material

supplied by weathering in addition to the material which it itself erodes. As
already pointed out, surface creep and landslip are reduced to a minimum in
arid regions. It is on this account that canyons are so common in arid
regions.
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(2) DIFFERENTIAL WEATHERING ALONG BEDS gives rise to escarpments and
dip slopes or terraces. The soft material wastes away and undermines the
hard material, which breaks off along its joints leaving a steep cliff. The
production of scree tends to check this differential weathering, by draping
the whole surface with a uniform cover derived from the debris of the harder
rocks. In arid or semi-arid regions, where little or no scree accumulates, the
detail of scarp and terrace is amazing in its perfection (Fig. 72). In our
own country a succession of lavas very often shows scarp and terrace featur-
ing. The top of a lava flow is commonly full of vesicles, and its easy weather-
ing may thus undermine the non-vesicular portion of an overlying flow. The

Erosion of resistant and non-resistant formations under semi-arid
conditions. Looking N.E. over the Fiuke Gorge, Central Australia. (R. Aust.
A.F. photo.)

result is a sort of natural staircase ; and lavas on this account have been
called trap rocks, where trap is the Swedish word meaning step.

(3) DIFFERENTIAL WEATHERING ALONG JOINTS may lead to the production
of chasms. This result is especially pronounced in hard limestones, where
the joints guide solution. It is also very marked in desert regions, where
nothing accumulates to mask the structures in the rocks, so that joints, like
bedding, can be employed to full advantage. By enlargement of joints the
intervening rock may be left standing as pinnacles (hoodoos).

(4) RESIDUAL BOULDERS.—Where certain parts of a rock are specially
resistant, they may be left as groups of residual boulders, sometimes of
immense size. The granite tors of Devon furnish familiar examples. Scot-
land probably had many tors before the Ice Age, but most of them have been
swept away by glaciers.

M B.G.
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The Chalk districts of Salisbury Plain and other parts of the South of
England afford another very interesting type of residual boulder. The Chalk
of these parts was formerly covered by Eocene sands, parts of which were
compacted into quartzite concretions of large size. The unconsolidated sand
has been washed away leaving huge residual boulders of quartzite known as
grey wethers from their resemblance in the landscape to scattered sheep.
From time immemorial the grey wethers have been quarried for building
stone—they furnish the outer ring of Stonehenge—so that comparatively
few can now be seen in a natural setting.



CHAPTER XXXI
UNDERGROUND WATEKER

WATER TABLE.—It is now convenient to consider drainage problems. The
rain that reaches the surface is disposed of by :

Evaporation.
Surface run-off into streams.
Percolation.

The term run-off is used in two different senses :

(1) The surface or direct run-off of an area is that part of the rain water,
which, falling within the area, reaches streams without intermediate perco-
lation.

(2) The total run-off is all the water discharged from the area by streams.
Obviously even a rainless area may have a run-off in this sense.

Let us pass on to the typical distribution of underground water as de-
picted in Fig. 73.

L A, 7 W&‘urfdce
Air-dry Zone
Unsaturated Capillary Zone
e e e e e oL Water
Saturated Zone Table

Fi1a. 73. Underground distribution of water.

The distribution may be, and often is, much more complicated. Thus :

(1) During or after rain an unstable saturated zone, with gravity-
streams descending from its base, may be superimposed upon an unsaturated,
even an air-dry, zone.

(2) Owing to the presence of impermeable layers of rock (Chapter XI)
there may be a series of independent zones following one another in depth.
Thus a bore may reach water in a saturated sandstone at 100 feet, and lose
it after passing through a shale and meeting air-dry sandstone at 200 feet.
This relation affords an example of what is known as a perched Water
Table.
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Let us return to the simple case and start at the bottom.

In the Saturated Zone all open spaces are filled with water. The upper
limit of this zone is called the Water Table. The saturated zone is only
effective for a few thousand feet below the surface. Beyond this, pressure
closes all but very minute openings.

In the Capillary Zone water is held (as in blotting paper) by capillarity
(surface tension) in the natural tubes of the rock or soil. The finer the bore
of the tube, the higher is water held above the water table. Capilla is a
Latin word meaning hair. A tube with a hair-like bore raises water very
appreciably. Towards the bottom of the Capillary Zone most of the tubes
are full ; towards the top only the finer ones are full.

In the Air-Dry Zone there is a certain amount of moisture condensed on
the surface of soil particles depending on the dryness of the air, and that is all.

Most plant roots must have both air and water. They do not grow below
the water table. This explains the advantage of draining clay soil. In
ordinary clay soil in our country the water table remains for much of the year
near the surface. This restricts root growth to the top layer, which is com-
pletely dried out in drought. Drainage, by helping the slight permeability
of the clay, takes down the water table in normal weather some few feet
below surface. This allows of deep rooting, in a layer that is thick enough
to escape complete drying during drought.

Spring rolling is to compact the topmost layer and thus increase capillarity,
80 as to bring water up to the roots of scedlings.

Summer hoeing is to break up the capillary tubes near the surface and
thus check evaporation. The roots, now deep, find water lower down.

SprINGS.—If we enumerate a few simple circumstances that affect springs,
it may help us to understand natural occurrences of more complex character.

(1) Where a hill of permeable material receives rain, it may become
saturated through and through. In this case the water table corresponds,
for the time being, with the surface of the hill ; and the water tends to escape
as springs at any point below the summit. As the hill dries, the water table
descends to a position roughly corresponding with the season. It keeps an
arched shape, conforming more or less with the surface of the hill, but it only

Frc. 74. Position of water table (dot and dash) in a hilly country
made of permeable material.

meets that surface at comparatively low levels. Anywhere below the inter-
section of surface and water table, springs may occur (Fig. 74). Obviously,
permanent, springs are not to be found at the tops of our Highland hills, a
matter that may determine the luncheon site of a party climbing a mountain
like Ben Nevis.
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(2) Where a barrier prevents permeable material, that is exposed on
upper slopes, from outcropping on lower slopes, it fixes a local lower limit
to springs that can be fed from the permeable formation. The barrier may
be of any impermeable material such as shale, basalt or boulder clay. It may

Fia. 75. Effect of a barrier of impermeable material (lined) in locating the
lowest lovel of springs (arrows) from permeablo material (dotted).

have any inclination, from horizontal to vertical, so long as it excludes its
permeable associate from access to the lower slopes. Representative possi-
bilities are illustrated in Figs. 75 b-f.

(3) If, as in Fig. e and f, the permecable material occurs as outliers com-
pletely underlain by impermeable material, local springs will depend entirely
upon local conditions of rainfall, evaporation, topography and structure.

(4) If, as in Fig. 75 a-d, the permeable material continues underground
for some distance, the way is left open for loss, or gain, of water through
underground drainage.

Fia. 76. Pipe-like layor of pormeable material (unornamented) interbedded
between impermeable (ornamentod) and locating distant springs (arrows), eithor
directly or through & fault.

(5) Let us consider the non-local aspect of springs a little more closely.
If permeable material is overlain and underlain by impermeable material it
acts like a pipe (Fig. 76). If this virtual pipe is inclined, it tends to supply
far-travelled water to springs at its lower outcrop.
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(6) If the pipe, before reaching a lower outcrop, is broken by a fault then
it is likely to leak and establish springs along the course of the fault, at any
place where the fault happens to outcrop on ground that is lower than the
intake of the pipe. This is because faults, with their belts of shattering, are
usually permeable to water. The resultant springs are of artesian type
(Chapter XT).

The permeation of water through permeable material is often largely or
wholly confined to joints. At Dumbarton Rock, for instance, numerous
little springs issue from the joints of an otherwise impervious basalt.

Spring water is apt to be hard through having dissolved salts of Ca, Mg
or Fe on its underground journey.

Brewing water must be free from Fe, and yet Edinburgh and Burton both
use water derived, by boring, from ferruginous sandstone. This apparent
contradiction is readily understood for the limonite cement of a red sandstone
is insoluble.

Springs that carry an unusual proportion of mineral matter in solution
are called MINERAL spRINGS. The nature of the material varies. Thus
chalybeate, or iron-bearing springs, and sulphur, or H,S-bearing springs,
occur at Strathpeffer and Harrogate ; and magnesian, or MgSO,-bearing,
springs occur at Epsom. The chalybeate and sulphur springs may derive
their contents from the underground decomposition of iron sulphide. It is
difficult to suggest an origin for Epsom Salts.

Hor spPrINGS are rate in Britain, but are found at Buxton and Bath.
Any one visiting Bath should be sure to drop in to the Roman Baths. The
hot water at these two localities must take an unusually deep course. In
volcanic regions, such as the Yellowstone Park, high temperatures are soon
encountered underground, and hot springs abound. Most of their water
comes from rain, as is shown by seasonal fluctuations ; but some is magmatic,
as is indicated by accompanying gases.

CIRCULATION THROUGH LIMESTONE.—Percolating underground water,
even at ordinary temperatures, may produce great effects in washing out
lighter substances such as gas and oil, and in removing soluble substances
such as salt, gypsum or calcium carbonate, or, on occasion, in precipitating
cements. Let us now consider some of the solution phenomena found in
limestone country.

If the limestone is soft and porous like chalk,* the attacks of weather
under present-day British conditions give rounded, dry, but grass-covered
hills—the chalk downs. Clay with flints is left as a widespread residual
deposit. Percolation along joints causes holes with superficial subsidence,
called pipes or sinks. Thus pipes, filled with clay with flints, are very

* For water supply purposes the permeability of the chalk depends mainly upon

jointing and upon solution channels supported by adjacent flints ; but the porosity of
the formation probably influences its weathering.
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commonly seen at the top of chalk quarries or railway cuttings. Under-
ground drainage is diffuse, and does not give rise to caves. The chalk downs
have many beautiful river valleys, few of which are occupied by rivers.
Some of these dry valleys have probably been eroded when the chalk was
frozen impermeable under glacial conditions.

Where the limestone is hard, permeation is limited to joints, which are
opened by solution down to the lower limits of circulation. Streams pass
below ground, and the surface is left bare, barren and craggy, with numerous
sinks, swallow holes and caves. This type of country is called karst land,
after a typical representative on the shores of the Adriatic.

The underground drainage becomes saturated with CaCO; . HyCO,, and,
wherever through ventilation it loses water or CO,, it deposits stalagmites,
stalactites, tufa (travertine) or calcareous cement, according to position.

The tracing of underground water may become an important matter
because :

(1) There is no filtering of an underground river to prevent pollution of
drinking water. A well-known geologist was once staying at a hotel in
Yorkshire. He experimented and found that water took only 45 minutes to
travel from drains to well. He didn’t take as long in changing quarters.

(2) In the Alps, where rivers of the limestone country are often im-
pounded for power, it is necessary to know in advance whose water supply
is to be affected. Supposing the river a little below the site of the dam has
been accustomed to plunge down a swallow hole, it may have reappeared
at any lower level, even across a watershed.

The exit of underground streams can be traced by using a fluorescent dye
called fluorescein. This substance, dissolved in strong potash, gives an
orange solution, but on dilution, even with an extremely large proportion of
water, it develops a beautiful green fluorescence. A pound of fluorescein
solution is put down the swallow hole, and for the next few days a watch is
kept upon suspected springs. Fluorescein does not harm fish or man.

Karst land is rare in Scotland, where there is only one very important
limestone. This is the Durness Limestone with an outcrop reaching from
Durness to Skye. It gives all the typical phenomena. In England the
widespread Carboniferous Limestone furnishes most of the inland caves of
our islands.



CHAPTER XXXI1
RIVERS

RIVERS are responsible directly or indirectly for most erosion.
They derive their water from :

(1) Surface or direct run-off.
(2) Snow and glaciers.
(3) Springs.

The two first are responsible for floods. Our floods, due to rain, come
mainly in the winter. Alpine tloods, due to melting snow and ice, come
mainly in the summer.

River erosion may be considered under two headings :

(1) Corrasion or mechanical erosion.
(2) Corrosion or chemical erosion.

Except where corrosion is very important, rivers flow above ground.

Models of corrasion are familiar to all of you on the seashore, laid bare
by a retreating tide. Rivulets dig miniature valleys for themselves and
assemble tributaries. Deeper-cut models are afforded by the waste heaps of
mines, by the dissected ash cones of volcanoes, and by the bad lands of semi-
arid regions (Fig. 88).

Rivers carry a load which may be classified as follows :

(1) Material in solution.
(2) Material in suspension.
(3) Rolled material used as tools.

A river has very little power to corrade consolidated rocks until it has
furnished itself with tools.

The transporting power of a current increases rapidly with velocity. A
simple approximate calculation shows that it is proportional to V¢, by
which is meant that if the velocity of a stream is doubled it can move
pebbles 2¢ =64 times as heavy as beforc. Streams in flood have both bigger
volume and bigger velocity than in normal times ; it follows that streams do
most of their transport and erosion under flood conditions.

Streams can corrade downwards so long as their transporting power is

not fully employed. They can still corrade laterally when fully loaded, for
184
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they can pick up a new load at one point and drop an equivalent close at hand.
A stream is often eroding on one bank while depositing on the other.

Vertical corrasion acting alone produces a canyon or gorge. Weathering,
as already noted, tends to produce scree, surface creep and landslip, and thus
to open canyons into V-shaped valleys.

Canyons therefore only occur where corrasion has outstripped weathering.
Favourable conditions are :

(1) Rapid corrasion ; example, the gorge of Niagara (Fig. 77).

Fia. 77. Niagara Falls.

The American Fall, near the International Bridge (sinco destroyed by ice)
and the Canadian, or Horseshoe, Fall as seen from a height of 2000 feot. Goat
Island separatos the two falls. (Airmap Corporation photo.)

(2) Local material resistant to weathering ; example, Finnich Glen near
Glasgow, where a perfect canyon has been cut in a good building stone, the
Old Red Sandstone.

(3) Weathering reduced by aridity ; example, the canyon system asso-
ciated with the Grand Canyon of the Colorado in Arizona. There is so little
surface water available on the plateau cut by the Grand Canyon that the
Grand Canyon hotel has to pump its drinking water up by petrol pump from
a spring far down the canyon side.
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It is obvious that any cause which hinders the opening up of a valley
asgists the stream in its work of downward corrasion. Conversely, a full load

of material supplied from its sides will prevent any stream from digging
downwards.

Corrasion acts by :

(1) GriNDING.—This leads to a moulded channel. In particular, where
pebbles are imprisoned in hollows, and whirled round by currents, they may
dig out great rounded holes, known as potholes (Fig. 78). Moulding,
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Fic. 78. Pothdle, (llenariff, Antrim. (J. R. Welch photo.)

including potholes, is characteristic of fairly soft, but tenaceous, material,
like slate, limestone, sandstone.

(2) QUaRRYING.—Boulders and small fragments are detached along
planes of weakness furnished by joints and bedding. The resultant river bed
is fairly angular. Examples are afforded by quartzite and granite.

(3) UnpERMINING.—If a hard rock is underlain by a soft rock, the
removal of the foundation leaves the hard rock unsupported so that it breaks
away along joints. The falls of Niagara, and most other waterfalls in the
world, are produced in this way. At Niagara hard limestone is underlain by
soft shale. In the Campsie Fells there are many miniature Niagaras. The
Spout of Ballagan, for instance, falls over a sandstone overlying shale. Many
other falls of the same district fall over the hard lower portion of a lava flow
resting on the soft weathered slaggy top of another lava flow.

Though most falls result from the undermining of hard rock resting on
soft, some follow from other conjunctions of hard and soft rocks. For
instance, in Campsie Glen there is a waterfall over a dyke that cuts through
shales. The shales on the downstream side have been rapidly cleared away
leaving the dyke standing as a retaining wall that shelters the upstream
shales from attack. The same principle is illustrated on a much larger scale
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in the famous Yellowstone Canyon. The canyon has been cut in rhyolite
lavas softened by the previous attack of hot springs. At two places, however,
the springs have developed vertical belts of compact silicification, thus
hardening instead of softening the rock. At these two places we find magni-
ficent waterfalls.

Soft vertical belts in hard rocks also may produce falls. Often in the
Highlands we find a stream tumbling into a gorge which has been excavated
along a vertical shatter-belt. The most magnificent example of this type of
fall is afforded by the Victoria Falls of the Zambezi. The river at present
hurls itself headlong into a narrow gorge, which does not lead straight away
from the fall, as at Niagara, but follows a series of amazing zigzags. At one
time people thought that these zigzags could not have been produced by
erosion, but the evidence is conclusive :

(1) The zigzags are confined to the old broad high-level bed of the
Zambezi. If they were earthquake rents this would be unintelligible. If, on
the other hand, they follow intersecting crush-zones extending far beyond
the river bed, but only eroded into gorges as opportunity afforded, it is just
what one would expect.

(2) The downstream portion of the Zambezi gorge is V-shaped. The por-
tion near the falls is a canyon. Evidently the downstream portion was formed
long before the portion that neighbours the present fall. This shows that the
gorge is not a fissure produced instantaneously by an earthquake, but a gorge
opened progressively by erosion upstream from the margin of the tableland.

Mcasurements have been made of the rate of river erosion. The Horse-
shoe Fall at Niagara is going back at the rapid pace of 5 feet horizontally per
year. This sort of pace is, of course, very exceptional. The Mississippi,
which is often considered an average river, is removing 1 foot vertically per
5,000 years. This may seem slow, but a goods train, long enough to carry
one year’s load for the rivers of the U.S.A. would reach six times round the
world. Some train!

Material deposited by rivers is called alluvium. It may co.isist of gravel,
sand, loam, or clay. It may be deposited on river bed, on temporarily
flooded land, or in lake or sea.

Where a river loses transporting power it drops some of its load. If the
river is not confined within a valley, the deposit tends to spread out laterally
downstream giving a fan-shaped deposit called a delta.

Such loss of transporting power follows from :

(1) Change of slope, often affecting a mountain torrent.

(2) Evaporation, typical of temporary rivers of deserts.

(3) Entry into standing water.

Causes (1) and (2) lead to dry deltas or cones of dejection.

Deltas often furnish a vivid proof that valleys are due to erosion, since
in them one sees much of the eroded material.
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Where a river drops material in its bed it tends to build it up, which
helps to change the position of the river bed, and also to produce temporary
flooding. Flood water outside a river channel is shallow and therefore
relatively slow. It readily drops its load, especially if it is strained through
vegetation. Thus alluvium is intermittently added to flood plains. Growth
is most rapid along the edge of the river, since the flood water here drops its
coarser portion. This leads to the production of natural embankments, or
levées, which may be raised and strengthened by man. The bursting of such
embankments is an added element of danger in exceptional floods.

A river that is building up its bed with deposit is said to be aggrading.

An eroding river is said to be degrading.

A balanced river, which on the whole is neither depositing nor eroding,
is said to be graded.

The balance between deposit and erosion is easily upset, for instance by
change in climate, or change in elevation, or many other causes. Thus
alluvium often occurs in a river valley in the form of partially eroded terraces.
The higher terraces are earlier than the lower terraces. In high terraces of the
Thames, Palaeolithic weapons and bones of mammoth are often found. Inthe
alluvium that is collecting to-day bits of motor cars are characteristic fossils.

Sea-level is often called the base level of stream erosion, although rivers do
cut a little below sea-level ; for instance, the Mississippi cuts down 100 feet
below sea-level.

Local or temporary base levels of erosion are afforded by lakes or out-
crops of particularly hard rocks ; also, so far as its tributaries are concerned,
by a main river, where the latter has attained a relatively stable condition.
The tendency of river erosion, helped by weathering, is to reduce all the
world to sea-level ; and meantime to reduce individual areas to their local
base levels. As base level is approached erosion becomes very slow, and so
the word peneplain has been introduced to denote a stretch of country that
has been almost planed down by erosion.

The summits of the Scottish Highlands belong to a much dissected pene-
plain standing 3,000 feet above sea-level. Most of Canada is a peneplain.

Thalweg is another term that you must understand. It means in German
the weg, or way, of a thal, or dale. Its scientific definition is the actual
course of a river straightened out into one vertical plane so as to show the
relation of height (measured above some datum such as sea-level) to length
(measured along the bed of the river).

As a river in a humid climate generally increases in volume with length,
measured from the source, and as erosive power is greatly helped by volume,
there is a tendency for the lower part of a thalweg to approach the base level
of erosion more rapidly than the upper part. Accordingly a very typical
form of thalweg is a curve that is concave upwards until at sea-level it
becomes horizontal.
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We may now pass on to certain other general characteristics of rivers.

Rapidly eroding streams gather tributaries.

Rapidly depositing streams, where bottom load is deposited, supply
distributaries. Distributaries on a delta often find independent courses to
the sea. Distributaries within a valley or on an inland plain often reunite and
give rise to braided streams. The formation of distributaries constitutes one
of two main methods of river wandering. A distributary may easily trans-
form itself into the main river.

Where a river is neither rapidly eroding nor rapidly depositing, that is
where it has approached the neutral graded condition, meanders, or looped
bends, are frequently developed by lateral corrasion (Fig. 79). This is the
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Fre. 79. River Forth meandering from Stirling to the sea.
(A. G. Buckham photo.)

second main method of river wandering, through modification of the old bed
rather than exchange. It is favoured by vegetation, which tends to stabilise

alluvial forms through providing a temporary organic cement of roots and
rootlets.

The initiation of meanders is easy to understand, for if any accident
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carries the main current against one bank it will dig into that bank and then
rebound downstream against the other. FErosion due to diversion of this
sort tends to make a river bed bend, but not broaden. If the main current
is attacking one bank, then slack water will lead to compensating deposit
just opposite along the other bank.

Rivers fit their meanders; large rivers have large meanders, and small
streams have small meanders. :

This adjustment is due to two opposing tendencies :

(1) Weight tends to draw the main current along the inner bank, because
this is the shorter route.

(2) Momentum tends to carry the main current against the outer bank,
although this means a longer journey.

Where a river fits its meander these two tendencies keep the main current
midstream. With decreasing flow, the momentum factor is reduced in
relative importance and the current attacks the inner bank, and so contracts
the meander until equilibrium is re-established. Conversely, with increasing
flow, momentum leads to attack of the outer bank, and the meander expands.
In either case alluvium is added to the slack-water bank.

Here are a few additional points about meanders :

(1) They lengthen a river and thus flatten the thalweg.

(2) Often during the development of meanders there is concomitant
vertical corrasion. This leads to development of cliffs along outer banks and
gentle slopes along inner banks.

(3) Meanders often short-circuit by cutting into one another. This some-
times leaves crescentic lakes known as deserted oxbows.

(4) Meanders are also often short-circuited during floods, when overflow
cuts the isthmus.

Short-circuiting a meander reduces the total length of a river. Mark
Twain was so much impressed by the hundreds of miles lost by the Mississippi
during a disastrous flood, that he calculated how long it would take for the
whole river to disappear. Though it has nothing to do with the subject, it is
interesting to remember that Mark Twain’s nom de plume was taken from
the Mississippi pilots’ call registering a safe two fathoms of water as revealed
by sounding.

Wandering rivers, whether the wandering is determined by distributaries
or by meanders, are potent agents for broadening valleys and developing
peneplains. A river does not lose its power of lateral corrasion when fully
loaded, because, as I have already pointed out, it can pick up material on
one side of its course and drop it on the other. In our own country we are
accustomed to see almost flat river alluvium in valley bottoms. Where this
alluvium consists of gravel it must have been directly deposited by the river
current during wanderings. It is very common to find a gravel deposit lying
as a thin coating upon an almost flat surface of eroded rock. The river which
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deposited the gravel has also, during its wanderings, cut the valley bottom
to one approximate level. If the river during its wanderings has been inter-
mittently cutting downwards, as well as sideways, then it will have developed
a series of terraces of erosion, cach capped with gravel—a very common
phenomenon. All this has been thoroughly understood for a long time ; and
it has been realised that rivers, when they have ceased to cut down their
valleys actively, may still broaden them very considerably.

Recently American geologists have been studying their semi-arid districts
with increasing thoroughness. It has already been pointed out that the
downward cutting of a river running through a desert is particularly clear,
because the sides of a canyon have so little tendency to fall. In other
situations, where desert rivers are graded and have no tendency to dig them-
selves in, their lateral corrasion is equally easy to recognise. Concomitant
weathering is so slow that, as the rivers wander to and fro to make immense
plains, their workmanship is left unblurred. The plains are covered by river
gravel, if the rivers are transporting hard material as pebbles; and the
different plain levels are separated by river scarps, such as separate the
comparatively miniature terraces of our own valley bottoms.



CHAPTER XXXIII
RIVER DEVELOPMENT

RrveRrs show certain natural stages of development and these have been well
called youthful, mature and senile. Their characters may be summarized as
follows :

YourarurL.—Canyon valleys. Rapids or falls. Vertical corrasion pre-
dominant. Much of the country between neighbouring rivers scarcely
affected. Discordant or hanging tributaries.

MaTurE.—V-shaped valleys with bottoms broadening by lateral corra-
sion into meander belts. Gentle approximately-graded thalwegs. Trans-
port of mechanical detritus supplied by surrounding country predominant.
This surrounding country fashioned into valleys with narrow divides. Tribu-
taries concordant. Adjustment of river courses to geological structure so
arranged that most of the flow takes place along the less resistant outcrops.

SENILE.—Valley systems so open and flat as to merge into a peneplain,
much wider than any individual meander belt. Lateral corrasion and chemical
erosion predominant. Loss of adjustment to the nature of the rock outcrops.

The disappearance of waterfalls with advancing age is interesting. Let
us take the common case of a waterfall over horizontal hard rock on to

soft (Fig. 80). The water-

/ fall will retreat upstream
w by undermining only so
A long as the stream below
. the fall has sufficient grad-

F1e. 80. Retreat Aoé ‘;':;x;fglld-from B to C, until ient to transport the eroded
material. Once the stream

below the fall is graded it will tend to be blocked by debris, which, by
forming a barricade, with or without a pool, will check undermining at
the foot of the fall. Suppose 4 is some point at local base-level, and
that, upstream from 4, there is a waterfall at B. The waterfall can re-
treat upstream, if 4B is not graded, until some point C is reached, where
AC is graded. Thereafter the base of the fall, no longer undermined,
remains at C, and the cliff of the fall is gradually worn down, so that the fall
degenerates to a rapid of lessening slope. That the retreat of a waterfall

depends largely upon its ability to keep its base clear is well illustrated at
192
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Niagara. The Canadian, or Horseshoe, Fall has so much water that it can
prevent accumulation of debris, and it retreats 5 feet a year. The American
Fall, with less water, tumbles over the side of the gorge cut by the Canadian
Fall. It cannot move the great blocks that fall from its crest, so that rela-
tively speaking it stands still (Fig. 77).

The complete development of a river system, from the beginning ante-
dating youthful to the end of senile, is called a cycle of erosion. The name
is intended to suggest the similarity of the featureless start and featureless
conclusion. Often some cause, such as earth movement, quickens erosion at
some stage in the cycle. Rivers which have their activity renewed are said
to be rejuvenated. A rejuvenated river system has many features of a
youthful system such as canyons, falls, rapids, discordant tributaries ; but
it also may inherit features from its previous mature or senile condition.
Thus the Zambezi gorge has been sunk into a still recognisable senile bed ;
or a meandering river rejuvenated may have dug down its meanders giving
rise to what are called incised meanders.

The topography of a river system is as old as it looks : it does not depend
merely upon years, but partly also upon substance. Hard resistant rocks
retain youthful topography long after soft unresistant rocks have adopted
mature or senile form. Thus along the course of a single river one may find
reaches, traversing hard rocks, with falls and rapids confined in gorges, and
other reaches, traversing soft rocks, with sluggish meanders on alluvium
spread over a peneplain.

Hard and soft rocks often lead to a profound readjustment of river
courses within a wide area. Rivers unite into systems so as to reduce their
crossings of hard resistant outcrops to as few as possible. This is a very
common feature of maturity in river development.

The first chapter in river development is the establishment of river
valleys as a direct consequence of uplift. The streams are called consequent
streams. To begin with they flow down dip slopes ; but after a time with
the help of weathering they tend to cut down the country as a whole to a
gentler inclination than the dip of the strata. The recognition of consequent
streams in a maturely adjusted river system is often speculative, but the
Humber, leading from the Pennine uplift, and the Medway and Arun radiating
north and south from the Weald dome may be taken as safe examples.

It is good practice to draw an ideally simple map of a series of parallel
consequent streams traversing at right angles a succession of hard and soft
outerops with seaward dip (Fig. 81, 1).

The second chapter in the development of a river system is the establish-
ment of tributaries. As the consequent rivers dig in they develop slopes
leading to themselves from either side. The hard rocks, resistant to weather,
stand up above the more yielding softer rocks (Fig. 72). Accordingly, the
main tributaries are established upon the soft outcrops. Such tributaries

N - B.G.
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are clearly not a direct consequence of uplift, they are a subsequent develop-
ment ; and so streams with courses adjusted to run along soft outcrops are
called subsequent streams. Hard and soft outcrops often lic parallel with
one another, approximately following a constant line of strike. Their
course is said to constitute the grain of the country. Subsequent streams
follow grain or strike.

Draw a second map and insert upon it a series of subsequent streams
(Fig. 81, 2).

The third chapter introduces river capture or piracy. If for any reason
one consequent stream cuts down more deeply than its neighbours, its
subsequent streams also cut
down more deeply and thus
capture more and more of the
drainage of the subsequent
valley. At last, continuance
of this process intercepts some
neighbour consequent stream,
1 2 capturing its headwaters, or in
other words beheading it.

In a third map illustrate
such capture (Fig. 81, 3).

The more water a consequent
stream captures, the greater is
its advantage over ncighbours
in cutting through resistant
outcrops farther downstream.

Fic. 81. River development: 1, with conse- Thus the process of river cap-
quents ; 2, with subsoquents ; 3, with beheading ture, or piracy, continues, and
gW, watershed) ; 4, with corrom-formation caus- gne consequent stream may by
ing obsequent, (C, corrom). the help of subsequent streams
capture the head waters of a large number of consequent streams. The
most diagrammatic example in Britain is afforded by the Humber, with its
subsequent streams situated on the soft outcrop of the Trias, the Ouse on
the north and the Trent on the south.

The fourth chapter in river development concerns the fate of streams
that have been beheaded. Deprived of much of their water they may be
unable to keep their courses clear. Two very common obstructions may
block them and furnish a watershed at some point or other. One of these is
a landslip, and the other, and much more usual, is a delta built up by some
tributary. An obstruction due to either of these causes may reverse the
drainage in the upper part of a beheaded stream. A stream draining with
reversed flow from a beheaded valley (or for that matter with contra-
consequent direction from an erosional escarpment) is called obsequent.
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In a fourth map illustrate reversal of drainage on a corrom (Fig. 81, 4).

A delta-watershed is called a corrom (Fig. 82). The name comes from a
Gaelic word meaning a balance. 1t has been applied by the inhabitants of
Argyll to at least two delta-watersheds built out by tributary streams,
because, on issuing from the tributary valley, the water is balanced, as it
were, on the delta, and may one day flow one way, and another the other.
It has now been introduced into general Geology. A corrom is readily trans-
formed into a rock watershed, through erosion due to the obsequent stream.
A good example of a corrom occurring near Glasgow has been built across
the through valley of Strathblane by the Ballagan Burn.

F1c. 82. A corrom, or delta-watershed, in Kast Lothian. The shape of the
corrom, which was deposited from the small gorge on the far side of the valley,
i8 brought out by the telograph poles in the railway cutting. (Kendall and
Bailey, 1908.)

Once a beheaded valley has developed a watershed, so that it no longer
carries a continuous stream, it is called a windgap. Strathblane is a windgap.
So too is the valley connecting Fintry and Denny in the same general
district. So too is Gleneagles. These three windgaps are extremely inter-
esting as they show that at one time the ridge of igneous rock reaching from
side to side of Scotland, through the Kilpatricks, Campsies, Ochils, Sidlaws,
did not exist as a surface feature. The Highland rivers crossed it freely, but
have now mostly been captured by subsequent streams that have en-
trenched themselves in a belt of Old Red Sandstone sediment north-west of
the igneous outcrop. This belt has been cut out into a continuous series of
valleys, the eastern part of which is called Strathmore (literally translated
as Great Open Valley). The story is complex, but some items are fairly
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clear on a geological map. The Teith, continued by the Forth at Stirling, is
probably a successful consequent river ; so too is the Tay at Perth. The
Forth at Drymen, and more particularly the Isla, north of the Sidlaws, are
excellent subsequent rivers. The Clyde may be in large measure an obse-
quent river : it is thought by some to carry the reversed drainage of the
head-waters of the Tweed.

In areas of hard rock, shatter belts along faults may serve as guides to
subsequent rivers. This is the case in the Highlands, where many of the
subsequent valleys have been overdeepened locally by glaciers to furnish rock
basins for lochs. The best example is afforded by the shatter belt of the
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Fi1c. 83. Map of Ben Nevis region, showing ancient consequent west-to-east
valleys segmented by subsequent valleys that have been eroded along shatter
belts now occupied by Loch Linnhe and Loch Leven.

Great Glen, which determines the course of the Caledonian Canal and of
Loch Linnhe (Fig. 83).

Consequent rivers need not always flow in the direction of dip, and this
is one reason why it is very difficult to recognise consequent rivers with
certainty. There are two main independent causes for disagreement be-
tween the direction of consequent rivers and dip :

(1) The rivers may have started on a formation which has since been
entirely removed by erosion. This formation may have rested unconformably
upon a previously folded and eroded foundation. When the rivers cut down
to the foundation, they are naturally discordant to its dips. Such rivers are
said to be superimposed. The Teith-Forth valley is an example. The
radiating valleys of the English Lake District furnish others.
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(2) A mountain system may be developed across the course of a river so
slowly that the latter may be able to maintain its direction by cutting down
as the mountain rises up. A river so situated is described as antecedent.

The phenomenon of antecedent drainage may become so impressive as
to appear almost unbelievable. A river passing through the core of an anti-
cline may have rocks of particularly resistant character exposed all the way
from the floor of its gorge to the summit of adjacent rugged peaks. At first
sight it seems incredible that its waters should not have been turned aside
by the uplifting of so firm an obstacle. The explanation is usually to be found
in soft unconsolidated sediments, long since worn away at the arch of the
fold. When an anticline begins to raise a thick mass of modern marine
sediments, antecedent rivers need find no difficulty in keeping their courses
clear of mere clay and sand. Before the folding brings really hard rocks to
the level of erosion, the rivers may be firmly entrenched in valleys thousands
of feet deep, from which they cannot easily be diverted by slow continuance
of earth movement.

The Indus and Brahmaputra traverse the Himalayas from north to south,
and are usually interpreted as antecedent rivers.

While superimposed and antecedent drainage must be awarded the main
responsibility for rivers crossing anticlines, consequent drainage must also
be allowed a share in the phenomenon. For instance, in the Isle of Wight,
there is a strikingly asymmetric anticline, in which a steep, or vertical,
northern limb contrasts with a very gently inclined southern limb. This
anticline in Mid-Tertiary times elevated incoherent Early Tertiary sediments,
and it obviously cannot have produced a surface form in any way closely com-
parable with the tectonic form now revealed by crosion. Instead, the Early
Tertiary sands and muds, contemporaneously with their uplift, must have
been reduced by slip and rain-wash to a fairly symmetrical ridge with its
summit well behind the tectonic crest. Thus we find the Medina, a north-

ward draining consequent, starting from a source considerably south of the
anticlinal axis.



CHAPTER XXXIV
SEA

ErosioN.—The sea erodes by wave violence, which may be greatly assisted
by :
(1) Pebbles used as tools.
(2) Compressed air driven into joints and cavities.
(3) Boring organisms, which attack shale and limestone.
Waves derive their power from the wind, and their effect rapidly de-
creases with depth, becoming imperceptible at a depth equalling the wave-
length. Thus lateral corrasion plays a larger part in comparison with
vertical corrasion than it does in the case of active rivers.

The sea tends to fashion hard rocks into headlands and soft rocks into
bays. Except on a small scale, marine erosion will only make broad, open
features of this kind. An intricate coastline such as is common in the West
Highlands has never resilted from marine erosion, for marine erosion is
concentrated on exposed headlands and is often replaced by deposit in
sheltered sea-lochs. The West Highland coast is due to two independent
causes :

(1) subsidence and drowning of a subaerially eroded valley system ; and

(2) entry of the sea into valleys overdeepened by glaciers.

These two causes are very difficult to disentangle in the Highlands ; but
in the Devonshire peninsula, which lies south of Pleistocene glaciation, sub-
sidence is very clearly illustrated in several examples.

Waves attacking a slope at its base tend to produce a cliff by under-
mining, if the rock be strong enough to stand upright, but, in softer materials,
a steep slope.

As they advance waves develop a terrace or shelf of erosion, with partial
inconstant cover of deposit. This shelf slopes very gently out to sea, furnish-
ing an approximate platform. Permanent deposit gathers only below the
level agitated by the waves, where it constitutes a submarine terrace of
accumulation continuing the platform feature due to erosion.

Round most continental shores there is a very gently sloping shelf leading
down to the 100-fathom contour. Below this the depth increases more
rapidly towards the ocean. The continental shelf, as it is called, is probably

in part due to marine erosion and in part to marine sedimentation. Sonic
198
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sounding has demonstrated that its outer slope is in places channelled by
deep canyons due to some problematical kind of river erosion—possibly
subaerial in origin, possibly submarine.

Bedding, joints and vertical crush-zones all have a great effect in shaping
sea cliffs. Accordingly, these may be vertical (Figs. 44, 84), outwardly
inclined or even overhanging. The overhanging attitude is the least stable,

Fia. 84. Hardfust Point, near Swanage, Dorset, 1902 and 1912,
(S. H. Reynolds photo.)

but is illustrated rather strikingly in Fig. 85, where it is shown supported by
a natural buttress.

Often some master joint, or crush zone, leading into a sea cliff gives a
special advantage. A chasm is started, and the waves directed into it act
like a to-and-fro river with concentrated attack. The chasm, with its two
sides, may be able to maintain a roof at a height not reached by the main
force of the waves. Thus sea caves result, generally along the course of some
master joint, crush or dyke. Very often the roof of the cave is determined
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by some bedding plane, above which a stronger formation lies, or by some
limit, above which the joint system is less suitable for quarrying. This latter
occurs at Fingal’s Cave, Staffa, as already explained (Chapter XX).

Compressed air is specially effective in caves, and may, with assistance
from collapse, form blow holes a long way inland.

Two chasms advancing along parallel joints sometimes unite, where
erosion is guided by a transverse joint. The result is the isolation of a cliff-
bounded islet known as a stack (Figs. 44, 84). The Old Man of Hoy in Orkney
is the most famous of many British examples.

The sea may erode as rapidly as Niagara, that is about 5 feet a year,
where it has to deal with soft rocks. Elsewhere its progress is gencrally slow.

incline towards right.

MECHANICAL SHORE DEPOSITS.—Erosion and transport are always inter-
related. Some load helps wave erosion by furnishing tools; but load
provided at one part of a coast frequently gives protection to another part,
and even builds it out seaward.

There is a tendency to sort the coarser material towards the shore owing
to the greater strength of advancing waves. This explains the frequency of
gravel beaches. Mud is only dropped in sheltered estuaries or in fairly deep
water. Thus the zone of wave action is typically bounded by shingle,
reaching above high water, and by mud, reaching below the level that is
subject to disturbance.

Waves are greatly helped in transporting boulders by ice or sea-weed.
It must always be remembered that immersed boulders lose much of their
effective weight through buoyancy.
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Where a wind blows obliquely on a shore it sets up a pulsating zigzag
current along the shore carrying sediment as coastal drift. The genera.
direction of a shore current is parallel with the deflecting shore. Where the
shore is indented the current tends to carry on straight, and to drop its load
on reaching deeper water, thus building a spit. The process is cumulative,
for after the spit has started to grow it guides the coastal current cver
farther in its straight course. A spit may be built by degrees right across an
inlet so as to enclose a lagoon. It may also rise above high-water through
additions of shingle and blown sand. Spits with lagoons are common in
Scotland, particularly in Orkney. Spits on a larger scale figure very promi-
nently in Holland and along the Atlantic shores of the U.S.A.

A very usual coastal feature is a spit built out to connect an island with the
mainland. Material carried shoreward accumulates in the shelter of the island.

Rivers bringing their detritus to the sea often drop it at their mouths to
form a bar. A river may sometimes be forced to dredge its own bed, by
artificially confining it in its estuary to a single course. Many bars are added
to by coastal drift. On the other hand accumulation of a bar may be pre-
vented where the coastwise current is underloaded.

Any interference with a coast line may affect the balance between
erosion and deposit for very many miles on the lee side of the interference.
Thus a groyne, built out at right angles to a shore, by retaining the drifting
sand on the one side may institute active erosion on the other. Near Los
Angeles a highly-prized bathing beach has been ruined on the lee side of a
recently constructed swimming pool

In tropical seas, on the east coasts of continents and in mid ocean, coral
reefs are a characteristic feature (Fig. 86). These reefs may be :

,"\
Y > )
V4
u-dh—v‘\ /
b c

Fig. 86. Maps of coral islands.
a, fringing reef ; b, barrier reef ; c, atoll.

(1) Fringing, where attached to the main coastline.

(2) Barrier, where they stand away from the main coast. The Great
Barrier Reef of Australia is 1,200 miles long and lies 25 miles off-shore with a
depth of 100-300 feet in the intervening channel.

(3) Atoll, where the reef forms a roughly circular ring about a lagoon,
which may be 200 or even 300 feet deep. Such an atoll may be anything
from 2 to 50 miles across.
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Coral only grows to a little above low water. Coral islands may result
from storm beaches and blown sand built upon a reef, or from elevation of a
reef. The name is also loosely applied to volcanic or other islands surrounded
by coral reefs.

Corals only grow luxuriantly in exposed positions, where the waves bring
them food. Mud is fatal. Depth also is fatal. Reef building corals do not
grow at depths of more than 250 feet. As the waters immediately outside
coral reefs are commonly of much greater depth than this, we are faced with
a problem. Two explanations have been offered, the first by Darwin,
recently modified by Daly, the second by Murray.

(1) Darwin suggested that coral reefs start in shallow water as fringing
reefs. Then, if gradual subsidence takes place, they grow almost vertically
upwards along their exposed rims, and so become barrier reefs, well in
advance of the shore, which necessarily retreats with submergence (Fig. 87).
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F1c. 87. Darwin’s submergence theory.
F, fringing reef ; B, barrier roef ; A, atoll.
1, 2, 3, successivo positions of sea-level.

Later, with continuance of subsidence, the shore, if it belongs to an island
and not a continent, may be carried completely under water, leaving the
barrier reef, still growing, transformed into an atoll. Darwin’s beautiful
theory has been supported by a bore at Funafuti Atoll, in the Indian Ocean,
which passed through 1,000 feet of coral rock without reaching bottom. If
it had been possible to demonstrate that any of the corals towards the
bottom of the bore were in position of growth, his interpretation would have
been definitely proved in this particular case. His opponents, however,
claim that the bore passed down through consolidated coral debris. Be this
as it may, support is furnished to Darwin’s theory by the observation that
the valleys behind the Great Barrier Reef of Australia are in an obviously
drowned condition, indicative of submergence.

Daly’s modification of Darwin’s theory is as follows: He contends that
the lagoon depth of the atolls and barrier reefs is so consistent that it points



xxxiv] SEA 203

to a world-wide rise of oceans, rather than a local subsidence of lands. He
has calculated the volume of water that must have been locked up in the
glaciers of the Ice Age, and considers that it would account for a 300-feet
lowering of sea-level. He thinks that many coasts were cut down to a corre-
sponding low level by wave and other erosion, especially as the cooler seas
of the time would slow down protective coral growth. Finally he pictures
post-Glacial return of water, at a genial temperature, as affording the corals
a splendid chance to convert shoals in process of submergence into atolls.

(2) According to Murray’s theory the corals of atolls begin on shoals,
furnished, for instance, by eroded volcances. Starting at very moderate
depth, they reach the surface and expand outwards as a ring, due to the
active growth of the wave-washed outer members. Submarine scree from
the front of the reef supplies the foundation for this outward growth. The
corals of the centre dic, and, exposed to boring and solution, pass into coral
mud, which is carried out to sea through gaps in the reef. There is always
a current setting out from a lagoon, during storms, to carry off the water
of the waves that break over the reef. Thus Murray pictures the lagoon as
an erosion feature, not a subsidence feature.

Probably Darwin’s theory, or Daly’s modification, accounts for some
atolls, and Murray’s for others, especially the comparatively small rings that
are found, for instance, along the course of the Great Barrier Reef. There is
fine scope for some millionaire to sink his money in search of the foundations
of these mysterious fairy circles.



CHAPTER XXXV
DESERTS AND STEPPES

DEesErTs have been defined as regions with less, often much less, than
10 inches of rain per year.

They are regions of internal drainage. Their rivers dry up in the open,
or discharge into lakes without outlet. Occasionally a big river, like the
Nile, may cross a desert ; but it is supplied from outside.

The position of deserts is largely influenced by distribution of land and
sea, and of mountain chains ; but in a broad way the deserts of the world
fall into two main belts, north and south of the equatorial rains. The
Northern Belt includes the Sahara, and stretches east through Arabia into
Mongolia ; in America it claims the Great Basin with the Great Salt Lake.
The Southern Belt embraces the Kalahari desert in Africa, much of Australia
and part of South America.

Erosion.—Desert erosion is perhaps (opinions differ) a comparatively
slow affair. According to this view the rarity of water as an eroding agent
is not.fully compensated by the sparsity of vegetation as a protective
covering. At the same time, nowhere else on the earth’s surface is there such
diagrammatic evidence of erosion as in a rock desert. This is due to the fact
that the wasting of detached material, through removal by wind or rain,
generally keeps pace, approximately, with the breaking up of solid rocks.
The result is that a rock desert furnishes an amazingly clean workshop for
weathering effects. Every rock is attacked according to its own merits ; the
soft cannot shelter beneath the debris of the hard. Also every structure,
such as bedding or jointing, has a full chance to guide erosion (Figs. 72, 88).
Scarps and pinnacles are characteristic, dependent upon the predominating
influence of stratification or jointing. As already emphasized, flowage and
landslipping disappear.

The main weathering agents of a desert are :

(1) Rain, which though infrequent produces very marked effects owing
to absence of vegetation. Many rock faces in deserts are channelled by
rain-wash. In such a case it is clear that other agents have not had
sufficient power to obliterate the marks left by one shower before another
intervenes.

(2) Insolation, which has already been discussed.

204
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(3) Crystallization of salts sucked up in solution to near the surface by
capillary attraction accompanying evaporation. The crystallization of such
salts in the pores of a rock tends to disintegrate the rock and render it
friable.

(4) Oxidation, which is very active where water and air act without the
reducing tendencies of vegetation. Iron and manganese salts sucked out
on to the surface of rocks, and perhaps distributed by splashing rain, oxidize
to ferric oxide and manganese dioxide, to give a dark shining coat that is
called desert varnish.

F1G. 88. Erosion in the semi-arid Bad Lands, South Dakota.
(Leaso photo.)

In fairly moist deserts, such as the Sudan and parts of Arabia, ferric
oxide is formed as a film on the loose sand grains, thus providing red deserts.
1t was under such conditions that much of the New Red Sandstone of
Britain formed. The oxidation of iron may continue far below ground.
Thus in Arran the floor of the New Red Sandstone desert is reddened and
oxidized for 500 feet below the desert deposits. Similarly the copper sulphide
ores at Butte, Montana, an arid district, have been wasted by oxidation to
soluble sulphate to a depth of 500 feet.

Wind is the most important agent of transport at any rate in thoroughly
dry desert regions, and is responsible for considerable corrasion. Like the
water of humid regions it requires tools to be really effective against consoli-
dated rocks. Its sand-blast decreases in intensity a short distance above
ground level. Thus telegraph posts need special protection at their base, and
upstanding rocks are often undercut. On a larger scale the mountains of
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desert regions may escape with little sand-blasting. Rock surfaces in the
Red Sea mountains are soft and crumbly.

Wind erosion is more widespread than river erosion. It may hollow a
depression, but it does not dig a valley with tributaries. In its effect upon
a rock surface it smooths and polishes, where the rock is uniform, and develops
inequalities, where there is stratification or any other guiding structure.
Sand-blasted conglomerate on the shores of Arran shows pebbles etehed out
as wind-moulded projections with tails of matrix protected in their lee.

DEeposits.—Many of the loose pebbles of a desert are angular in
form, though with polished and wind-moulded surfaces. They are called
dreikanters, which means in German
three-cornered, but the exact number
of corners does not matter. Some
owe their angles to sand-blasting,
combined with intermittent overturn,
which exposes a new surface to attack
(Fig. 89). Artificial dreikanters can
be produced in this manner, experi-
mentally, from pebbles of any original
shape (W. H. Schoewe, Am. Journ.
Sci., cexxiv, 1932, p. 111). In other
examples, which possibly do not fully
deserve the name dreikanter, the flat

RS 51 whdsisly”  faces are fracture faces, due perhaps
0 1inch to insolation. In such cases the angles

Fic. 89. Droikanters in plan and h‘a,ve not been produced by wind ero-
elovation. sion, but have merely been left alone.

The only thing that the wind has done
is to etch and polish the surface (W. H. Hobbs, Acad. Sci. Rep., 1918,
20th March, p. 95).

While the stone pebbles of deserts tend either to be made, or left, angular,
the sand grains tend to be rounded, even at quite small diameters, at which
water-rounding becomes inefficient. Rounded sand grains proclaim desert
conditions during the formation of the British New Red Sandstone, and have
also allowed us to recognise that the Chalk Sea had a desert shore.

Sand is the great deposit within deserts, and dust around their margins.
Sand accumulates in travelling mounds or hills called dunes. In longitudinal
section a dune presents a gentle slope to the wind, up which sand is driven.
It has a steeper lee slope, down which sand slides, and beyond which compli-
cated eroding vortices are produced in the wind current. In plan, dunes
vary greatly, according, it is here suggested, to the strength of wind in
relation to the supply of sand :

(1) If the sand-supply is very abundant compared with the wind the
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dune forms a ridge at right angles to the wind, though with projections on
the lee side pointing with the wind. Such a condition is often found in our
own country just on the landward side of a sea beach. On a minute scale,
ripple marks may be grouped under this heading.

(2) If the wind and sand-supply are balanced the dunes become isolated
crescents. The horns of the crescents are due to a sideways diversion of the
bottom current of the wind.

(3) If the wind is overpowering, the dunes become ridges parallel with
the wind.

On coasts, sea sand, exposed at low tide without cover of vegetation, is
often blown inland to give shifting dunes. In Europe, the sands of the Bay
of Biscay afford the main example ; and, in Britain, the Culbin Sands of the
Moray Firth. The Culbin Sands at the present time completely hide the
Culbin Manor House. They also march slowly through woods burying and
killing them, and then passing on. A common effect with blown coastal
sands is to dam streams and form lakes. Planting with bent (a particular
form of grass with very extensive rhizomes) is undertaken to tether destruc-
tive dunes. Trees of suitable character are also employed.

The internal features of dunes are large-scale current bedding coupled
with small-scale ripple marks. These features reappear in fossil dunes of
our New Red Sandstone.

The temporary rivers of desert regions cut gorges, where the slope allows ;
but they tend to dissipate by evaporation and absorption, especially on level
ground. This leads to the formation of distributaries building extensive
dry deltas made up of intensely irregularly bedded accumulations of pebbles
and sands. Qases occur where the ground-water of such deltas is discharged
at the surface by some impervious layer. Many of the conglomerates of the
Old and New Red Sandstones were formed by temporary rivers wandering
over a desert land surface.

Where desert rivers discharge into lakes without outlet, evaporation
leads to concentration of salts. This subject has already been considered
under the head of Chemical Sediments (Chapter XV).

Salts are deposited, not only in lakes, but also locally on dry land. This
happens where the water table is sufficiently high to allow water to be drawn
to the surface by capillarity. There results what is called alkali desert (the
term alkali is here used incorrectly to include neutral salts like NaCl as well
as true alkali salts, such as Na,COg). Alkali deserts are particularly bad for
plant life. In most irrigation schemes it is essential to arrange for drainage
of ground water. If all the water added by irrigation is dissipated by
evaporation alkali desert follows, perhaps slowly, but at any rate surely. It
must also be borne in mind that there is a danger of irrigation water con-

necting in depth with saline ground water and thus helping previously deeply
buried salts to reach the surface.
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The preservation of footprints in desert sandstones is probably often due
to a thin surface layer of gypsum, which is ideally suited to retain an im-
pression, because gypsum is the basis of plaster of Paris.

The shore line of a lake without outlet depends upon the balance between
rain and evaporation. If the rain increases the lake expands, and vice versa.
Thus old shore lines furnish records of old climates. The past history of the
Great Salt Lake has been studied in detail. In a former rainy, or pluvial,
period, as it is called, the lake was very much bigger ; and, as its outlet can
be recognised, the water must have been fresh. This pluvial period corre-
sponded with part of the Pleistocene glacial period of more northern climates.

Logss.—Stretching across much of northern Europe into Asia, from
France to China, and reappearing in the Mississippi valley, is a fine-grained
unstratified yellow to brown loam known as loess. It is generally under 100
feet thick, except in China, where it may be 1,000 feet thick. It is soft
enough to dig, and yet is vertically jointed, and is sufficiently compacted by
calcareous cement to maintain vertical cliffs, where attacked by erosion. It
is thickest in valleys, but, unlike flat-topped alluvium, it rises gently up hill
slopes to mingle with scree. The fossils of loess are few, but include land
snails, jerboa, etc. Another feature is supplied by calcareous concretions,
which grow vertically, something like the cornstones of the Old Red Sand-
stone. Loess is interpreted as a dust deposit, anchored by sparse grass,
which has prevented the development of bedding. The vertical roots have
left innumerable vertical tubes to which the characteristic jointing is due.
Loess is forming to-day on modern semi-arid grasslands called steppes.
The great trans-continental development, to which reference has been made,
belongs to the Ice Age. It formed when wide spreads of glacial deposits lay
unprotected by vegetation, so that their dust was easily blown outwards to
neighbouring grass-lands. Loess is very sparingly developed in Britain, but
is probably represented among the Thames Valley brickearths.

The yellow colour of the loess is responsible for the name Hoang (yellow)
Ho (river). The Hoang Ho flows over great loess deposits and carries its
load into the Yellow Sea.

Many Chinese live in houses dug out of loess. As already stated the
material is both soft and durable.



CHAPTER XXXVI
GLACIERS

A Mass of flowing ice is called a glacier. It may vary in area from a fraction
of a square mile to many hundreds of thousands of square miles.

Glaciers are fed by snow. Semi-compacted snow in the half-way con-
dition to glacier-ice is called névé.

Glaciers exist wherever annual snowfall is in excess of melting and
evaporation. Such regions are said to lie above the snowline, which may be
18,000 feet above sea-level in the tropics, or right down to sea-level towards
the poles. The snowline depends, not only upon temperature, but also upon
precipitation. Many cold regions receive too little snow during the course
of the year to allow of any surplus escaping melting or evaporation. Siberia,
with its frozen mammoths, has no glaciers.

Mountains, with their cold upper regions and their abundant precipita-
tion, provide good sites for glaciers. It may be mentioned that winds are
cooled in going over mountains, not so much by conduction, as by expansion
due to rising into regions of low pressure. Any gas, when expanded, cools—
the principle employed, for instance, in preparation of liquid air.

Except in polar regions, modern glaciers are only found among moun-
tains, where they are largely fed by wind-drift and avalanche. The charac-
teristic form is the valley glacier, a true river of ice. Such a glacier moves
much more slowly than a water river ; it fills a much larger proportion of
its valley at any one point ; its tributaries are fewer ; its maximum length
is less—about 10 miles in the Alps and 50 miles in Alaska.

Sometimes in Alaska important valley glaciers unite beyond the moun-
tains to form a spread of ice known as a piedmont glacier.

With increase in size, valley glaciers coalesce above the walls of their
valleys, giving a great mass with gently domed surface and with radial out-
ward flow. Such masses, with an area of perhaps a few hundred square
miles, are called ice-caps, of which there are good examples in Iceland. They
depend for nourishment upon the snow that falls on their own surface.

Mountain tops, projecting island-wise through glacier ice, are called
nunataks.

Ice-caps of the largest size are termed ice-sheets, or continental ice-
sheets. At present only two examples occur ; one in Greenland, the other
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in Antarctica. During the Pleistocene, two other huge ice sheets existed,
the Brito-Scandinavian and the Canadian. This statement records one of
the most surprising discoveries of Science. It is interesting to recall that the
former glaciation of Britain was first definitely announced during a meeting
of the British Association held in Glasgow in 1840. We shall return to this
subject after describing some of the characters of modern glaciers.

Valley glaciers are far more numerous than other forms, though their
aggregate bulk is comparatively trivial. They were first studied in the Alps.
They obviously flow, since in spite of melting they reach far below the snow-
line. Measurements of velocity are taken by planting a row of stakes across
a glacier. These indicate swifter movement in the centre than at the friction-
impeded sides. The velocity of a big Alpine glacier is 2 feet a day. The
Greenland ice-sheet in its interior portion only flows about 1 inch a day, but
near the edge it feeds valley glaciers that escape through portals in the border
mountains at the rate of 50 to 100 feet a day.

Ice flows much as though it were a viscous fluid ; the precise physics need
not detain us. The direction of flow is approximately determined by the
slope of the upper surface of the ice, for bottom layers are dragged along by
the freely moving upper portion. Bottom flow is not directly observable,
but can be deduced from scratches, or striae, produced on the underlying
rocks, if these are exposed to view by subsequent melting of the ice (Fig. 1).
Such striae are the work of stones and grit dragged along at the bottom of
the ice ; ice, like water, requires tools for effective grinding. Striae formed
at about the same time on a particular rock surface are approximately
parallel. Loaded ice passing over a rock face often moulds and polishes it,
as well as scratching it. The commonest effect is to smooth away any little
obstruction that faces the ice flow. This is very important in reading the
direction of ice flow from striated surfaces. Suppose the striae run E. and W.
This shows that the ice low was either towards the E. or towards the W.
Putting one’s eye near the surface, one looks first east along it, and then
west. In most cases the surface will appear as smooth curves when one
looks in the direction of ice flow, but will be broken by a series of steep un-
smoothed little slopes when one looks against the direction of ice flow. In
geological maps glacial striae are shown by the sign -9, with the arrow head
pointing in the direction of flow. If the moulding is not clear enough to
indicate this direction, a headless sign is employed -&-.

The same type of moulding is often seen on a much larger scale where an
upstanding rock, several yards long, has been glaciated. The result is called
a roche moutonnée : Many books give a wrong derivation for the name,
saying that roche moutonnée means a rock that looks like a sheep. The true
meaning of moutonnée is fleecy, in the sense in which we use that word in
the phrase fleecy clouds. A group of roches moutonnées gives a surface with
an up and down arrangement like that of a fleece.
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To return to the shape of an individual roche moutonnée. The smooth
front is determined by the grind of the over-riding ice. The rough
back is due to the pluck of the same ice as it passes on its way. Ice
does not erode solely by grinding. Tt often pulls up fragments big or
small from its floor, separating them along joints. On the front side
of a roche moutonnée this pulling, or plucking, action is checked by push ;
but on the rear, or lee, side the push is not felt and plucking becomes very
important.

Where the rock mass that is traversed assumes the dimensions of a hill,
of say a mile in length, the characteristic form of glacial erosion changes

F1a. 90. Terminal curvature caused by passage of ice-sheet, Riston,
near Blackburn. (J. Ranson photo.)

round about ; there is a steep front and a gently sloping back. This form,
where the steep front is composed of solid rock, is called crag and tail. Often
the crag front is made of some particularly hard rock, and the tail consists
of softer rock, in some cases glacial deposits. The finest example of crag and
tail in the world is afforded by Edinburgh Castle Rock, as crag, and the
Royal Mile leading to Holyrood Palace, as tail. The Castle Rock is a cylin-
drical plug of basalt marking the site of a volcanic pipe. The rocks round
about are much softer sandstone and shale. The ice-sheet was flowing
towards the east. Its top was far above the top of the Castle Rock, but its
bottom currents were deflected to the north of the rock, where they gouged
out the valley of Princes Street Gardens, and to the south of the same, where
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they gouged out the valley of the Grassmarket, now crossed by two bridges
carrying high-level roads.

Where the rocks are yielding, glacial flow may induce superficial bending
and even folding. It is not infrequent to find phenomena comparable with
surface creep, where glaciers have deformed steeply dipping strata (Fig. 90)
or slaty cleavage. Contortion due to this cause is particularly striking in
certain glacial deposits of East Anglia and Denmark.

Striae and associated moulding afford some of the most convincing evi-
dence of the past extension of glaciers. They are found in perfect freshness
at the ends of Swiss and other glaciers, often in positions known to have been
covered by the glaciers only a few years ago. On hard rocks, or where they
have been sheltered by clay or standing water from the effects of weather,
they are still preserved all over Switzerland, showing that at one time that
country was completely covered by an ice-cap. Similarly they occur in
plenty in Britain and northern Europe, and, together with other evidence,
indicate that during Pleistocene times a great ice-sheet enveloped the
British Isles as far south as the Bristol Channel and the northern suburbs of
London. This ice-sheet was continuous across the North Sea with Scandi-
navian ice that reached southwards far into Germany.

The records of vanished ice-sheets show that the slope of the upper
surface of an ice-sheet has much more importance in guiding the bottom
currents than the form of the bottom itself. Scottish ice escaping to the
Atlantic crossed the Kintyre peninsula almost at right angles, as shown by
numerous striae which rige up the slope without deflection.



CHAPTER XXXVII
GLACIERS (continued)

GrACIERS generally start upon a land surface already shaped by river
erosion and weathering. It is interesting to summarize the more striking
modifications they introduce in such parts of their course as they erode.

Weathered material is stripped off, and the solid rock below is striated
and often moulded into roches moutonnées and crags with tails. The direct
erosive power of a glacier is generally much more widespread than that of a
river. Where the glacier is an ice-sheet the whole surface of the land may
be ice-eroded, as illustrated by the rock furrows in the neighbourhood of
Edinburgh ; even where the glacier is confined to a valley it occupies a large
part of that valley, and is not restricted merely to a river bed at the very
bottom.

The big size of glaciers is correlated with their slow motion, which has
allowed the glaciers to grow for a long number of years, until the discharge
of the glacier equals the snowfall of its drainage area. While the glacier
grows it is accumulating pressure, and this gives power to its grinding,
despite the slowness of its movement. There is practically nothing equiva-
lent to this factor in ordinary river action.

A glacier occupying a V-shaped valley opens up the V into a U, because
it occupies so much of the valley and moves relatively slowly in the con-
stricted bottom portion of the V (Fig. 91).

A U-shaped valley, though with flatter base, may also be produced by
the meandering of a graded river, and it may be difficult to decide in certain
cases which cause has been responsible.

The development of a U-shaped valley cuts back the lower courses of
tributary valleys, so that these cease to be concordant with the main valley,
but open somewhere perched up on its side. Thus it is characteristic of
glacial erosion to cause hanging tributary valleys (Fig. 91). This happens
even where the tributary valleys carry tributary glaciers, for a small glacier
has much less eroding power than a big one.

It will be remembered that a young or a rejuvenated river often leaves
its tributaries hanging, but this is generally at the side of a canyon rather
than of a great U-shaped valley.

213
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A glacier is much less easily deflected than a river and tends to erode
away any obstructing spur. Thus we find truncated spurs between the
hanging tributaries of U-shaped valleys.

Similarly where a glacier flows across a watershed it may grind it down
and give a through valley.

A very common feature of glacial erosion is the cutting of rock basins.
Rivers can only cut relatively shallow basins and potholes. As soon as they
begin to make a considerable hollow their current is lost, and they deposit
sediment instead of eroding. Rivers are busy to-day obliterating the lakes
of Scotland and the Lake District, not digging out new basins. A glacier

Fic. 91.  Glen Nevis, a glaciated valley with U-shaped cross-soction,
truncated spurs and hanging tributaries.

owing to its slow motion may retain a considerable gradient for its upper
surface even when its lower surface occupies an enclosed basin; and, as
already pointed out, it is the flow of the upper layers that drags forward the
lower layers. Moulding and striae show conclusively that bottom ice may
erode effectively even when moving uphill. Thus a glacier can cut out a
rock basin. In fact a glacier definitely tends to do so, even where the nature
of the rock bottom is uniform. A glacier has no eroding power at its snout,
while it does have eroding power farther upstream. :

It is demonstrable that many of Scotland’s greatest lakes occupy rock
basins. An extremely clear example is afforded by Loch Coruisk in Skye,
at about 25 feet above sea-level. It has a depth of 125 feet and a bare ice-
moulded rock-barrier. Loch Morar, the deepest lake in Scotland, stands at
about the same height above sea-level, and has a depth of slightly more than
1,000 feet. Careful search shows that it too occupies a rock basin. The only
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alternative to ice-erosion is earth movement, but most people regard it as
certain that Scotland has not been folded in recent times in a sufficiently
complicated manner to account for the rock basins of its lakes.

Many of these basins run along lines of fault, as Loch Ness along the
Great Glen Fault. This is due to the ease with which the glaciers have
removed the shattered rock.

The Great Lakes of America are situated on outcrops of soft rock border-
ing a very extensive interior area of hard rock from which ice passed out-
wards in all directions, presumably underloaded with rock debris. Their
basins were probably ice-eroded, since in no other way can we account for
their preference for the outcrops of soft rocks. Earth movement would not
be so selective.

Glaciers can push back the sea and erode below sca-level so long as the
water is not deep enough actually to float them. Many fiords owe their
origin to glacial erosion. They are often much deeper inland than near their
mouths.

Erosion of corries will be considered later when crevasses have been dis-
cussed. Meanwhile, as the sea has been mentioned, it may be pointed out
that glaciers on arriving at the coast continue to creep forward till they float
at their end and give icebergs. A special case occurs in the Ross Sea of the
Antarotic. There land ice pushes out to supply a tremendous apron of ice,
which, though floating, holds together for very many miles. The sea under
the floating portion melts the base, while fresh snow adds to the top. At the
sea margin none of the original glacier is left, so that here the Ross Barrier,
as it is called, seems to consist entirely of consolidated local snow. It is
certain that the Ross Barrier is afloat because :

(1) Its height above water is too little to allow of its submerged portion
reaching the deep bottom which has been sounded.

(2) It rises and falls with the tide, so as to give the appearance of there
being no tide along its margin.

While glacier ice to a large extent flows like a viscous liquid, it cracks like
a solid when pulled. The cracks are called crevasses and are a great source
of danger to travellers. They may be as much as 20 feet broad and hundreds
of feet deep.

The bergschrund is a crevasse that forms and reforms at the head of a
glacier between ice and rock. It is due to forward slipping of the ice, and is
analogous to the landslip fissure that forms, wholly in rock, at the head of an
incipient landslip.

Transverse crevasses occur wherever there is an increase in the slope of
the bed of a glacier. They lie at right angles to the glacier length.

Marginal crevasses form at the friction-impeded edges of glaciers, and
point upstream at about 45°. They result from the retardation of the ice
at the margin. Suppose we mark out a square on the surface of a glacier,
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with two sides parallel with the edge of the glacier. The side that is farther
out in the glacier will advance somewhat faster than the side near the rock.
A little consideration will show that this leads to elongation of the diagonal
of the square that points downstream from the margin. Therefore tension-
cracks form at right angles to this line and point upstream.

Longitudinal crevasses develop at right angles to the margin of a glacier,
where it fans out on level ground.

Crevasses, other than longitudinal, often close up fairly soon. In the case
of the bergschrund the crevasse is filled up with fresh snow, which passes to
ice. In the case of transverse and marginal crevasses the closure may be
brought about by growth of pressure.

We are now in a position to discuss corrie formation. Glaciated valleys
characteristically start as great amphitheatres, open on the down-stream

Fia. 92. The corries of Braeriach (4248 ft.) in the Cairngorms as seen from
Ben Macdhui. (Scot. Mount. Club photo.)

side and known in Scotland as corries (Fig. 92). In their production the
formation of the bergschrund is of great importance. Each time the glacier
slips a few feet forward to renew the bergschrund it plucks material from the
slope at the back and tends to develop it in amphitheatre form. Also, a
glacier at its head is supported on three sides, instead of two. This makes the
ice unusually deep and unusually persistent, so increasing every aspect of
its erosion power. Thus while the upper slopes of a corrie wall are often
rough through plucking, the lower slopes are often particularly moulded by
grinding. For instance, a shallow rock basin is a common feature of a corrie
floor.

Most of the corries of Scotland face north-east. This is partly because a
north-east exposure is cold and favours retention of snow. It is also partly
due to the prevalent wind from the south-west, which leads to accumulation
of snow on sheltered north-east slopes.

Even though crevasses may eventually close up, they frequently pass
through a stage in which they are widely opened by thaw. They then entrap
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debris that has fallen on the top of the ice, and also streams that have
formed on the surface. The thaw-rivers of a glacier behave very much like
the rivers of a limestone country. They tend to disappear and to flow in
tunnels at the bottom. Where they lecap down a crevasse, or even in their
general under-ice course, they may give rise to potholes, sometimes of giant
size, which, if the ice melts away, seem entirely out of place.



CHAPTER XXXVIII
GLACIAL DEPOSITS

DEposirs directly laid down by glaciers are called moraines :

GROUND MORAINE consists of material dragged along, or near to, the
bottom of a glacier.

TERMINAL MORAINE is the material delivered at the end of a glacier. It
is largely the outer edge of the ground moraine, but contains in addition
anything carried in, and on top of, the glacier. Melt-water generally co-
operates to some extent in the delivery of the morainic debris. The terminal
moraine of a valley glacier is often a well-defined crescentic ridge (Fig. 93) ;

Frc. 93. Terminal moraine in a Highland glen, S.W. of Strath Conon.
(Geol. Surv. photo.)

this happens where movement in the glacier continues right on to the melting
end. In many cases, however, melting is distributed over a wide terminal
zone of stagnant ice, which, belonging originally to the lower layers of the
glacier, is full of stones and mud. Such distributed melting gives hummocky
moraines, with holes called kettle holes. The hummocks mark where lakelets
have been filled up with slipped stones, etc.; and the kettle holes mark
where ice has melted away from between such blocked up lakelets. Hum-
mocky terminal moraines are characteristic of many Highland glens, as at
Crianlarich, and are forming to-day at the ends of certain Alpine glaciers.
218



[cHAP. xxxViii] GLACIAL DEPOSITS 219

LATERAL MORAINE consists of material deposited by, or carried on, a
valley glacier near its sides. There are two rather different types of lateral
moraine in the Alps, lateral ground moraine and lateral top moraine. In
many of the valleys there are high rampart moraines belonging to a recent
advance period, in the 20’s of last century (cf. Fig. 94, from Canada). These
ramparts are generally continuous with well-marked crescentic terminal
moraines, and it may be claimed that they derived most of their material
from below the glacier, and that they are essentially the side limits of the
ground moraine. For more than a century now the Swiss glaciers have been
shrinking within these mar-
ginal deposits, which now
overlook them from above.
Accordingly debris from the
ramparts to-day slips back on
to the surface of the ice, and
gives rise to the second type of
lateral moraine, a thin cover
of blocks and stones and grit
carried on the upper surface of
glaciers near their edges. It
is commonly stated in books
that lateral moraines derive
their material from screes,
avalanches and landslips shot
down on to the top of a glacier
from the valley sides. It seems
certain, however, that this ex-
planation is for the most part Fia. 94. Athabaska Glacier, Rocky Mountains,
wrong in relation to the ram- with-dosert.ed lateral moraine of rampart type.
part lateral moraines formeq (National Parks photo.)
during periods of glacial advance. Typically these moraines steeply face the
outside scree slopes, and may for miles be separated from them by diverted
streams. The relationship is particularly significant where a nunatak is sur-
rounded by lateral moraine, for it is impossible in such a case to suggest that
the moraine has been supplied by some unseen scree farther up the valley.

MEDIAN MORAINE is any moraine carried along the middle of a glacier.
It generally results where two lateral moraines unite. It is clear in some
cases that a median moraine, carried along on top of a glacier, has not
derived its material from above. For instance, some median moraines start
over submerged rocks that have directed ground moraine to the surface.

To return now to ground moraine. The ground moraine of an ice-sheet
often consists of boulders set in unstratified clay, in which case it is com-
monly called boulder clay. Many of the boulders and pebbles are far-
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travelled, and have their angles rounded off and their faces smoothed and
striated. Where a glacier traverses a sea bottom it picks up shells along
with stones. In several places in Britain boulder clay contains sea shells,
and has been claimed on this account as a marine deposit, with boulders
dropped in by icebergs. In many cases, however, it can be shown that :

(1) The striae on the rocks beneath are too regular to be due to icebergs.

(2) The distribution of shells is determined by direction of ice currents
and not by the height of the land. Thus it may happen that shells along a
particular course cross high land and avoid neighbouring low land.
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F1a. 95. The drumlins upon which Glasgow is built, due to ice flowing south
of east. Along the course of the Clyde, they have been washed away. (After
Elder, McCall, Pringle and Neaves.)

(3) The condition of the big strong shells shows crushing, not sea wear.
Thus Cyprina islandica is almost always broken in boulder clay, even though
it still retains its epidermis. On the other hand this strong shell exposed to
wave action on the seashore remains unbroken, though stripped of epidermis
and much ground down.

Boulder clay may be deposited in a uniform sheet. Under other con-
ditions of movement and pressure, it may be shaped into a series of hills like
half eggs with the blunt end facing the direction of ice flow. These hills are
drumlins. Glasgow is built among drumlins (Fig. 95) : Gilmorehill, carrying
the University, is a small semi-detached drumlin, connecting with the Hill.
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head drumlin. Sauchichall Street separates Garnethill drumlin from
Blythswood Square drumlin.

Boulders or pebbles that are made of rock different from that of the district
in which they occur are called erratics, meaning wanderers. The most
striking examples of erratics have been transported by glaciers or floating
ice. Glacial erratics may be of great size and may be hundreds of miles from
their parent rock. The distribution of glacial erratics has been of the
greatest service in tracing the course :
of Pleistocene glaciers. Thus there are
very many erratics of Highland origin
in the Glasgow district, including
schistose grits and a porphyritic gran-
ite from Glen Fyne. Highland erratics
can also be followed far into England.
Similarly, in the east of England, Scan-
dinavian boulders are numerous. In
Scotland the local ice currents were
strong enough almost completely to
ward off the Scandinavian invasion.

Glacially transported boulders,
when glaciers melt, are apt to be
stranded in precarious positions on
hill tops and sides, and are then called
perched blocks.

The rivers connected with glaciers
give fluvio-glacial deposits. These in-
clude :

EskERS or 0sar.—It has already
been explained how the thaw-rivers
of glaciers tend to flow in ice caves
at the bottom. Such a subglacial  Fie. 96. A typical esker with trans-
river may choke its tunnel with verse crevasse-filling, servingas a means of
gravel, which may remain when the communication across a lake, Finland.
ice melts to form a ridge, called an esker in this country and an os (plural
osar) in Scandinavia (Fig. 96). Eskers can only be preserved if they form
close to the melting edge of the glacier or in some part which has ceased to
move; that is, has become what is known as dead ice. An os in Sweden is
generally a succession of gravel mounds rather than a continuous gravel
ridge. Each mound marks where a subglacial river dropped the coarser
portion of its load near the mouth of its tunnel on entering standing water,
which has since disappeared. The succession of mounds, formed in a suc-
cession of melting seasons, now looks like a string of giant beads, which has
given rise to the descriptive phrase beaded os.
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KaMEs are a network of gravel ridges, formed where rivers have dis-
charged gravel into the crevasses of melting terminal ice (Fig. 97). They
are in fact a specially irregular type of esker.

GRAVEL FANS or SPREADS are laid down by braided rivers issuing on a
land surface from glaciers, or may extend outwards for a considerable distance
into shallow water.

VARVES are extensive well-bedded deposits made of the finer material
carried by glacial rivers and discharged into standing water. Great accumu-
lations of such material
formed in the Baltic at
the end of the Glacial
period. To-day the Baltic
is greatly reduced in ex-
tent, so that we can ex-
amine its varves in many
clay pits. Each thin bed is
graded, starting suddenly
with coarser material, sup-
posed to mark the summer
melting, and ending with
very fine-grained material,
supposed to represent the
absence of melting during
winter. Thus each bed

Fio. 97. Bk al 4 Kottlo hol is interpreted as having
16. 97. skers, crevasse-fillings and kettle holes, : :

before and after the melting of the ice. (After F. T. accumulated H_l a smgle
Thwaites, 1935.) year ; and this theory,

which is supported by col-
lateral evidence, has been made the basis of a system of Pleistocene chronology.
Glaciers may produce very interesting effects by temporary diversion of
river drainage. At present in Switzerland there is one important lake
dammed up in a tributary valley by a glacier coming down the main valley.
In Britain there have been many such glacier-dammed lakes. The most
famous is that of Glen Roy, where three beach lines mark successive levels
of the lake, and form conspicuous objects on the hillsides known to every
one as the Parallel Roads of Glen Roy (Figs. 98, 99). Each level of the lake
corresponds to an outlet across some pass. The glaciers of the Ben Nevis
range supplied the dam that impounded the Glen Roy lake. The position
of the glaciers decided which of the three possible outlets should be used,
and thus regulated the level of the lake’s water.
In many cases where rivers have had their courses blocked by glaciers
they have cut great gorges in ridges, across which they have been deflected.
Later, when the glaciers have melted away, the gorges become deserted.
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Dry valleys, or spillways, of this origin are very abundant in the BEast of
Scotland, the North-East of Ireland, the Cleveland Hills, and elsewhere in
England. One of the most important in the world is the valley by which
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Fi1a. 98. Map of the Parallel Roads of Glen Roy.

canals, roads and railways approach Chicago from the south. It was cut
by a river which drained Lake Michigan into the Mississipi basin, when a
glacier prevented a northward escape. There were innumerable similar
instances of glacial diversion of rivers in Canada at a time when the Canadian
ice-sheet prevented rivers reaching Hudson Bay or the St. Lawrence. Enor-

F1a. 99. View of the Parallel Roads of Glen Roy. (Geol. Surv. photo.)

mous temporary lakes resulted, and the bottom deposits of one of the largest
are responsible to-day for the wheat-fields of Winnipeg.

Regions that have recently been glaciated often show signs of subsequent
uplift. For instance, in Scotland and Norway we see raised beaches along
the coast. The subject is difficult, but it is thought that glaciated lands,
weighed down by thousands of feet of ice, slowly subside ; and then, when
the ice melts, the land rises again according to the principle of isostasy.



CHAPTER XXXIX
LAKES

LaAkEs are interesting because the great majority cannot have resulted
simply from river erosion. We have noted many origins, and here we may
summarize the subject.

(1) Solution of limestone often gives hollows with underground drainage.
If the exit of the hollow is blocked, a lake may result. Small examples are
common in many limestone districts. Underground solution of salt has
given rise to certain meres in Cheshire.

(2) Earth movement is responsible for many of the great lakes of the
world, such as the Dead Sea, the lakes of the Great Rift Valley in Africa and
the Great Salt Lake in America.

(3) Non-glacial deposits may dam up lagoons and lakes. Such deposits
are gravel spits, blown sand, landslips and deltas. The deserted ox-bows of
rivers like the Mississippi are blocked either end by river deposits.

(4) Glaciers often dam lakes with ice.

(6) Glacial deposits often supply dams, in the form of moraines, terminal
or lateral, or of mere irregularities of boulder clay or gravel. There are a
great many small examples of this type in Scotland. Linlithgow Loch is a
kettle hole in gravel.

(6) Glacial erosion gives rock basins. Most big Scottish and English
lakes serve as examples.

(7) Lakes of volcanic origin are cither dammed by lava or occupy a crater.
They are very common in volcanic districts. Lavas divert rivers and pond up
lakes just in the same fashion as do glaciers.
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CHAPTER XL
VOLCANOES

A voLcaNo used to be defined as a burning mountain. This definition is at
present unpopular because most of the appearance of burning is deceptive.
The apparent flames are mainly reflected glow from molten lava. The
apparent smoke is dust produced by explosion, and clouds produced by
condensation of steam.

In addition there are a number of very flat volcanoes, so that the word
mountain is not always suitable. Some authors claim that the only feature
present in all volcanoes is the channel up which molten material reaches the
surface, and that therefore a volecano should be defined as a channel. This,
however, leaves us in the difficult position of trying to explain that Vesuvius
and Etna are not really volcanoes, but merely mountains built about vol-
canoes.

It seems preferable to keep closer to the old idea, and to define a volcano
as an accumulation of material brought to the surface in a molten condition
or by hot explosive gases.

We have already defined the terms lava, intrusion and volcanic ash.

Lava may flow at as much as a mile a minute, where very hot and on a
steep slope ; but generally it only goes at a few miles an hour, and seldom
kills people. When largely consolidated, lava crawls forward very slowly
indeed.

Sometimes flow is maintained along particular courses that are crusted
over. When the supply fails, the still liquid lava may pour out, leaving
tunnels or caves. In some of our ancient lavas, especially those of Old Red
Sandstone age, we find such caves filled up with sediment.

The surface of a lava may be comparatively smooth and billowy (Fig. 8),
giving the pahoehoe type of Hawaii, often rucked up into narrow ridges
described as ropy. The top material, though smooth at the surface, may be
spongy inside.

Or the surface may be a broken mass of blocks, the aa type. This type
is beautifully exhibited by many Scots lavas, where the spaces between are
filled with sediment.

The fragmental material brought up by hot explosive gases, and called
ash, is much more destructive than lava. After consolidation ash may be

P 225 B.G.



226 PHYSICAL GEOLOGY [cHAP.

called tuff, especially the finer varieties ; the coarser consolidated types are
generally spoken of as volcanic breccia or agglomerate.

The material of a volcanic ash may consist of non-volcanic stones,
detached from the sides of the volcanic pipe ; or again of old consolidated
lava broken up ; but much of it may originate in spurts and drops of liquid
lava that consolidate in the air. If the spurts give fairly big stones these are
called bombs, and if small stones, lapilli.

The most important gas in a volcanic eruption is steam, which may
condense to rain. Ash saturated with rain-water frequently gives rise to
disastrous mud-flows, the so-called mud lavas. They may flow downhill so
fast as to be unescapable.

Central volcanoes are fed by pipes. Their typical form is a cone, with a
central bowl-shaped hollow called a crater.

Fissure volcanoes are fed by fissures. Their typical form is a plain, with
trifling cones along the line of fissure.

The shape of a volcanic cone is influenced by the nature of its material.

An ash cone typically steepens towards the crater, that is towards the
source of supply.

A lava cone is typically dome-shaped, with a flattening of the summit
determined by the outward flow of the lava. Acid and trachytic lavas are
commonly very viscous, and a single flow may make a considerable steep-
faced dome about a pipe. Basic lavas are much more fluid, and form very
flat extensive domes, in which individual lavas are quite thin. Many cones,
such as Vesuvius, are built of successive ashes and lavas. The rim of an ash
crater tends to be built highest on the lee side as regards the prevalent wind.
Accordingly lavas tend to escape in the opposite direction.

Some craters are very large, and are then called calderas. Calderas may
result either from very violent explosions, called paroxysms, or from subsi-
dence. Some authors try to limit the name caldera to a crater resulting from
subsidence, which also is often called a sink ; but the origin of a great crater
is frequently quite doubtful.

Volcanoes are certainly connected with the high temperatures which
mining and boring show to exist in depth. On an average the temperature
of the earth’s crust rises 1° C. per 100 feet of descent. Pressure in depth
tends to retard the melting of rock, but we are not going to consider this
aspect further. Another effect of pressure, where it acts upon molten rock
material or magma, is to keep gases like water vapour in solution. One of
the main causes of volcanic eruption is the release of steam in magma,
following release of pressure. The phenomenon is comparable with that
obtained by uncorking ginger beer. A volcanic explosion is bigger and
stronger, and it may hurl stones many miles up into the air. Steam of a
volcano not only raises fragments, but may extrude lavas. Another analogy
commonly cited is the boiling over of an ill-stirred porridge pot.
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A second main cause of eruption is the squeezing of magma from the
underground reservoir. This seems to be of particular importance where the
outflow of lava is tranquil, as in the Hawaiian Islands.

Escapes of gas or vapour are common at volcanoes, and are called
fumaroles. Among the gases emitted are HCI, H,S, SO,, H,0 and CO, ; also
metallic chlorides and boric acid. The presence of metallic chlorides and
boron compounds among volcanic emanations reminds us of many mineral
veins. Where a volcano is nearly extinct, and the temperature near the
surface has dropped, little of the gases emerge except CO,.

Hot springs are also common in volcanic lands (Fig. 31). They are to a
large extent supplied with water by rain, and with heat by subterranean
magma. In Iceland, the Yellowstone Park and New Zealand some of the hot
springs exhibit periodic eruptions and are known as geysers. Their behaviour
is due to the heating of the lower part of a column of water. Boiling is
delayed by the weight of the column until a temperature is reached consider-
ably higher than that necessary to cause boiling at atmospheric pressure.
When at last some of the top of the column is ejected or boiled away the
pressure throughout is relieved, and much of the column flashes into steam,
thus causing an eruption.

Volcanoes are restricted to certain regions of the earth’s surface. The
most striking feature of the distribution of active and recently extinct vol-
canoes is their tendency to occur along straight (Fig. 100) or arcuate lines.

F1a. 100. Chain of puys (small voleanoes) in the Auvergne, as seen from
the summit of the Puy de Déme.

These lines certainly mark the course of crustal fractures. The most im-
portant volcanic belt surrounds the Pacific Ocean, and forms the so-called
Pacific Girdle of Fire. It runs along the west coast of the two Americas,
crosses by the Aleutian Isles, skirts the east coast of Asia via Japan, and
continues into New Zealand.

There are several volcanic lines in the Pacific, including the Hawaiian
and Samoan islands.

Another well-marked line of volcanoes follows the Great Rift Valley of
East Africa.
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Other volcanic regions are less regular. The Italian volcanoes belong to
the Mediterranean Zone. Many of the islands of the Atlantic, including Ice-
land and the Canaries, are volcanic.

ILLUSTRATIVE EXAMPLES.—Stromboli, one of the Lipari Islands north of
Sicily, is always taken as furnishing the type example of constant eruption.
Its activity is slight, but has been almost continuous through historic times.
Stromboli is sometimes called the Lighthouse of the Mediterranean. It
explodes every few minutes and occasionally pours out a little lava, but
very seldom is dangerous.

Intermittent volcanoes are more common and more destructive. Their
energy is bottled up, and then escapes with a rush. Vesuvius is typical. In
early classical times it was apparently extinct, though at least one observer
suspected its volcanic nature from its form. Gladiators on the occasion of a
well-known and understandable strike used its crater as a fort. After a
series of preparatory earthquakes a great eruption occurred in A.p.79. It
not only reopened the old crater but blew away a large part of the old wall.
The rest of the wall remains as a collar on three sides of the modern cone
and is called Monte Somma. Ash of the eruption buried Pompeii and a
mud-flow buried Herculaneum. Admiral Pliny was killed, and his nephew
has left an excellent account. Since then the volcano has been intermittently
active with occasional long pauses.

Arthur’s Seat in Edinburgh behaved in early Carboniferous times very
much as Vesuvius in A.p. 79. There are two main necks exposed by erosion.
The Lion’s Head neck was half blown away by an explosion that gave rise
to the Lion’s Haunch neck (Fig. 101).

Lion's

w.
Salisbury Head

St I.‘aonards Crags

Lion's E.
Haunch

0 500 1000 16500 2000 Feet

Fi1a. 101. Section across Arthur’s Seat volcano, Edinburgh.
(After B. N. Peach.)

1. Carboniferous sediments with St. Leonard’s sill, faulted against

2. Old Red Sandstone covered by Salisbury Crags sill and Carboniferous
sediments, broken through by

3. Lion’s Head agglomerate neck with three intrusions, broken through by

4. Lion’s Haunch agglomerate neck with Lion’s Haunch and Dunsapie
intrusions and two intra-crater lavas, truncating

6. Ashes covered by lavas of the cone.

A great explosion at a volcano, such as occurred at Vesuvius in A.p. 79,
is called a paroxysm. The most famous paroxysmal eruption took place at
Krakatoa, an island off Java, in 1883. Half of the island was blown away.
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The noise was heard at a distance of 3,000 miles. A sea wave was raised that
killed 3,600 people in neighbouring lands. Dust, blown 25 miles up into the
air, was distributed over the whole world, causing brilliant sunsets even in
our own country.

Another very famous paroxysm occurred in the West Indies in 1902,
when on following days the Souffriére on St. Vincent, and Mt. Pelée on
Martinique, gave rise to scorching clouds of ash, which rushed downhill and
caused immense loss of life. Two interpretations have been offered of the
scorching clouds : the first that they were jets directed by sideways ex-
plosion ; the second that they rushed downhill in avalanche fashion pro-
pelled by their own weight. As in both localities they descended valleys,
the second explanation seems the more likely. Another unusual feature of
the Mt. Pelée eruption was the subsequent pushing up of a column of solid
andesite from the throat of the volcano. The column rose slowly like a cork
pushed gradually from a bottle, for 800 feet. It soon fell to pieces ; but its
fame remains, and it is known everywhere among geologists as Pelée’s
spine. }

Approximate simultaneity of eruption, such as occurred at the Souffriére
and Mt. Pelée, is unusual. As a rule neighbouring volcanoes, like Vesuvius
and Etna, are quite independent in their times of eruption. In 1932, how-
ever, a number of Andean volcanoes burst into simultaneous eruption, though
separated by great distances.

Vesuvius and Etna are not only independent in their times, but also in
their materials. A Vesuvius lava is quite different mineralogically from an
Etna lava. It is clear the two volcanoes have distinct reservoirs.

Parasitic cones are often built on the sides of a main cone. Two hundred
such parasites exist at Etna. They are probably fed by intrusions of one or
other of the types to be described presently as ring-dykes and cone-sheets ;
but this has not been decided.

The greatest central volcanoes of the world are in the Hawaiian Islands.
Their material is basalt, and their form is flatly domed with calderas of sub-
sidence, often termed sinks. The two best known occur on one island. One
of them, Mauna Loa, reaches 14,000 feet above sea-level ; the other, Kilauea,
only attains 4,000 feet. Although just 20 miles apart, the two volcanoes are
quite independent in their times of activity. Kilauea is the most studied
volcano in the world. Its caldera is about 3 miles in diameter. Most of the
floor is solid, but there is an almost persistent lake of liquid lava at one point.
At intervals of 10 years or so, the lava of this lake is drained away by some
lateral discharge on the flank of the volcano, and the solid floor of the
caldera sinks rapidly, perhaps as much as 1,700 feet. Thereafter the lava
lake refills, and the floor slowly mounts. All historic discharges have been
by lateral fissures furnishing parasitic vents.

Perhaps the best modern example of a caldera of subsidence is afforded
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at Askja, Iceland’s greatest volcano (Fig. 102). The caldera is of post-
glacial date. It is 4} miles in diameter, and is surrounded by rim craters,
that is little craters due to emergence of lava around the rim of the sinking
floor of the caldera. Askja as a whole is a basalt dome, but in 1875 a violent
explosion perforated the floor of the caldera discharging rhyolitic ash, the
dust of which fell as ‘ black snow ’ in the Orkneys. A few months afterwards
a minor sink, 1} miles in diameter, developed within the old caldera alongside
of the site of the explosion. It is now occupied by the Knebel Lake.

Askja with its rim volcanoes is particularly interesting to Scottish
geologists because it is evidently the superficial counterpart of a Devonian
cauldron subsidence that occurs at
Glen Coe, encircled by a ring-dyke
of granite (cf. Fig. 108 and Chapter
LXV).

Passing now from central to fis-
sure eruptions we find that the Laki
fissure in Iceland, in 1783, developed
with a length of 20 miles, and erupted
basalt, which spread as a plain for 30
miles on one side and 40 on the other.
The eruption killed half the cattle
of Iceland and led to a disastrous
famine.

[cHAP.

Fie. 102. Askja Caldera, leeland.

Thick line =boundary cliff up to 1300

ft. high. - Semicircles=rim volcanoes.
Dots=fumeroles. Star north of Knebel

During Tertiary times there were
numberless volcanic fissures in Scot-
land, now represented by north-west

Lake =site of 1875 eruption. Scale about

1 s 150,000. dykes of basalt. Itiscertain thatsome

of these gave rise to fissure eruptions
at the surface. Until recently it has been claimed that the Tertiary basalt
lavas preserved in the Hebrides and Antrim were supplied by these fissures.
Now many of us think that these particular lavas are of rather earlier date
than the majority of the fissures, and that they issued from volcanoes of
Hawaiian type, the sites of which are marked by plutonic intrusions in Mull,
Skye and other centres.

The character of a fissure eruption depends partly upon the nature of the
magma. Where this is fluid basalt, a plain is built up ; where the magma
is acid and sticky, there may be only explosions. The best-known example
of an acid fissure eruption occurred at Tarawera in New Zealand, 1886. It
led to the destruction of a lake and of famous pink and white terraces built
by hot springs of siliceous sinter.

The surface phenomena most usually observed at a volcano are explosion,
outpouring of lava, fissuring and subsidence. At Usu San in Japan, 1910,
an elevation occurred raising what is known as the New Mountain, complete
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with trees, 500 feet high in ten days. The elevation on one side was limited
by a line of fault, with a row of explosion craters arranged along it.

Very many volcanoes are wholly submarine, and therefore out of sight.
In other cases volcanoes, with craters above water, have been watched pour-
ing lava into the sea. Such lava may continue to flow for miles under the
sea, with its course marked by clouds of steam. The lava may build a
tunnel for itself, and thus largely protect itself from direct contact with the

F10. 103. Pillow lava, Tayvallich peninsula, Argyll. (Geol. Surv. photo.)

water. Some basaltic lavas, where they meet water, have their surface con-
gealed, in such a fashion that they advance by a process of budding. This
was observed in 1905 at Matavanu, Samoa, where a lava continued flowing
out of the crater for five years. The buds grow to the size of pillows and then
may tumble off. Pillow-structure, each pillow with fine-grained chilled
surface, is an indication of subaqueous flow. If there are vesicles they tend
to be arranged in concentric zones (Fig. 103). Pillow lavas of Ordovician age
and associated with marine sediments, are beautifully exposed at Ballantrae
and Cader Idris. Other examples of Tertiary date occurring in Mull have
helped us to trace the position of a crater lake, six miles in diameter.



CHAPTER XLI
IGNEOUS INTRUSIONS

WE can learn much more of the underground behaviour of magma by study-
ing ancient eroded volcanoes, such as those of Scotland, than by visiting
modern volcanoes, instructive though these be.

MINOR INTRUSIONS, often called hypabyssal, are of moderate thickness,
though quite possibly of enormous lateral extent. They consolidate with
medium or fine texture, and almost always have smooth compact chilled
edges. Let us define a number of common forms, repeating what has already
been said about the two commonest, dyke and sill.

Fi1a. 104. South coast of Arran with Tertiary dykes of the Arran Swarm
as reefs on the foreshore. (Geol. Surv. photo.)

A dyke is a vertical sheet of intrusive igneous rock, bounded by parallel
sides. Individual dykes are generally not many feet in width. Where dykes
of about the same age occur in great numbers they are said to constitute a
dyke-swarm (Figs. 104, 105).

A sill is a sheet intruded at a low angle along bedding.

Sheets of other sorts seldom deserve special names ; sheet is quite good
enough. In Mull and Skye, however, immense numbers of sheets incline
steeply from all sides towards a common centre. Taken as a group such
sheets have the form of a cone, with its apex pointing downwards., The indi-
vidual sheets of such a complex are called cone-sheets.

232
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A plug is a vertical intrusion with roughly circular cross-section, a
vertical cylinder in fact. Many plugs are the fillings of volcanic necks, as
Dumbarton Rock and Edinburgh Castle Rock.

The next two forms may sometimes be clagsed as minor, and sometimes
as major, intrusions, according to their size.

Ring-dykes are much broader than ordinary dykes, and may often exceed
a quarter of a mile in width. Their characteristic feature is their arcuate
outcrop. They are shaped like gigantic serviette rings, partial or complete.
Several ring-dykes, with different radii of curvature, are sometimes found
grouped about a single centre, as in Mull.

A laccolith is a sheet with a flat undisturbed base and a domed upraised
roof, so that the intrusion has a very considerable thickness in comparison
with its lateral extent. The granite of northern Arran, a typical major
intrusion, has domed its roof ; but we do not know whether its base is un-
disturbed, so that we are not justified in calling it a laccolith.

MAJOR or PLUTONIC INTRUSIONS are of great size in all three directions.
Typically they are of coarse texture, and do not have chilled margins. If not
classed as ring-dykes or laccoliths they are generally called stocks, bosses or
batholiths, which are large intrusions with transgressive edges and with
shapes that are often impossible to determine on the available evidence.

PROBLEMS

Now let us consider a few of the problems that arise in regard to
intrusions.

DyxkEe-swarmMs.—A dyke is a tension phenomenon : the two sides have
moved apart to allow the dyke to enter ; the country is extended by the
width of the dyke. This is clearly seen in two common phenomena :

(1) Where an irregularity occurs in one wall of a dyke, a corresponding
irregularity occurs in the opposite wall, so that if the dyke were taken out
the two walls would fit as in a jig-saw puzzle.

(2) Where a dyke cuts obliquely across dipping strata on flat ground, it
displaces the outcrops by the amount of its own width.

The dykes of some dyke-swarms radiate from a focus. More often they
are parallel to one another (Fig. 105). Thus a swarm of north-west south-east
dykes can be traced in both directions from the Mull focus. The dykes get
fewer and fewer as the focus is left behind ; but Mull dykes are common in
Ayrshire, and one of them even reaches into Yorkshire. The direction of
such a parallel swarm of dykes can be accounted for by supposing that the
dykes were successively intruded during the intermittent growth of a tension
in the earth’s crust, which tended to elongate the crust in a direction at right
angles to that taken by the dykes. The problem still remains to account for
a swarm passing through a particular relatively narrow focus, instead of its
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component parallel dykes being distributed irregularly over a broad belt.
The answer is that the earth’s crust had already been perforated at the focus,
so that, when the crust was pulled apart to give room for dykes, it tended to
tear through the pre-existing hole. It is something like pulling a stamp out
of a book of stamps : the paper tears at the perforations.

S1Lrs.—As sills approximately follow bedding, it is sometimes difficult
to distinguish them from lavas. Let us consider a case where a sheet of
igneous rock occurs with sediment above and below. Unless there is an
important unconformity, anything that proves the igneous rock to be older
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Fic. 106. Sandstone bedded in cavities in basalt lava of Lower Old Red
Sandstone age, near Oban. (Geol. Surv. photo.)

than the overlying sediment proves it also to be a lava. Such evidence is
provided by :

(1) Pebbles of the igneous rock in the overlying sediment.

(2) Veins of sediment entering the igneous rock (Fig. 106).

(3) Absence of contact-alteration of the sediment.

(4) Marked vesicular top, which suggests that the igneous rock was not
under pressure at the time of consolidation.

(5) Weathering of the top of the igneous rock, of such a nature as to
indicate exposure before the overlying sediment was deposited. This is only
found in subaerial lavas, and must be investigated critically, for intrusions
often have decomposed tops. Weathering gives a residual, which, if deeply
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buried, may develop a very characteristic flattened texture, with condensed
ghosts of felspar recognisable with a lens.

(6) Pillow structure. This is only found in subaqueous lavas.

On the other hand, anything that proves that the igneous rock is younger
than the overlying sediment proves it to be a sill. Thus :

(1) Fragments of the overlying sediment in the igneous rock.

(2) Veins of the igneous rock entering the sediment.

(3) Contact-alteration of the overlying sediment.

(4) Compact chilled even top (without pillow structure) of igneous rock
against sediment.

(5) Transgression by igneous rock of bedding of overlying sediment.

(6) Disturbance of the overlying sediment.

Often also an inspection of the base of the igneous sheet gives valuable
suggestions :

The base of a lava is usually vesicular or brecciated, follows the bedding
accurately, and produces little or no contact-alteration.

The base of a sill is generally compact and chilled, and transgresses,
veins and contact-alters the underlying sediment (Fig. 107).

F16. 107. Dolerite intruded into Calciferous Sandstone, Hound Point,
Firth of Forth. (Geol. Surv. photo.)

Also many sills are coarser than almost any lava. A sheet of basalt or
fine dolerite may be either a lava or sill ; but one of coarse dolerite is almost
certain to be a sill.

Sills are sometimes of wonderful extent. One of the best-known indi-
viduals is the Great Whin Sill of the North of England, a dolerite sill that
outcrops in Northumberland. The Roman Wall takes advantage of its
escarpment facing Scotland. What is probably the same sill comes down to
earth in the Lanarkshire coalfield, and at Stirling furnishes the rock upon
which the Castle stands, and at Queensferry provides foundations for the
Forth Bridge.
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PrutoNic INTRUSIONS.—It is often very difficult to decide how great
intrusive masses find room for themselves. The following methods have been
advocated, and each of them may have operated in particular cases :

(1) Stoping, a word borrowed from the miner’s vocabulary. In regard to
intrusion, it means a sinking of country rock to make room for rising magma.
Such stoping may be on a large scale, when a great mass sinks as a whole, or
it may be piecemeal, as when isolated fragments sink. Stoping on a large

F1g. 108. Diagram illustrating subaerial and subterranean cauldron-
subsidences accompanied by volcanic and plutonic accumulations of igneous
rock. (After Geol. Surv.)

scale may be described as a dropping down of the floor of an intrusion,
leading to the development of a subterranean cauldron (Fig. 108).

(2) Upheaval of the roof.

(3) Pushing aside the walls.

(4) Assimilation. To some extent a magma may dissolve country rock ;
but as igneous rocks do not have the same composition as sedimentary rocks,
no one can claim that an igneous intrusion results from mere melting of
sediment in situ.

On the whole, stoping is probably the most important method of em-
placement. One is justified in assuming that it has been employed wherever
the local evidence shows that none of the other three methods has been
adopted on more than a minor scale.



CHAPTER XLII
EARTHQUAKES

AN earthquake is a shaking of the earth’s surface.

The shake originates at some place on or under the earth’s surface, and
is transmitted to other parts by wave-deformation of the earth’s crust.

. A seaquake is a disturbance of the sea due to movement of the bed of the
sea. A disastrous sea-wave is ofteh developed, and commonly called a
‘ tidal wave ’; but as it has nothing to do with tide it is better to employ
for it the Japanese word tunami (or tsunami).

Earthquakes are of various origins, which may be classified under three
main headings :

(1) Surface effects, such as landslips. The resultant earthquakes are trivial.

(2) Volcanic, due either to explosion or to earth-movements and fractures
limited to the vicinity of a particular volcano. Such earthquakes are gener-
ally very local in their effects.

(3) Non-volcanic earth-movements. These are the main causes of great
earthquakes.

The central area of a shaken district is called the epicentre of the earth-
quake. It is called epicentre, rather than centre or focus, because most
earthquakes originate some considerable distance below the surface. The
epicentre is the point or zone at the surface which is first shaken and most
violently shaken. The fact that the disastrous effects of large earthquakes
involve districts rather than countries shows that their underground focus
is not very deep.

In practice an epicentre is located either by time records or by intensity
records. A line which is shaken simultaneously is called a homoseist. By
marking on a map the times at which an earthquake has been felt it is
possible to draw a series of homoseists which will surround the epicentre.
Each homoseist is a contour corresponding with some particular time of
shake. Unfortunately earthquakes are propagated so rapidly that small
mistakes in taking time records upset this method very badly. Accordingly
the intensity method is much more often employed. A line which is shaken
with the same intensity is called an isoseist. One of the main aims in the
investigation of an earthquake is to draw a series of isoseists on the map of
the district. It is necessary to have some scale for the measurement of
intensity, and the scale must be based upon the experience of ordinary
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people subjected to the earthquake, for the recorder of the earthquake must
get many of the data by advertising in the daily press.

The Rossi (Italian)-Forel (Geneva) Scale has been widely used. It recog-
nises ten degrees of intensity according to the phenomena. The following is
a very brief summary :

(1) Felt by very sensitive instruments.
(2) Felt by all instruments.
(3) Felt by people at rest.
(4) Felt by people in motion.
(5) Bells begin to ring.
(6) People awake.
(7) Church bells begin to ring.
(8) Chimneys begin to fall.
(9) Houses begin to fall.
(10) Total destruction.

The instruments mentioned under intensities (1) and (2) are seismographs
designed to record earthquake tremors of very slight intensity. The prin-
ciple of a seismograph is to arrange that some relatively heavy body shall
be kept as nearly still as possible by its inertia, while the earth below is
shaking. A pen attached to the stationary body will then scrawl a wiggle
on paper attached to the moving earth. The paper is mounted on a revolving
drum like that used with a self-recording barometer, and so the time of the
earthquake is automatically recorded.

Seismographs differ in pattern. I shall describe one simple old-fashioned
type designed to record shakes at right angles to its own plane. A steep
mast carries a light boom, Ap ¢
pivoted at the one end and P wave S wawe L m::s waves
suspended by a wire at
the other. At this latter a
heavy weight isfixed. Ifthe
earth is shaken by a vibra-
tion at right angles to the
plane of the instrument the  F1a. 109. Seismogram of 1909 earthquake registered

: - at Pulkovo, Russia, with epicentre in Asia Minor, 2300
he_&vy thb ten.ds t.;o rex‘na,m km. distant. (After Daly, after Gutenberg.)
still owing to its inertia.

Seismographs can be made so sensitive that they often detect earth-
quakes that originate on the other side of the earth.

The records received at a distance generally show three separate announce-
ments of one and the same earthquake (Fig. 109) :

P: Preliminary tremors due to Push Waves.
S: Secondary tremors due to Shake Waves.
M or L: Main tremors due to Surface Waves.
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The two first kinds go through the earth, and, partly because of this short
cut, and partly because they travel quicker, they get ahead of the main or
surface waves. The farther away an earthquake, the longer is the interval
separating the time of arrival of the Preliminary and Main tremors. The dis-
tance of the earthquake from the seismograph can thus be calculated, and the
fact that a disastrous earthquake has occurred in New Zealand may be known
to observers in Britain before telegrams have arrived to confirm the fact.

The push waves are due to compression and expansion in the line of
propagation of the wave. They can be transmitted both by solids and
liquids and are able to traverse the entire body of the earth.

The shake waves are due to sideways distortion, in this respect like a
wave sent along a rope. They travel more slowly than the push waves.
Also they are of a kind that can only be transmitted by solids, and they
seem unable to pass through the earth’s centre. From this it is deduced that
there is a considerable core of liquid matter at the earth’s centre. From the
high density of the earth as a whole this liquid core is thought to be molten
iron. Uncombined iron is commonly.found in nature as meteorites, so that
it is quite probable that it also occurs at the earth’s centre.

Earthquakes, though as a rule not directly connected with volcanoes,
have a somewhat similar distribution (Fig. 110). The main earthquake belts

Fia. 110. The great earthquake bolts of the world.

are the Circum-Pacific and the Mediterranean, the latter reaching east
through India to join hands with the Circum-Pacific.

Some features of earthquakes are treated below in connection with
particular examples.

The Lisbon earthquake of 1755 belongs to the Mediterranean belt. Like
many other great earthquakes it was due to submarine faulting. Little
damage was done to buildings founded on rock, but havoc resulted to parts
of the town built on alluvium ; and great loss of life followed from a tunami.
The Lisbon earthquake showed a most unusual capacity for agitating
distant bodies of standing water. Loch Ness responded at 1,300 miles from
the epicentre. Loch Lomond, not quite so far away, rose and fell with a
10-minute period for about an hour and a half.
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The Alaska earthquake of 1899 was accompanied by the greatest uplift
recorded on dry land in modern times, namely 47 feet. Like all earthquakes
that affect hilly country it caused great landslips, and as many of these took
the form of avalanches of snow from the mountains they led to a slow re-
advance of a piedmont glacier (the Malaspina) that for many years had lain
so stagnant that a forest had grown on its moraine-covered surface.

California and Japan
have had a number of great
earthquakes in compara-
tively recent years. They
are remarkable for the
clearness of the accom-
panying faulting. ' Some of
the movement has been
up or down, but in several
cases the main movement
has been sideways, shifting
fences and roads, even as
much as 21 feet, to right
or left.

Californian surveys show
that previous to an earth-
quake the countryside
slowly distorts, and then
by a sudden snap, like the
break of bending plank, it
exchanges generalized dis-
tortion for localized frac-
ture and displacement.

Japanese soundings in
Sagami Bay, before and
after the disastrous earth- F1¢. 111.  Sandstone dyke, North California.
quake that led to the burn- ‘ (D'iller, U.S. Geol?’ SI;I‘V., photo.) .
ing of Tokio in 1923, show
great submarine movements with production of fault-scarps and submarine
landslips.

Submarine faulting has in several other cases been recorded by breaks
of a series of cables along some particular line at the time of an earthquake
recorded on land by seismographs.

Britain must have had numberless severe earthquakes in its past as re-
corded by its important faults. Sometimes even now these old faults move
again, and earthquakes of slight intensity have occurred at Inverness, due
to a quiver along the Great Glen Fault, and at Comrie, due to movement of

Q B.G.
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the Highland Border Fault. In fact, little harmless earthquakes are not
really infrequent in the country as a whole.

Let us summarize some of the cffects commonly accompanying earth-
quakes :

Landslips.

Fault-displacement.

Permanent flooding, or elevation, of coastal tracts.

Interference with surface drainage and production of lakes.

F1a. 112. Seismic boulder bed of Upper Jurassic date, Helmsdale,
N.E. Scotland. (Geol. Surv. photo.)

Interference with underground drainage with destruction of old springs
and opening of new.

Fissures that may be filled in with sediment (Fig. 111).

Mud volcanoes formed through the ejection of water-laden mud from
porous unconsolidated material like alluvium. Sometimes hundreds of these
so-called mud-volcanoes spring up on a shaken alluvial plain. Each volcano
is only a few feet high.

Tunamis.

Fires in cities.

In the case of most old British earthquakes, faults supply the only con-
spicuous remaining evidence. The surface of the time has generally been
removed by erosion. There is, however, a splendid record of earthquakes
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preserved in Upper Jurassic strata at Helmsdale on the east coast of Suther-
land. The rock succession here is, in fact, a natural seismogram (Figs.112,113).
Deposits were forming on the sea bed at the foot of a submarine fault-scarp.
Every time fresh subsidence took place the accompanying earthquake shook
off great landslips from the fault-scarp, some containing boulders up to 100
feet in length. A tunami raised by the earthquake spread out each landslip
as a boulder bed, with big boulders below and rubble above. In periods of
quiescence mud covered up the last-formed boulder bed, preparing a clean
surface to receive the record of the next shock. It was like the rolling
forward of fresh paper below the pen of a seismograph. Other records of the
Helmsdale earthquakes are afforded by fissures filled with sand or rubble.

T
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Fig. 113. Hundrod-foot prostrate boulder of thin-bedded 0Old Red Sand-
stone in gently dipping Upper Jurassic geismic boulder bed. Strike of Jurassic
seen bohind water of immediate foreground. Helmsdale. (Geol. Surv. photo.)

The following rules are found of value in countries subject to earthquakes :

Beware of recent faults. Do not build towns on them, and, if it is
necessary to cross one with an aqueduct, have a storage reservoir on the
near side.

Beware of foundations of alluvium and surface deposits. In very many
cases much more destruction has occurred in part of a town founded on
alluvium than in neighbouring parts founded on solid rock. Venice provides
an exception. It escapes earthquakes, probably because its alluvium is
unusually deep.

Beware of low coasts and tapering bays. Tunamis are responsible for an
appalling death-rate. 4

Note in which direction walls stood best in the last earthquake. Build
your houses in this direction.

Where convenient use light bamboo houses, that rattle but don’t break.

If heavy houses are necessary, dig their foundations deep. The displace-
ments of the surface waves of earthquakes fall off rapidly in depth. If
possible dig down to solid rock.
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Use ferroconcrete or steel ; they are strong and yet elastic. Bricks shake
out separately.

Design to vibrate as a unit.

Avoid heavy-topped chimneys and arches and overhanging eaves, and
minimize windows.

Build broad streets to escape danger from falling breakage and to prevent
spread of fire. Tokio was wiped out by fire after the 1923 earthquake, and
has been rebuilt accordingly. One can never read of this terrible disaster
without a feeling of admiration for the courage with which Japanese meet
misfortune.

Localize petrol risks and bursting reservoirs, and do anything possible to
maintain water supply.

It is said that New York would survive a bad earthquake. Most of the
city is built on rock. The skyscrapers are deeply founded, on piles where
not on rock, and are constructed of steel and ferroconcrete. They are de-
signed to face windstorms. Fortunately, too, earthquake shocks are not pro-
pagated to the tops of tall buildings. Still, though the skyscrapers might
stand, their casing of stone or brick would fall. Heaven help the man in the
street. As a matter of fact New York, like Britain, has a very good record,
and is not likely to be dangerously shaken during the next few thousand
years. :



PART VI
PALAEONTOLOGY






CHAPTER XLII1
PROTOZOA AND PORIFERA

AT this stage it seems desirable to return to the subject of fossils, already
briefly introduced in Chapter V. Fossils are of fundamental importance to
Geology, as indices alike of age and condition. In their study it should
always be remembered that they are the remains of once living creatures.
It is an honoured maxim in Geology that the Past is to be read in the light
of the Present, and this is particularly true in the field of Palaeontology. A
geologist working on fossiliferous strata must, to some extent, acquire a
biological outlook, for he must seek to understand the principles which
govern the classification of plants and animals alive to-day, and the subtle
connections that subsist between form and function. The closeness of the
relationship that links Geology and Biology is emphasized by the fact that
the approach to Palaeontology is oftén made from the biological side with
the special purpose of studying the records of evolution that have remained
for millions of years in the keeping of the rocks.

Not all students of Geology can hope to find time and opportunity to add
materially to the sum of human knowledge ; but every one should benefit
from the exhilarating contacts which he is forced to make with kindred
sciences. The following chapters provide a fuller and more biological treat-
ment of Palaeontology than is common in an elementary work on Geology.
The wealth of the material introduces a difficulty, for a beginner may find
himself confronted with more than he can digest at a first reading. Perhaps
the best plan is to begin by treating these palaeontological chapters as a
picture book, to be enjoyed rather than memorized. When the student has
obtained a general knowledge of the subject, and has passed on to the his-
torical account that follows, he will soon discover a new need for under-
standing particular groups of organisms. Who can study the story of the
Palaeozoic systems without wanting to know something intimate of trilo-
bites and graptolites, brachiopods and corals? It is hoped that on turning
back to the palaeontological descriptions the reader will find that they help
to make the fossils live again. It is necessary that actual specimens should
be handled, and highly desirable that they should be collected, even
at an early stage of the course. Thus it may happen that some degree
of specialization will be determined by the contents of the local rocks.

247
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Fish caught the fancy of Hugh Miller when he lived at Cromarty on
Old Red Sandstone, but if he had been brought up in the Isle of Wight
he would probably have turned his attention to molluses. Most of us
are attracted to Vertebrate Palaeontology because we are vertebrates
ourselves and so too are our domestic animals. On this account it is
hoped that the chapters dealing with the vertebrates will be welcomed,
although few universities include Vertebrate Palaeontology in a first year’s
course.

The complexity of biological classification becomes less alarming when
we realise that even the uneducated appreciate many of the distinctions that
are expressed in the terms adopted by scientists. For instance, the animal
kingdom is divided into some ten phyla, and in the list that follows an
attempt has been made to place familiar examples opposite each phylum in
a parallel column. The fact that it is easy to give such examples for seven
out of the ten phyla, combined with an instinctive recognition that profound
differences separate the successive groups of examples, shows that the
classification accords with common knowledge, although actually based upon
independent and very critical investigation.

The reasons that in three cases familiar examples cannot be attached to
particular phyla are worth considering. The Protozoa are extremely
abundant, but are usually of microscopic size. The Bryozoa are larger, and
are quite common as incrustations on the shells and seaweed of the seashore,
but still they are definitely inconspicuous. The Brachiopoda, though big
enough to attract attention, are relatively very rare. They are a phylum
approaching extinction. This is a unique circumstance. Countless species
and genera, and many families, orders and classes have come and gone in
the world’s history ; but the Brachiopoda alone seem to threaten the rule :
once a phylum, always a phylum. As a curious result we may note that,

while every geologist is familiar with the Brachiopoda of the rocks, very few
have seen an example in the flesh.

Phylum Familiar Examples
Protozoa - - - - - —
Porifera - - - - - Sponges
Coelentera - - - . Sea-anemones, corals
Echinoderma - - - - Star fish, sea urchins
Vermes - - - - - Worms
Arthropoda - - - - Crustacea, insects, spiders
Bryozoa - - - - - —_—
Brachiopoda - - - - -
Mollusca - - - - - Oysters, snails, octopuses
Chordata - - - - - Vertebrates, including fish,

frogs, reptiles, mammals
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There is a certain elasticity in the use of such terms as phylum, sub-
kingdom, etc., and students must be prepared for differences of treatment
in different text-books.

PROTOZOA

The Protozoa are very small, usually microscopic, animals that swarm in
every wet or moist medium that can support life ; for example, they occur in
the blood as germs of diseases like malaria and sleeping sickness. The body
of a protozoon is a single cell, ¢.e. a corpuscle of protoplasm corresponding
to one of the innumerable muscle, nerve, or bone cells that make up the
tissues of the higher animals ; protoplasm is a jelly-like, transparent, living
material of complex chemical constitution.

The Protozoa are typified by Amocba (Fig. 1144), that lives in the green-
ish scum at the bottom of ponds, etc. Some Amoceba are parasitic; they are

pseudopodia

nucleus

Fic. 114. A. Amoeba in process of fission. Much enlarged. (After Graham
Kerr.)

B. Section of a foraminifer, showing test (black) enveloped in protoplasm, and
pseudopodia emerging from the aperture. Contrast the branching and
anastomosing pseudopodia with the lobate pseudopodia of Amoeba. (Modified
after Twenhofel and Schrock.)

mostly harmless, but one species gives rise in man to the dangerous amoebic
dysentery. The body of Amoeba is a speck of protoplasm about 0-01 inch
long, without any enduring shape. Near the centre is the nucleus which is
denser and more finely granular than the surrounding protoplasm and has
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an important function in the reproductive processes of the cell. The animal

moves by throwing out lobes or projections of protoplasm called pseudopodia

—it projects some of the protoplasm of its body

@ in the required direction, and follows with the rest

of its protoplasm, which simply flows into the re-

A B sulting pseudopodium. There are no organs—no

Fic. 115, Polagic Fora- heart, lungs, mouth, digestive or nervous systems.

minifera. Much enlarged. Amocba feeds on microscopic specks of organic

(After Murray.) matter, which are taken in at any point on the sur-

g' gﬁ‘;};’l";’;"“' face of the body ; the creature simply flows over

) ) and round the food particle, absorbing it and re-

jecting waste matter from any point on the surface of its body. All the

functions—assimilation of food and oxygen, growth, reproduction—are
performed by the single cell.

Fie. 116. Various bottom-dwelling Foraminifora. Much enlarged.
(After Cushman.)
A. Lagena. D. Spiroplecta. G. Nonionina.
B. Nodosaria. E. Rotalia. H. Saccammina.
C. Cristellaria.  F. Biloculina. I. Cornuspira
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All the Protozoa do not change their shape like Amoeba by protruding
and withdrawing pseudopodia. In most of them the external layer of proto-
plasm is comparatively rigid and gives a definite and enduring shape. Such

Fia. 117. Large foraminifera. (Aftor Zittel.)

A. Nummulites. Discoidal test to show arrangement of chambers in whorls.
B. Fusulina. ¥Fusiform test cut in three planes.

forms propel themselves by lashing whips of protoplasm (flagella) or by
vibrating hairs (cilia).

The Protozoa are claborately classified. For our purposes only two
orders need be remembered, Foraminifera and Radiolaria, both belonging
to the class Rhizopoda (Protozoa with pseudopodia). These are the only

Fra. 118. Radiolaria. Much onlarged. (After Haeckel in Graham Kerr.)

Protozoa that secrete shells (tests), and therefore the only ones found fossil.
Foraminiferan tests are internal (Fig. 114B) and in composition are chitinous,
calcareous or formed of agglutinised sand-particles; radiolarian tests are
siliceous.

The empty tests of pelagic Foraminifera (Fig. 115) sink to the ocean floor
in enormous numbers, forming extensive deposits of foraminiferal ooze in
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the Organic Belt. Radiolarian ooze originates in the same way, and occurs
at greater depths in the Organic Belt, because the siliceous tests of the Radio-
laria resist solution under conditions that dissolve the calcareous tests of the
Foraminifera (Chapter VIII).

The Radiolaria build elaborate lattice-work skeletons (Fig. 118). They
oceur in rocks of all ages from Precambrian to the present time, and their
tests have formed cherts and flints and siliceous limestones at certain horizons.
They are found in the Miocene of the Barbados, forming the ¢ Barbados
Earth’, and they make the so-called * tripoli stone’ (Miocene) of the Medi-
terranean region. On the whole they are not so useful for geological purposes
as the Foraminifera, owing to the difficulties attending their detection and
study.

The Foraminifera with their somewhat larger tests (Fig. 116), have
proved of great importance, especially for the correlation of horizons in
Cretaceous and Kainozoic rocks, commonly met with in boring for oil. They
have chambered tests of varied shape and structure, and range from sub-
microscopic dimensions to the size of a
penny in the discoidal Nummulites (Fig.
1174) of the Eocene.

PORIFERA

The remaining animals are Metazoa ;
their bodies are composed of many cells,
aggregated into organs for the perfor-
mance of various functions.

The Porifera (sponges) are loosely or-
ganised communities of cells. There is
a certain definiteness of external form
that varies from species to species, but
the shape of sponges is by no means
stereotyped. Individuals vary so much
that classification is extremely difficult.
Sponges live in water, fixed to the bottom
of the sea or pond. The common bath
sponge lives round the shores of the
Mediterranean, West Indies and Australia.

Fio. 119. Sponge. (Modified after The fibrous skeleton, with which we are
Haeckel.) familiar, is covered in life with flesh of the

Feathered arrow shows direction of  ¢plour and consistency of liver.
water current from pores to osculum. The ﬁeshy surface of a sponge has
numerous small pores. A slow current of water is always passing through
the body wall, entering at the pores, traversing a system of canals and -
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chambers and discharging into the cloaca, : mesogloea
a central sac-like or funnel-shaped cavity,
the aperture of which is called the osculum
(Fig. 119). This current is the only ob-
vious sign of life—it brings food and
ministers to the other physiological needs
of the animal.

The fleshy wall of a simple sponge '
(Fig. 120) carries on its inner surface ’p"c"/‘”
flagellate collar cells and on its outer AN
surface flat pavement cells. Between .
these two layers of cells is a slimy
groundmass (mesogloea) in which are
embedded the cells that secrete the
skeleton, and amoeboid cells that trans-
port food and excretory matter, or func-
tion as gonads. The collar cells resemble pore
flagellate Protozoa, and cause a current
of water in the sponge by lashing their
long flagella. The transparent collars have pavement
the power of grasping organic particles cells
suspended in the current and passing  Fia. 120. Section of the body wall
them down to the cells below, where o‘f a sponge. Much enlarged. (After
they are digested. In more complicated Graham Korr.)
sponges the flagellate collar cells are restricted to chambers which form part
of a complex canal system traversing the body wall (Fig. 121). Sponges with

4 a large or deep cloaca are considered as single
individuals, those with numerous cloacae and
oscula are regarded as colonies (Figs. 122,123).

The sponge skeleton consists of units called
spicules (Fig. 124), each the product of a single
cell in the mesogloea. Spicules may be cal-
careous, or siliceous, or they may be composed
of fibrous organic material called spongin ; the
composition is characteristic of various large
groups. Spicules may remain detached from
each’other in the mesogloea ; when the sponge

R dies and the flesh decays, such spicules fall to

Fic. 121. Section of Siphonia, the sea floor, forming important constituents

& thick-walled sponge of the of ooze. On the other hand, spicules may be

Cretaceous with complicated 8ys- jineq together to form a rigid frame-work
tem of canals, some radial and .

others parallel with the peri- that reproduces approximately the external

phery. (After Sowerby.) form of the sponge. There are four main

amoeboid cell

collar cells
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types of spicule, consisting of one, three, four or six rays coming off from a
centre of growth-—uniaxial (monaxon) ; triaxial ; tetraxial (tetraxon); hexac-
tinellid. These fundamental arrangements of the rays may be variously

Fi1c. 122. Eustphonella, a Fic. 123. Elasmostoma,
Cretaceous spongo, showing a Crotaceous sponge with
formation of a colony by bud- numerous oscula. (After
ding. (After Zittol.) Zittel.)

modified. Fibrous sponge skeletons are perishable and therefore all fossil
sponges belong either to Silicispongiae of the orders Hexactinellida and
Lithistida (siliceous sponges with irregular or nodular spicules of uniaxial or
tetraxial plan) or to the Calcispongiae. The geological distribution of these

Jd 4

Fra. 124. Spongo spicules. Much enlarged. (Aftor Zittel.)

groups is affected by the conditions in which they lived. Tho calcareous
sponges have inhabited shallow coastal waters from Upper Paleozoic times,
while the siliceous sponges have lived in deeper waters from Cambrian

times until the present day. As fossils, sponges are most common in
Britain in the Cretaceous.



CHAPTER XLIV
COELENTERA

THE coelenterates comprise such aquatic animals as jelly-fish, sea-anemones

and corals. The small creature Hydra (Fig. 125) may be taken as represen-

tative. About a third of an inch long, it lives in fresh water. The body is
stinging- cells

avity

o
Fe b

N

gastral ¢

Fia. 126. Longitudinal

Fi1a. 125. Hydra. Enlarged.
(After Shipley and MacBride.) section of Hydra. Much

A. Expanded. Young indi- onlarged.  (After Shipley
vidual budding off from paront. and MacBride.)

B. Contracted.

like a small sac, with a mouth on the upper surface surrounded by tentacles.
The body-wall consists of two layers of cells (Figs. 126, 127), outer and inner
(ectoderm and endoderm), separated by a layer of mesogloea, usually

feebly developed. There are stinging cells scattered over the surface and
256
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particularly numerous on the tentacles (Fig. 126). These cells have a
sensitive projection (cnidocil) which, when touched, releases from the cell
a coiled thread, through which poison is ejected (Fig. 128). When the
prey comes along, say a small crustacean, it is captured by the tentacles,
paralyzed by the poison of the stinging cells, and then passed through
the mouth to the gastral cavity, where the cells secrete a digestive juice
that disintegrates the meal. The indigestible remains are voided through
the mouth.

Fi1c. 127. Transverse section of Fie. 128. Stinging thread-cell
Hydra. Much enlarged. (After Ship- of Hydra. Much enlarged. (After
ley and MacBride.) Shipley and MacBride.)

A. Coiled. B. Discharged.

Coelenterates differ from sponges in having no canal system and no collar
cells. In other respects they are more highly organised and have a definite
shape based on radial symmetry, i.e. the body-wall is circular in transverse
section.

The classes with fossil representatives are : Hydrozoa (Hydromedusae),
Graptolithina, and Anthozoa.

The mYDROZOA are represented by Hydra, which has no hard parts and
is not found fossil. It lives as a single polyp (a term applicable to any Hydra-
like coelenterate individual), and reproduces sexually, or asexually by
budding (Fig. 1254), the budded individuals ultimately detaching themselves
from the parent. Many Hydrozoa, however, by budding produce polyps,
which remain organically connected and secrete an external skeleton of
chitin or calcium carbonate for the support of the colony.
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The life history of Obelia may be taken as an example of the development
of such a colony and also as an example of the phenomenon known as the
alternation of generations. Obelia (Fig. 129) occurs as a light-brown, moss-
like growth on sea-weed, rocks, etc., just below low-water. It consists of

medusa
bud .

gonotheca

Fia. 129. Obelia. Portion of a colony showing two oxtended hydroid
polyps and one gonotheca with medusoid buds. Enlarged. (After Maxwell
in Graham Kerr.)

slender, branching threads of living substance, with Hydra-like polyps pro-
duced by budding. Branches and polyps are enclosed in a transparent horny
sheath, which opens out into little cups (thecae) to receive the polyps.
These cups are of two kinds: the first contain polyps like Hydra, with
tentacles and stinging cells to catch food for the colony ; those of the second
kind are in the form of a club-like cylinder (gonotheca) containing a fleshy
rod covered with disc-like buds. These buds de-
velop into tiny transparent * jelly-fish ’ (medusae)
about 0-1 inch across (Fig. 130). When properly

developed they detach themselves and swim / .t h \
away, male and female. Hanging down under \ y'?)gr‘(lzds /

the bell are small bags ﬁlled with spermatozoa Fa. 130.—Modusa of Obelia.
or eggs, which are shed into the sea where the Enlarged. (After Fowler.)
sperms fertilise the eggs. A fertilised egg

develops into a larva, which swims by means of cilia. The larva ultimately
settles on to sea-weed or some other suitable object and develops into a
colony similar to that with which we started. There are therefore two phases
in the life history of Obelia—(1) a fixed colony of polyps that grows and

R B.G.
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produces new polyps by budding; (2) a free-swimming sexual medusa
charged with founding new colonies in distant places.

Other coelenterates in their development are variations on the Obelia
theme. The kind of life history that has been described, with its alternation
between the free-swimming sexual medusa and the colony of budding polyps,
underlies the whole coelenterate phylum, although it may be more or less
profoundly modified. Hydra, the typical hydroid polyp, has no medusa

-ectoderm

Tubules of colonial
endodermal tissue
surroundiny extensions
of the coelenteron

Fi1c. 131.  A. Colony of
Hydractinia on a gastropod
shell.

B. Section of a single
polyp,muchenlarged,show-
ing the subjacent porous
skeleton (black), surround-
ing tubules of the common
fleshy tissue of the colony.

(Modified after Allman.)

4
.

\
\
[}
'
]
’
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phase in its development. It produces new polyps by budding, or sexually
without the intervention of a medusa. Jelly-fish are simply large medusae
that develop directly from the egg with only a transitory hydroid stage.
Obelia carries its polyps on a branching stalk, and secretes a chitinous
skeleton with thecae for the polyps. Its near relatives (Calyptoblastea) are
rarely found fossil.

\ Other Hydrozoa, without hydrothecae, form moss-like growths on rocks
and sea-weed near low-water mark and go through the alternation of gener-
ations shown by Obelia. A few are important as fossils. In Hydractinia (Fig.
131) the common fleshy tissue of the colony spreads over the surface to which
the larva has fixed itself in a mass of endodermal tubules underlying a carpet of
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ectoderm. 'The tubules secrete a covering of chitin (rarely calcium carbonate).
When the flesh decays on the death of the animal this skeletal material is left
as a porous incrustation on the stone or shell. Hydractinia is commonly
found encrusting shells of Kainozoic age.

In Millepora (Kainozoic) the skeleton is calcareous and contains tubes
into which the polyps can withdraw when alarmed (Fig. 1328, ¢), but its

mouth of nutritive
polyp

«_~~gastropore
~~dactylopore

colonial fleshy tissue
enclosed in tubes of
sheletal matter

Fia. 132, Millepora. (Modified aftor Moscloy.)

A. Part of a colony. A nutritive polyp (with mouth) is surrounded by five
mouthless food-procuring polyps. Porous skeleton black.

B. Portion of skeleton, showing the large gastropores which house the
nutritive polpys, each surrounded by ring of dactylopores which lodge the
food-procuring polyps.

C. Section of part of a colony showing a nutritive and a food-procuring polyp
withdrawn into their pores.

A and C much enlarged.

relation to the common flesh of the colony is the same as in Hydractinia.
The polyps are of two kinds, larger nutritive individuals with mouths, and
smaller food-procuring polyps with tentacles but no mouth (Fig. 132a).
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The tubes that accommodate the former are scattered like pores over the
surface of the colonial skeleton, each surrounded by a ring of the smaller
pores that accommodate the mouthless polyps (Fig. 1328).

The Stromatoporoidea were an order of predominantly Palaeozoic
Hydrozoa which built up massive reefs, especially in the Devonian rocks
(Fig. 2988). The colonial skeletons were composed of layers with a con-
centric structure connected by vertical pillars. The whole mass was per-
meated by minute canaliculi, and small tubes for the polyps were sparsely
distributed. The relation of the colonial fleshy tissue to the skeleton was
doubtless similar to that of Millepora.

The araproLiTES (Figs. 283, 287, 288), extinct since the Palaeozoic, are
of the greatest importance to the geologist. They were colonial organisms,
enclosed like Obelia in a protective horny skeleton (rhabdosome) with thecae
to receive the polyps. From the conical embryonic theca (called the sicula)
one or more branches (stipes) grew out in various directions (Fig. 133). The
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Fi1a. 133. Pendent, A, and scandent, B, graptolites showing proximal
parts of the rhabdosome. IEnlarged. (After Elles.) C. Synrhabdosome of
Diplograptus. (After Ruedemann.)

branching skeleton of the colony, with its little thecae, has a general super-
ficial resemblance to Obelia, and for a long time the graptolites were therefore
regarded as Hydrozoa. On detailed comparison, however, the resemblance
breaks down, and the graptolites are now placed in a separate class, the
Graptolithina, of the phylum Coelentera. It is not even certain that they
were coelenterates, and an old suggestion that they may be Bryozoa has
recently been revived.

Graptolite colonies floated near the surface of the sea, attached either to
drifting sea-weed or to bell-like floats of their own. In the latter case they
formed independent communitier, known as synrhabdosomes (Fig. 133c).



xliv] COELENTERA 261

Two orders are recognised—Dendroidea and Graptoloidea. The former
are represented by Dictyonema (Figs. 1354 and 383), a genus with thecae
opening on the inner side of a pendent, conical rhabdosome, consisting of
numerous slender stipes connected at intervals by transverse dissepiments.
They had a long range in the Palaeozoic, and changed little. The latter are
confined to the Tremadoc, Ordovician and Silurian rocks, and several circum-
stances combine to make them useful zone fossils—they evolved rapidly, their
species were short-lived, their floating existence distributed them widely and
quickly over the globe, and their remains occur in large numbers, especially
in shale. Evolution in the graptolites took place along four main lines :

A. Reduction in the number of branches from many, in the Upper

Cambrian (Dictyonema), to one, in Azygograptus and Monograptus,
the latter dominant in the Silurian.

pendent

Fic. 134. Diagram to illustrate change in direction of growth of graptolites
from pendent to scandent. Sicula at the origin with apex pointing upwards.
(After Klles.)

B. Change in the direction of growth of the branches (Fig. 134) from the
primitive position, in which they were pendent from the sicula
(Dictyonema, etc.), through various intermediate positions to the
scandent (Diplograptus, Monograptus) in which the thread-like
attachment organ (nema) growing from the apex of the sicula, was
effectively protected.

C. Change in shape of thecae from the primitive conical (Fig. 1354) and
tubular (Fig. 1334), to sigmoid curvature of the outer (ventral)
margin (Fig. 1358), that led in its extreme expression to intro-
version and introtortion of the apertural region (Fig. 135¢). In
some Monograptids the thecae became lobed (Fig. 135p), in others
hooked (¥ig. 135E), and in others isolated (Fig. 135F).
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D. The fourth trend involved local thickenings of the skeletal substance,
with the production of curious reticulate and spinose structures.

These four trends operated independently and at varying rates in different
graptolite stocks. The resulting permutations and combinations of their
evolutionary stages in successive graptolite faunas, have yielded a sensitive
chronometer of the Ordovician and Silurian rocks.

§ E
distal end distal end
N
\V-/ F
A B C
F16. 135. Parts of various graptolite stipes to
illustrate thecal claboration. Enlarged. proximal end
A. Dictyonema flabelliforme. Conical thecao
much enlarged.
B. Dicellograptus showing simple sigmoid
curvature of ventral margins. proximal end
C. Ditto, with introversion and introtor-
tion of apertures.
D. Monograptus, with lobed thecac. D
E. Ditto, with hooked thecae.
F. Rastrites, with isolate thecae.

(A after Bulman ; B-F after Elles.) sicula

The ANTHOZOA include the sea-anemones and most ‘ corals *. They exist
only in the polyp phase, and no medusae are known. Some, like the sea-
anemones of our coasts and certain corals, remain solitary throughout life,
but in most cases, especially among the corals, there is extensive budding (or,
it may be, fission) which results in the formation of colonies. Sea-anemones
have no hard parts, but anthozoan corals build hard skeletons of calcium
carbonate that fossilize well and, together with hydrozoan corals, calcareous
algae and foraminiferan tests, often form massive reefs.

The gastral cavity of an anthozoon (Fig. 136) is divided into compart-
ments by radial fleshy partitions (mesenteries), arranged in pairs and in one
or more cycles. A short gullet hangs down from the mouth into the gastral
cavity. Both mouth and gullet are laterally compressed, thus introducing a
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new element in animal form, bilateral symmetry, which, in the Anthozoa,
is superposed on the dominant radial symmetry of the coelenterate.

The whole skeleton of a coral is the corallum ; in colonial corals individual
skeletons of the compound corallum are called corallites. Compound corals
may be freely branching (dendroid) with corallites of circular section (Fig.
304E) ; or with corallites in close contact throughout their length and of
polygonal section (basaltiform, Figs. 288x, 304r); or with corallites set
in a skeletal matrix (coenenchyma) secreted by the common fleshy tissue
(coenosarc) of the colony (Fig. 298D).
The skeleton may be secreted by the
external surface of the body wall or 4
within the body wall. The polyp i

rests in a depression (the calyx) at 5 /

three cycles of simple
tentacles

the top of the corallum or corallite.

The wall of the corallum is the theca,
and the epitheca is a calcareous layer
outside the theca, secreted by the
edge zone. As the polyp grows, its
base is raised to higher levels in the
corallum, and secretes within the

N\ J
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mesenteries

S

. _——-Septain
theca a number of structural ele- _ Inter-mesenterial
ments that are known collectively - 2 Z Spaces

as endotheca. The radial plates of
the endotheca are known as septa;
they are secreted within infoldings
of the base of the polyp, each radial
invagination corresponding to the
space between a pair of mesenteries
of a given cycle.

Corals are useful fossils from the
Lower Palaeozoic onward. Along
with certain brachiopods, corals of the extinct Palaeozoic order Tetracoralla
are used to zone the rocks of the Carboniferous Limestone Series. The Tetra-
coralla (sometimes called rugose corals, from their characteristically wrinkled
epitheca) were simple or compound corals (Fig. 304), showing a fourfold
plan in their septal development that clearly involves bilateral symmetry.
Their place was taken in Mesozoic and later times by the Madreporaria,
simple or compound corals which are united with sea-anemones to form the
order Hexacoralla, with simple tentacles and with mesenteries (and septa in
the corals) arranged in multiples of six. The Alcyonarian corals with eight
plumose tentacles and eight mesenteries constitute the order Octocoralla,
and range from Lower Palaeozoic to the present. A skeleton is usually
developed, varying in character from detached calcareous bodies in the body

SR

§

Fia. 136.  Section of a coral polyp,
showing its relations to the skeleton (heavy
oblique shading). (Modified after Claus,
after Lacaze-Duthiers.)
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wall to massive basal coralla like those of Heliopora. In Heliopora two kinds
of tube-like corallites occur in the coenenchyma—one series (the autopores)
contains the normal polyps, and a series of smaller tubes (siphonopores)
contains caeca suspended from the under surface of the coenosarc (Fig. 137).
Heliolites (Fig. 298p), a characteristic coral of the Lower Palaeozoic, was
analogous in structure to Heliopora. In both genera septa are short, but
tabulae (horizontal plates) are strongly developed in the autopores and

Je-=-eight plumose
: tentacles

sheet of ectoderm

network of---7\{

anastomosing
fleshy tubes

\
base of polyp

Fi1a. 137.—Pottion of Alcyonarian colony with one polyp. Skeleton has been
removed to show basge of polyp and caeca. Enlarged. (After Bourne.)

siphonopores.  Corallites with tabulae, but with septa rudimentary or
absent, also characterized other genera of the extinct Palaeozoic group of the
Tabulata, in which composite coralla of various forms were produced each
by its characteristic type of budding. Thus in Halysites (Fig. 288F), the
chain coral (Ordovician and especially Silurian), budding occurred periodi-
cally on one side, producing linear series of adjacent corallites, whereas in
Favosites (Fig. 288e), common in Silurian and Devonian, budding took
place frequently on all sides, producing compact coralla with prismatic
corallites and mural pores that probably represented the tubes connecting
the parallel cylindrical corallites of the related genus Syringopora.



CHAPTER XLV
ECHINODERMA

TaE Echinoderma and remaining phyla develop an alimentary tract sur-
rounded by a body-cavity, or coelome (Fig. 138c), and hence may be
grouped as Coelomata, in contrast to Coelentera, just described, which
have only a simple gastral pouch, or coelenteron (Fig. 138a). The first
stage in the evolution of the coelome and alimentary tract is the develop-
ment of mesoderm, a packing of
cells between ectoderm and endo- -
derm (Fig. 138B). The body-cavity 4
is simply an opening in this meso-
derm, containing heart, lungs, liver,
ctc., which are therefore of meso-
dermal origin.

The Echinoderma include star-
fish, sea-urchins, sea-lilies, and kin-
dred creatures, characterized by five-
rayed symmetry. The STAR-rISH
(Fig. 139) consists of five so-called
arms radiating from a central disc. \\\“y\““"
The arms are hollow, and contain
branches of the intestine and other FmAl'{S Dia ?ammati(' soctions of &
viscera. The mouth lies in the centre = ~*** (A), i flat-worm (B), and an
of the under surface, and the anus on annelid worm (C), to illustrate the nature
the upper surface of the disc. Five of the body cavity, alimentary tract and
broad grooves (ambulacra) radiate i‘;ﬂ‘;";ggﬁ;‘:'ﬁuxﬁ‘;am vs";:ll;) (Modified
from the mouth, one along the under
surface of each arm. Each ambulacrum is furnished with a double or
quadruple row of little tubes that end in suckers. These are the tube-feet
(podia) ; and by their aid the animal moves and grasps its prey. Within the
body there is a system of pipes and reservoirs containing watery fluid. This
water-vascular system opens to the exterior through a porous plate, the
madreporite, situated near the anus. The star-fish extends its tube-feet for
action by forcing liquid into them from the water vascular system, and
withdraws them from use by allowing the water to flow back again into the
system. The water-vascular system consists of a calcareous tube leading

\ 265
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from the madreporite to a tubular vessel encircling the gullet, and five radial
tubes leading off from the circular vessel, one down each arm. The radial
vessels give off in pairs, one on either side, numerous short branches, each

plates of shkeleton
/7 (black)

)
\' H !
I circular vessel 1 v
,” round gullet | tube-feet

ampulla radial water vessel

Fic. 139. Section of a star-fish passing through one radius (arin) and the
opposite inter-radius.  (Modified after Schmeil.)

carrying a little bulb or ampulla. The ampullae act as reservoirs, con-
trolling individual tube-feet. The tube-feet are closely crowded, and their
collective strength is considerable. Some of the larger star-fish can tear open
oyster shells, and often do serious damage to oyster beds. The ambulacra
are roofed with calcarcows plates, between which are the pores that allow
the tube-feet to connect with the ampullae within the test. The water-
vascular system and ambulacral
areas are unique and character-
istic features of echinoderms.

Calcareous plates developed in
the mesoderm form a rigid sup-
port for the body. 1t is this platy
skeleton that fossilises.

The sEA-URcHINS (EoHIN-
OIDEA) are the most important
echinoderms for geological pur-
poses. They occur sporadically

F16. 140. An echinoid with spines removed in Palaeozoic rocks and are useful
from one half of the test. Spines are usually ¢imeindices both in Mesozoic and
detached in fossil echinoids. . . N

Kainozoic. The genus Micraster
(Fig. 318) affords an interesting and chronologically valuable record of con-
tinuous evolution in the Upper Chalk.

The spiny tests of sea-urchins are globular, discoidal or heart-shaped
(Figs. 140, 318), and the radii do not project to form arms, as in the star-
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fish. The plated skeleton consists of two main regions, corona and apical
disc. In the adults of most echinoids the corona forms the bulk of the test.
In Mesozoic and Kainozoic echinoids it is typically composed of twenty
columns of plates, which madreporite

make up five ambulacra y  genital pore
(radii) alternating with five
interambulacra (interradii),
each composed of two col-
umns of plates. The ambu-
lacral plates are small, each
plate pierced by a pair of
pores. The radial canals of
the water-vascular system
pass beneath the ambu-
lacra, and podia (tube-feet)
are protruded through the
pores. The interambulacral {

plates are large and have F 141 D lanter : vion of hinoid
. "1G. . iagrammatic section of an echinoid.
no pores, but bear spines (Modified after (iregory.)

/
’
\3

attached to tubercles ; usu-
ally the spines are detached in the fossil. The ambulacra may also bear
spines. Palaeozoic echinoids may have from 2-20 columns of plates in each
ambulacral area and from 1-14 in each interambulacrum.

The apical disc (Fig. 142) is situ-
ated at the aboral pole of the test
madreporite and usually consists of ten plates—
. five ocular plates situated radially

genital pore

_in
genital plate

g andalternating with five interradial
T genital plates. Ocular plates have
ocular % typically a single pore related to a
plate 3 large primitive tentacle and not to

a visual organ. The genital plates
have one or more pores (Figs. 141,
142), for extruding the products of
the sex organs which lie below the
interambulacra ; one genital plate
(the right anterior) has numerous
madreporic pores that communicate
with the water-vascular system. In
the regular, pentamerally symmetrical echinoids, the anus and its sur-
rounding plated membrane, the periproct, lie within the apical disc.

An important feature in the evolution of one group of echinoids is the
development of bilateral symmetry, superposed on the characteristic penta-

Fi1a. 142. Apical system of Echinus, a
Recent ‘ regular ’ echinoid.
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meral symmetry of the phylum. Pentameral symmetry is a special case of
radial symmetry, which animals tend to develop when they spend their post-
larval life attached to the sea-floor. In the case of the free-moving star-fish
and echinoids the radial symmetry must be regarded as a relic of a ‘fixed’
ancestry, and we shall see that the earliest echinoderms of which we have
fossils were attached forms. Free-moving, radially symmetrical animals
can move horizontally in all directions with equal facility ; in the case of
the star-fish, any of the arms may act as a temporary head, giving direction
to the movement. Such a creature is hardly a speed-model. For rapid
directed movement in animals, bilateral symmetry of structure is necessary.
In the ‘irregular’ echinoids we see the rudiments of this bilateral symmetry
as expressed in free-moving coelomate animals, and its highest expression
is found in the stream-lined body of the fish. This does not imply any
plated peristomial anc.estf'al connection bet.ween irregular
membrane echinoids and fish ; there is no such con-
nection. Bilateral symmetry has been in-
dependently evolved by the major groups
of coelomate animals. The irregular
echinoids and many other bilaterally sym-
teeth of metrical animals are not speedy, but
lantern  they possess the fundamental symmetry
of structure from which speedy forms

have in other cases been derived.
In echinoids bilateral symmetry is
Fio. 143. Peristome of Echinus. achieved by the backward movement
amb, ambulacrum. of the anus from the centre of the
upper surface, until ultimately it reaches
the edge of the test. In some of these irregular forms the mouth and its
surrounding plated membrane (peristome) remain in the centre of the under
surface (Fig. 143) ; in others they move forward to the edge of the test,
giving the highest expression of bilateral symmetry, mouth in front, anus
in rear, as in Micraster (Fig. 318). Such forms feed like worms, by scooping
up mud and passing it through the alimentary tract, where the nutriment is
extracted. The ‘ regular ’ forms, on the other hand, browse over sea-weed,
cutting it into small pieces by means of five teeth worked by an arrangement of
muscles and plates and called Aristotle’s Lantern (Figs. 141, 143). Bilateral
symmetry is developed also in the group of echinoderms that includes the
sausage-shaped sea-cucumber and béche-de-mer, but these are not found fossil.

Star-fish and sea-urchins belong to the class of free-moving echinoderms
(Eleutherozoa). Other forms live more or less permanently fixed to the sea-
floor (Pelmatozoa). Such are the fossil and modern sea-lilies (Crinoidea) and
the extinct Cystoidea, Blastoidea and Edrioasteroidea.
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The’typical crino1D (Fig. 144) is borne on a long flexible stalk of super-
posed cylindrical or pentagonal plates (columnals), pierced for the passage
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Fia. 144, Typical crinoid. (After Bather.)

of nerves and blood vessels. Stalks with a length of 20 metres have been
recorded. The principal organs are contained in a globular, cup-, or bowl-
shaped capsule called the calyx. The lower or dorsal part of the calyx, con-
nected with the stalk, is composed fundamentally of two or three rings of
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platés, and is continued forward into five flexible arms, strengthened with
other plates known as brachials. Accumulations of detached columnals and
00d - grooves
food-g \ arms
(truncated )
WA

i)

Fic. 145. Oral view of crinoid calyx, showing food
grooves radiating from mouth, and ascending the ventral
surfaces of arms and pinnules. (Modified after Miiller.)

brachials form crinoidal limestone in the Carboniferous and other forma-
tions. The arms may branch repeatedly and may carry pinnules, jointed
appendages that repeat the structure of the arms on a small scale.
The mouth of a crinoid is situated on the upper surface (tegmen) of the
ciliated calyx, within the circle of arms (Fig.
hollow ~ 145). To compare a crinoid with a
oo tentacle 4o fish, you have to turn the latter
radial O its back. From the mouth of the
-—”%}fg} crinoid five food-grooves radiate over
g the tegmen and continue up the inner
surface of the arms. They are supplied
with tentacles(Fig. 146) which, like the
tube-feet of star-fish and echinoids, are
operated by a water-vascular system and
act as sensory and respiratory organs.
The food-grooves serve to convey food
to the mouth by the action of cilia on
Fic. 146. Enlarged- section of a their surfaces.
crinoid arm showing, in addition to Crinoids range from the Palaeozoic to
the Pam:l labelled, }t)htl’l br&ﬂc:!einq nerve the present. Stalked crinoids attained
o and vuiow bllow exenkons o heis maximum development_during
cover plate in black ; fleshy parts lined the Palaeozoic. There is a tendency in
and stippled. (Modified after Bather.) later forms to lead a free existence
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for at least part of their lives, either using
their arms to crawl on the sea-floor or floating
freely in the open water, and often developing
jointed cirri as temporary holdfasts. The genus
Marsupites of the Upper Cretaceous is an ex-
ample of a pelagic stalkless crinoid. The
majority of living crinoids are stalkless.

Other classes of Pelmatozoa are known
only in the fossil state.

The BrastorpEa (Figs. 147-149), had the
mouth on the upper surface of a bud-shaped ,
calyx. Five food-grooves radiated from the w
mouth, each over a large plate (lancet-plate), root
and gave off at right angles numerous
branches which continued up small arms or

Berry.)
brachioles, that are seldom preserved. Under

Fic. 147.
blastoid, Pentremites. (After

271

Restoration of a

each lancet-plate ran two hydrospires, bundles of flattened lamellar
tubes that arc thought to have functioned in respiration, and possibly also
in the discharge of genital products. Water gained access to the hydrospires
through slits in the calyx plates or through pores in the side-plates that
border the lancet plates. 1In the latter arrangement, the water, after passing

1ancet plate with main
and bmncll food grocves

radial =~
plates
basal
plates

-main food groove
on lancet plate

mouth in centra

). --lancet plate with
Jfood groove
-~ basal plates

Cc

3

M .
radial
plates

Fia. 148, Calyx of Pentremites.

A. Side view. B. Oral viow. C. Aboral view,
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along the hydrospires, was ejected at the spiracles, five holes grouped round
the mouth at the top of the calyx. The hydrospires were doubtless ciliated.

B8

cover plates on _~—""N
main and lateral ~~~_
Jfood grooves

]
main and lateral
Jfood grooves

A

-

«—~ calyx plate
(radial or deltoid)
lancet plate -~ hydrospire

F1c. 149. Pentremites. (Modified after Berry.)
A. Section across ambulacrum.

B. Surface view of part of the large plate, showing main and branch food
grooves. Much enlarged. :

Blastoids occur most commonly in the Devonian and Carboniferous, but
primitive forms go as far back as the Ordovician. They are found literally
in millions in the Carboniferous Limestone of the Mississippi Valley.

The CysToipEa included the most primitive fossil echinoderms. It is
difficult to give a comprehensive diagnosis because they were so diverse in

Fi1a. 150. Aristocystis, a primitive cystoid. (After Bather.)
A. Side view. B. Oral view.

structure and in the external configuration of the calyx. They appeared in
the early Cambrian and were extinct by the end of the Devonian. They are
rare fossils and as a rule poorly preserved. In their most primitive types
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(Fig. 150) the calyx was pear-shaped and the plates were irregular, both in
outline and arrangement. Food-grooves were absent or not impressed on the
calyx in these primitive examples, but were developed in the more advanced

anus
Fia. 161. Qlyptosphaera, a spherical Fia. 152. Lepadocrinus, a
cystoid with irregularly branching food- - stalked cystoid with brachio-
grooves. (Aftor Bather.) liferous food-grooves. (After

Bather.)

forms; At first they ramified irregularly over the surface of the calyx (Fig.
151), but later they straightened out, so that their bordering plates arranged

themselves in definite ambulacral areas, while
brachioles extended the food-grooves and in-
creased the food-catchment area (Fig. 152).
Systems of pores and folds in the substance of
the plates probably functioned in respiration,
and provide a basis for classification.

The EpDRIOASTEROIDEA ranged from Cambrian
to Lower Carboniferous. Their remains are rare
and badly preserved as a rule. The test varied
from sac-shaped to flattened and was fixed by the
under surface or entirely free ; there was neither
stalk nor arms. From the mouth in the centre of
the upper surface five sinuous food-grooves radi-
ated over the test (Fig. 153). These were floored
by tiny ambulacral plates with pores between,
and there were cover plates. The edrioasteroids
stood rather apart from other fixed echinoderms.
In some respects they resembled star-fish, but
differed in having the spaces between the rays
filled up with irregular plates, and in many of
them being fixed by the under surface.

]

(.(°

¢\° )

€ A2V
L)

S\
@M

7).
4 "" (7
Q {1
SR PN N

cover pjates
pore,

S

B Sood flooring
groove plates

Fia. 163. Kdrioaster. (After
Bather.)

A. Oral surface. B. Section
across an ambulacrum, .
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CHAPTER XLVI

VERMES AND ARTHROPODA
VERMES

VERMES (worms) constitute a group of structurally diverse phyla, rather
than a single homogeneous phylum. They are not of great geological value,
but they are of very great interest otherwise, especially one phylum, the
Annelida (Fig. 138¢), segmented worms. Insegmentation the body is divided

A

Fia. 1564. A and B complete jaws of a modern annelid, Enlarged.
(After Ehlers.)

A. Toothed plates (black) of upper jaw in chitinous jaw-sac.

B. Lower jaw.

C. Fossil annelid jaw-plates. The denticulated plates are detached from
the jaw-sac after the death of the animal and drift apart. A nlarged. (After
Hinde.)

from front to rear by membranous partitions into a number of compart-

ments, and each ring-like compartment or segment has essentially the same

structural features as its neighbours, that is, the segments are serially

homologous. For example, each segment typically bears a pair of short,
274
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thick, walking appendages, the parapodia. Some annelids have small horny
jaws that are found fossil (Fig. 154). Others build limy tubes (Fig. 155) in
which to live (e.g. Serpula and Spirorbis), and these
are the commonest worm fossils, together with casts
of tracks and burrows.

ARTHROPODA

The Arthropoda constitute one of the largest
and most varied of the animal phyla, and have
very numerous representatives at the present day,
some of which markedly influence the health and
happiness of man. The phylum includes lob-  Fic. 155. Fossil annelid
sters, crabs, centipedes, spiders, ticks, scorpions, tubes. (After R. Lther-
insects, and—most important of all from the geo- 8% )
logical point of view—the extinct trilobites of the 1‘2: :;Z%rl:w
Palaeozoic.

The arthropod body is segmented like that of an annelid worm, and the
Arthropoda were certainly evolved from the Annelida. The Arthropoda
have jointed appendages growing from the sides of the body. These are
rigidly specialized for widely different functions according to the region of
the body in which they are situated. For example, the first pair may be used
as feelers (antennae) ; those round the mouth for grasping and cutting up
food, and as weapons, like the claws of a lobster ; in the middle region of the
body a variable number may be employed for walking or swimming, and
others may be modified as gills for breathing. The different arthropod types
have been evolved by varying the number of body-segments and combining
them in different ways, and by adapting the appendages for many different
functions.

There is an external skeleton consisting of a hardened epidermis of chitin.
Growth can take place only during moulting, in the short time between the
casting of the old covering and the hardening of the new.

Classes : Crustacea, Arachnida, Myriapoda, Insecta.

Fossils of the Myriapoda (centipedes, etc.) are rare, but occur in the
continental Old Red Sandstone.

TRILOBITES.—.LObSterS, shrimps, crabs, barnacles, etc. and the extinct
trilobites (Figs. 280-3) are Crustacea—arthropods that are characterized
by forked appendages, consisting of a basal part (protopodite or coxopodite)
with two branches (exopodite and endopodite). In the trilobites the fringed
exopodites (Fig. 156) were used for swimming and probably also as gills in
which the blood was oxygenated. The coxopodite projects inwards to form
an endobase ; endobases in the cephalic region, being employed for cutting
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up food, are known as gnathobases. Inliving crustacea there are two pairs of
antennae in front of the mouth; in trilobites only one pair has been discovered.

The segments of the body may be grouped into three regions: head
(cephalon), thorax, and abdomen, though in modern crustacea head and

Fia. 1566. Trilobites.
A. Ventral view, showing appendages.

thorax are generally combined
to form a cephalo-thorax covered
by a chitinous plate (carapace)
strengthened by lime salts. The
carapace is usually a single piece,
situated dorsally, but it may con-
sist of two pieces, or valves, one
on each side of the body, as in
the Ostracoda ; or it may form a
pyramid of calcareous plates as
in the barnacles, which are fixed
in adult life and so profoundly
modified that they are utterly un-
like other crustacea—their free-
swimming larval phase indicates
their true affinities.

The trilobites are by far the
most important fossil Arthro-
poda ; they were exclusively
marine, living mainly near the
sea-floor in shallow, clear water.

dorsal shield -

[ '
C anus

(A and B after Beecher, C after Berry.)

B. Transverse section of thoracic region, showing relation of the appendages

to the dorsal shield.

C. Longitudinal section, showing alimentary tract.
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Various specializations, however, indicate occasional adaptation to other
conditions ; for example, the extravagant development of spines in some
stocks probably indicates a free-floating existence in the open sea. With the
brachiopods and graptolites they are the most important fossils of the Lower
Palaeozoic ; the faunal subdivision of the Cambrian system is based on the
trilobites. The segmented trilobite body (Fig. 156a, B) had tripartite
divisions, not only antero-posteriorly into head, thorax, and abdomen, but
also transversely into axial and lateral lobes. The latter trilobation is
denoted by the name of the sub-class (Trilobita). The segments of the head
were fused to form a head-shield (cephalon), and those of the abdomen were
typically fused to form a tail-piece or pygidium. Thoracic segments were
free and sometimes movably articulated, so that the animal could roll up
for protection of the soft under parts. Rolled up trilobites are often found
and furnish very attractive fossils. The crustacean nature of trilobite
appendages was discovered by sectioning rolled-up individuals. Afterwards
very perfect individuals with the appendages in the normal position were
found in the Utica Shale of New York.

The structure of the cephalon has recently been utilized, to the exclusion
of the other features, in the ordinal classification of the trilobites. The
transverse furrows, often present on its axial portion, or glabella, are traces
of original cephalic segmentation. The lateral parts of the cephalon, known
as ‘ cheeks’, were usually divided each into a ‘free’ outer portion and
‘ fixed ’ inner portion by an ecdysial line, the facial suture, which ran from
in front of the glabella, along the inner (axial) side of the large compound
eye, to the margin of the cephalon either in front of the genal angle (proparian
condition) or behind it (opisthoparian condition). Eyes and facial sutures
may be absent.

EvucrusTacEA.—The remaining crustacea, grouped together as Eucrus-
tacea, true crustacea, furnish a number of important fossils.

The BRANCHIOPODA, minute ¢ water-fleas ’ that swarm in fresh, brackish,
and super-saline waters, have bivalved shells and leaf-shaped appendages for
swimming ; the appendages also carry gills—
hence the name Branchiopoda (° gill-footed ’ ;
¢f. the unrelated Brachiopoda, ‘ arm-footed ’) ;
they are also called Phyllopoda, in reference
to the leaf-like form of the

appendages. <
An important genus is @l
Estheria (Fig. 157a), which Y= B

abounds at the present day in Fia. 1567. Fossil branchiopods. Enlarged.
temporary pools in the South (After Rupert Jones.)
African desert and occurs at A. Estheria. B. Leaia,




278 PALAEONTOLOGY [char.

various horizons from Devonian onwards. The carapace of Estheria with its
concentric ridges has a superficial resemblance to the shell of certain bivalve
molluscs (e.g. Posidonia), but its ridges are quite distinct from growth lines,
because the carapace of Estheria grows by moulting as in other Crustacea,
and not by increment as in a lamellibranch ; also the carapace of Estheria is
made of chitin and not calcium carbonate.

The OSTRACODA, like the Branchiopoda, are minute bivalved Crustacea,
but the appendages are not leaf-like. They range from Upper Cambrian tv
present, and are numerous at certain horizons in the Carboniferous. The
small shells vary greatly in form (Fig. 158), although an ovate or reniform

F1c. 158. Various fossil ostracods. Much enlarged.
(After Zittel-Eastman.)

shape is common ; the ornament of the valves is exceedingly variable and
often elaborate.

The MaracosTrRACA are the large Eucrustacea, including lobsters and
crabs. Some familiar Palaeozoic forms belonged to the order Phyllocarida
(Fig. 159). The carapace of the Phyllocarida may be bivalved, or it may be
single and down-folded at the sides. The last segment of the abdomen, the
telson, is furnished with pointed spines.

The ARACHNIDA are represented at the present day by scorpions and
spiders. The anatomy of the scorpion may be taken as typical (Fig. 160).
There is a short cephalo-thorax (prosoma), and a long abdomen divided into
two regions, an anterior containing six broad segments (mesosoma) and a
posterior with six narrow segments (metasoma). The telson in the scorpion
forms a highly poisonous sting. There are no appendages in the metasoma.

The arachnids are divided into two sub-classes—terrestrial and aquatic.
The terrestrial include the scorpions and spiders and are not common fossils,
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Fia. 169. Ceratiocaris, a Palaeozoic phyllocarid crustacean.
(After Woodward.)

F1a. 160. Palaeophonus, a Silurian Fig. 161. Burypterus. (Afier
scorpion. (After Pocock.) Schmidt.)
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though it may be pointed out that an ancestral scorpion, Palacophonus (Fig.
160), found in the Silurian of Lesmahagow (Lanarkshire) and Gotland,
appears to have been marine. The aquatic forms (Merostomata) may be
considered under two groups—the Eurypterida and Xiphosura.

The EURYPTERIDS were the most formidable creatures of the Lower
Palaeozoic, reaching a length of 10 feet in some cases. Reference may be
made to two genera—Euryplerus (Fig. 161) and Pterygotus (Fig. 162). In

Fia. 162. Pterygotus. (After Geikie.)

Eurypterus the last pair of limb-appendages were shaped like paddles, and
the telson was furnished with a long spine. In Pterygotus one pair of the oral
appendages formed strong claws and the telson consisted of a divided oval
plate. Eurypterids seem to have started as marine animals, but to have
become adapted to fresh water in Old Red Sandstone and Carboniferous
times.

The XtpHOSURA include the only living marine arachnid—the King or
Horseshoe ‘ Crab’, Limulus, which ranges from Trias to present day (Fig.
183). Certain Xiphosura are not uncommon in the Coal Measures (Fig. 165).
The body is trilobed and shortened by consolidation of the abdominal seg-
ments, and there is a long spine-like telson. Trilobation of the body is
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especially distinct in the Palaeozoic forms and in the embryo of Limulus.
The latter, before the development of a long tail-spine is remarkably like a
trilobite (Fig. 164). Shortening of the body and absence of differentiated
mesosoma and metasoma are also characteristic of the spiders.

Fic. 163. A Jurassic Limulus. (After Zittel.)
Dorsal and ventral aspects.

The INsEcTa have head, thorax, and abdomen clearly differentiated.
The thorax bears three pairs of appendages for walking (hence the alternative
name Hexapoda). The insects are the only invertebrates that have con-
quered the air, and for this purpose wings are developed on the second and
third thoracic segments. These wings are not homologous with the wings of
a bird, which are modified fore limbs. The insect’s wing sprouts from the
back, and consists of a very thin double film of chitin, enclosing a fine layer
of living tissue. As the wing is made of chitin it is capable of fossilization
(Fig. 166), and beautifully preserved specimens, sometimes associated with
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the fossilized body, have been found in rocks as old as the Coal Measures.
These Coal Measures occurrences are the earliest records of insects in the

F16. 164.—The trilobite-like Fic. 165. Belinurus, a xipho-
embryo of a modern Limulus. suran from the Coal Measures.
(After Dohrn.) (After Woodward.)

rocks, apart from examples in the Rhynie chert (Aberdeenshire) of Devonian
age. Insects are frequently found entirely mummified in amber of Oligocene

Fic. 166. An insect’s wing from Permian rocks. Enlarged.
- (After Zalessky.)

age from the Baltic region. Like the spiders, insects breathe air by means
of a system of tubes that ramify through the body.



CHAPTER XLVII

BRYOZOA (POLYZOA) AND BRACHIOPODA
BRYOZOA

Bryo7zoA are mostly marine, but some live in fresh water. At first sight
they look like coelenterate polyps, for they are small animals that form
colonies by budding and each individual has a circlet of respiratory tentacles
(lophophore) surrounding its mouth (Fig. 167). They are, however, much

% --lophophore

<-anus

A B

Fiag. 167. Bryozdon in its zooecium. Enlarged.
(After Boas.)

A. Tentacles of the lophophore extended.
B. Tentacles withdrawn into the protection of the zooecium.

more elaborately organized than coelenterates. Each zooid has a U-shaped
digestive tract, ending in an anus that lies either within or without the ring
of tentacles. It also has a central nervous system consisting of a single nerve
centre, situated between gullet and intestine. The body wall of each indi-
vidual is hardened externally by chitin or CaCO;, to form a cell-like, box-
like or tubular chamber (zooecium) as a protective covering into which the
tentacles can be withdrawn when the animal is alarmed. This covering or
skeleton can be fossilized. The external form of the zooarium (the entire
283
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skeleton of the colony) is infinitely variable. It may be massive and nodular ;
or it may be branching and reticulate, as in Fenestella (Fig. 168), which is

dissepiments

Fia. 168. Fenestella, a Palaecozoic bryozoon. (After Bassler.)

A. Portion of zooarium, showing non-celluliferous surface.
B. Part of the celluliferous (zooecial) surface. Enlarged.

common in the Carboniferous ; or moss-like (hence the name Bryozoa—moss
animals) forming an incrustation on sea-weed, rock and shells (Fig. 169).

N2/
"

F1q6. 169. Fresh-water bryozéon. (Modified after Allman.)

A. Portion of zooarium enlarged.
B. Moss-like colony encrusting piece of wood.
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BRACHIOPODA

The general anatomical organization of the Brachiopoda is similar to that
of the Bryozoa, and there is a lophophore. For these reasons the brachiopods
are sometimes united with the Bryozoa into a single phylum, the Mollus-
coidea. The differences, however, are perhaps more striking than the re-
semblances. The brachiopods are not colonial animals like the Bryozoa, but
live as separate individuals, each enclosed in a shell consisting of two valves
(Figs. 2828, 2860, 2880, @, H, 2984, 303, 309). They pass their adult life

lophophore
\ adductor muscles
,’« dorsal valve of :
dorsal mantle | shell (black) ! sto/mach

/
/

N/
ventral mantle \ diducltor
lobe (stippled)  ventral valve of N muscles

]
1
|
shell (black) | o
: anterior body wall

|
mouth

F16. 170. Median longitudinal section of a brachiopod, to show the general
relationship of soft parts to shell. Thickness of mantle lobes and anterior body
wall exaggerated.

attached to the sea-floor by a fleshy muscular stalk (pedicle) that is simply a
backward extension of the body passing through an aperture in the shell
(Figs. 170, 171A-p). In primitive forms this aperture may be shared by
both valves, but is more usually confined to the ventral, or pedicle, valve.
The pedicle may emerge near the centre of the ventral valve, with resulting
mushroom-like growth of the whole organism (Fig. 171p); or, with the
ventral valve produced backward into a beak, the pedicle may emerge from
a triangular aperture (delthyrium) on its dorsal aspect (Figs. 170, 171c).
The delthyrium may be partially closed by calcareous plates that have an
elaborate and sometimes confusing terminology. This type of pedicle emer-
gence, when associated with a short pedicle, causes the brachiopod to be
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F16. 171. Environment and attitude of shell in various Brachiopoda.

A. Lingula in its burrow. The upper figure shows the trilobed aperture
of the burrow ; the three lobes correspond to the lateral (incurrent) and median
(excurrent) tubes formed by the anterior setae of the mantle. (After Francois.)

B. Specimens of the lingulid Qlottidia free from their burrows and having
the sand-tube (cf. dark shading in A) adhering to the extremities of the long
worm-like pedicles. (After Morse.)

C. A group of terebratellids showing attachment by short pedicle. (After
Davidson.)

D. Mushroom-like growth of a cluster of discinids, one individual turned
over to show pedicle emerging from approximately the centre of the ventral
valve. (After Davidson.)

E. Crania. Atrophy of pedicle leads to cementation by entire surface of
ventral valve. (After Shipley.)



xlvii] BRACHIOPODS 287

recumbent on the dorsal valve (Fig. 171c). Lingula and its relatives, with
their long, worm-like pedicle, burrow in sand or mud, and retain a limited
power of free movement (Figs. 171, A and B). In some brachiopods, on the
other hand, the pedicle is atrophied, and fixation is achieved by spines or by
direct cementation of one valve (Fig. 171E). The
generally accepted classification of the brachiopods
into orders is based on the nature of the pedicle
aperture and its associated structures, and on the
stages of shell development.

The lophophore has two long fleshy spiral appen-
dages (Figs. 170, 172), the so-called arms (brachia).
These brachia give the name to the phylum ;
Brachiopoda means arm-footed, from a mistaken Fre. 172. Diagram illus-
idea of the early zoologists that the brachia were  44ins the relation of the
homologous with the muscular locomotive organ lophophore with its spiral
of the mollusca that is miscalled the foot. The brachia (one of which is ex-
brachia have a ciliated gutter, fringed with ten- b“}ﬁiﬁﬁl)pﬁith? A!?tz?t(})‘w‘;ii
tacles that can curve over to transform the gutter
into a closed conduit for food-carrying currents of water (Fig. 173). In one
order only, the Telotremata, the latest and most specialized of the brachio-
pods, the brachia are provided with ribbon-like calcareous supports that
form loops or spirals.

The shell is secreted partly by the surfaoe of the body and partly by very
thin, membranous, forward extensions of the body wall, the dorsal and
ventral mantle lobes (Fig. 170). The main part
of the animal’s body, containing the principal
muscles and viscera, occupies only a small pos-
terior portion of the shell cavity. The anterior
body wall, with the mouth and lophophore in
the centre, forms an inclined diaphragm in the
shell cavity; and in front of this the whole
anterior part of the shell cavity is occupied by
the brachia.

- Brachiopod shells are made of chitin or

Fie. 173. Cross-section of calcium carbonate. In the chitinous forms,
median spiral arm in Magel- which are more primitive, the two valves are
lania, a recent terebratellid. held together by the muscles that open and
(After Hancock.) close the shell. In calcareous shells the valves
are rigidly articulated by a system of processes and cavities called the hinge,
80 that movement can take place only in one plane (Fig. 174). Two of the
processes, called teeth, are situated in the ventral valve below the beak, and
between them may be inserted a more or less well-developed projection of
the dorsal valve, the cardinal process. The teeth fit into cavities of the

brachia
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dorsal valve on each side of the cardinal process. The shell is closed by the
contraction of two adductor muscles, which are attached to the inner surfaces
of the valves and divide in crossing the shell cavity (Fig. 170), giving four
scars in the dorsal valve (Fig. 174). The shell is opened by the contraction
of four diductor muscles, which are affixed to the inner surface of the ventral
valve and to the cardinal process of the dorsal valve (Fig. 174).

cardinal process scars of foramen
dental sochet pedicle muscles

deltidial plates
tooth

diductor
muscle
scars

adductor muscle
scars (four)

Fi1a. 174. Internal aspects of a recent brachiopod shell (Magellania). (After
-~ Davidson.)

A. Dorsal valve. B. Ventral valve.

In the hingeless (inarticulate) forms the shell may be circular, oval or
ovate in outline. The hinged (articulate) shells may be semicircular or sub-
quadrate, with straight wide hinge-line; or ovate, with short and curved
hinge-line. The valves are usually unequal and bilaterally symmetrical, the
ventral usually larger than the dorsal. Both may be convex ; or one may be
convex and the other flat or even concave.

Brachiopods are of enormous geological importance. The decline of the
phylum has been continuous since the lower Palaeozoic, and, although four
orders are represented at the present day, genera and species are now few.



CHAPTER XLVIT
MOLLUSCA

ToE phylum Mollusca includes oysters, mussels, cockles, whelks, snails and
slugs, squids, cuttle-fish, and octopus.

The name Mollusca means soft-bodied, and is rather a misnomer for
animals which, although soft-bodied, generally secrete a hard shell. The

operculum
T pteropodia
. /«
0 i / \\
C, é I\ |
v - ~anterior
A [ supporting
St N rod of
I —-f pteropodium

<~~~ shell

C D

F1a. 175. A-D. Various recent pteropods. (After Murray.)
E. Hyolithes, a Palaeozoic pteropod, with supporting bars of the pteropodia
preserved. (After Walcott.)

name °shell-fish> by which the shell-bearing aquatic forms are generally

known, is even more confusing, since the true fish are vertebrates.
Although they are endlessly varied in their adult form and in their

adaptations to different modes of life, the Mollusca all conform to a charac-

teristic and readily recognisable structural ground-plan. The body is un-
T 289 B.G.
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segmented and bilaterally symmetrical, and on the under surface there is a
mass of muscle used for locomotion, and therefore called the ‘ foot’ (Figs.
175, 176, 184, 185). This organ is variously modified in different forms for
crawling, burrowing, or swimming. The integument of the dorsal surface is
produced into a fold, which has free edges like a skirt, and is called the
mantle (pallium) (Figs. 1764, 179, 180, 184, 190). The space between the
mantle and body (the mantle cavity) contains the gills. The epidermis of
the mantle and the dorsal part of the body usually secrete a calcareous shell
of one or more pieces.

The body surface is richly supplied with nerves, and with cells that
secrete the abundant mucus that is such an unpleasant feature of the live
animal. The alimentary, circulatory, nervous and generative systems are
well developed.

The Mollusca originated in shallow seas, and the majority have remained
aquatic and marine. The terrestrial forms are restricted to only a few groups
of snails and slugs that are individually numerous. The Mollusca vary in
size from the almost microscopic to the 500 1b. clam of the Pacific and the
giant squid of the North Atlantic, a fierce and active carnivore measuring
over 50 feet across extended tentacles.

There are three main classes: Gastropoda, Cephalopoda, Lamelli-
branchia.

The casTrOPODS are the whelks, limpets, etc. and the terrestrial snails
and slugs. The foot forms a flat sole on the under surface of the body,
suitable for the crawling movements with which we are familiar in the snail.

The classification of the gastropods into major groups is based on the
structure of the nervous system and gills, as affected by the torsion of the

siphon
]

coiled visceral
! hump

A

- \anterior canal
of shell
F1a. 176. A. Gastropod with shell removed to show coiled visceral hump.
(Modified after Graham Kerr.)

B. Buccinum, showing shell in position over visceral hump. (After Wells,
Huxley and Wells.)
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viscera during larval development—a phenomenon peculiar to Gastropoda.
It is not always possible to assign fossil shells with confidence to a place in
this classification, based as it is entirely on perishable structures, and un-
fortunately no alternative major classification of the gastropods with sole
reference to shell structure has been found possible.

‘\l\&“"\‘\.‘\ Ny A rrree

NS

R

\N

\ anterior canal

Fia. 177. Various gastropod shells.

A. Turritella. E. Patella.
B. Planorbis. F. Pleurotomaria.
C. Kuomphalus. G. Murex.

D. Cypraea.

Most gastropods have a one-valved shell moulded on to a visceral hump ;
in many gastropods this hump tends to become a very high and narrow cone,
and in consequence coils upon itself in a screw spiral, which is the most stable
form that a long and soft structure in the situation of the visceral hump could
assume (Fig. 176). The shell in these cases adopts the same screw spiral form.
The fundamental geometrical plan of the hollow spiral cone is reproduced in
an almost infinite variety of ways by gastropod shells. The spire may be high,
with many turns, or whorls, as in Turritella (Fig. 1774), or it may be so
much depressed that the shell is discoidal, as in Planorbis (Fig. 1778) or
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Euomphalus (Fig. 177c). The body-whorl, into which the animal withdraws,
may grow so large as to envelop the earlier whorls of the spire (Cypraea, Fig.
177p), or the spiral nature of the cone may be obscured by the relatively
rapid growth of the shell-aperture (Patella, the limpet, Fig. 177g). Coiling
may be in a plane spiral, giving symmetrically discoidal or globular shells
(Bellerophontidae ; Fig. 178). The shape of the aperture has an important
influence on the form of the shell. It is commonly subcircular or ovate, but
it may be slit-like, extending the entire length of the shell (Cypraea). Its
outline may be interrupted by arrangements for directing water into or out
of the mantle-cavity. In forms with paired gills like Pleurotomaria (Fig.
177F) and the extinct Bellerophon (Fig. 178), an exhalent slit in the mantle
is symmetrically placed between the gills and produces a corresponding

sinus

S sinus band

B
Fia. 178. A Carboniferous Bellerophon.
A. Dorsal view. B. Apertural view. C. Lateral view.

fissure or sinus in the outer lip of the shell. The filling of this fissure with
shelly matter during growth produces the characteristic sinus-band. In the
forms which have only one gill left after torsion of the viscera, the anterior
edge of the mantle may be produced into a more or less elongated inhalent
tube or ‘ siphon ’ for directing currents of water to the gill (Buccinum ; Fig.
176B). The corresponding part of the shell is moulded round the siphon to
form the ‘anterior canal’ (Murex; Fig. 177¢). In addition there may be
an exhalent (anal) canal at the posterior extremity of the aperture.

Some marine gastropods swim freely at the surface of the sea, instead of
crawling on the sea-floor like the majority of marine snails. For this type of
life the foot is expanded into wing-like lobes (pteropodia ; Fig. 175), by
means of which the animal swims near the surface of the open ocean in a
movement that suggests the flight of a butterfly ; hence the Pteropoda
(wing-footed) are often called sea-butterflies. They rise to the surface
towards nightfall in vast swarms. Their very thin and delicate shells are
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hollow cones of varied shape, and they may accumulate in great quantities
on the sea-floor as pteropod ooze.

Gastropods occur in Cambrian and later rocks. They are specially
numerous and useful fossils in the Kainozoic and are apparently at their
maximum at the present day.

Nautilus (Fig. 179), cuttle-‘ fish’ (Fig. 180), octopus, etc., and the
extinct ammonites (Fig. 181, A-c, ¢-1) and belemnites (KFig. 182, B and 0)
are all included in the class CEpHALOPODA. They are all marine and less
familiar than lamellibranchs and gastropods, because the comparatively

tentacles hood siphuncle

hyponome

attachment l neck
muscle

visceral
hump

Fia. 179.  Nautilus, with shell soctioned to show chambers and siphuncle.
(After Owen.)

few living species are active swimmers whose remains do not constantly
occur in the debris of recent beaches. Cephalopods are the most highly
organized molluscs and include the largest invertebrate, the giant squid of
the North Atlantic. The flexible ‘ arms ’ or tentacles surrounding the head,
with their powerful suckers for catching prey, are generally regarded as homo-
logous with the foot of other molluscs, hence the name, Cephalopoda.
Cuttle-fish swim slowly by undulating a fin-like fold (Fig. 180) that surrounds
the body, but they can also move with great rapidity by violently ejecting
water from the mantle cavity through a ventral funnel (hyponome ; Figs.
179, 180). In Nautilus the hyponome is seen in its primitive condition as an
enrolled mass of muscle (Fig. 179), which could doubtless be unrolled for
crawling and may be the true homologue of the foot of other molluscs. In
many fossil cephalopods an embayment called the hyponomic sinus was
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formed by the funnel in the ventral margin of the aperture, with correspond-
ing sinuosity of the ventral growth lines. The absence of this sinus and its
replacement by a rostrum in many ammonites (Fig. 1814) is hardly justifi-
cation for asserting that these did not possess a hyponome. Some cephalo-
pods have the power of covering their retreat by ejecting a cloud of inky
fluid (sepia), which is sometimes found fossil.

Nautilus lives in the tropical Pacific, near the bottom, at depths up to
2,000 feet, and comes to shallow water only at night. Some of the large
squids swim at various depths in the open ocean, others live near land, and
some are gregarious. Modern cephalopods are carnivorous. Nothing
definite can be said about the habits of extinct forms. The variety of shell-
form suggests that some lived like Nautilus and the modern squids, that

ma:rtle

-~
SN<gill in mantle
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N
hyponome - ms

Fi1c. 180. Cuttle-fish, Sepia, sectioned behind the head to show the general
internal anatomy and the dorsally situated intornal shell or “ cuttlo-bono ”
(black). (Modified after Schmeil.)

some were bottom-crawlers, and that others were nektonic or plantonic in
diverse curious ways.

Modern cephalopods are classified on the basis of the number of gills into
Tetrabranchia (comprising only one genus, Nautilus), and Dibranchia (all
the other modern cephalopods, with internal shells, like Sepia, or without
shells). By some authorities the extinct ammonites are regarded as
tetrabranchs because they have a chambered shell like Nautilus, and
the extinct belemnites are included in the dibranchs, because the belem-
nite shell was obviously an internal structure like the shells of modern
dibranchs. The gills, however, are soft structures not preserved in the
fosgil, and the following classification is better suited to palaeontological
requirements :

Nautiloidea : the modern tetrabranchiate Nauiilus and its fossil for-

bears.
Ammonoidea : the ammonites.
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Coleoidea : the modern dibranchiate cephalopoda, divided into
Decapoda with ten arms (two being longer than the
others, Fig. 180), Octopoda, with eight arms of nearly
equal size, and the extinct order Belemnoidea (the
belemnites).

The shell in most cases is a chambered cone, which, so long as it is external,
offers a place of retreat, the animal withdrawing into the last chamber (body
chamber), which is then sealed in Nautilus by the fleshy hood (Fig. 179).
In the ammonites two calcareous plates or, alternatively, a single horny
plate, doubtless carried in the same position as the hood of Nautilus, acted
as an operculum for closing the body chamber. The double calcareous
operculum is called aptychus (Fig. 181B); the single horny plate is the
anaptychus. The shell is usually coiled in a plane spiral, as in Nautilus and
the ammonites, but may be straight as in some of the Palaeozoic forms
(Fig. 1824). The animal in the body chamber maintains connection with
the vacated chambers of the