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Preface

IT would be difficult to find a more attractive and
rewarding introduction to the basic concepts of
science than physical geology. The activities of our
planet may be compared to the combined oper-
ations of the four Elements of the ancient Greek
philosophers: Fire, Earth, Air and Water, to
which we should now add Life. The ever-changing
interplay of these operations is responsible for a
fascinating variety of natural phenomena, ranging
from landscape forms and scenery to the catas-
trophes brought about by earthquakes, volcanic
eruptions, floods and hurricanes, all of which are
of daily interest and concern to a high proportion
of the world’s inhabitants. The effects of these
activities, and—so far as current knowledge
permits—their causes, are the chief topics of our
subject.

In the preface to the first edition I expressed the
hope that the book would appeal not only to
university students and the senior classes in
schools and their teachers, but also to the wide
range of general readers whose wonder and
curiosity are excited by the behaviour of this
mysterious world of ours. My hopes have been
surprisingly surpassed. Partly, I expect, this has
been because the subject was presented with a
minimum of jargon, with constant reference to
observational evidence and with copious illus-
trations. Since I have found this method of
treatment to be consistently successful in arousing
and developing the interest of students, including
those who had no preliminary acquaintance with
the elementary principles of science, 1 have

endeavoured to follow it again in this new edition.
Partly, too, the timing of the original edition was
auspicious, for the book appeared just as the
services of geologists and geophysicists began to be
required in ever-increasing numbers all over the
world.

Writing in 1952 of The Next Million Years, Sir
Charles Darwin pointed out that ‘we are living in
the middle of an entirely exceptional period, the
age of the scientific revolution’. Throughout this
century the rate of scientific publication has been
doubling every few years and in many sciences,
including the geological group, the rate of increase
is itself increasing, like compound interest. It is
not generally realised that, of all the geologists who
have ever lived, about ninety per cent are now alive
and actively at work. For geophysicists the
percentage is naturally higher. The curves repre-
senting these remarkable increases have been
rising much more steeply than those of the world
‘population explosion’. Obviously, since the con-
trast applies to scientists in general, the upward-
sloping curves must gradually turn and flatten out,
probably with a few fluctuations dependent on
future developments in China and Africa. Other-
wise there would sooner or later be as many
scientists as people. But despite the enormous
wealth of geological data still to be collected and
the certainty that some major surpriseg will
continue to emerge (e.g. when the various Mohole
projects are completed), it is doubtful whether
there will ever again be such a profusion of
unexpected discoveries concentrated into so short



an interval of time as there has been during the last
twenty years. v

The above considerations serve to explain why
the revision on which I started full-time work
seven years ago has taken so long; why its
completion now instead of a few years ago is more
timely; and why it has resulted in what is
practically a new book, almost entirely rewritren
and of necessity greatly enlarged. Old chapters have
been extended and new ones added, to deal with
the more significant results of the explorations and
researches that have revolutionised geology and
geophysics during the last two decades. These
include the radiometric dating of minerals and
rocks, and the consequent possibility of estimating
the rates of some of the earth’s long-term acti-
vities; the concept of rheidity and its applications
to the flow of glaciers, the formation of salt domes
and the intrusion of granitic and associated rocks;
fluidisation as the key to many aspects of volcanic
and igneous geology; the host of complex issues
raised by the occurrence of ice ages—some
involving the destiny of mankind in the relatively
near future and others the totally different distri-
bution of climates in the far-off past; the extraor-
dinary surprises, contradicting all expectations,
that \have rewarded the explorers of the ocean
floors, particularly the astonishing thinness of the
oceanic crust and its youthful veneer of deep-sea
sediments, paradoxically combined in most places
with a far higher rate of heat flow than anyone
could have foreseen; the growing evidence that the
carth is expanding rather than shrinking; the
possible energy sources required to keep the
earth’s internal ‘machinery’ going; the mainten-
ance of continents above sea-level and the uplift of
plateaux; the contorted structures of mountain
ranges and the recognition of gravity gliding as a
major factor in the folding of rocks; and finally,
the magnetism preserved in ancient rocks as a
compass-guide to the wandering of continents,

In terms of observational facts alone the be-
haviour of the inner earth now appears even more
fantastic than when we knew much less about it. In
this rejuvenated book I have tried to present a
balanced view of the new fields of knowledge
which have been so explosively opened up. Every
chapter contains exciting stories of man’s achieve-
ments and speculations, tempered by the sobering

reflection that while we may often be wrong,
Nature cannot be. It may be noticed that incon-
sistencies have arisen here and there, when certain
problems are approached along different lines.
Such difficulties are not glossed over. By bringing
them into the open, instead of sweeping them
under the carpet of outworn doctrines and tradi-
tional assumptions, the reader is helped to see
where further research is needed and may even be
stimulated to take part in it. Primarily, however,
the book has been designed to meet the needs of the
same sort of audience as before: this time enlarged,
I hope, by those of my former readers who may be
finding it increasingly time-consuming to dig out
the essentials of recent progress from the aval-
anche of publications in which they are recorded.

It is a pleasure to acknowledge the considerable
help I have myself received in this way from the
publications and pre-prints kindly sent to me by
friends and correspondents in many parts of the
world. By discussing various problems and read-
ing parts of the book, generous assistance has been
given by Professor Tom F. W. Barth, Dr Lucien
Cahen, Dr Lauge Koch, Professor L. Egyed,
Professor Maurice Ewing (and some of his col-
leagues at the Lamont Geological Observatory),
Dr R. W. Girdler, Professor W. Nieuwenkamp
and Professor C. E. Wegmann. To all of these I
owe my grateful thanks for help, suggestions and
constructive criticisms. To my wife and fellow
geologist, Dr Doris L. Reynolds, I am, as always,
more deeply indebted than can be adequately
expressed. Not only has her unselfish devotion
ensured the completion of this book, but her pro-
fessional influence and her flair for the utmost
rigour of scientific method have been never-failing
sources of inspiration and encouragement. It is,
however, only fair to add that I remain entirely
responsible for any defects of fact, treatment,
judgment or style.

As befits the subject, special care has again been
taken to illustrate the book as fully and effectively
as possible. Nearly all the line diagrams have been
specially drawn, many of them being based on
diagrams already published by others, with only
slight modifications or translations of the lettering.
Particular sources are credited in the captions, and
a general expression of my indebtedness and
thanks is given here to the many authors whose



diagrams have been so freely called upon. In
addition to the photographs procured from pro-
fessional photographers and press agencies (all
duly acknowledged in the captions) many striking
and instructive subjects have been contributed by
friends and official organtsations.

It will be noticed that the illustrations are not
systernatically listed in these preliminary pages.
When such lists become unduly long, as would
here have been the case, they tend to defeat their
purpose. As a practical alternative, which it is
hoped will facilitate easy reference, all illustrations

are indexed, with their page numbers in italics,
under each relevant subject or key word.

Finally, I wish to express my thanks to the staff
of my publishers for their enthusiastic and helpful
co-operation throughout the production of this
book, and particularly to Miss Nina T. Yule and
her colleagues for their editorial advice and
guidance.

ARTHUR HOLMES

London
October 1964



Preface to Third Edition

IN 1944, when the first edition of this book was
published, it concluded with a chapter on con-
tinental drift. At that time this was very daring.
Apart from masters of drift, like A. L. du Toit,
who had proved its geological reality, even the few
geologists who were prepared to discuss con-
tinental drift in the evening were inclined to
dismiss it as too fantastic in the sober light of
morning. Physicists, moreover, found it unaccept-
able.

By the time the second edition was published in
1965, continental drift was a confirmed reality.
From remanent magnetism in rocks, geophysicists
had determined the positions of the poles for past
periods, and proved that the continents have
moved both relative to the poles and to one another
since the Cretaceous. This then formed the
highlight of the second edition together with such
evidence as then existed—the migration of vol-
canic islands for example—that the ocean floors are
moving away from the mid-oceanic ridges.

During the following years geophysical disco-
veries continued to gain impetus, and there were
many exciting and even fantastic revelations;
movement of the ocean floors was firmly estab-
lished from palaeomagnetic evidence, and their
varying rates of movement determined. The
culminating triumph was the evolution of the
hypothesis of Plate Tectonics, which indeed might
now be described as a theory, because it explains
and correlates so many major features of the earth.

These fundamenral additions to knowledge
have made it necessary to reorganize and rewrite

the final chapters of the book and, in conformity, to
adapt parts of the early chapters. The chapter on
orogenesis has been rewritten in order to present
some important but overlooked discoveries that
have been made by Emile Argand’s successors.
Argand’s hypothesis, of more than 60 years ago,
that collision between Africa and Europe was the
cause of the uprise of the Alps is becoming
regarded as fundamental to understanding the
cause of orogenesis. Discoveries by his successors,
however, cast doubt on the supposedly pre-
dominant role played by compression during
orogenesis.

The sections on batholiths, granite, granitization
and migmatites, although brief, have been re-
written so as to be of more general application, and
‘ring-dykes’ have been revised.

I am very grateful to many earth scientists for
allowing me to reproduce their illustrations, and to
the Officers of the Ulster Museum for generously
waiving their royalties on some photographs from
the R. Welch collection, of which they hold the
copyright. I am particularly indebted to Dr P. S.
Doughty, Keeper of Geology at the Ulster
Museum, for the trouble he took examining the
cliffs for many miles along the Antrim coast road in
order to provide me with a photograph of faults
showing black basalt downthrown against white
chalk, here reproduced as Figure 17.14. To
Professor P. McL. D. Duff I owe a debt of gratitude
for much help concerning recent work on the
production and reserves of petroleum and coal. 1
should hasten to add, however, that I am entirely



responsible for any defects or errors that may have  operation, and particularly Dr Dominic Recaldin

been introduced in presenting this material. and Mr. John E. Padfield on the editorial staff.
Finally I wish to thank the staff of Thomas

Nelson and Sons for their very helpful co- Doris L.. HOLMESs, 1978



Contents

1 Science and the World we Live in
Interpretations of Nature: Ancient
and Modern
The Major Fields of Scientific Study
The Scope and Subdivisions of
Geology

2 The Dynamic Earth
The Quter Zones of the Earth
The Crust and Inner Zones of the
Earth
Continents and Ocean Floors
The Shape of the Earth
Isostasy
The Moving Lithosphere

3 The Changing Continental
Surfaces
Weathering, Erosion and Denudation
Deposition of Sediment
The Importance of Time
Earth Movements
Volcanic and Igneous Activity
Metamorphism of Rocks
Summary of the Processes of Land
Destruction and Renewal
Isostasy and Geological Processes
The Paradox of Solids that Flow

4 Materials of the Earth’s Crust:
Atoms and Minerals
Elements: Atoms and Isotopes
Elements: Electrons and Ions

10
10

II
13
16
16
22

26
26
27
28
30
33

37
38
38

42
42
44

Chemical Composition of Crustal
Rocks

Minerals and Crystals
Rock-forming Minerals

Crystal Structures of the Silicate
Mainerals

Rock-forming Silicate Minerals

Igneous Rocks: Volcanic and
Plutonic

Difficulties of Classification
Neptunists and Plutonists

Basalt

Columnar Jointing

Granite

Textures and Modes of Occurrence
Rhyolite and Ignimbrite
Classification of Common Igneous
Rocks

Sedimentary Rocks

Sandstones

Other Fragmental Sedimentary Rocks
Varieties of Bedding

Limestones

Magnesian Limestone and Dolomite
Sedimentary Ironstones and Iron
Ores

Siliceous Deposits: Flint and Chert
Salt Deposits

Pages of Earth History
The Key to the Past

45
46
50

51
54

60
60
61
64
65
66
69
73

77

78
78

79
80

81
84

85
86
89

93
93



10

IX

The Succession of Strata

The Significance of Fossils
The Stratigraphical Time-scale
Crustal Movements and the
Geological Time-scale

Metamorphic Rocks and
Granitization

Marble and Crystalline Limestones
Slate

Kinds of Metamorphism
Crystalline Schists

Granulites and Eclogites

Gneiss and Granitization

Opposed Views on Chemical Change
Migmatites

Migmatization and Movement

The Source of Sodium
Classification of Regional
Metamorphic Rocks

Tectonic Features: Folds and
Faults

Earth Stresses

Fracture and Flow in Ice
Rheidity: a Time Aspect of Rock
Deformation

Dip and Strike

Folds

Joints

Faults

Normal Faults

Reverse or Thrust Faults
Strike-slip Faults

Structural Features: Salt Domes
and Plugs

Piercement Folds and Diapirs
Diapirism

True-to-Scale Model Experiments
Cap Rock

Diapiric Roof Structures

Other Sedimentary Intrusions

Structural Features: Igneous
Intrusions

Dykes and Sills

Laccoliths

Lopoliths

96

97
98

100

107
107
109
110
12
113
114
116
118
120
122

123

126
126
128

130
134
135
139
141
142
143
146

152
152
I53
157
159
159
160

162
162
166
167

12

13

14

15

Radial Dykes, Cone-Sheets and
Ring-Dykes

Volcanogenic Granitization
Associated with Cauldrons
Volcanic Necks and Plugs
Fluidization

Diamond Pipes

Batholiths and their Emplacement

Volcanoes and their Products
General Aspects

Volcanic Gases

Lava Flows

Pyroclasts

Types of Central Eruptions
Volcanic Cones and Related Forms
Kilauea, Hawaii

Vesuvius

Mont Pelée, Martinique
Krakatau, Indonesia

Calderas

Dating the Pages of Earth History
Hutton to Kelvin: The Great
Controversy

Varved Sediments

Radioactivity

The Geologists’ Timekeepers
Reading the Radioactive Timekeepers
Dating the Geological Periods

Dating the Precambrian and the Age
of the Earth

Radiocarbon Dating

Rock Weathering and Soils
Weathering and Climate
Disintegration by Temperature
Changes

The Role of Animals and Plants
Chemical Weathering
Weathering Residues

The Mantle of Rock-Waste

The Growth and Nature of Soils

Underground Waters

Sources of Ground-Water

The Water Table

Storage and Circulation of Ground-
Water

170

171
175
178
179
182

188
188
190
192
198
199
205
212
217
220
222
225

230

230
231
233
234
236
238

240
244

246
246

246
250
251
256
257
257

261
261

262

262



16

17

18

Springs and Wells

Artesian Wells

Oases

Swallow Holes and Limestone
Caverns

Hot Springs

Geysers

Deposition from Ground-Waters
Freezing Ground-Water

Life as a Fuel Maker: Coal and
0il

The Sources of Natural Fuels
Peat

Coal and its Varieties

The Constitution of Coal

Coal Seams and Coalfields
Petroleum

The Origin of Petroleum
Migration and Concentration of
Petroleum

The Discovery of QOilfields
Production and Reserves of
Petroleum and Coal

Some Energy Comparisons
Climatic Effects of Combustion

Surface Erosion and Landscape
Slopes

Rivers and their Valleys

Primary and Secondary Erosional
Slopes

Cyecles of Erosion

The Slope Problem

Valley Sides and Hillside Slopes
Processes of Downslope Erosion
Landslides

Earth-Flows, Mud-Flows and Lahars
Soil-Creep and Solifluction

Rain Erosion

Earth-Pillars

Measured Slopes and Erosion Rates
Sheet-Wash and Pediments

The Work of Rivers

Processes of Erosion

River Erosion

Discharge and Transporting Capacity
Rates of Denudation

263
265
266

268
270
272
274
275

280
280
281
284
285
286
288
289

290
292

296

297
298

300
300

301
303
305
306
307
309
314
315
317
319
321
322

325
325
327
328
332

19

20

Base-Levels and ‘Graded’ Profiles
Waterfalls

River Bends and the Widening of

Valley Floors

Free Meanders and Meander Belts
Braided Rivers

Flood Plains

Deltas

Alluvial Fans and Cones

Development of River Systems
and Associated Landscapes
Tributaries and Drainage Patterns
Shifting of Divides and River Capture
Superimposed Drainage
Escarpments and Interior Lowlands
Youth, Maturity and Old Age

The Isostatic Response to
Denudation

Interruptions in the Course of
Denudation

River Terraces

Uplifted River Terraces and Slip-off
Slopes

Entrenched Meanders

The Canyons of the Colorado River
Himalayan and Pre-Himalayan Rivers
Uplifted Erosion Plains

Erosion Surfaces of Southern Africa
Inselberg Landscapes

The Origin of Tors

Glaciers and Glaciation
Snowfields and the Growth and
Decay of Glaciers

Types of Glacier

The Movement of Glaciers
Crevasses

Moraines

Glacial Erosion

Recognition of Former Glaciations
Evidences of Glacial Erosion
Cirques (Corries) and Associated
Features

Modifications of Valleys by Glacial
Erosion

Fjords

Glacial Deposits

334
337

341
344
347
351
352
356

360
360
361
364
367
369

372

373
375

377
380
382
386
389
391
396
399

402

402
406
411
413
415
418
420
420

422
425

428
431



21

22

23

Glacifluvial Deposits

Ice-dammed Marginal Lakes and
Spillways

Lakes and Lake Basins: A General
Summary

Ice Ages and their Problems
The Quaternary Ice Age

Stages of the Quaternary Ice Age
Oscillations of Pleistocene Sea-levels,
River Terraces

Pluvial Periods

Lakes Margining Continental Ice-
Sheets

Quaternary Glaciations in the
Southern Hemisphere

Dating Events in the Pleistocene
The Permo-Carboniferous Climatic
Zones: A Geological Dilemma
Permo-Carboniferous Ice Ages
Gondwanaland in the Late
Carboniferous

Precambrian Ice Ages

Wind Action and Desert
Landscapes

Circulation of the Atmosphere

The Geological Work of Wind

Wind Erosion

Coastal Dunes and Sandhills

Desert Dunes and Sand Sheets

Loess

Weathering and Stream Work in the
Desert

The Cycle of Erosion in Arid Regions
The Permian Desert Winds of Britain
Salt Deposits and Ancient Climates

Coastal Scenery and the Work of
the Sea

Shore-Lines

Tides and Currents

Waves

Waves in Shallow Water

Marine Erosion

Shore Profiles

Beaches: Landward and Seaward
Transport

Beaches: Transport along the Shore

435
438
440

444
444
445

448
450

451

456
457

461
463

465
467

469
469
472
473
478
481
485

487
492
493
494

497
497
499
502
504
508
SI5

516
5§22

24

25

26

Sand and Shingle Spits and Bars
Offshore Bars and Barrier Islands
Classification of Coasts
Retreating Coasts

Advancing Coasts

Marine Sediments and the Ocean
Floor

Life as a Rock Builder

The Floors of the Seas and Oceans
Marine Deposits

Marine Organisms

Pelagic Deposits

The Red Clay or Lutite

Cores from the Ocean Floors: Rates
of Abyssal Sedimentation
Submarine Canyons

Turbidity Currents

Coral Reefs and Atolls

The Origin of Reefs and Atolls

The Foundations of Atolls
Seamounts and Guyots

Fossil Reef-corals and Ancient
Climates

Earthquakes and the Earth’s
Interior

The Nature of Earthquakes
Effects of Earthquakes

The Lisbon Earthquake of 1755
Earthquake Intensities and Isoseismal
Lines

Tsunami

Distribution of Epicentres:
Earthquake Zones
Seismographs

Seismic Waves

The Internal Zones of the Earth

The Crust, Mantle, Moving
Lithosphere, and Core

Seismic Exploration of the Crust
Continental Crust

Oceanic Crust

The Mantle

The Low-velocity Zone of the Upper
Mantle

Oceanic Ridges and Rises

Migrating Oceanic Volcanoes

523
529
530
532
534

538
538
540
542
544
545
547

548
550
551
555
559
561
562

565

568
568
569
572

574
576

579
581
582
584

588
588
589
591
592

594
594
596



27

28

29

Ocean Trenches: Subduction Zones

The Core
High-Pressure Transformations

Magnetism, Palacomagnetism,
and Drifting Continents

The Earth’s Magnetic Field

The Origin of the Earth’s Magnetic
Field

Palaeomagnetism: Rocks as Fossil
Compasses

Palacomagnetic Results : Drifting Con-
tinents

Reversed Magnetism: the
Palaeomagnetic Time-scale
Magnetic ‘Stripes’: Sea-floor
Spreading

Transform Faults

Reassembling the Continents
Changing Views of Continental and
Oceanic Relationships

Taylor’s Concept of Continental Drift
Wegener’s Concept of Continental
Drift

Geological Criteria for Continental
Drift

The Opposing Lands of the Atlantic
Geological Similarities between the
Two Sides of the Atlantic

Attempts to Reassemble
Gondwanaland

Testing the Assembly of Pangaea by
Reference to the Palacomagnetic Pole
Positions

Plate Tectonics

Plates of Lithosphere

Varieties of Plate Margins

The Birth, Growth and Decline of
Ocean Basins

598
601
603

605§
605
607
608
609
614

616
620

623

623
625

626

628
629

631

633

636
640
640
642

645

30

31

The Red Sea and the Gulf of Aden
The East African Rift Valleys

A Waning Ocean Floor: the Pacific
Vulcanism in Relation to Plate
Tectonics

Sea Water and Volcanic Activity

Orogenic Belts: The Evolution of
Fold Mountains

The Nature of Orogenic Belts
Geosynclines

The Uplift of Orogenic Belts

The Discovery of Nappes
Movements of Foundation Rocks in
the Swiss Alps

The Hercynian Nappes Found to be
Gravity-glide Folds without Roots
The South-western End of the Aar
Massif

The Jura Mountains

The Deepest Part of the Pennine
Zone

Disharmonic Movements between
Three Structural Levels

Cross-folds

The Cycle of Rock Change

Some Mechanisms

The Problems

The Contraction Hypothesis
Physical Evidence that Gravity is
Probably Decreasing

The Expansion Hypothesis

Rate of Increase of the Earth’s Radius
Heat Flow

The Thermal Convection Hypothesis
Experimental Studies of Thermal
Convection

Index

646
647
658

661
665

668
668
670
672
674

678
678

683
685

687

687
694
695

698
698
700

701
702
704
707
709

711

717



Chapter 1

Science and the World We Live in

In the first place, there can be no living science
unless there is a widespread instinctive
conviction in the existence of an Order of Things,
and, in particular, of an Order of Nature.

Alfred North Whitehead 1927

Interpretations of Nature: Ancient
and Modern

The world we live in presents an endless variety of
fascinating problems which excite our wonder and
curiosity. The scientific worker, like a detective,
attempts to formulate these problems in accurate
terms and, so far as is humanly possible, 1o solve
them in the light of all the relevant facts that can be
collected by observation and experiment. Such
questions as What? How? Where? and When?
challenge him to find clues that may suggest
possible answers. Confronted by the many pro-
blems presented by, let us say, an active volcano
(Frontispiece), we may ask: What are the lavas
made of ? How does the volcano work and how is
the heat generated? Where do the lavas and gases
come from? When did the volcano first begin to
erupt and when is it likely to erupt again?

Here and in all such queries the question What?
commonly refers to the stuff things are made of,
and an answer can be given in terms of chemical
compounds and elements. Not in terms of the four
‘elements’ of the Greek philosopher Empedocles
(about 490430 B.C.), who considered the ultimate
ingredients of things to be Fire, Water, Earth and
Air, but chemical elements such as hydrogen,
oxygen, silicon, iron and aluminium. The question
What? also refers to the names of things, and
particularly to their forms and structures: things
ranging in size from the elementary particles of
atoms to the galaxies of stars that make up the
Universe, with our own Earth falling manageably
between these extremes of the inconceivably large
and small.

The question How ? refers to natural processes

and events—the way things originate or happen or
change—and in human activities to methods and
techniques. This question leads to the very root of
most natural problems, and satisfactory answers,
although amongst the hardest to find, are to the
scientist the most rewarding.

Where? refers to everything connected with
space, and particularly to the relative positions and
distributions of things. The location and distri-
bution of oil and uranium are topical examples of
current interest.

The question When? raises all the problems
connected with the history of things and events.
To unfold the history of the Earth and its
inhabitants is the most ambitious aim of geological
endeavour.

The scientific worker of today differs in one very
important respect from the detective with whom
we have compared him. Except when he is
concerned with human nature, as the detective
invariably is, and perhaps with some types of
animal behaviour, the scientific worker nevers asks
the question Why? in its strict sense of implying
motive or purpose. It is quite useless, for example,
to ask why a volcano erupts, or why the sky is blue,
or why there are earthquakes, because there is no
possible means of finding answers to such ques-
tions. Of course we all commonly ask Why? in the
loose sense of meaning ‘How does it happen or
come about ... ?" and so long as it is clearly
understood that this usage is just scientific slang to
avoid the appearance of pedantry, no great harm
may be done.

Why? always implies the further question Who?
Thus the old legends of Ireland tell us that giants
were responsible for many natural phenomena.



Figure 1.1 Giant’s Causeway, Co. Antrim, Northern
Ireland. View of the Grand Causeway, showing vertical
columns. Steeply inclined columns are seen in the cliff to the
right of the house. (Northern Ireland Tourist Board)

They were stone throwers or builders. One of
them is reputed to have flung the Isle of Man into
the Irish Sea, LLough Neagh being the place it was
taken from. The Giant’s Causeway, which is a
terrace carved by the weather and the sea from a
lava of columnar basalt (Figure 1.1), was ‘ex-
plained” as the work of the giant Fionn
MacCombhal (or Finn MacCoul). This defiant
stonemason began to construct a causeway across
the sea, the better to attack his hated rival Fingal,
who had built himself a stronghold of similar
construction in the Isle of Staffa (Figure 1.2).
Complacent satisfaction with such ‘explanations’
obviously stifles the spirit of eager enquiry which
is essential for the birth and development of
science.

It is only during the last century or so that the
futility of reading motives and purposes into
events has been at all widely realized. The ancients
in particular, including Sumerians, Hindus, Bab-
ylonians and Greeks, all of whom made remark-
able discoveries in mathematics and astronomy,
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went sadly astray as a result of inventing answers
to the dangerous question Why? They regarded
the phenomena of Nature as manifestations of
power by mythical deities who were thought to
behave like irresponsible men of highly uncertain
temper, but who might nevertheless be propitiated
by suitable sacrifices.

In the Mediterranean region, for example, many
of the Olympian gods made familiar by the epics
ascribed to Homer (about 850 B.C.) were per-
sonifications of various aspects of Nature, includ-
ing quite a number of geological processes which
have been named after them. Poseidon (later
identified with the Roman water-god Neptune)
was the ruler of the seas and underground waters.
As the waters confined below the surface struggled
to escape, Poseidon assisted them by shaking the
earth and fissuring the ground. He thus became
the god of earthquakes. Typhon, the source of
destructive tempests, was a ‘many-headed mons-
ter of malignant ferocity’” who was eventually
vanquished by the thunderbolts of Zeus, the sky
and weather god, who imprisoned him in the earth.
Hades, corresponding to Pluto of the Romans, was
the deity presiding over the nether regions which
share his name. He was not, however, the god of
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Figure 1.2 Fingal’s Cave, Island of Staffa, west of Mull,
Strathclyde (Paul Popper Limited)

subterranean fire. That responsibility was given to
Hephaestus, a son of Zeus, who himself controlled
fire in the form of lightning. When the Greeks
settled in Sicily, Hephaestus was identified with
the local volcano-god Vulcan or Volcanus. The
eruptions of lava and volcanic bombs from Etna
and Stromboli were feared both for their danger
and as expressions of the fire-god’s wrath.

The epic poems of Homer had biblical authority
for the ancient Greeks, and therefore all the more
honour is due to Thales of Miletus (about 624—565
B.C.) for his courage in making a clean break with
all these traditional beliefs. He regarded the
activities of Nature not as indications of super-
natural intervention but as natural and orderly
events which could be investigated in the light of
observation and reason. He thus became the first
Greek prophet of science. Having noticed that
deposition of silt from the waters of the Nile led to
the outward growth of the delta, he developed the
hypothesis that Water was the source of earth and
everything else. No doubt crude, but probably
little more so than a present-day hypothesis that

hydrogen is the primordial element. The impor-
tant point is that the natural and observable
activities of water took the place of the imaginary
and therefore inscrutable activities of Poseidon.
Science had replaced superstition.

Later Heraclitus (about 500 B.C.), celebrated for
his philosophy that ‘all is perpetual flux and
nothing abides’, picked on Fire, the most active
agent of change, as the fundamental principle
behind phenomena. The observable manifes-
tations of fire took the place of the fire-gods. The
next step was taken by Empedocles, who saw that
both Fire and Water were necessary, for when
natural water is heated it evaporates into Air (in
this case steam) and leaves a residue of Earth (the
material originally in solution). Thus he estab-
lished the four ‘elements’ which roughly cor-
respond to our concepts of energy, and the solid,
liquid and gaseous states of matter.

Despite this promising start, science languished
for two thousand years. The Ionian philosophers
who began the scientific quest were well aware that
another ‘element’ was necessary to account for
Man. This they called Consciousness or Soul, and
some of them regarded it as divine. In concentrat-
ing on this aspect of existence, Plato (427—347 B.C.)



and Aristotle (384—322 B.C.) revived the idea that
Earth, Sun and Planets were all deities. So,
unwittingly, one effect of their unrivalled auth-
ority was to lend support to the old Babylonian cult
of astrology, as against the sterner discipline of
science. Now what has this to do with geology?
Two examples will suffice. Herodotus (484-426
B.C.) was a great traveller who made many
significant geological observations. He speculated
about the effect of earthquakes on landscapes, but
nevertheless he thought it quite reasonable to
ascribe the earthquakes themselves to Poseidon.
Much later Pliny (A.D. 23—79), who, like Em-
pedocles, lost his life while investigating a volcano
too closely, ‘explained’ earthquakes as an ex-
pression of the Earth’s resentment against those
who mutilated and plundered her skin by mining
for gold and silver and iron.

With the rise of Christianity there was no longer
any incentive to study the ways of Nature. Because
men had a complete theory as to why things
happen, they were not interested in /ow they
happen. Moreover, it was widely believed that the
Earth had been created ready-made only a few
thousand years before, and that it would soon
come to an end. Two factors, amongst others,
slowly brought this period of stagnation to a close.
The Earth inconsiderately failed to come to an
end, until at last it began to seem worth while to
collect facts about the world instead of merely
arguing about ideas. Another factor was a social
one, Among the Greeks it had been bad form for a
philosopher to become proficient in the craftsman-
ship and special skills demanded by any form of
technology. For all such practical activities slaves
were available, However, as the practice of
alchemy came increasingly into vogue during the
Middle Ages, a philosopher’s study was quite
likely to become his laboratory. Philosophy and
technology—or more generally theory and
practice—gradually ceased to be divorced, and
with the coming of the Renaissance the occasional
and increasing alliance of the two fostered afresh
the spirit of science. By his unsurpassed and
versatile genius Leonardo da Vinci (1452-1519)
firmly established the new pattern. Were he not
more renowned as painter and engineer, he would
still be famous as a pioneer in many fields of
natural science. He recognized that landscapes are
sculptured and worn away by erosion; that the
fossil shells found in the limestones of the
Apennines are the remains of marine organisms
that lived on the floor of a long-vanished sea that
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once extended over Italy; and that it could not
have been the Noachian Deluge that swept them
into the rocks of which they now form so important
a part. But Leonardo was far in advance of his
time, and three more centuries had to elapse before
the Deluge ceased to obstruct the progress of
geology.

Today we think of natural processes as manifes-
tations of energy acting on or through matter. We
no longer accept events as the results of arbitrary—
and therefore unpredictable—interference by
mythological deities. Typhoons and hurricanes
are no longer interpreted as the destructive breath
of an angry wind-god: they arise from the heating
of the air over sun-scorched lands. The source of
the energy is heat from the sun. Volcanic eruptions
and earthquakes no longer reflect the revengeful
behaviour of the gods of underground fire and
water: they arise from the stresses and strains of
the earth’s unstable interior, and from the action of
escaping gases and heat on the outer and crustal
parts of the globe. The source of the energy lies
mainly in the material of the inner earth.

In many directions, of course, and particularly
where great catastrophes are concerned, our
knowledge is still woefully incomplete. The point
is not that we now pretend to understand
everything—if we did, the task of science would be
over—but that we have faith in the orderliness of
natural processes. The steadily accelerating re-
searches of the last two or three centuries have
unfailingly justified our belief that Nature is
understandable: understandable in the sense that
if we ask her questions by way of appropriate
observations and experiments, she will answer
truly and reward us with discoveries that endure.
But it must never be forgotten that Nature is the
most perfect of expert witnesses. It is often far
from easy to find the right questions and to ask
them in the right way. For this reason, to say
nothing of human fallibility, the discipline of
science does not preclude the making of errors.
‘What it does preclude,’” as Norbert Wiener has
expressed it, ‘is the retention of an error which has
clearly and distinctly betrayed its wrongness.’

The Major Fields of Scientific Study

The questions we ask when faced with a volcano in
eruption are typical of the kinds suggested by all
natural phenomena. They indicate that—in gen-
eral terms—scientific investigation is concerned



