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Preface

The Seventh Edition of A Geology for Engineers has been
written to provide students of engineering with a recent
text in geology for use during their first degree in Civil
Engineering or Mining. As with previous editions, we
have attempted to explain both the subject of geology
and its relevance to engineering work in rock and soil.
This edition also provides a text which will complement
other courses that student engineers attend, such as those
in rock and soil mechanics, ground-water flow, and urban
development. To achieve these ends the text has been
completely revised and much extended. Three new chap-
ters have been written and the structure and content of
former chapters have been substantially changed. Much
attention has been devoted to the quality of illustrations
and tabulated data, and most of the artwork has been
redrawn. SI units have been used throughout the text.

For the teacher we have provided the Seventh Edition
with three features which we hope will be of assistance to
a course of geology for engineers that is restricted to a
limited number of lectures and practicals, and the occa-
sional visit to an engineering site.

The first feature is the structure of the book, which has
been divided into two parts of approximately equal
length. Chapters 1 to 8 inclusive are concerned with
fundamental aspects of Earth geology, its processes and
products, as would normally be presented to student en-
gineers in the first part of their tuition in geology. Chapter
9 reviews the mechanical properties of geological
materials and is designed to supplement the more exten-
sive courses of soil and rock mechanics that the students
will be attending at this stage in their degree studies. We
hope this Chapter will be of assistance in illustrating the
range of behaviour that may be exhibited by rocks and
soils; it does not show how these properties are incorpor-
ated into engineering design, such considerations being
more appropriately dealt with by conventional courses of
rock and soil mechanics. Chapters 10 to 18 inclusive
represent the second part of the book and consider sub-
jects where the influence of geology upon engineering
work may be clearly demonstrated. These chapters are
intended to support the lectures on ground-investigation,
slope stability, excavations and hydrology that students
will be attending as part of their course in engineering.
Numerous references have been provided to assist the
teacher locate further details.

The second feature of the book concerns its illustra-
tions. Most are line drawings of a type which can be
reproduced easily as transparencies for projection during
lectures and practicals. Many of the drawings illustrate

in a simple manner the fundamental aspects of complex
geological processes and materials. This material has been
designed for teachers who wish to use the text either to
introduce particular subjects of a lecture or to precede the
projection of their own transparencies of real situations
and materials. Many of the line drawings contain more
information than is revealed in either their caption or the
text and will enable a variety of topics to be illustrated to
a class.

The third feature we hope will be of help to the teacher
is the support the text provides for practical work in the
laboratory and in the field. The chapters devoted to mi-
nerals, rocks and geological maps have been carefully
structured and illustrated to assist students with their
independent work, so that they may proceed with the
description and identification of minerals and rocks, with
map reading and interpretation, and with the construc-
tion of cross-sections, after they have received initial guid-
ance from their tutor. Visits to site may be introduced
with the aid of the chapters describing ground investiga-
tion and laboratory testing, and much of the material in
the Chapters devoted to ground-water, slopes, dams and
reservoirs, excavations and ground treatment, is con-
cerned with illustrating ground conditions that are rarely
visible on site but are the cause of much engineering work.

For the student we have incorporated into the Seventh
Edition three features that are in addition to those men-
tioned above.

The first is the general form of the text. All editions of
A Geology for Engineers have been written for students
who are studying geology to become good engineers. We
have tried to select those aspects of geology which are
likely to be most relevant for both an appreciation of the
subject and the safe practice of civil and mining engineer-
ing. Scientific terminology has been moderated to provide
a comprehensive vocabulary of geological terms which
will satisfy the requirements of most engineers. Each geo-
logical term is explained and indexed and many terms
describing geological processes, structures and materials
are illustrated. By these means we hope that the Seventh
Edition will enable the student engineer to communicate
with his tutors and with geologists and geotechnical en-
gineers, and to understand the terminology that is com-
monly used in geological and geotechnical literature.

The second feature we have provided to aid the student
is a comprehensive system of headings and sub-headings.
Many readers will know nothing of geology and will
require clear guidance on the scope and content of its
various parts. Each chapter therefore contains a system



of headings that will reveal the content and extent of the
subject and the relationship between its components. Per-
sonal study may therefore commence with a rapid assess-
ment of a topic, gained by turning the pages and reading
the headings.

The third feature is the provision of material that will
assist the student to become acquainted with other
sources of geological and geotechnical information. Each
chapter concludes with a Selected Bibliography of texts
which a student engineer should find of interest and be
able to comprehend. Because some of these texts will
prove more difficult to understand than others many of
the illustrations in the present edition have been drawn to
explain the subject of a chapter and to assist an apprecia-
tion of more advanced work recorded in the Proceedings
of Professional and Learned Societies to which the stu-

dent engineer may subscribe as either a Junior or Associ-
ate Member. Reference to selected case histories has also
been given as far as space has permitted.

In completing the Seventh Edition we wish to acknow-
ledge the help we have received from our many colleagues
around the world. In particular we want to thank the staff
of Imperial College for their assistance with so many
matters. We must also record our appreciation of the
work undertaken by the staff of Edward Arnold, who
have been our Publisher for so many years. The double
column format of this Edition has contained within
reasonable bounds a text much enlarged on previous
Editions.

London, 1984 F. G. H. Blyth
M.H. deFreitas



vii This page has been reformatted by Knovel to provide easier navigation.  

Contents 

Preface  ................................................................................................................... v 

1. The Earth: Surface, Structure and Age  ....................................................... 1 
1.1 Introduction  ......................................................................................................  1 
1.2 The Surface of the Earth  ..................................................................................  2 

1.2.1 Dimensions and Surface Relief  ......................................................... 2 
1.2.2 Ocean Floors  ....................................................................................  2 

1.3 The Interior of the Earth  ...................................................................................  3 
1.3.1 Temperature Gradient and Density  ...................................................  3 
1.3.2 Earthquakes  ......................................................................................  3 
1.3.3 Isostasy  ............................................................................................. 6 
1.3.4 Continental Drift  ................................................................................  7 
1.3.5 Oceanic Ridges  ................................................................................ 8 
1.3.6 Rock Magnetism  ............................................................................... 9 
1.3.7 Mechanism of Drift  ............................................................................ 10 

1.4 Plate Tectonics  ................................................................................................  10 
1.5 Earth Age and Origin  .......................................................................................  12 

2. Geological History  ........................................................................................ 14 
2.1 The Stratigraphical Column  .............................................................................  16 

2.1.1 Breaks in the Sequence  ....................................................................  16 
2.1.2 Fold-mountain Belts  ..........................................................................  16 

2.2 Precambrian  ....................................................................................................  17 
2.3 Phanerozoic  .....................................................................................................  18 

2.3.1 Older Palaeozoic  ...............................................................................  19 
2.3.2 Caledonides  ......................................................................................  20 
2.3.3 Newer Palaeozoic  .............................................................................  20 
2.3.4 The Hercynian Orogeny  ....................................................................  23 
2.3.5 Mesozoic  ...........................................................................................  23 



viii     Contents 

 This page has been reformatted by Knovel to provide easier navigation.  

2.3.6 Cenozoic  ...........................................................................................  25 
2.3.7 Alpine Orogeny  .................................................................................  26 
2.3.8 Quaternary  ........................................................................................  28 

3. Surface Processes  ....................................................................................... 31 
3.1 Weathering  ......................................................................................................  31 

3.1.1 Chemical Weathering  ........................................................................  31 
3.1.2 Mechanical Weathering  ....................................................................  34 
3.1.3 Biological Weathering  .......................................................................  36 
3.1.4 Global Trends  ...................................................................................  36 

3.2 Erosion and Deposition  ....................................................................................  38 
3.2.1 The Work of Rivers  ...........................................................................  38 
3.2.2 The Work of the Sea  .........................................................................  44 
3.2.3 The Work of Wind  .............................................................................  49 
3.2.4 The Work of Ice  .................................................................................  54 
3.2.5 Other Mass Transport  .......................................................................  59 

4. Minerals  ......................................................................................................... 61 
4.1 Physical Characters  .........................................................................................  61 
4.2 Crystalline Form  ...............................................................................................  63 
4.3 Optical Properties of Minerals  ..........................................................................  65 
4.4 Atomic Structures  ............................................................................................  70 
4.5 The Rock-forming Minerals  ..............................................................................  72 
4.6 Silicate Minerals  ...............................................................................................  72 

4.6.1 The Olivine Group  .............................................................................  72 
4.6.2 The Pyroxene Group  .........................................................................  73 
4.6.3 The Amphibole Group  .......................................................................  73 
4.6.4 The Mica Group  ................................................................................  74 
4.6.5 The Feldspar Group  ..........................................................................  75 
4.6.6 The Feldspathoid Group  ...................................................................  77 
4.6.7 Forms of Silica  ..................................................................................  77 
4.6.8 Accessory Minerals  ...........................................................................  79 
4.6.9 Secondary Minerals  ..........................................................................  79 

4.7 Clay Minerals  ...................................................................................................  80 



Contents     ix 

 This page has been reformatted by Knovel to provide easier navigation.  

4.8 Non-silicate Minerals  .......................................................................................  82 
4.8.1 Native Elements  ................................................................................  84 
4.8.2 Sulphides  ..........................................................................................  84 
4.8.3 Halides  ..............................................................................................  85 
4.8.4 Oxides and Hydroxides  .....................................................................  85 
4.8.5 Carbonates  .......................................................................................  86 
4.8.6 Tungstates and Phosphates  .............................................................  87 
4.8.7 Sulphates  ..........................................................................................  87 

4.9 Mineral Accumulations  .....................................................................................  87 
4.9.1 The Concentration of Minerals  ..........................................................  88 
4.9.2 The Search for Minerals  ....................................................................  88 

5. Igneous Rocks  .............................................................................................. 91 
5.1 Volcanoes and Extrusive Rocks  ......................................................................  91 
5.2 Extrusive Rock Associations  ............................................................................  94 
5.3 Intrusive Rocks and Rock Forms  ..................................................................... 95 
5.4 Texture and Composition  .................................................................................  99 

5.4.1 Texture  ..............................................................................................  99 
5.4.1 Composition  ......................................................................................  100 

5.5 Ultrabasic Rocks  ..............................................................................................  101 
5.5.1 Picrite and Peridotite  .........................................................................  101 

5.6 Basic Rocks  .....................................................................................................  101 
5.6.1 Gabbro  ..............................................................................................  102 
5.6.2 Dolerite   .............................................................................................  103 
5.6.3 Basalt  ................................................................................................  103 

5.7 Intermediate Rocks  ..........................................................................................  104 
5.7.1 Diorite  ................................................................................................  104 
5.7.2 Andesite  ............................................................................................  104 

5.8 Acid Rocks  .......................................................................................................  105 
5.8.1 Granite  ..............................................................................................  105 
5.8.2 Granodiorite  ......................................................................................  106 

5.9 Quartz-porphyry and Acid Vein Rocks  .............................................................  106 
5.9.1 Quartz-porphyry  ................................................................................  106 
5.9.2 Acid Lavas  ........................................................................................  107 



x     Contents 

 This page has been reformatted by Knovel to provide easier navigation.  

5.10 Alkaline Rocks  .................................................................................................  107 
5.10.1 Syenite  ..............................................................................................  107 
5.10.2 Trachyte  ............................................................................................  107 

5.11 Origin of Igneous Rocks  ..................................................................................  108 
5.12 Ores of Igneous Origin  .....................................................................................  109 

6. Sedimentary Rocks  ...................................................................................... 111 
6.1 Composition  .....................................................................................................  111 
6.2 Development  ....................................................................................................  111 
6.3 Texture  .............................................................................................................  112 
6.4 Facies  ..............................................................................................................  113 
6.5 Environment of Deposition  ...............................................................................  113 
Detrital Sedimentary Rocks  .......................................................................................  115 
6.6 Rudaceous Deposits  ........................................................................................  118 

6.6.1 Conglomerate  ...................................................................................  118 
6.6.2 Grit  ....................................................................................................  119 

6.7 Arenaceous Deposits  .......................................................................................  119 
6.7.1 Sands  ................................................................................................  119 
6.7.2 Sandstones  .......................................................................................  119 

6.8 Argillaceous Deposits  ......................................................................................  122 
6.8.1 Silt  .....................................................................................................  122 
6.8.2 Clays  .................................................................................................  122 
6.8.3 Shales  ...............................................................................................  123 

6.9 Detrital (Pyroclastic) Sediments  .......................................................................  124 
6.10 Detrital (Calcareous) Sediments  ......................................................................  124 

6.10.1 The Limestones  ................................................................................  124 
Chemical and Biochemical Sedimentary Rocks  ........................................................  125 
6.11 Calcareous Deposits  ........................................................................................  125 

6.11.1 The Limestones (Cont.)  ....................................................................  125 
6.12 Siliceous Deposits  ...........................................................................................  126 
6.13 Saline Deposits  ................................................................................................  127 

6.13.1 The Evaporites  ..................................................................................  127 
6.14 Carbonaceous Deposits  ..................................................................................  127 

6.14.1 The Coals  ..........................................................................................  127 



Contents     xi 

 This page has been reformatted by Knovel to provide easier navigation.  

6.15 Ferruginous Deposits  .......................................................................................  129 
6.15.1 The Ironstones  ..................................................................................  129 

6.16 Sediment Associations  ....................................................................................  129 
6.17 Sedimentary Mineral Deposits  .........................................................................  131 

7. Metamorphic Rocks  ..................................................................................... 133 
7.1 Crystal Shape and Fabric  ................................................................................  134 
7.2 Classification  ....................................................................................................  134 
7.3 Contact Metamorphism  ....................................................................................  135 
7.4 Pneumatolysis  .................................................................................................  137 
7.5 Regional Metamorphism  ..................................................................................  138 

7.5.1 Slate  ..................................................................................................  139 
7.5.2 Phyllite  ..............................................................................................  140 
7.5.3 Schist  ................................................................................................  140 
7.5.4 Gneiss  ...............................................................................................  140 
7.5.5 Migmatite  ..........................................................................................  141 
7.5.6 Granulite  ...........................................................................................  141 

7.6 Dislocation Metamorphism  ..............................................................................  141 
7.7 Metamorphic Rock Associations  ......................................................................  142 
7.8 Economic Rocks and Minerals  ........................................................................  142 

8. Geological Structures  .................................................................................. 144 
8.1 Folds  ................................................................................................................  145 

8.1.1 Fold Geometry  ..................................................................................  146 
8.1.2 Plunge  ...............................................................................................  147 
8.1.3 Fold Groups  ......................................................................................  148 
8.1.4 Minor Structures  ................................................................................  148 
8.1.5 Major Fold Structures  ........................................................................  149 

8.2 Faults  ...............................................................................................................  151 
8.2.1 Brittle Fracture  ..................................................................................  151 
8.2.2 Faulting  .............................................................................................  151 
8.2.3 Fault Components  .............................................................................  153 
8.2.4 Strike and Dip Faults  .........................................................................  154 
8.2.5 Effect of Normal Faulting on Outcrop  ................................................  154 



xii     Contents 

 This page has been reformatted by Knovel to provide easier navigation.  

8.2.6 Effect of Reverse Faulting on Outcrop  ..............................................  155 
8.2.7 Effect of Wrench Faulting on Outcrop  ...............................................  155 
8.2.8 Effect of Faulting on Fold Outcrop  ....................................................  155 

8.3 Joints  ...............................................................................................................  155 
8.3.1 Joints in Young Sediments  ...............................................................  155 
8.3.2 Joints in Folded Sediments  ...............................................................  156 
8.3.3 Joints in Igneous Rock  ......................................................................  156 
8.3.4 Size and Spacing of Joints  ................................................................  157 

8.4 Geological Structures and Economic Deposits  ................................................  157 
8.4.1 Influence on Location of Deposits  .....................................................  157 
8.4.2 Modification of Deposits  ....................................................................  158 

9. Strength of Geological Material  .................................................................. 159 
9.1 Influence of Geological History  ........................................................................  159 

9.1.1 Burial  .................................................................................................  159 
9.1.2 Uplift  ..................................................................................................  160 
9.1.3 Shallow Burial and Uplift  ...................................................................  160 

9.2 Importance of Drainage  ...................................................................................  161 
9.2.1 Effective Stress  .................................................................................  161 

9.3 Behaviour of Rock and Soil  .............................................................................  163 
9.3.1 Stress and Strain  ..............................................................................  163 
9.3.2 Cohesion and Friction  .......................................................................  164 
9.3.3 Failure  ...............................................................................................  165 
9.3.4 Influence of Fabric  ............................................................................  166 
9.3.5 Influence of Water  .............................................................................  167 
9.3.6 Elastic Moduli  ....................................................................................  168 

9.4 Behaviour of Surfaces  .....................................................................................  168 
9.4.1 Smooth Surfaces  ..............................................................................  169 
9.4.2 Rough Surfaces  ................................................................................  169 

9.5 Lessons from Failure  .......................................................................................  170 
9.5.1 Indicators of Failure  ..........................................................................  170 
9.5.2 Analyses of Failure  ...........................................................................  171 
9.5.3 Frequency of Failure  .........................................................................  171 



Contents     xiii 

 This page has been reformatted by Knovel to provide easier navigation.  

10. In-situ Investigations  ................................................................................... 172 
10.1 Approach  .........................................................................................................  172 

10.1.1 Content  .............................................................................................  172 
10.1.2 Cost  ...................................................................................................  173 

10.2 Components  ....................................................................................................  173 
10.2.1 Desk Study  ........................................................................................  173 
10.2.2 Field Reconnaissance  .......................................................................  174 
10.2.3 Field Investigations  ...........................................................................  174 
10.2.4 Construction Records  .......................................................................  177 

10.3 Methods  ...........................................................................................................  178 
10.3.1 Geological Mapping  ..........................................................................  181 
10.3.2 Measurement of Stress  .....................................................................  181 
10.3.3 Measurement of Deformability  ..........................................................  182 
10.3.4 Measurement of Shear Strength  .......................................................  184 
10.3.5 Measurement of Hydraulic Properties  ...............................................  184 

11. Laboratory Investigations  ............................................................................ 187 
11.1 Samples and Sampling  ....................................................................................  187 

11.1.1 Guidelines  .........................................................................................  188 
11.2 Laboratory Tests  ..............................................................................................  190 

11.2.1 Tests for Composition  .......................................................................  190 
11.2.2 Tests for Structure  ............................................................................  190 
11.2.3 Tests for Strength  .............................................................................  191 
11.2.4 Tests for Hydraulic Properties  ...........................................................  194 
11.2.5 Index Tests  .......................................................................................  195 

11.3 Descriptions and Classifications  ......................................................................  196 
11.3.1 Soil Classification  ..............................................................................  196 
11.3.2 Rock Classification  ............................................................................  197 

12. Geological Maps  ........................................................................................... 198 
12.1 Frequently-used Maps  .....................................................................................  198 

12.1.1 Solid and Drift Editions  ......................................................................  198 
12.1.2 Maps of Subsurface Geology  ............................................................  199 



xiv     Contents 

 This page has been reformatted by Knovel to provide easier navigation.  

12.2 Field Mapping  ..................................................................................................  202 
12.2.1 Equipment  .........................................................................................  202 
12.2.2 Mapping  ............................................................................................  202 
12.2.3 Measurement of Dip and Strike  ........................................................  203 

12.3 Constructions for Dipping Strata  ......................................................................  204 
12.3.1 Construction from Outcrop  ................................................................  204 
12.3.2 3-point Construction  ..........................................................................  205 

12.4 Map Interpretation  ............................................................................................  206 
12.4.1 Age Relationships  .............................................................................  206 
12.4.2 Structural Relationships  ....................................................................  207 

12.5 Geological Sections  .........................................................................................  209 
12.5.1 Drawing a Section  .............................................................................  209 

12.6 Thematic Maps  ................................................................................................  210 
12.6.1 Maps of Resources  ...........................................................................  210 
12.6.2 Derived Maps  ....................................................................................  211 

13. Ground-water  ................................................................................................ 213 
13.1 Hydrological Cycle  ...........................................................................................  213 

13.1.1 Infiltration  ..........................................................................................  213 
13.1.2 Percolation  ........................................................................................  213 
13.1.3 Capillary Fringe and Water Table  .....................................................  214 
13.1.4 Ground-water Flow  ...........................................................................  214 

13.2 Character of Ground-water  ..............................................................................  215 
13.2.1 Chemical Characters  ........................................................................  215 
13.2.2 Physical Characters  ..........................................................................  217 

13.3 Aquifers and Aquicludes  ..................................................................................  218 
13.3.1 Confinement  ......................................................................................  218 
13.3.2 Isotropy and Anisotropy  ....................................................................  218 
13.3.3 Hydrogeological Boundaries  .............................................................  218 

13.4 Water Levels  ....................................................................................................  219 
13.4.1 Fluctuation of Water Levels  ..............................................................  220 

13.5 Ground-water Flow  ..........................................................................................  220 
13.5.1 Transmission  .....................................................................................  221 
13.5.2 Storage  .............................................................................................  222 



Contents     xv 

 This page has been reformatted by Knovel to provide easier navigation.  

13.6 Hydrogeological Investigations  ........................................................................  223 
13.6.1 Surface Investigations  .......................................................................  223 
13.6.2 Sub-surface Investigations  ................................................................  224 

14. Slope Stability  ............................................................................................... 227 
14.1 Slope Failure  ....................................................................................................  227 

14.1.1 Progressive Failure  ...........................................................................  227 
14.1.2 Factor of Safety  .................................................................................  227 

14.2 Major Geological Factors  .................................................................................  229 
14.2.1 Types of Rock and Soil  .....................................................................  229 
14.2.2 Geological Structure  .........................................................................  229 
14.2.3 Ground-water  ....................................................................................  230 
14.2.4 In-situ Stresses  .................................................................................  232 
14.2.5 Seismic Disturbances  .......................................................................  233 

14.3 Slope History  ...................................................................................................  233 
14.3.1 Previous Conditions  ..........................................................................  233 
14.3.2 Weathering  ........................................................................................  234 
14.3.3 Erosion  ..............................................................................................  234 

14.4 Examples of Failure  .........................................................................................  235 
14.4.1 The Vajont Slide  ................................................................................  235 
14.4.2 The Turtle Mountain Slide  .................................................................  237 
14.4.3 The Folkestone Warren Slides  ..........................................................  238 

14.5 Investigations  ...................................................................................................  239 

15. Reservoirs and Dams  ................................................................................... 241 
15.1 Surface Reservoirs  ..........................................................................................  241 

15.1.1 Sedimentation  ...................................................................................  241 
15.1.2 Landslides  .........................................................................................  241 
15.1.3 Leakage  ............................................................................................  242 
15.1.4 Seismicity  ..........................................................................................  244 

15.2 Dams  ...............................................................................................................  244 
15.2.1 Types of Dam  ....................................................................................  244 
15.2.2 Dam Foundations  ..............................................................................  246 
15.2.3 Materials for Dams  ............................................................................  247 



xvi     Contents 

 This page has been reformatted by Knovel to provide easier navigation.  

15.3 Six Examples  ...................................................................................................  248 
15.3.1 Embankment Dam  ............................................................................  248 
15.3.2 Concrete Gravity Dam  ......................................................................  248 
15.3.3 Masonry Gravity Dam  .......................................................................  249 
15.3.4 Buttress Dam  ....................................................................................  249 
15.3.5 Arch Dam  ..........................................................................................  249 
15.3.6 Composite Dam  ................................................................................  249 

15.4 Underground Reservoirs  ..................................................................................  250 
15.4.1 Natural Subsurface Reservoirs  .........................................................  250 
15.4.2 Chambers  .........................................................................................  251 

16. Excavations  .................................................................................................. 254 
16.1 Excavation of Rock and Soil  ............................................................................  254 

16.1.1 Drilling  ...............................................................................................  254 
16.1.2 Augering  ............................................................................................  255 
16.1.3 Machine Boring  .................................................................................  255 
16.1.4 Blasting  .............................................................................................  255 
16.1.5 Scraping, Ripping and Digging  .........................................................  256 

16.2 Control of Ground-water  ..................................................................................  257 
16.2.1 Ground-water Flow  ...........................................................................  257 
16.2.2 Control of Pressure  ...........................................................................  258 
16.2.3 Control of Flow  ..................................................................................  258 

16.3 Surface Excavations  ........................................................................................  259 
16.3.1 Investigations  ....................................................................................  259 
16.3.2 Deformation and Failure  ...................................................................  260 
16.3.3 Ground-water  ....................................................................................  260 

16.4 Underground Excavations  ...............................................................................  261 
16.4.1 Investigations  ....................................................................................  261 
16.4.2 Gases  ................................................................................................  262 
16.4.3 Stability  .............................................................................................  262 
16.4.4 Support  .............................................................................................  264 
16.4.5 Effects at Ground Level  ....................................................................  265 

16.5 Disposal of Excavated Material  .......................................................................  267 
16.5.1 Bulking  ..............................................................................................  267 



Contents     xvii 

 This page has been reformatted by Knovel to provide easier navigation.  

16.5.2 Surface Disposal  ...............................................................................  267 

17. Ground Treatment and Support  .................................................................. 269 
Treatment  ...................................................................................................................  269 
17.1 Dewatering  .......................................................................................................  269 

17.1.1 Sediments  .........................................................................................  269 
17.1.2 Fractured Rock  .................................................................................  271 

17.2 Grouting  ...........................................................................................................  271 
17.2.1 Sediments  .........................................................................................  272 
17.2.2 Weak Rock  ........................................................................................  272 
17.2.3 Fractured Strong Rock  ......................................................................  273 
17.2.4 Investigations  ....................................................................................  273 

17.3 Consolidation  ...................................................................................................  274 
17.3.1 Stratigraphic History  ..........................................................................  274 
17.3.2 Shallow Water Sediments  .................................................................  275 
17.3.3 Sub-aerial Sediments  ........................................................................  275 
17.3.4 Sandy Sediments  ..............................................................................  275 

17.4 Thermal Treatment  ..........................................................................................  275 
17.4.1 Freezing  ............................................................................................  275 
17.4.2 Frozen Sediments  .............................................................................  276 
17.4.3 Frozen Rocks  ....................................................................................  276 
17.4.4 Volumetric Changes  ..........................................................................  276 
17.4.5 Investigations  ....................................................................................  276 
17.4.6 Heating  ..............................................................................................  277 

Support  ......................................................................................................................  277 
17.5 Rods, Bolts and Anchors  .................................................................................  277 

17.5.1 Rock Bolts and Anchors  ....................................................................  277 
17.5.2 Soil Anchors  ......................................................................................  278 

17.6 Arches, Rings and Linings  ...............................................................................  278 
17.6.1 Squeezing Ground  ............................................................................  278 
17.6.2 Weak and Variable Ground  ...............................................................  279 

17.7 Retaining Walls  ................................................................................................  279 
17.7.1 Earth Pressures  ................................................................................  280 
17.7.2 Investigations  ....................................................................................  280 



xviii     Contents 

 This page has been reformatted by Knovel to provide easier navigation.  

18. Development and Redevelopment  .............................................................. 282 
18.1 Water Supplies  ................................................................................................  282 

18.1.1 Catchments  .......................................................................................  282 
18.1.2 Water Budgets  ..................................................................................  282 
18.1.3 Location of Sources  ..........................................................................  283 
18.1.4 Spring Supplies  .................................................................................  284 
18.1.5 Well Supplies  ....................................................................................  284 
18.1.6 Adit Supplies  .....................................................................................  285 

18.2 Construction Materials  .....................................................................................  285 
18.2.1 Types of Material  ..............................................................................  286 
18.2.2 Volumes of Material  ..........................................................................  286 
18.2.3 Aggregates  ........................................................................................  287 
18.2.4 Bound Aggregates  ............................................................................  288 
18.2.5 Unbound Aggregates  ........................................................................  288 
18.2.6 Earthfill  ..............................................................................................  289 
18.2.7 Dimension Stone  ...............................................................................  289 

18.3 Foundations  .....................................................................................................  290 
18.3.1 Bearing Capacity  ...............................................................................  290 
18.3.2 Later Movements  ..............................................................................  290 
18.3.3 Investigations  ....................................................................................  290 
18.3.4 Mechanisms of Failure  ......................................................................  292 
18.3.5 Special Problems  ..............................................................................  293 

18.4 Waste Disposal on Land  ..................................................................................  293 
18.4.1 Landfill  ...............................................................................................  294 
18.4.2 Injection  .............................................................................................  294 
18.4.3 Nuclear Waste  ..................................................................................  295 

SI Units  .................................................................................................................. 298 

Addenda  ................................................................................................................ 300 

References  ............................................................................................................ 301 

Index  ...................................................................................................................... 317 



Introduction
The science of Geology is concerned with the Earth and
the rocks of which it is composed, the processes by which
they were formed during geological time, and the model-
ling of the Earth's surface in the past and at the present
day. The Earth is not a static body but is constantly
subject to changes both at its surface and at deeper levels.

Surface changes can be observed by engineers and geol-
ogists alike; among them erosion is a dominant process
which in time destroys coastal cliffs, reduces the height of
continents, and transports the material so removed either
to the sea or to inland basins of deposition. Changes that
originate below the surface are not so easily observed and
their nature can only be postulated. Some are the cause
of the slow movements of continents across the surface
of the globe; others cause the more rapid changes asso-
ciated with volcanic eruptions and earthquakes.

The changes result from energy transactions, of which
the most important are listed in Table 1.1 (Smith, 1973):

Table 1.1

Joules year~1

(1) Solar energy received and re-radiated;
responsible for many geological effects
generated wi th in a depth of about 30 m
of ground level, especially weathering
and erosion. 1025

(2) Geothermal heat loss from the Earth's
interior; responsible for many deep-
seated movements that affect the ele-
vation and relative position of cont i -
nents and oceans. 1021

(3) Energy lost by slowing down of Earth's
rotation. 1019

(4) Energy released by earthquakes. 1018

The last three items together account for many of the
changes that originate below the Earth's surface, and
indicate the importance of internal processes in control-
ling the behaviour of the planet. These processes are
thought to have operated for millions of years and geol-
ogists believe that processes working at present are funda-
mentally similar to those that operated in the past. The
effects produced by geological processes may appear to
be too slow to be significant in engineering, but many of
them operate at rates similar to those found in engineer-
ing practice. For example, continents drift laterally at a
rate of between 1 and 3 cm per year, or at about 10 ~7 cm

per second, which is the approximate value for the hy-
draulic conductivity of good concrete used in dams.

Geological processes such as those which operate at
the present day have, during the very large span of geo-
logical time, left their record in the rocks - sometimes
clearly, sometimes partly obliterated by later events. The
rocks therefore record events in the long history of the
Earth, as illustrated by the remains or marks of living
organisms, animals or plants, when preserved; all rocks
make their contribution to the record. In one sense geol-
ogy is Earth-history.

The term rock is used for those materials of many kinds
which form the greater part of the relatively thin outer
shell, or crust, of the Earth; some are comparatively soft
and easily deformed and others are hard and rigid. They
are accessible for observation at the surface and in mines
and borings. Three broad rock groups are distinguished,
on the basis of their origins rather than their composition
or strength:

(0 Igneous rocks, derived from hot material that ori-
ginated below the Earth's surface and solidified at or near
the surface (e.g. basalt, granite, and their derivatives).

(//) Sedimentary rocks, mainly formed from the break-
down products of older rocks, the fragments having been
sorted by water or wind and built up into deposits of
sediment (e.g. sandstone, shale); some rocks in this group
have been formed by chemical deposition (e.g. some lime-
stones). The remains of organisms such as marine shells
or parts of plants that once lived in the waters and on the
land where sediment accumulated, can be found as fossils.

(Ui) Metamorphic rocks, derived from earlier igneous
or sedimentary rocks, but transformed from their original
state by heat or pressure, so as to acquire conspicuous
new characteristics (e.g. slate, schist, gneiss).

Rocks are made up of small crystalline units known as
minerals and a rock can thus be defined as an assemblage
of particular minerals, and named accordingly. For en-
gineering purposes, however, the two terms 'rock' and
'soil' have also been adopted to define the mechanical
characters of geological materials. 'Rock' is a hard
material and 'soil' either a sediment which has not yet
become rock-like, or a granular residue from rock that
has completely weathered (called a residual soil). Neither
of these terms is strictly adequate and descriptive quali-
fications are required to distinguish weak rocks from hard
soils. Rocks and soils contain pores and fissures that may
be filled either with liquid or with gas: e.g. water or air.
Such voids may be very small but can make up a consider-
able proportion of a rock or soil mass.

i

1
The Earth: Surface, Structure and Age



In the present chapter we consider the Earth as a whole,
its general structure, its larger surface features - the
oceans and continents, and its age and origin.

The surface of the Earth

Dimensions and surface relief

The radius of the Earth at the equator is 6370 km and the
polar radius is shorter by about 22 km; thus the Earth is
not quite a perfect sphere. The planet has a surface area
of 510 x 106km2, of which some 29 per cent is land. If to
this is added the shallow sea areas of the shelf which
surrounds the continents, the total land area is nearly 35
per cent of the whole surface. In other words, nearly
two-thirds of the surface is covered by deep ocean.

Surface relief is very varied; mountains rise to several
kilometres above sea level, with a maximum of 8.9 km at
Everest. The average height of land above sea level is
0.86 km and the mean depth of the ocean floor is about
3.8 km. In places the ocean floor descends to much greater
depths in elongated areas or trenches (p. 12); the Mari-
anas Trench in the N.W. Pacific reaches the greatest
known depth, 11.04 km. The extremes of height and depth
are small in comparison with the Earth's radius, and are
found only in limited areas. The oceans, seas, lakes and
rivers are collectively referred to as the hydrosphere; and
the whole is surrounded by a gaseous envelope, the atmo-
sphere.

Ocean floors

The topography of the deep oceans was known, from
soundings, only in broad outline until 50 or 60 years ago.
Advances in measurement techniques have made possible
much more detailed surveys, particularly with the use of
seismic refraction methods, which enable a profile of the
ocean floor to be drawn. Methods of coring the floor at
great depths have also been developed and, from the core
samples obtained, the distribution and composition of
the hard rocks that form the floor and its cover of softer
sediments have been recorded in many areas. The topo-
graphical features of a continental margin, such as that
of the North Atlantic, are shown in Fig. 1.1. The conti-
nental shelf is a submerged continuation of the land, with
a gentle slope of 1 in 1000 or less, and is of varying width.

It continues to a depth of about 100 fathoms (183 m),
where there is a marked change in slope known as the
shelf break, the gradient becoming 1 in 40 or more. The
shelf break marks the beginning of the continental slope,
which continues until the gradient begins to flatten out
and merges into the continental rise, which is often several
hundred kilometres wide as in the North Atlantic, with a
diminishing gradient. Continental slopes in many places
show erosional features known as submarine canyons,
which are steep-sided gorge-like valleys incised into the
sea floor (Fig. 1.2). Some lie opposite the mouths of large
rivers, as at the Hudson Canyon opposite Long Island.
Many of the canyons have been excavated by turbidity
currents, i.e. submarine movements down the slope,
similar to landslides. They carry much suspended sedi-
ment and are thus denser than normal sea water. In some
instances they continue down to the continental rise.

Spanish
Canyon

Nautical miles
Depths in
metres

Delgada
Canyon

Fig. 1.2 Map of submarine canyons off the West coast of
California.

At depths greater than about 2700 fathoms (or 5 km)
the deep abyssal plain is reached. This is the ocean floor
and from it rise submarine volcanic islands, some of
which may be fringed with coral reefs. Volcanoes that no
longer break the ocean surface are called drowned peaks
or sea mounts. The volcanoes are related to oceanic ridges

Shelf

F
at

h
o

m
s

Shelf break

Continental slope Abyssal plain

Bermuda rise

Nautical miies

Fig. 1.1 Profile of a continental margin
from the continental shelf to deep ocean
floor, based on data from the North At-
lantic (after Heezen, Tharp & Ewing,
1959). Horizontal scale in nautical miles
(1 nautical mile = 1185 km); vertical scale
exaggerated (1 fathom = 1.82 m).
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Continental rise



which form submarine chains of mountains. The mid-
Atlantic ridge rises to a height of 2 to 4 km above the
ocean floor and is several thousand kilometres wide.
Oceanic ridges are discussed further on p. 8.

The interior off the Earth

Our knowledge of the Earth's interior is at present based
on those direct investigations that can be made to depths
of a few kilometres from the surface, together with extra-
polations to lower levels. Studies of heat-flow, geostatic
pressure, earthquakes, and estimations of isostatic
balance (p. 6) reveal much about the interior of the Earth.

Temperature gradient and density

It is well known from deep mining operations that tem-
perature increases downwards at an average rate of 300C
per km. This rate is higher near a source of heat such as
an active volcanic centre, and is also affected by the
thermal conductivity of the rocks at a particular locality.
Assuming for the moment that the temperature gradient
continues at the average rate, calculation shows that at a
depth of some 30 km the temperature would be such that
most known rocks would begin to melt. The high pressure
prevailing at that depth and the ability of crustal rocks to
conduct heat away to the surface of the Earth result in
the rock-material there remaining in a relatively solid
condition; but there will be a depth at which it becomes
essentially a viscous fluid and this defines the base of the
lithosphere (Greek: Iithos = stone), Fig. 1.3.

The mean mass density of the Earth, which is found
from its size and motion around the Sun, is 5.527 gem"3.
This is greater than the density of most rocks found at
the surface, which rarely exceeds 3; sedimentary rocks
average 2.3, and the abundant igneous rock granite about
2.7. In order to bring the mean density to 5.5 there must
therefore be denser material at lower levels within the
Earth. This has been confirmed from the study of the
elastic waves generated by earthquakes, in particular
from research into the way in which earthquake waves
are bent (by diffraction at certain boundaries) as they
pass through the Earth: our knowledge of the Earth's
interior comes mainly from such studies. These have
shown that our planet has a core of heavy material with
a density of about 8. Two metals, iron and nickel, have
densities a little below and above 8 respectively, and the
core is believed to be a mixture of these composed mainly
of iron. Surrounding this heavy core is the region known
as the mantle (Fig. 1.3); and overlying that is the crust,
which is itself composite. In continental areas the average
thickness of the crust is about 30 km: in the oceans it is
10km. The mantle has a range of density intermediate
between that of the crust and the core, as indicated in
the figure. In order to discuss further the evidence from
seismic work for this earth structure we turn to the subject
of earthquakes.

Earthquakes

The numerous shocks which continually take place are
due to sharp movements along fractures (called faults)
which relieve stress in the crustal rocks. Stress accumu-
lates locally from various causes until it exceeds the
strength of the rocks, when failure and slip along fractures
occur, followed usually by a smaller rebound. A small
movement on a fault, perhaps a few centimetres or less,
can produce a considerable shock because of the amount
of energy involved and the fault may 'grow' by successive
movements of this kind. Earthquakes range from slight
tremors which do little damage, to severe shocks which
can open fissures in the ground, initiate fault scarps and
landslides, break and overthrow buildings, and sever
supply mains and lines of transport. The worst effects are
produced in weak ground, especially young deposits of
sand, silt and clay. These sediments may shake violently
if their moduli of elasticity and rigidity are insufficient to
attenuate adequately the acceleration imparted to their
particles by an earthquake. The bedrock beneath them
may be little affected by reason of its strength. Lives and
property may be saved if earthquake resisting structures
are built (Rosenblueth, 1980). These have frames of steel
or wood that are founded directly onto rock whenever
possible, and will remain intact when shaken. Dams,
embankments, slopes and underground excavations can
be designed so as to function whilst shaking (Newmark
and Rosenblueth, 1971).

Prior to a major earthquake, strain in the crust

Oceanic crust
Continental crust

Asthenosphere

Lithosphere
Upper mantle

Lower mantle

Fluid core

Fig. 1.3 Composition of the Earth (after Bott 1 982); depths
from surface in km; temperature scale in degrees K; figures on
left are mass density in 103 kg m3.



accumulates to the extent that small changes may be
noticed in the shape of the land surface, in water levels,
in the flow, temperature and chemistry of springs, in the
magnetic properties of the strained crust and the velocity
with which it transmits vibrations, and in the frequency
and location of very small (micro-) earthquakes. These
precursors are studied in an attempt to predict location
and time of major earthquakes.

When a major earthquake at sea rapidly changes the
elevation of the ocean floor, a volume is created that
has to be filled by sea-water. Sea-level drops, sometimes
causing beaches in the region to be exposed, and large
waves, called tsunamis, may be generated as sea-level re-
establishes itself: these can devastate coastal areas when
they strike a shore-line.

Most of the active earthquake centres at the present
day are located along two belts at the Earth's surface: one
belt extends around the coastal regions of the Pacific,
from the East Indies through the Philippines, Japan, the
Aleutian Isles, and thence down the western coasts of
North and South America; the other runs from Europe
(the Alpine ranges) through the eastern Mediterranean to
the Himalayas and East Indies, where it joins the first belt
(Fig. 1.4). These belts are mainly parallel to the younger
mountain chains (p. 15), where much faulting is asso-
ciated with crumpled rocks; numerous volcanoes are also
situated along the earthquake belts. It is estimated that
75 per cent of all earthquake activity occurs in the
circum-Pacific belt, and about 22 per cent in the Alpine
area. Many smaller shocks also occur in zones of sub-
marine fault activity associated with the oceanic ridges,
such as the mid-Atlantic Ridge (p. 9); and others in
fault-zones on the continents, e.g. the Rift Valley system
of Africa. In areas remote from these earthquake zones
only small tremors and shocks of moderate intensity are
normally recorded; for example, earthquakes in Britain
include those at Colchester (1884), Inverness (1901,

1934), Nottingham (1957), Dent (1970), and Lleyn
(1984). All earthquakes are generated in the outer 700 km
of the Earth (Fig. 1.3) and all destructive earthquakes,
wherever they occur, originate at depths less than 70 km.
The deeper earthquakes are discussed on p. 11.

The intensity of an earthquake can be estimated from
the effects felt or seen by an observer, and such observa-
tions are collected and used to determine the centre of the
disturbance. They are graded according to a Scale of
Intensity such as the Mercalli Scale, which has twelve
grades:

I Detected only by instruments.
II Felt by some persons at rest; suspended objects may

swing.
III Felt noticeably indoors; vibration like the passing

of a truck.
IV Felt indoors by many, outdoors by some; windows

and doors rattle.
V Felt by nearly everyone; some windows broken;

pendulum clocks stop.
VI Felt by all, many frightened; some heavy furniture

moved, some fallen plaster; general damage slight.
VII Everyone runs outdoors; damage to poorly con-

structed buildings; weak chimneys fall.
VIII Much damage to buildings, except those specially

designed. Tall chimneys, columns fall; sand and
mud flow from cracks in ground.

IX Damage considerable in substantial buildings;
ground cracked, buried pipes broken.

X Disastrous; framed buildings destroyed, rails bent,
small landslides.

XI Few structures left standing; wide fissures opened
in ground, with slumps and landslides.

XII Damage total; ground warped, waves seen moving
through ground, objects thrown upwards.

The observed intensity at points in the area affected

Fig. 1.4 Distribution of earthquakes; the shaded areas are zones of active epicentres.



can be marked on a map, and lines of equal intensity
(isoseismal lines) then drawn to enclose those points
where damage of a certain degree is done giving an iso-
seismal map.

A more accurate measure of earthquake activity is
provided by the amount of seismic energy released in
an earthquake; this defines its magnitude, for which the
symbol M is used. The Scale of Magnitudes due to C. F.
Richter (1952) and now in general use is based on the
maximum amplitudes shown on records made with a
standard seismometer. The scale is logarithmic and is
related to the elastic wave energy (E), measured in joules
(1 erg= 10"7joules), an approximate relationship being
log E «4.8 -I-1.5 M, M ranges from magnitude 0 to mag-
nitude 9. The smallest felt shocks have M= 2 to 2\. Dam-
aging shocks have Af =5 or more; and any earthquake
greater than M= 7 is a major disaster. The Richter Scale
of Magnitudes and the Mercalli Scale of Intensities are
not strictly comparable; but M= 5 corresponds roughly
with Grade VI (damage to chimneys, plaster, etc.) on the
Mercalli Scale. The historic record of earthquakes reveals
that shocks of large magnitude occur less frequently than
those of lesser magnitude. A relationship exists between
the magnitude of an earthquake that is likely to occur at
a location and its return period, and this relationship is
used to select the accelerations that must be resisted by
the earthquake resisting structures for the locality.

When an earthquake occurs elastic vibrations (or
waves) are propagated in all directions from its centre of
origin, or focus; the point on the Earth's surface imme-
diately above the earthquake focus is called the epicentre:
here the effects are usually most intense. Two kinds of
wave are recorded: (i) body waves, comprising of com-
pressional vibrations, called primary or P waves, which
are the fastest and the first to arrive at a recording station,
and transverse or shear vibrations, called S waves,
a little slower than the P waves; and (ii) surface waves,
(or L-waves) similar to the ripples seen expanding from
the point where a stone is dropped into water, and created
by Love-wave (LQ) and Rayleigh-wave (LR) ground
motions. Surface waves are of long period that follow
the periphery of the Earth; they are the slowest but have
a large amplitude and do the greatest damage at the
surface: M is calculated from their amplitude. The
vibrations are detected and recorded by a seismograph,
an instrument consisting essentially of a lightly suspended
beam which is pivoted to a frame fixed to the ground,
and which carries a heavy mass (Fig. 1.5a). Owing to the
inertia of the heavy mass a movement is imparted to the
beam when vibrations reach the instrument, and the
movement is recorded on a chart on a rotating drum
(Fig. \.5b). On this record, or seismogram, time intervals
are marked, from which the times of arrival of the
vibrations can be read off.

Using known velocities of transmission for the vibra-
tions, the distance of an epicentre from the recording
apparatus can be calculated. Two instruments are needed
to record north-south and east-west components of the
vibrations, and a third instrument to detect vertical move-

(b)

Fig. 1.5 (a) Diagram of a seismograph for recording vertical
gound movement, (b) Record (or seismogram) of a distant
earthquake showing onsets of P, S3 and L waves in the order
of their arrival.

ments. Note that large explosions, which are also detected
by seismographs, can be distinguished from earthquakes.

For a distant earthquake, seismographs situated at
distances up to 105° of arc from the epicentre record the
onsets of P, S, and L waves (Fig. 1.6). Between 105° and
142° of arc, the region known as the 'shadow zone', no P
or S waves arrive, but from 142° onwards the P waves
are again received. They have, however, taken longer to
travel and hence must have been slowed down over some
part of their path through the Earth. This was interpreted
by R. D. Oldham in 1906 as being due to the presence of

Direction of record = TIME ( / )

Duration can range from seconds to minutes

shadow
zone

shadow
zone

Neither P
nor S waves

Fig. 1.6 Paths of earthquake waves through the Earth. A
few paths only are shown out of the many that radiate from
the epicentre (E). Note the refraction that occurs when waves
cross the boundary between mantle and core.

Drum Mirror

Spring



a central Earth core, of such composition that P waves
penetrating to a greater depth than the 105° path enter
the core and move there with a lower velocity. The trans-
verse S vibrations are not transmitted through the core,
indicating that it has the properties of a fluid (which
would not transmit shear vibrations). Modern work sug-
gests that, while the outer part of the core is fluid, the
innermost part is probably solid (Fig. 1.3) and is com-
posed mainly of iron in a densely-packed state. The core
extends to within 2900 km of the Earth's surface, i.e. its
radius is rather more than half the Earth's radius
(Fig. 1.3). There is a sharp discontinuity between the core
and the overlying mantle; the latter transmits both P and
S vibrations.

Records obtained from near earthquakes (within about
1000 km of an epicentre), as distinct from distant earth-
quakes, monitor seismic waves that have travelled for
their greater distance through crustal rocks and such
records have yielded information about the crust of the
Earth. The Serbian seismologist, A. Mohorovicic, in 1909,
noticed that two sets of P and S waves were sometimes
recorded, the two sets having slightly different travel
times. This, he suggested, indicated that one set of vibra-
tions travelled by a direct path from the focus and the
other set by a different route. In Fig. 1.7, the set Pg and
Sg follow the direct path in an upper (granitic) layer,
while the set P and S are refracted at the boundary of a
lower layer and travel there with a higher velocity because
the material of the lower layer is denser. This boundary
may be considered to mark the base of the crust and is
called the Mohorovicic discontinuity•, or 'the Mono'. Later
a third set of vibrations was detected on some seismo-
grams; they are called P* and S* and have velocities lying
between those of the other two sets. They follow a path in
the layer below the granitic layer (Fig. 1.7). The velocities
of the three sets of waves, as determined by H. Jeffreys
from European earthquake data, are as follows:

Pg 5.57kms~1 Sg 3.36kms~1

P* 6.65kms-J S* 3.74kms"1

P 7.76kms-1 S 4.36kms~1

These values correspond to those derived from elasticity
tests in the laboratory on the igneous rocks granite, basalt,
and peridotite respectively. Peridotite is a rock whose
mineralogy is formed at pressures and temperatures
similar to those expected in the upper mantle. Thus the
fastest waves, P and S, travel for the greater part of their
course in material of peridotite composition, in the upper
part of the mantle just below the Moho. Above the Moho
is the basaltic crust, in which the P* and S* waves travel.
The granitic layer, which forms the upper part of the
continental crust, transmits the Pg and Sg vibrations. The
granitic layer itself is mainly covered by sedimentary
rocks, in which velocities of transmission are lower, from
about 2 to 4 km s - l . The thicknesses of the crustal layers
varies considerably in different situations. The average
thickness of the crust in a continental area is about 30 km,
but beneath a mountain mass it may thicken to 40 km or
more as discussed below. In an oceanic area the crust is

Fig. 1.7 Seismic waves radiating from the location where
crustal fracture has occurred, the focus (F), and travelling
through the continental crust and uppermost mantle at veloc-
ities PgSg: P*S* and PS. E = epicentre, situated above the
focus, S = seismograph.

thinner, 5 to 10 km, and is composed of basalt with
a thin sedimentary cover and no granitic layer. This
distinction between continental crust and oceanic crust
is referred to again on p. 10. The study of earthquake
waves has demonstrated that the Earth consists of con-
centric shells of different density, the lightest being the
outer lithosphere. This contains the oceanic and con-
tinental crust which rests upon the heavier rock at the
top of the upper mantle, whose character is in part
revealed by the vertical and horizontal movements of the
lithosphere. These movements require the presence of
a weaker layer at depth; the asthenosphere. To explain
the vertical movements of the lithosphere the theory of
isostacy was proposed: horizontal displacements
required the theory of continental drift for their expla-
nation. The new theory of Plate Tectonics unifies both
these concepts.

lsostasy

This term (Greek, meaning 'in equipoise') is used to den-
ote an ideal state of balance between different parts of the
crust. The continental masses can be visualized as exten-
sive blocks or 'rafts' essentially of granitic composition
supported by underlying sub-crustal material. The differ-
ence in the density between these two implies that the
continents are largely submerged in denser sub-crustal
material rather like blocks of ice floating in water. A state
of balance tends to be maintained above a certain level
called the level of compensation. Thus in Fig. 1.8 the
weight of a column of matter in a mountain region, as at
A, equals that of a column B, where the lighter crust is
thinner and displaces less of the underlying denser layer.
The columns are balanced at a depth (namely the level of
compensation) where their weights are the same.

The concept of isostatic balance has been tested by
gravity surveys, which reveal excess or deficiency of den-
sity in the make-up of the crust below the area surveyed.
From all the evidence it is probable that very large topo-
graphical features at the Earth's surface such as a range
of mountains are isostatically compensated on a regional

Sedimentary layer
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Fig. 1.8 Diagrammatic section through part of a continent.
Density in 103kgrrr3.

scale, and probably bounded by faults. The Alps, for
example, are balanced in this way, their topographical
mass above sea level being continued downwards as a
deep 'root' of granitic continental material (Fig. 1.9). For
smaller masses local isostatic compensation is unlikely to
be complete because their weight is partly supported by
the strength of the surrounding crust, i.e. smaller moun-
tains and valleys exist because of the crust's rigidity.
Geophysical surveys have also shown that continental
margins at the present day are largely compensated and
in near isostatic balance.

Himalayas, for example, has been maintained by this
mechanism during the erosion of their many deep gorges,
which involved the removal of great quantities of rock.

During the Glacial epoch, when thick ice-sheets cov-
ered much of the lands of the northern hemisphere (p. 29),
the load of ice on an area resulted in the depression of the
area. With the removal of the load as the ice melted,
isostasy slowly restored the balance by re-elevating the
area. In this way many beaches, such as those around the
coasts of Scandinavia and Scotland, were raised as the
land was elevated in stages, bringing the raised beaches
to their present positions above existing sea level, after
the melting of the ice (Fig. 2.21).

Continental drift

The possible movement of the continents relative to one
another in the geological past was first outlined at length
by Alfred Wegener in 1912, and it became a matter of
controversy for many years. During the 1960s, however,
new evidence came to light which conclusively demon-
strated that drifting had taken place; the evidence came
largely from the study of magnetism in the rocks of the
Earth's crust and from detailed surveys of the ocean
floors. These demonstrated that the continents have not
remained in their same relative position and that the
ocean floors are much younger than the continents they
separate.

Wegener and others pointed out the similarity of the
coastlines of Africa and South America which, although
separated at the present day by the Atlantic, would be
explained if the two continents were originally adjacent
and parts of a single land mass. He postulated a super-
continent to which he gave the name Tangaea'. There are
also geological features in the two continents that corres-
pond, such as belts of strongly-folded rocks in South
Africa and North Africa which run out to the coast and
have their counterparts in South America. Other similar-
ities are shown by fossil faunas, one example being the
remains of the early horse (Hippariori) found on either
side of the Atlantic (Fig. 1.10). These features were set
out in detail by A.L. du Toit (1937) as evidence that the
two continents, originally adjacent to one another, had
drifted apart. Modern work shows that there is an accu-
rate fit of Africa and South America at the margins of
their continental shelves (Fig. 1.11). The figure also shows
that during the separation there was a rotation of one
continent relative to the other. In a similar way, North
America and Europe possess features that were once ad-
jacent before the opening of the North Atlantic. When
their positions are restored, mountain ranges such as the
Palaeozoic folds of eastern North America become con-
tinuous with the Caledonian folds of Norway and Scot-
land, both of which have similar geological structures
(Fig. 1.10).

Lands in the southern hemisphere including South
America, Africa, Antarctica, Australia, and peninsular
India formed a large continent, called Gondwanaland
(Fig. 1.12), some 400 my ago in Carboniferous times;

Fig. 1.9 Isostatic balance according to Airy's hypothesis;
ideal columns of crust of different lengths are largely sub-
merged in heavier sub-crustal matter which is displaced to a
greater depth by the higher columns, corresponding to the
'roots' of mountains.

Isostasy requires that below the relatively strong outer
shell of the Earth, the lithosphere, there is a weak layer
(or Earth-shell) which has the capacity to yield to stresses
which persist for a long time. This weak zone is called the
asthenosphere (Greek: a, not, and sthene, strength). It lies
in the uppermost part of the mantle (Fig. 1.3) and its
distinctive feature is its comparative weakness. Isostasy
implies that for a land area undergoing denudation, there
is a slow rise of the surface as it is lightened, with an
inflow of denser material below the area. Because of the
different densities (2.8 and 3.4) the removal of, say, 300 m
of granitic crust will be balaced by the inflow of about
247 m of the denser material; the final ground level when
isostatic adjustment is complete will thus be only 53 m
lower than at first. It is thought that the height of the

Ocean Continental
margin

Mountains

Oceanic crust

Continental
crust (2.8)

Mantle
(3 .4)



Fig. 1.10 Geological resemblances across the Atlantic
(after A. L duToit, 1937).

show a correspondence of particular rocks (a) (see cap-
tion).

An extensive glaciation in Carboniferous times affected
what is now southern Africa, India, south Australia, and
parts of Brazil and Argentina, as evidenced by glacial
deposits found in all those areas (Chapter 2, p. 21). This
glaciation is readily explained if the glaciated lands were
originally parts of Gondwanaland, the Earth's south pole
at the time being situated at about the centre of the area
shown in Fig. 1.12. When the continent broke up and its

A Precambrian
B American facies

of Cambrian
C Welsh facies

of same
D Old red

sandstone

EaHy Palaeozoic
folds

Post-Na ma
folds

Gondwanide or
Cape folds

Gl Glacial beds of Gondwanaland
H Early horse (Hipparion) Fig. 1.12 Reconstruction of Gondwanaland (after G. Smith

and Hallam, 1970). Matching features include: (a) Precam-
brian anorthosites; (b) limit of Jurassic marine rocks;
(d) Mesozoic dolerites; (f) fold-belt; (g) geosynclinal (early
Cambrian); (m) mylonites; (p) Precambrian geosyncline. Ar-
rows, with radial arrangement show directions of ice move-
ment.

several parts began to separate, some 200 my ago, Africa
and India moved northwards and eventually impinged
upon the southern margin of the Eurasian continent,
where great fold-mountain systems - the Atlas, Alps, and
Himalayas - were ridged up in early Tertiary times. It is
estimated that the Indian block moved northwards at a
rate of some 20 cm per year to reach its present position.
By comparing Figs. 1.10, 1.11 and 1.12 with Figs 1.13
and 1.14 it will be noticed that between the drifting con-
tinents lie the oceanic ridges. These, and the ocean floor
on either side of them, provide evidence that explains the
mechanism for continental drift.

Oceanic ridges

These structures, mentioned briefly on p. 2, resemble sub-
merged mountain ranges and are found in all the oceans.
The existence of a large rise below the North Atlantic had
been known for a long time; surveys have now shown
that a ridge extends from Iceland southwards through the
North Atlantic, and thence continues into the South At-
lantic about midway between Africa and South America
(Fig. 1.13). After passing Tristan da Cunha the oceanic
ridge turns east and continues into the Indian Ocean.
Other ridges lie below the East Pacific, as shown in the
figure, and between Australia and Antarctica; and in the

Fig. 1.11 Fit of South America and Africa at the 1000
fathom line (Bullard, 1965; after S.W. Carey, 1958).

they have since moved apart to their present positions.
When Antarctica and Australia (with New Zealand) lie
together as shown in the figure, certain geological features
(g) of the two continents become aligned; also the west
side of India and Sri Lanka when alongside east Africa



Indian Ocean a ridge runs northwards to the Red Sea.
The mid-Atlantic Ridge (Fig. 1.14) rises some 2.3 km
above the deep ocean floor, and to within 2.2 km (1200
fathoms) of the ocean surface. Along the line of its sum-
mit a deep cleft called the median rift extends to a depth
of over 450 m (900 fathoms). Rock samples taken in the
vicinity of this rift are mainly volcanic rocks such as

Fig. 1.13 Map of the oceanic
ridges (after Heezen, 1963, The
Sea). Heavy lines show the position
of the centre of a ridge; thin lines
show displacements by transcurrent
faults. Mercator projection.

and continental drift. Minerals which have magnetic
properties, such as magnetite (p. 85), are found in basaltic
rocks; when the crystals were formed they acted as small
magnets and became lined up in the Earth's magnetic
field of that time. This palaeomagnetism (or 'fossil magne-
tism') is retained in the rocks and in many instances its
direction does not agree with that of the Earth's present

Mid-oceanic ridge
and line of centre

Major faults

Continental
margin

N or S
America

Mid-Atlantic
ridge

Europe or
Africa

Ocean basin Rift Ocean basin

Fig, 1.14 Profile across the M id-Atlantic Ridge (after Heezen, 1959).

basalts, and are interpreted as material that emerged from
fissures along the line of the rift and accumulated on the
ocean floor. From radiometric dating it is known that the
basalts become older with increasing distance on either
side of the rift. The volcanic material is envisaged as rising
along the line of median rift and being pushed aside
laterally, in either direction away from the rift, by sub-
sequent eruptions, thus forming new ocean floor. The
process is termed ocean floor spreading. The upper part of
the mantle above the asthenosphere, which is in a semi-
molten state, is involved in these processes.

Rock magnetism

Studies of the magnetism found in basaltic rocks have
yielded independent evidence for ocean floor spreading

magnetic field. This is evidence of a change in the rock's
position since it acquired its magnetism, which in turn
may be attributed to continental drift or some other
cause.

The palaeomagnetism in the basaltic rocks of an
oceanic ridge, e.g. the North Atlantic Ridge, shows a
pattern of stripes parallel to the median rift, alternate
stripes having a reversed magnetism corresponding to the
periodic reversal of the Earth's magnetic poles (Fig. 1.15).
It is found that matching patterns of stripes have the same
sequence in opposite directions away from the median
rift, and this was taken as independent evidence for ocean
floor spreading. New basalt rising to the ocean floor in
successive stages and cooling there acquired a magnetism
of the same polarity as that of the Earth's magnetic field
at the time. Reversals of the Earth's field have occurred



Fig. 1.15 Symmetrical pattern of magnetic stripes in
oceanic crust at a spreading ridge (diagrammatic). Black
stripes, normal polarity; white stripes, reversed polarity. The
rocks at the ends of the diagram are about 8 my older than
basalt rising in the centre.

at irregular intervals, and the patterns can be dated by
radiometric determinations of age. The last reversal was
about 700000 years ago, and others took place about
1.75 and 2.5 million years ago.

Samples of basaltic rocks from the North Atlantic floor
increase in age with distance from the median rift; those
near it are only 13 000 years old, while rocks 64 km to the
west of it are about 8 million years old. The palaeomag-
netic zones closest to the American side of the ridge match
those closest to the European side, and those near the
American continent match those near the European con-
tinent. Radiometric dating thus shows that ocean floor
spreading in the North Atlantic has gone on for millions
of years in the recent geological past, with the formation
of new ocean floor. The present rate of spreading is be-
tween 1 cm and 3 cm per year, though it may have varied
in the past. The separation of the American continents
from Eurasia and Africa probably began in late Jurassic
or early Cretaceous times.

Mechanism of drift

Continental drift is associated with the opening and ex-
tension of the ocean floor at the oceanic ridges. The
temperatures of rocks near the centre of a ridge are higher
than on either side of it, because material from the mantle
rises towards the surface in the hotter central part of a
ridge. The cause of this upward flow is believed to be the
operation of slow-moving convention currents in the
Earth's mantle (Fig. 1.16). The currents rise towards the
base of the lithosphere and spread out horizontally, pass-
ing the continental margins and descending again. The
hotter rock-material in the rising current is less dense and

Mid-oceanic ridge

possesses buoyancy, which is the driving force of the
mechanism. Differences in the rate of movement of adja-
cent masses away from the oceanic ridges are accommo-
dated by displacement on fractures called transcurrent
faults (see Fig. 1.13).

The recognition of extensive fracture systems, with hor-
izontal displacements of hundreds of kilometres, has
shown that large fault movements form part of the archi-
tecture of the Earth's crust. Thus the Great Glen Fault in
Scotland (Fig. 2.21) continues past Caithness and the
Orkneys, as shown by geophysical surveys, towards the
Shetlands; the San Andreas Fault along the coast oi
California has a length of over 1200 km; and the great
Alpine Fault of New Zealand, along the north-west side
of the Southern Alps, has a similar extent. All these are
transcurrent faults involving horizontal movements
parallel to the line of the fault; similar extensive fractures
are located in the ocean floors, e.g. in the east Pacific
(Fig. 1.17).

Plate tectonics

When the validity of continental drift became accepted,
in the mid-1960s, the idea was advanced that the outer
shell of the Earth, the lithosphere, could be considered as
a mosaic of twelve or more large rigid plates (Fig. 1.17).
These plates were free to move with respect to the under-
lying asthenosphere, and could also move relatively to
one another in three ways: (i) by one plate sliding past
another along its margin; (H) by two plates moving away
from one another; (Hi) by two plates moving together and
one sliding underneath the edge of the other. The first of
these is expressed at the Earth's surface by movement
along major transcurrent faults, such as the San Andreas
fault. The second type of movement is shown by the
formation of oceanic ridges, (see Figs. 1.16 and 1.18). The
third kind of movement is expressed by the deep ocean
trenches (Fig. 1.19), where the edge of one plate has
moved downwards under the other and is dispersed in the
mantle, a process known as subduction. The main trenches
include the Aleutian trench, the Kuril-Japan-Marianas
trench, and the Philippines and Indonesian trenches
(Fig. 1.20).

A distinction must be made between continental plate
and oceanic plate. The former is capped by continental
crust, i.e. the continents 'ride' on the underlying plate. Six
of these major plates are distinguished, namely the North
and South American, Eurasian, African, Indo-Austral-
ian, and Pacific Plates (Fig. 1.17); there are many other
smaller plates whose movements are more difficult to
determine. Oceanic plate is covered by a thin oceanic
crust, mainly basaltic in composition and having a thin
covering of sediments (Fig. 1.18).

The term plate tectonics came to be used to denote the
processes involved in the movements and interactions of
the plates ('tectonic' is derived from Greek tekton, a
builder). Where two continental plates have converged,
with the formation of a belt of intercontinental fold-

Rising Convection
current

TOP OF UPPER MANTLE

Fig. 1.16 Concept of convection currents and its relation-
ship to continental drift.



mountains such as the Alpine-Himalayan orogenic belt
(p. 17), the term collision zone can be used.

The validity of plate tectonics theory received strong
support from precise seismic data collected through a
period of years by the world-wide seismic network that
was set up in the late 1950s. The data showed that the
zones in which most of the world's earthquakes occur are
very narrow and sharply defined, suggesting that most
recorded earthquakes (apart from minor tremors) result
from the movements of plates where they impinge on one
another. Thus seismic data can be used to map plate
boundaries.

The formation of new sea-floor at oceanic ridges, dis-
cussed earlier, involves the separation of continents and
thus an increase of the area of ocean floor. This increase
is balanced by the destruction of plate by subduction,
where oceanic crust is carried into the mantle and con-
sumed (compare Figs 1.19 and 1.20). It has been shown
that at a subduction zone, earthquakes are generated at
deep foci (more than 300 km below the surface) and are
related to inclined planes dipping at angles around 30° to
40° beneath the continental margin (Benioff, 1954). Such
planes intersect the ocean floor at the deep trenches bor-
dered by island arcs (Benioff zones, Fig. 1.20). Volcanic

CONT^At ABVSSAL PLAIN

co^r
Sea mount Small basins

with sediment

Moho

MANTLE

Transition between oceanic
and continental crust: possibly faulted

Mid-oceanic
volcano

LITHOSPHERE

ASTHENOSPHERE

Fig. 1.18 Generalized cross-section across the western Atlantic: based on Dewey and Bird (1970).

Japan Tr.

Marianas Tr.

New Hebrides Tr.

Fig. 1.17 Plate boundaries in the Earth's crust. P, Pacific Plate. A, North American Plate. SA. South American Plate.
Af, African Plate. E.Eurasian Plate. I-A, Indo-Australian Plate. Aa. Antarctica. Ph, Philippine. Ca. Caribbean. N. Nazca.
C, Cocos. Ab. Arabian. (After Oxburgh, 1974. with modifications.) The plate boundaries largely coincide with zones of seismic
and volcanic activity (Fig. 1.4). Oceanic ridges shown by double lines, transcurrent faults by single lines. A A A = zones of
subduction.

OCEANIC
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Fig. 1.19 Diagrammatic section through an ocean trench
and its relation to subduction of an oceanic plate.

activity is also associated with the island arcs in these
zones, as in the Kurile Islands; and the volcanoes of
Sumatra and Java which border the deep Indonesian
trench on its north side.

An additional hypothesis to that given above is held by
a relatively small group of geologists, who accept that the
Earth is also slowly expanding and its surface area in-
creasing; the separation of continents by the growth of
new oceans need not, therefore, be entirely compensated
by the destruction of crust by subduction, if expansion is
allowed for.

Is the Earth expanding? Evidence of several kinds has
been put forward since the 1930s to suggest that, during
geological time, the Earth has expanded from an origin-
ally small size. One line of evidence derives from studies
of maps showing the distribution of land and sea in earlier
geological periods (palaeogeographical maps); the maps
show that the extent of water-covered continental areas
in the past was greater than their present areas. From
these studies it was estimated that the Earth's radius has
increased by about 141 km in the last 600 million years,
since the early Cambrian; that is, by 2.7 per cent, or a rate
of 0.24 mm per year. If this rate of expansion has gone on
during the much longer time since the formation and

initial cooling of the planet, some 4500 my, the total ex-
pansion would amount to about 20 per cent. Another
approach takes account of astronomical evidence for the
slowly increasing length of the day (as recorded in the
growth rings of plants and corals now preserved as fos-
sils), calcuated at 2 seconds in 100 000 years. After allow-
ing for the effect of tidal friction at the Earth's surface,
the lengthening of the day could be explained by an
increase in the radius of the Earth of the same order of
magnitude as above, with a consequent slower rate of
rotation. Further evidence comes from palaeomagnetism.
The magnetic field of minerals should be aligned to that
of the Earth at their time of formation, and when cor-
rected for movements resulting from continental drift,
should all point to the existing poles. But they do not and
there appears to be a consistent difference that can be
explained if the polar radius increases with time, i.e. if the
Earth has expanded.

Earth age and origin

The Earth and other members of the Solar System are
believed to have been formed about 4600 million years
ago by condensation from a flattened rotating cloud of
gas and dust. This contracted slowly, giving rise to the
primitive Sun at its centre - a new star - surrounded by a
mass of cosmic gases in which local condensations gener-
ated the planets. They, and other bodies such as the
asteroids and meteorites, all revolve in the same direction
in orbits around the Sun. The cold primitive Earth be-
came gradually heated as its interior was compressed by
the increasing weight of accumulated matter and by the
decay of natural radioactive materials. Heat was pro-
duced more quickly than it could escape from the com-
pressed mass, resulting in the melting of some consti-
tuents and heavier matter being drawn by gravity towards
the Earth's centre. The planet thus gradually acquired a
core, surrounded by a mantle of less dense material, and
an outer crust.
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Fig. 1.20 Generalized cross-section across Japan: based on Miyashiro (1970). IA= Island arc of volcanoes. Note: sediments
of the Shikoku Shelf are accreted as a wedge against the continental crust of the Eurasian Plate by the movement of the
Pacific Plate. (See Fig. 1.17 for the location of similar trenches.)
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The oldest rocks so far discovered are dated at about
3900 million years, and as rock samples from the moon
range in age from 4400 to 3200 million years, it is probable
that a primitive crust formed on Earth about 4400 to
4500 million years ago. Stony meteorites (chondrites)
which have fallen on the present surface of the Earth also
give ages of the same order. These results together suggest
an age of 4600 million years for the Earth and its moon.

The primitive crust was probably basaltic, and was
cracked and re-melted, with the separation of lighter
(granitic) fluids, which accumulated and eventually con-
tributed to the material of the continents. As the Earth's
surface continued to cool, water began to collect on the
surface to form the embryo oceans. The atmosphere that
we know was formed much later, perhaps within the last
1000 million years, when plant life had become estab-
lished and contributed oxygen to the volcanic emanations
of an earlier stage.

Modern estimates of the ages of rocks are based on
determinations made on radioactive minerals contained
in the rocks. Before these radiometric methods were de-
veloped, earlier estimates of age had been made from data
such as the amount of salt in the oceans and its estimated
rate of accumulation. These gave results that were too
low because of innacurate assumptions. The discovery of
radioactivity was made by Pierre and Marie Curie, who
in 1898 first isolated compounds of radium. This element
is found, together with uranium, in the mineral pitch-
blende, a nearly black pitch-like substance occurring in
certain igneous rocks and veins. Uranium during its life-
time undergoes a transformation into an isotope of lead,
and radium is formed at one stage in the process. The rate
at which this radioactive change takes place is constant.
Similarly the element thorium undergoes a transforma-
tion into another isotope of lead. The known rates of
these changes together with determinations of the
amounts of uranium and thorium in a pitchblende, and
of the lead content of the mineral, give data for calculat-
ing its age, i.e. the length of time that has elapsed during
the formation of the lead.

Radioactive transformations that are used for the cal-
culation of age also include potassium into argon, parti-
cularly useful for dating igneous rocks (because potas-
sium is a constitutent of many feldspars found in the
rocks); and rubidium into strontium, for metamorphic
rocks. The greatest terrestrial age so far determined is
about 3900 million years, for a mineral in a rock from the
ancient Precambrian group.

For much smaller ages, the radioactive isotope of
carbon (C14), which becomes converted into nitrogen
(N14), is used for dating materials such as wood and plant
remains that are enclosed in deposits younger than about
70,000 years.

Fig. 1.21 Geological time (after Harland eta/., 1982: see
text).

The large geological groups into which rocks are div-
ided according to their age are as shown in Fig. 1.21. This
has been drawn to emphasize the importance of the last
ten-thousandth part of geological time to engineering in
rock and soil. The mechanical character of most geolog-
ical materials in which engineering is conducted will have
been affected by this portion of geological history which
should always be studied for every site. The great majority
of rocks that are present at or near ground level formed
during the last one-eighth of geological time. Approxi-
mately seven-eighths of geological history is described as
Precambrian and is poorly known.
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2
Geological History

Of the three broad rock groups described in Chapter 1,
igneous, sedimentary and metamorphic, it is with the
sedimentary rocks that the principles used to study the
history of the Earth can be demonstrated most clearly.
Sedimentary rocks were deposited in layers, the youngest
being at the top. They contain the remains of organisms,
i.e. fossils, which represent the life of past geological times
and permit the age of the sediment to be defined. Each
layer of a sedimentary rock represents a particular event
in geological time and the sequence of layers in a pile of
sediments thus records a series of events in geological
history.

James Hutton in his Theory of the Earth (1795), stated
an important principle which he called uniformitarianism.
The principle states that events recorded in the rocks can
be understood by reference to the present day activities
of geological agents. Thus sedimentary deposits were
formed in the past by the action of running water, wind
and waves in the same ways as they are at present. Put
briefly, 'the present is the key to the past'. Hutton can
properly be regarded as the founder of modern geology.

At about this time Fuchsel had shown that in the
coal-bearing sedimentary rocks of Thuringia (central
Germany) particular fossils were characteristic of certain
layers: he introduced the term stratum for a layer of
sedimentary rock. Cuvier and Brogniart, early in the
nineteenth century, examined the sediments of the Paris
Basin and worked out the order in which successive de-

posits there were laid down. In England, William Smith
(1769-1839) noted that layers of rock could be traced
across country, and he described them as resembling
'superimposed layers of bread and butter'. He also noted
that 'the same strata are always found in the same order
of superposition, and contain the same peculiar fossils'.

Order of superposition implies that in an undisturbed
series of beds, the stratum at the bottom of the series is
the oldest (i.e. the earliest formed) and successively
younger beds lie upon it. The idea of a. succession of strata
was thus developed.

Following the idea of superposition, which was easily
observed in undisturbed horizontal strata, it was neces-
sary to be able to determine the 'way-up' of a sequence of
beds when they were steeply inclined as a result of folding
or overturning. Various tests that can be applied include
observations of internal structures formed during the de-
position of the sediments (Fig. 2.1).

(0 Current-bedding where the tops of beds are truncated
by younger beds,

(ii) Graded-bedding where grains of different sizes have
settled at different velocities, coarse grains being at
the bottom grading to finer grains at the top.

(Hi) Included fragments where inclusions of rock (such as
pebbles) have been derived from an older formation.

(iv) Fossils which indicate the relative age of strata in
which they are found.

SEDIMENTARY STRUCTURE

Bottom
Coarse

Fine

Bottom

Fig. 2.1 Sedimentary structure. Indications of 'way-up' from small scale structures preserved in sediments:
(a) current-bedding in a sandstone; heavy lines are erosion surfaces which truncate the current-bedded layers (dotted); the
latter are asymptotic to the surface on which they rest (see also Fig.3.19). (b) Graded bedding (see text). Note, the grains that
constitute a sediment must be derived from rock that is older than the sediment the grains are forming.



Table 2.1 The stratigraphical column showing the divisions of qeoloqical time and the aqe of certain events.

NOTES

^ At least 3 major glaciations
I in N. Hemisphere and
[ changes in sea level from
J 4-10 m to -100 m

-^- First record of hominids
^- Red Sea opens

Australia separates
•M—from Antarctica
^- Primates appear

S. Atlantic opens.
^- Indian & southern

oceans open
^—C. Atlantic opens.

Gondwanaland
separates

>! also development in the
I southern hemisphere of

J the Samfrau fold belt.
First appearance of
exoskeletal tissue

1 Diamonds, Sn, Cu, NaCI
J (first appearances)

-^- Oxygenic atmosphere
established, Fe ores

-^- Great Dyke, Zimbabwe

Concentration of
dispersed elements

I to form
/metalliferous
I accumulations Cr,
I Au, U, Pt

Origin of the Earth

MOUNTAIN BUILDING
(Orogenies)

(EUROPE) (N.AMERICA)

DURATION
and/4G£

(106 years)

EPOCH
(here given only for
the CENOZOIC ERA)

PERIODERAEON

I Coast
I /LJ- \ Ranges(Himalayan) ,

PRESENT
0.01
1.99 2

Holocene
(last 10,000 yrs)
Pleistocene

Quaternary

Britain emerges

I I
23

25
Pliocene
Miocene

1 I

Alpine ' Laramide

40
65

Oligocene
Eocene
Paleocene

(Neogene)

Tertiary

(Paleogene)

CENOZOIC
( ='recent

life')

Nevadan
I I

I

79 144
69 213
35 248

I Hercynian Appalachian

^ 1 , . Acadian
Caledonian

Taconian

Assyntic

38 286
74 360
48 408

30 438
67 505
85 590

Each of these
= Periods is divided =

I into numerous
> Epochs which can

be recognized
.throughout the
world.

/

Cretaceous
Jurassic
Triassic

MESOZOIC
( = 'middle

life')

Permian
Carboniferous
Devonian

Silurian
Ordovician
Cambrian

PALAEOZOIC
( ='ancient

life')

^ 2000 First stable
crustal plates

I Numerous
\ orogenies probably
I not involving plate

tectonics prior to
the development of
stable crustal plates

/

1910 -2500

>2100

4600

\ Many Precambrian
rocks are severely
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The stratigraphical column

The sequence of rocks which has formed during geologi-
cal time is represented by the stratigraphical column,
which lists the rocks in their order of age: the oldest rocks
are at the base of the column and the youngest at the top
(see Table 2.1). The rocks are grouped into Periods many
of which are named after the areas where they were first
studied in Britain; thus the Cambrian (after Cambria,
Wales), the Ordovician and Silurian (after the territory of
the Ordovices, and the Silures, both ancient tribes of
Wales). Others are named from some characteristic part
of their content; thus the Carboniferous refers to the
coal-bearing rocks, and Cretaceous to those which in-
clude the chalk (Latin creta). The Permian was named
after Perm in Russia and the Jurassic after the Jura
Mountains in Switzerland.

From radiometric dating the absolute ages of many
rocks has been found (see column 5 of Table 2.1).

Breaks in the sequence

In many places one series of strata is seen to lie upon an
older series with a surface of separation between them.
Junctions of this kind are called unconformities, some are
of local extent, others extend over large areas. The older
strata were originally deposited in horizontal layers but

often they are now seen to be tilted and covered by beds
that lie across them (Fig. 2.2). The upper beds are said to
be unconformable on the lower, and there is often a
discordance in dip between the younger and older strata.
The unconformity represents an interval of time when
deposition ceased and denudation took place during an
uplift of the area. This sequence of events therefore re-
cords a regression of the sea prior to uplift and erosion,
and the later transgression of the sea over the eroded land
surface.

Fold-mountain belts

Mountain building has taken place at intervals through-
out geological time and the major periods of mountain
building are shown in Table 2.1, column 6. The term
orogeny is used for this mountain building activity (Greek
oros, a mountain). In the fold belts the rocks are now
seen, after denudation, to have been thrown into complex
folds. They are zones of instability in the crust, or
mobile-belts. The parts of continents adjacent to them are
relatively stable areas but subject to vertical or epeirogenic

EPEIROGENIC
MOVEMENT

OROGENIC MOVEMENT

Shelf sea
Geosynclinal troughs

CONTINENTAL
PLATE

OCEANIC
PLATE

MOUNTAIN RANGE Post orogenic
sediments

FORELAND

Fig. 2.3 An example of the relationship between epeiric
seas, geosynclines and plate tectonics. IA= Island Arc;
R = remnant of oceanic plate; T = thrust. Large arrows repre-
sent the directions of movement.

movements (Greek epeiros, a continent). Epeirogenic and
orogenic movements are related to changes in the relative
positions of plates of the lithosphere: Fig. 2.3 illustrates
an example of this relationship.

Geosyncline
A geosyncline is a large, elongate trough of subsidence.
On the subsiding floor of the trough marine sediments are
deposited over a long period, in relatively shallow water,
as the down warping of the trough proceeds. Later, much
coarser sediment derived by rapid weathering of nearby
land areas is poured into the trough. Volcanic activity
adds igneous material to the accumulation in the trough
and the basement is dragged down into hotter depths. In
these ways thousands of metres of sediment is concen-
trated into a comparatively narrow stretch of the crust.

Fig. 2.2 Unconformity between horizontal Carboniferous
Limestone and steeply dipping Silurian flagstones, Horton-
in-Ribblesdale, Yorkshire.



Fig. 2.4 Diagrammatic illustration of mountain building re-
sulting from the collision of continental plates. Rocks at depth
are metamorphosed (MET) and may be partially converted to
rising igneous material (IG).

and heaved up to form a range of mountains on the site
of the earlier trough. This process is illustrated in Figs 2.3
and 2.4.

Precambrian

The ancient rock assemblage of the Precambrian repre-
sents some 3600 million years of the Earth's history and
comprises ail rocks that are older than the Cambrian. To
illustrate the immense duration of Precambrian time - if
the Earth's age is called 1 hour then the Precambrian
would occupy 52 minutes and all other geological periods
the remaining 8 minutes.

The Precambrian rocks are largely igneous and meta-
morphic but also include virtually undisturbed sedimen-
tary deposits which lie in places upon older much altered

rocks. Within these sediments can be seen sedimentary
structures similar to those formed in present day deposits
(Fig. 2.1): they offer convincing evidence for belief in the
concept of uniformitarianism. Some of the sediments
found in Canada, Norway, South Africa and Australia,
are glacial deposits and demonstrate that glacial condi-
tions developed more than once in Precambrian times. In
Finland, for example, varved clays (p. 57), now meta-
morphosed, have been preserved; they were deposited
2800 my ago in a glacial lake of that time.

Many of the metamorphic gneisses were formed at
depth below the surface under conditions of high tem-
perature and pressure (discussed in Chapter 7), and are
now seen in areas where uplift and erosion have exposed
rocks that were once deeply buried. They are penetrated
by intrusions of igneous material such as granites, contain
mixtures of igneous and sedimentary material (migma-
tites, q.v.), and are frequently traversed by zones in which
the rocks are severely deformed.

The large continental areas where Precambrian rocks
are close to the present-day surface are called shields and
are old, stable parts of the present continents that have
not been subjected to orogenic folding since the end of
Precambrian times. In places undisturbed Cambrian
strata lie on their margins and give evidence of their
relative age. The location of Precambrian shields is shown
in Fig. 2.5.

Valuable economic deposits are found in Precambrian
rocks, including the great magnetite ore bodies of Kuruna
and Gellivare in north Sweden, and the important iron
ores of the Great Lakes area of Canada and the nickel
ores of Sudbury. The bulk of the world's metalliferous
ores - iron, copper, nickel, gold and silver - come from
the Precambrian. Diamonds are mined from the Precam-
brian at Kimberley, South Africa, and in Brazil.

Precambrian of N.W. Scotland (see British
Isles map p. 27)
Many of the features which are characteristic of Precam-

Fig. 2.5 Precambrian shield areas of
the world; rocks exposed at the surface
are shown in black; platform areas where
the Precambrian is covered to a shallow
depth by unfolded sediments, stippled.

Scandinavian
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Canadian
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Finally, the contents of the geosyncline are crumpled and
broken by thrusts as the sides begin to move together,
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brian rocks can be seen in rocks of that age in Scotland:
these are shown in Fig. 2.6. The oldest, called Lewisian
after the Hebridean island of Lewis which is composed of
these rocks, are 3000 to 1700 my old, have been deformed
by at least two periods of mountain building and consist
of metamorphic rocks cut by igneous intrusions (dykes).
They have been eroded and overlain unconformably by
the Torridonian series, named from the type locality for
these rocks, i.e. Loch Torridon, which consist of brown
sandstones with subordinate shales. Boulder beds at the

tant member (see map on p. 29), have driven slices of
Precambrian rock over younger Cambrian strata; Fig.
2.6a. These movements were associated with orogenic
deformation which occurred 150 my later and built the
great range of ancient mountains called the Caledonides.

Careful study of the Precambrian rocks in Scotland has
shown that they are closely related to rocks of similar age
in the Appalachians, Newfoundland, and Greenland. It
is believed these areas were joined as one continent at
some time during the Precambrian, although the present

WNW

Loch
Glencoul

ESE

Torridonian Cambrian

WNW

Dykes

ESE

Precambriai

Ullapool

Fig. 2.6 The Precambrian of N.W. Scotland (Glencoul) (a) Precambrian thrust (T and T') over Cambrian that is unconform-
able on Precambrian. (b) Cambrian unconformable on Precambrian Torridonian, itself unconformable on Precambrian Lewi-
sian. Two types of unconformity are shown: the old land surface at the base of the Torridonian, and the tilted plane of marine
denudation on which the Cambrian rests, (c) Map of location.

Cambrian
Beinn Aird da Loch

Precambrian

Loch
Glencoul

Canisp

Fig. 2.7 Eroded surface
in Lewisian gneisses, Suth-
erland; in distance a Torri-
don Sandstone hill, Suil-
ven, rising above the
Lewisian floor. Ice from the
Pleistocene glaciation has
eroded along belts of
weaker rock more deeply
than in stronger rock giving
the Precambrian land sur-
face that was exposed to
Pleistocene glaciers a to-
pography of ridges and
troughs. T=Torridonian.
(Air photograph by Aero-
films Ltd.)

base of the formation fill hollows in the Precambrian
topography of the Lewisian land surface (Fig. 2.7). The
Torridonian sediments are 800 my old and are themselves
overlain unconformably by sediments containing fossils
of Cambrian age. Another group the Moinian, are upper
Precambrian granulites and schists (metamorphosed
sediments) which occupy a large area east of the Moine
Thrust-zone (Fig. 2.18).

Large thrusts, of which the Moine thrust is an impor-

location of the shields which contain these remnants (Fig.
2.5) does not represent their original location.

Phanerozoic

The last 13 percent of geological history is represented by
the Phanerozoic (Table 2.1) and is distinguished by the
development of life. The remains of organisms which

Precambnan land surface at
base of Torridonian. (T)



lived when the sediments containing them were formed,
are called fossils (p. 19) and the history of Earth life has
been deduced from studies of the fossil record (Table 2.2).

Older Palaeozoic

Three geological periods, the Cambrian, Ordovician and
Silurian make up the Older Palaeozoic rocks, and to-
gether cover a span of some 182 my (Table 2.1). They
record a long period of marine sedimentation in the
oceans between the continents of Precambrian rock and
in the shelf seas along their margins.

The number of continents then on the surface of the
Earth is not known but four, or more, are believed to
have existed, each separated by oceans. One comprised
the shield of N. America and Greenland; another the
shields of Scandinavia and the Baltic; and a third the
shields of Russia and Asia, and a fourth, the shields of S.
America, Africa, Antarctica, India and Australasia.

Movement of the oceanic plates against these conti-
nents and collisions between the continents, as illustrated
in Figs 2.3 and 2.4, produced three extensive mountain
ranges. Along the edge of the continent formed by the S.
American, African, Antarctic, and Australasian plates
was raised the Samfrau fold belt, remnants of which can
be found extending from N.E. Australia to Tasmania, in
the Ellsworth Mountains of Antarctica, in the Cape Fold
Belt (Figs 1.10 and 1.12) and the Sierra de Ia Vantana of
Buenos Aires. The Baltic and Russian shields collided
along the line now occupied by the Urals which is believed
to have extended into the Franklin range of N. America.

Between N. America and Scandinavia were formed the
Caledonides, an ancient range like the others, whose rem-
nants are now found in Scandinavia, the northern part of
the British Isles, Newfoundland and the Appalachians.
The rocks of the Caledonides were formed in seas at the
margins of these converging continents and their strati-
graphy records the events of this collision, the period of
associated deformation being the Caledonian orogeny.
This is described later, because it is an example of moun-
tain building.

Older Palaeozoic fossils
Many forms of life existed and the remains of those that
had hard skeletons can be found in profusion: a selection
is illustrated in Fig. 2.8.

Table 2.2 Development of Phanerozoic life. Ages in 106

years

QUATERNARY

TERTIARY

CRETACEOUS

JURASSIC

TRIASSIC

PERMIAN

CARBON-
IFEROUS

DEVONIAN

SILURIAN

ORDOVICIAN

CAMBRIAN

PRECAMBRIAN

Homo sapiens
Rodents
Horses
Primates
Last dinosaurs
Last ammonites

Grasses

Flowering
plants

Globigerina
Early mammals and
birds
Lasttrilobites

Winged insects
Early reptiles
Last graptolites

Early trees

Land plants

Ammonites

Jawed fish

Early fish

Graptolites
Molluscs, brachiopods,
trilobites, echinoderms,
ostracods and corals

Worms
Sponges, algae,
fungi
Bacteria

TRILOBITES
GRAPTOLITES

BRACHIOPODS

Fig. 2.8 Older Palaeozoic fossils (approximately half life size). Trilobites: (a) Olenus (Cam); (b) Ogygia (Ord); (c) Trinucleus
(SiI); (d) Dalmanites (SiI). Brachiopods: (e) Lingula (Cam); ( f ) Orthis (Cam); (g) Atrypa (SiI); (h) Leptaena (SiI). Grapto-
lites: (i) Dictyonema (Cam); (j) Didymograptus (Ord); (k) Diplograptus (Ord); (I) Monograptus (SiI).



Trilobites lived in the mud of the sea floor and had a
segmented outer skeleton consisting of a head, thorax
and tail: it was made of a horny substance and divided
parallel to its length into three lobes (hence the name).

Brachiopods had a bivalve shell, the two parts being
hinged together to form a chamber in which the animal
lived. The shells of some early brachiopods (e.g. Lingula,
Fig. 2.Se) were of horny material but as the concentration
of calcium and CO2 in the seas increased, shells OfCaCO3

were formed.
Graptolites were small floating organisms comprising

colonies of simple hydrozoa which occupied minute cups
attached to a stem, the whole resembling a quill pen
(hence named from graphein, to write). Because grapto-
lites could float, their distribution over the seas was much
greater than that of trilobites and brachiopods whose
dwelling on the sea floor restricted them to the shelf seas
around the continents.

Caledonides

The American and Scandinavian continental areas can be
visualized as the left and right continents respectively in
Fig. 2.4. Fossils from the shelf sea deposits that fringed

aeozoic the fossil faunas of England and Wales became
more closely related to those in America. From this it is
concluded that subduction had narrowed the ocean suf-
ficiently for its deeps to be filled with sediment and to no
longer provide a barrier to the migration of animals on
the sea floor.

The sediments reflect this closure. Shallow water Cam-
brian sediments formed during the inundation of the
continental margins, are overlain by considerable thick-
nesses of deep sea Ordovician sediments that had been
scraped off the oceanic plate as it descends beneath the
leading edge of the continent (cf. Figs 2.3 and 2.4); much
volcanic material is included within them. The Silurian
sediments are characteristically shallow water deposits
formed when the constricted ocean was almost full of
sediment.

Intense mountain building movements began towards
the end of the Silurian period and the sediments which
had accumulated in the geosyncline between the conti-
nents were ridged up into a mountain range, the denuded
remnants of which are now seen in the Appalachians,
Ireland, Scotland, Wales and Norway. Sediments were
thrust over the continents on either side (cf. Fig. 2.3) and
the Moine and Glencoul thrusts (Figs 2.6, 2.18) are two
of many such surfaces: similar thrusts are found in New-
foundland. Others facing in the opposite direction exist
in S. W. Sweden. Compression of the sediments created in
many a slaty cleavage (p. 133) and the fine grained deep
sea deposits so affected were converted into the familiar
slate used for roofing. The orogeny continued into the
Devonian.

Rising from the root of the mountain range were gran-
itic and other igneous intrusions which became emplaced
within the fold belt: they include the large granite and
granodiorite masses of the Central Highlands of Scot-
land. The metamorphism which occurred in the root of
the Scottish mountains is shown in Fig. 7.6. Similar intru-
sions and metamorphism occurred along the length of the
mountain range.

To the north of the Caledonides lay the continent of
Laurasia, i.e. the shields of N. America (or Laurentia),
Greenland, Scandinavia, Baltic, Russia and part of Asia.
South of the Caledonides an extensive plane sloped down
to the ocean which separated Laurasia from the southern
continent of Gondwana. This was centred over the south-
ern pole and contained the shields of S. America, Africa,
Antarctica, India (from whence the name Gondwana
came) and Australasia.

Newer Palaeozoic

Rocks of three periods, the Devonian, Carboniferous and
Permian make up the Newer Palaeozoic and represent
some 160 my of geological time. They record the gradual
northerly drift of Gondwana and its collision with Laur-
asia to produce the Hercynian fold belt of N. America
and Europe.

In Laurasia the great mountain chains were being de-
nuded and their debris spread across the continent during

Fig. 2.9 Older Palaeozoic coral (Halysites) from Silurian.
Many other coral types flourished at this time.

them tell us that the continents were situated in the tropics
(for example, they contain coral, Fig. 2.9), were drifting
northwards, the southern (Scandinavian) more quickly
than the northern (American), and converging. The Older
Palaeozoic sediments of N.W. Europe and the N.E.
America accumulated in the intervening ocean.

The fossils from the shelf sea sediments deposited in
Scotland and N. America are similar and demonstrate
that these two areas were located on the northern margin
of the ocean. They differ from the fossils in England and
Wales which were located on the southern margin of the
ocean. The deep oceanic waters between the two conti-
nents acted as a barrier to life forms that inhabited the
shallower shelf seas. Only the graptolites could cross the
ocean, making them excellent fossils for providing strati-
graphic correlation. Towards the end of the Older Pal-



the Devonian to form continental sediments of land fa-
des. The southern part of the continent lay in the tropics
and large areas of the continent were desert. Much debris
was spread by sudden flash floods from the mountains
and collected into deposits of coarse red sands and brec-
cias along the foot of the mountain slopes. Finer material
was laid down in lakes and deltas. These deposits are
often referred to as the Old Red Sandstone. At the mar-
gins of the continent marine deposits were accumulated,
often as shales and sandstones. Sedimentation continued
for about 50 my but then the southern edge of Laurasia
began to sink and a marine transgression covered the
land. This marked the beginning of the Carboniferous,
the period during which the coal basins of N. America
and Europe were formed.

This transgression is believed to represent downwarp-
ing of a continental margin, caused by subduction of an
oceanic plate beneath it. With reference to Fig. 2.4, the
left continent can be visualized as Laurasia and the right
as Gondwana, which was moving north. Sediments ac-
cumulated in a series of trenches that extended from the
Baltic to the Appalachians. To their north existed a shal-
low shelf sea (as in Fig. 2.3) in which thick deposits of
limestone were formed (e.g. the Carboniferous Limestone
of the British Isles). Further north large deltas were flood-
ing across the shelf bringing coarse sand and grit from the
denudation of the Caledonian mountains inland (the
Millstone Grit is such a deposit). On these deltas de-
veloped and flourished the swamps which supported

dense growths of vegetation that later were compressed
under the weight of overlying sediment to become coal,
so forming the Coal Measures. These basic divisions are
shown in Table 2.3.

Throughout this time Gondwana had drifted north-
wards and by the end of the Carboniferous the ocean
separating them had almost disappeared: mountain
building had commenced and the period of deformation
that followed is called the Hercynian orogeny.

With this Laurasia and Gondwana were joined to form
one huge continent called Pangaea (all lands), which
marked the end of the Newer Palaeozoic and the Palaeo-
zoic Era (Table 2.1). In the south Gondwana was under
the ice of the Gondwana glaciation (Fig. 1.12) as record-
ded by the Dwyka Conglomerate (a tillite q.v). Farther
north, in the tropics, were accumulating the red desert
sands of the Permian, derived from denudation of the
Hercynian Mountains. They are similar to those deposits
formed during the Devonian and are called the New Red
Sandstone (Fig. 3.36). Extensive and thick deposits of
saline sediment and salt formed in the tropical gulfs and
embayments of the continent. These saline conditions did
not permit aquatic life to flourish and many species be-
came extinct. Around the margins of the continent be-
tween latitudes in which temperate climate existed, there
accumulated sequences of more normal marine sedi-
ments. Those now in the Russian province of Perm pro-
vide the standard marine sequence for the period, which
is named after the province.

Table 2.3 Basic divisions and global correlation of Carboniferous strata. Ages in millions of years
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Newer Palaeozoic fossils
A selection of Newer Palaeozoic forms is illustrated in
Fig. 2.10. Fish, which appeared in the Older Palaeozoic
(Table 2.2) are abundant in the Old Red Sandstone and
have continued their line to the present day. Brachiopods
continued to prefer the shelf seas and occur in abundance
in the Carboniferous Limestone. Corals also developed in
these seas and could grow as solitary forms (b), but many
grew in colonies (c) and built reefs. Their presence permits
us to assume that the Carboniferous shelf seas were clear,
warm and shallow, resembling those in the south Pacific
at the present day. Remains of ancient coral reefs occur
as mounds in some limestones, known as reef-knolls or
bioherms. As the reef is porous it can become a reservoir

for oil and gas which may subsequently enter it. Crinoids
(d) had a calcareous cup that enclosed the body of the
animal, with arms rising from it: the cup was supported
on a long stem made of disc-like ossicles. Cephalopods
had a shell coiled in a flat spiral and divided into chambers
by partitions at intervals around the spiral (c/. the modern
Nautilus). The goniatites (e) are an important group and
used as zone fossils in the Coal Measures; particular
species permitting correlations to be made between coal
seams in different coalfields. The remains of plants such
as Lepidodendron (h) are preserved in some coals together
with pollens and spore cases. All manner of insects and
reptiles also developed.

Fig. 2.11 Probable geography
of north-west Europe in Coal
Measure times (after L.J. Wills
and D.V. Ager, 1 975). Present day
coalfields shown in black, under-
ground extensions dotted; they lie
to the north of the Hercynian
mountain front.

CORALS CRINOID GONIATITE BRACHIOPODS PLANT

Fig. 2.10 Newer Palaeozoic fossils (not shown to scale). Fish: (a) Thursius (Devonian); Corals: (b) Dibunophyllum.
(c) Lithostrotion (both Carboniferous); Crinoid (d), Goniatite (e) (both Carboniferous); Brachiopods: (f and g): Productus
(Carboniferous and Permian); Plant: (h) Lepidodendron (Carboniferous: Coal Measures).
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The Hercynian orogeny

The map shown in Fig. 2.11 illustrates a reconstruction
of part of the Hercynian geosyncline as it may have
appeared in Coal Measure times. From the account of its
development given earlier, it will be realized that the
rising mountain chain was located between Gondwana to
the south and Laurasia to the north. Coal forest swamps
covered the deltas.

From time to time submergency of the swamps took
place and the growth of vegetation was buried by incom-
ing sand and mud; the swamp forest then grew again at a
higher level. This was repeated many times during oscil-
lations of level to produce a series of sandstones and
shales with coal seams at intervals. Beneath each coal
seam a layer of fire-clay or ganister (q.v.) represents the
ancient seat-earth in which the vegetation grew (see also
Fig. 6.18). In some shales above the coal seams marine
fossils are present; such layers are called marine bands and
show that subsidence had been rapid enough to drown
the forest growth temporarily beneath the sea.

The oscillations which produced the repeated
sequences of coal and marine bands have been attributed
to sudden movements of the continental edge, each period
of subsidence recording a small down warping of the crust
as the leading edge of the continent buckled under the
lateral forces of the orogeny.

To the south lay the main trough of the geosyncline
where thick deposits of marine sediment accumulated, to
be raised up as the Hercynian mountain chain (named
after the Harz Mountains of Germany). The coal basins
to the north were folded less severely. This mountain
chain lay to the south of the Caledonides and extended
from Romania into Poland, Germany and France. It
continued into the southern part of the British Isles and
the Appalachians, and in these areas it overprints its
structure upon the earlier structures of the Caledonian
orogeny.

Granites were intruded into the root of the mountain
chain, those of S.W. England, Brittany and Saxony being
examples. Further north basic igneous rocks were in-
truded at higher levels in the crust forming sills and dykes
of dolerite: the Whin Sill, which underlies much of north-
ern England, is of this age. Igenous activity reached the
surface in Scotland where many volcanoes were pouring
forth basalt lavas and ash in the Midland Valley of Scot-
land, including the basalts of Arthur's Seat in Edinburgh.

The orogeny also created extensive deposits of valuable
minerals and veins of lead, zinc, copper and massive
sulphide deposits are located along the fold belt.

Mesozoic

The Triassic, Jurassic and Cretaceous periods comprise
Mesozoic era and account for approximately 183 my of
geological history. The era begins with a single continent
and ends with it divided from north to south, its two parts
separated by the oceanic ridge of the embryo Atlantic,
and drifting apart to east and to west.

Initially, conditions were similar to those in the Per-
mian. In many places the continental deposits of the
Triassic are indistinguishable from those of the Permian
and are collectively called Permo-Trias. As the continen-
tal uplands were eroded the sandy and pebbly deposits
derived from them flooded across the adjacent lowlands.
From time to time salt lakes were formed. These condi-
tions existed across Laurasia, from Arizona to New York,
Spain to Bulgaria and on into China. Much of Gondwana
was also being buried under continental deposits. In S.
Africa, coal forests were flourishing and demonstrate that
the northerly drift of Gondwana had carried S. Africa
away from the glaciers of the S. Pole and towards the
tropics.

Other movements, of considerable extent, must have
also been occurring, for along the entire western edge of
the continent there developed the fold belt of the Cordil-
lera, stretching 10000 km from Alaska to New Zealand.
The eastern side extended in two wings of land as if
shaped similar to the letter C. To the north were the
shields of eastern Russia and Asia, and to the south the
shields of Africa, India, and Australia (see Fig. 2.12).
Between them lay the ocean called Tethys in which was
gathered the sediments that were to be folded by the
Alpine orogeny to form the Alps and Himalayas. These
eastern wings began to close like a nut-cracker as the
shields of Gondwana continued their northerly drift.

In Europe a shallow sea advanced slowly across south-
ern Laurasia depositing a thin sequence of clays (the
Rhaetic); this marks the end of the Triassic. A shelf sea
developed in which were deposited the extensive Euro-
pean sequences of Jurassic limestones and clays. Laurasia
had started to split apart along an opening that was to
become the Atlantic. N. America began to separate from
Laurasia and move westward, and resulted in great thick-
nesses of marine sediment and volcanic rock becoming
condensed in an elongate trough which extends from
Alaska to Mexico. Conditions on this margin were similar
to those illustrated in Fig. 1.19. From this accumulation
the Sierra Nevada was later formed and into its folds
large bodies of granite were intruded: the continuation of
their line forms the Baja California.

These conditions continued into the Cretaceous and by
the Middle Cretaceous the Atlantic had fully opened,
with the Americas to the west and Europe and Africa to
the east. N. America continued its westward drift, and
this movement assisted the formation of a trough in which
the sediments of the Rocky Mountains were gathered, to
be raised as a mountain chain by a later stage in the
history of Coridilleran mountain building, called the Lar-
amide orogeny (Table 2.1). The western margin of S.
America was the site of similar activity. Active volcanism
extended along the length of the margin (Fig. 2.13) and
immense intrusions of granite began to invade the roots
of the Andes. Many of the conditions in western America
which developed during the Mesozoic, have continued to
the present day, the entire west coast being an area of
considerable instability (see Figs 1.4 and 1.17).

The end of the Mesozoic in Europe was heralded by a
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Fig. 2.12 Late Jurassic framework for
the Alpine orogeny (based on Smith,
Hurley and Briden. 1981; Ager, 1975;
Jenkyns, 1980). Ib, Iberia; Br, Britain; K-
S, Kazakhstan-Sinkiang.
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Fig. 2.13 Major volcanic centres of Late Mesozoic and Cenozoic age. (Position of continents is that of Late Jurassic:
150 my ago.)



great transgression of the sea over the land north of
Tethys, called the Cenomanian transgression. In this sea
was deposited a white limestone, the Chalk, over a wide
area of Europe. Even greater changes were to follow, as
the Alpine orogeny had commenced.

Mesozoic fossils
Some Jurassic and Cretaceous aquatic forms are shown
in Fig. 2.14. Among them, the Ammonites (a) had a coiled

basalt lava flows which covered a considerable area: these
are the fissure eruptions shown in Fig. 2.13. In the N.
Atlantic a big lava field was accumulated the relics of
which are seen today in Greenland, Iceland, the Faroes,
Antrim and the western islands of Scotland. In the S.
Atlantic fissure eruptions had created the basalts of the
Parana Basin, in Brazil, their continuation being found
in southern Africa (Fig. 2.13). Similar outpourings of
basalt lava also occurred at about this time in the Zam-

Fig. 2.14 Mesozoic fossils: x^ except (a). Ammonite: (a) Asteroceras (Jur), (b) A belemnite. Brachiopods: (c) Terebratula
(Cret). (d) Rhynchonella (Jur). Gastropod: (e) Paludina (Cret). Echinoids: ( f ) Clypeus (Jur), (g) Micraster (Cret). Lamelli-
branchs: (h) Pecten (Jur), (i) Trigonia (Jur), (j) Gryphaea (Jur).

planar shell; they are considered to have been one group
of the cephalopods. The Echinoids (J, g) or 'sea-urchins',
lived on the sea floor together with many forms of bra-
chiopod (two are shown, c, d) and lamellibranch (three
are shown, h, Uj). Gastropods (e), resembling the modern
snail, also developed many species.

The aquatic forms are commonly found as fossils in the
Mesozoic sediments, but in addition to them there is
ample fossil evidence to demonstrate that throughout the
Mesozoic there developed large reptiles including dina-
saurs, primitive birds such as Archaeopteryx. The earliest
mammals also appeared.

By the end of the Mesozoic the continents were sup-
porting modern types of deciduous trees, such as fig,
poplar and magnolia, many types of flowering plants and
grasses (Table 2.2).

Cenozoic

The Cenozoic Era takes in the last 65 my of geological
time and is divided into Tertiary and Quaternary periods,
with sub-divisions as shown in Table 2.1. Deposits of this
age are a common occurrence close to ground level, often
forming soils that cover, unconformably, harder and
older rock at depth.

During this era the continents drifted to their present
position. The Americas had already broken away from
Pangaea, their line of separation having been the site of
tension in the crust and fracture throughout the late Jur-
assic. From this zone had erupted great quantities of
basalt lava from depths in the crust, to form piles of

beze Basin of Africa and the Deccan of India (Fig. 2.13),
and indicate that the shields of India, Antarctica and
Australia were detaching themselves from Africa along
lines of tensile failure similar to that which developed in
the mid-Atlantic. These continents were now free to wan-
der in their separate ways and enabled India to commence
its remarkable journey north (Fig 2.15). Africa and Ara-
bia were also moving in that direction and the three

Tropic of Cancer

Present position

EQUATOR

JMDIAN OCEAN

Tropic of Capricorn

Fig. 2.15 Northward drift of India (based on Smith, Hurley
and Briden, 1981). Ages in millions of years.



continents combined to deform the sediments which had
accumulated in Tethys (Fig. 2.12). This compression of
the sediments was the culmination of the Alpine orogeny
and produced the Alps and the Himalayas.

Alpine orogeny

This is the most recent orogeny to affect Europe and
seismicity in the Mediterranean (Fig. 1.4) demonstrates
that it remains in progress. The lateral forces which com-

pressed the sediments in Tethys produced severe deforma-
tion of the crust along the arcuate fold belt of the Alps, as
shown in Fig. 2.16. This began in the mid-Cretaceous and
reached its climax in the Miocene. The greater part of
Europe was affected, with the formation of gentle folds
and basins in the north, and complex folding in the south.
Two vertical sections are shown in Fig. 2.17 to illustrate
this difference in the severity of deformation; their loca-
tion is shown on Fig. 2.16.

The Alpine fold belt continues east into Turkey, Iran,

Germany

France

PYRENEES

Iberia

Hungary

MEDITERRANEAN

Fig. 2.16 The Alpine fold-belts of
Europe; in the eastern chains the main
movements (arrows) began in the
middle Cretaceous while in the west
they were largely Tertiary (Eocene to
Miocene). Heavy black line is the su-
ture where much oceanic crust was
probably consumed. (Based on D.V.
Ager, 1 975, by permission.)

North of Tethys

Hitchin Highgate London Caterham Ashdown forest

SSE

Beachy head

Across Tethys

Lausanne

Lake of Geneva

MOLASSE-LAND PRE-ALPS
HIGH CALCAREOUS

ALPS

R. Rhone Matterhorn
Dent Blanche

Monte Rosa R.Sesia

THE PILE OF PENNID NAPPES DINARIDS

ROOT ZONE

Molasse

Mesozoic

Crystalline schists Granite
Crystallines

Fig. 2.17 Vertical sections illustrating folding of Alpine age. (a) Section across the London Basin and the Weald showing
the Palaeozoic floor beneath London. Length of section about 160 km; vertical scale exaggerated about 20 times. (1-3:
Tertiary): (1) Bagshot Sands; (2) London Clay; (3) Woolwich and Reading Beds and Thanet Sand. (4-8: Cretaceous):
(4) Chalk; (5) Gault and Upper Greensand (the latter is not continuous under London); (6) Lower Greensand; (7) Weald
Clay; (8) Hastings Sands; (9) Jurassic rocks.
(b) Section across the Alps from N.W.-S.E., distance about 140 km. The molasse (Oligocene sandstones and conglomerates)
is formed of debris eroded from the rising Alps and is overthrust by Mesozoic sediments (centre of section). The Pennid
Nappes contain big recumbent folds and are named after localities: Simplon <I—III), Great St Bernard (IV), Monte Rosa (V),
Dent Blanche (Vl). Much structural detail was elucidated from deep railway tunnels in the region. TL=Triassic 'lubricant'
(rock-salt); CC, crystalline core; SLE. schistes lustres envelope, surrounding the core.
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Afghanistan, Tibet and Nepal, and on to merge with folds
of similar age in Burma, Thailand, Sumatra and Java.
Many features of the fold belt are similar to those already
described for the Caledonian and Hercynian mountains,
for example, the overthrusting of folded sediments, the
metamorphism at depth and the intrusion of granite into
the roots of the mountain chain.

Orogenies in America
The orogenic movements that were located along the
entire length of the western margin of America and which
had started in the Mesozoic, were sustained during the
Cenozoic by the continued western drift of the American
plates. In N. America the deformation of sediments to
form the Rocky Mountains, i.e. the Laramide phase of
the orogeny, was virtually complete by the Oligocene
(Table 2.1). To their west were developing the Cascades
and Coast Ranges, and the San Andreas fault system. In
S. America the western Andes continued to develop along
the junction between the S. American plate and the

oceanic Nazca plate which had been sinking beneath it
by subduction. Much volcanism has accompanied the
building of this mountain range, which also contains
extensive intrusions of granite.

Quaternary

Quaternary deposits are more widespread than those for
any other period. Some are subaerial, e.g. the screes from
rock slopes and the laterites from tropical weathering of
ancient land surfaces; others are aquatic such as the sands
and gravels in river valleys, and beach and lagoon de-
posits on shore lines. Others may be volcanic, formed of
ash and lava and many will have been made by glacial
action. The deposits created during the Quaternary are
frequently so different from the harder, more solid rocks
they cover, that they are described as 'Drift'. The map of
Britain in Fig. 2.18, p. 27 shows the distribution of rocks
as they would appear when all Quaternary deposits had
been removed.

Table 2.4 Major glacial stages (in capitals) for Europe and N. America. Sea levels, with reference to metres above ( + ) or
below ( —) present sea level, are shown in circles

AGE
from
PRESENT

N.AMERICA
STAGES

EUROPE
N. EUROPE ALPS

Flandrian (Temperate)

WISCONSIN DEVENSIAN WURM-WEICHSELIAN

Sangomanian Ipswichian
(Temperate)

RISS-SAALE

RISS-WURM

WALSTONIAN

ILLINOIAN

MINDEL-RISS

Hoxnian (Cool)

MINDEL-EISTER
ANGLIAN

Yarmouthian
Supra —
Waltonian

GUNZ-MINDEL

KANSAN

Aftonian

NEBRASKAN
Waltonian

DONAU



Pleistocene glaciations
In the Pleistocene an increasingly cold climate became
established and large ice sheets developed over the polar
regions and adjacent lands. N. America, Greenland, N.
Europe and Russia were covered by ice, and many moun-
tain ranges such as the Alps, supported local ice-caps
(Fig. 2.19). The Antarctic was also covered by ice, of
which the present ice-cap is a dwindling relic.

The glaciation was not a continuous process but inter-
rupted by several interglacial episodes during which the
climate temporarily improved and the ice fronts retreated.
Table 2.4 lists the major glacial stages.

quantities of water from the oceans were locked in the
ice-sheets, was to produce a world-wide fall in sea level,
estimated at almost 100 m. With the melting of the ice at
the end of the Ice Age much water was gradually released,
leading to a word-wide rise in sea level. This eustatic
change in water level continues at the present day as the
remaining ice-caps slowly melt.

Isostatic compensation was not uniform but locally
re-elevated the land in stages. Where the isostatic rise has
been greater than the eustatic change, coastal land has
emerged above sea-level for a time with the formation of
raised platforms or 'beaches'. These fringe many conti-
nents and mark stages in the process when the two effects
were nearly equal for a long enough time for a beach to
be formed by marine erosion (Fig. 2.21).

Cenozoic fossils
Fossils within the Tertiary sediments record a great div-
ersification of life as new species developed on the isolated
continents that were drifting across the latitudes. Mam-
malian life flourished and plants and animals came to
resemble present day forms by the late Neogene (Tables
2.1 and 2.2). Some commonly found Tertiary fossils are
shown in Fig. 2.22. Microfossils of Protozoa are of special
importance because they indicate the temperature and
salinity of the water they inhabited. Remains of micro-
scopic animals can be found, in various states of preser-
vation, in all the marine sediments of the Phanerozoic

Fig. 2.19 The Pleistocene glaciation in the northern hemi-
sphere (after E. Antevs).

The weight of thick ice on an area resulted in the land
being depressed - an isostatic effect (p. 6). But with the
melting and retreat of the ice as conditions ameliorated
the land areas were re-elevated. In Scandinavia there is
evidence for a maximum rise of 215 m since the end of the
Ice Age some 10000 years ago (Fig. 2.20).

Another effect of the glaciation, during which vast

Fig. 2.21 Raised marine platform. Isle of lslay. Scotland,
formed in late-Glacial times after isostatic uplift, and covered
by gravels of the '100-foot' beach (from a Geological Survey
photograph).

Continental crust

Fig. 2.20 Post-glacial uplift of Scan-
dinavia (in metres). A, signifies the mig-
ration of material in the asthenosphere
following ice loading. When the ice load
is removed isostasy restores the level of
compensation at a rate permitted by the
return of material in the asthenosphere
(A'). (From Woldstedt, 1954.) The
present rate of uplift is 2 mm/year in
southern Sweden and 9 mm/year in cen-
tral Sweden.

Level of
compensation



and are excellent for dating and correlating strata because
of their extensive distribution and rapid evolution. They
are particularly valuable in oil field drilling operations
where they can be extracted from either the core or the
drilling muds and used to identify layers in the sediment
that have been drilled through.
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3
Surface Processes

The wide range of conditions found in different parts of
the globe at present reflect the variety of natural processes
that operate to shape the surface of the Earth.

Land areas are continually being reduced and their
shape modified by weathering and erosion, and the
general term for this is denudation. Rocks exposed to the
atmosphere undergo weathering from atmospheric agents
such as rain and frost. Chemical weathering, or decompo-
sition, is the break-down of minerals into new compounds
by the action of chemical agents; acids in the air, in rain
and in river water, although they act slowly, produce
noticeable effects especially in soluble rocks. Mechanical
weathering, or disintegration, breaks down rocks into
small particles by the action of temperature, by impact
from raindrops and by abrasion from mineral particles
carried in the wind. In very hot and very cold climates
changes of temperature produce flaking of exposed rock
surfaces. In areas of intense rainfall soil particles may be
dislodged and the surface of the soil weakened by rain-
drops. In arid areas landforms are shaped by sand blasted
against them during storms. Biological weathering de-
scribes those mechanical and chemical changes of the
ground that are directly associated with the activities of
animals and plants. When present, microbial activity can
change the chemistry of the ground close to ground level.
Burrowing animals and the roots of plants penetrate the
ground and roots produce gasses which increase the acid-
ity of percolating rain water.

By these processes a covering layer of weathered rock
is formed on a land surface. Normally the upper layers of
this cover are continually removed, exposing the fresher
material beneath it to the influence of the weathering
agents; in this way the work of denudation continues. In
some circumstances the weathered material may remain
in position as a residual deposit or soil (p. 1) that retains
many characters of its parent rock and differs signifi-
cantly in its mechanical properties from soils formed by
the deposition of sediment.

Agents of erosion - rivers, wind, moving ice, water
waves - make a large contribution to the denudation of
the land. They also transport the weathered material, the
detritus, away from the areas where it is derived; the
removal of material is called erosion. The deposition of
detritus transported by erosion produces features such as
deltas at the mouths of rivers, beaches on shore lines,
screes at the base of slopes and sand dunes in deserts.
These are examples of the constructive or depositional
aspect of surface processes.

Weathering

Chemical weathering
The processes most commonly involved in chemical
weathering are listed in Table 3.1. Their rate of operation
depends upon the presence of water and is greater in wet
climates than in dry climates.

Except where bare rock is exposed, the surface on
which rain falls consists of the soil which forms the upper
part of the weathered layer. This 'top-soil' ranges in depth

Table 3.1 Some commonly occurring processes in chemical
weathering

SOLUTION Dissociation of minerals into ions,
greatly aided by the presence of CO2

in the soil profile, which forms
carbonic acid (H2CO3) with
percolating rainwater.

OXIDATION The combination of oxygen with a
mineral to form oxides and
hydroxides or any other reaction in
which the oxidation number of the
oxidized elements is increased.

REDUCTION The release of oxygen from a mineral
to its surrounding environment: ions
leave the mineral structure as the
oxidation number of the reduced
elements is decreased.

HYDRATION Absorption of water molecules into
the mineral structure. Note: this
normally results in expansion, some
clays expand as much as 60%, and by
admitting water hasten the processes
of solution, oxidation, reduction and
hydrolysis.

HYDROLYSIS Hydrogen ions in percolating water
replace mineral cations: no
oxidation-reduction occurs.

LEACHING The migration of ions produced by
the above processes. Note: the
mobility of ions depends upon their
ionic potential: Ca, Mg, Na, K are
easily leached by moving water, Fe is
more resistant, Si is difficult to leach
and Al is almost immobile.

CATION Absorption onto the surface of
EXCHANGE negatively charged clay of positively

charged cations in solution,
especially Ca, H, K, Mg.



from only a few centimetres to a metre or more, according
to the climate and type of rock from which it has been
derived. In temperate climates, in general, it is a mixture
of inorganic particles and vegetable humus and has a high
porosity, i.e. a large proportion of interstices in a given
volume: it has a high compressibility and a low strength
and for these reasons is removed from a site prior to
construction. The soil grades down into 'sub-soil', which
is a mixture of soil with rock fragments, with decreasing
organic content, and then into weathered rock and finally
unweathered rock. The terms A-horizon (for soil), B-hor-
izon (for sub-soil) and C-horizon (for the rock at depth),
are used in pedology; in most places the materials have
been derived from the underlying horizons during weath-
ering. A vertical column showing this sequence is called
a soil-profile (Fig. 3.1).

carbon dioxide, and is held in solution as calcium bicar-
bonate, thus:

CaCO3 + H2O 4- CO2^±Ca(HCO3)2.
The ground surface of a limestone area commonly shows
solution hollows, depressions that may continue down-
wards as tapering or irregular channels. These may be
filled with sediment such as sand or clay, derived from
overlying deposits which have collapsed into a solution
cavity at some time after its formation. The upper surface
of the chalk shows many features of this kind, known as
'pipes' and seen where intersected by quarry faces. Solu-
tion cavities are difficult to locate during a programme of
ground investigation conducted prior to construction of
foundations and their presence should be suspected even
if none is identified by boring. Vertical joints in the rock
are widened by solution as rain passes down over their
walls, and are then known as grikes. Continued solution
may lead to the formation of swallow holes, rough shafts
which communicate with solution passages at lower levels
along which water flows underground. A swallow hole is
often situated at a point where vertical joints in the rock
intersect and provide easier passage for surface water.
Underground caverns are opened out by solution aided
by the fall of loosened blocks of limestone from the cavern
roof (Fig. 3.2). Large systems of caves and solution chan-
nels are found in the French Pyrenees, the limestone
plateau of Kentucky, U.S.A., the Transvaal in S. Africa
and elsewhere, most notably in S.E. Asia: China, Vietnam
and New Guinea. The Karst area of Istria in Yugoslavia
and the Dalmatian coast of the Adriatic has given the
name karst topography to landforms which are character-
istic of chemically weathered limestone; karst topography
is developed most spectacularly and most extensively in
southern China, where one-seventh of the country, i.e.
500000 km2 is karstic.

Water circulating underground helps to extend chan-
nels and caverns by solution, particularly in limestone
formations; streams which once flowed on the surface
disappear down swallow holes and open joints, Fig. 3.3,
and continue their journey by flowing along bedding
planes and joints below ground. In the Cheddar caves of
the Mendips of S. W. England the former surface stream
now has its course 15 to 18 m below the floor of the
caverns, which are now dry. The Cheddar Gorge, 128 m
deep at one point, is probably a large cave system which
has become exposed at the surface by the collapse of its
roof. As water charged with calcium bicarbonate trickles
over the walls and drips from the roofs of caves, part of

Soil

Sub-soil

Parent
material

Drift

Fig. 3.1 Soil profiles that are: (a) related to bed-rock,
(b) unrelated to rock at depth.

The speed and severity of weathering in wet climates
depends essentially upon the activity of the root zone, i.e.
the rate of growth of vegetation and production of CO2

in the root zone, and the frequency with which percolat-
ing rainwater can flush weathered constituents from the
weathering profile.

Chemical weathering is seen most readily in its solvent
action on some rocks, notably limestones and those rocks
containing the minerals Halite (NaCl), Anhydrite
(CaSO4) and Gypsum (CaSO4 2H2O). In limestones the
process depends on the presence of feeble acids, derived
from gases such as CO2 and SO2 which enter into solution
in percolating rainwater. The calcium carbonate of the
limestone is slowly dissolved by rainwater containing

Fig. 3.2 Section through a limestone plateau to show solution features. WT = water table.



Fig. 3.3 Map showing a river that disappears from the sur-
face to continue its course below ground (SH = sink hole),
and a vertical section illustrating the nature of an underground
river in Karstic regions.

it evaporates and calcium carbonate is slowly re-de-
posited as loss of carbon dioxide occurs (i.e. the equation
given on p. 32 is reversible). In this way masses of stalac-
tite, hanging from the roof or coating the walls of a cave,
are formed, sometimes making slender columns where
they have become united with stalagmites which have
been slowly built up from the floor of the cave, onto
which water has dripped over a long period of time. Sheet
stalactite coats the walls of many caverns and may be
coloured by traces of iron and lead compounds.

Chemical weathering is not restricted to easily soluble
rocks but attacks all rock types. The most easily weath-
ered are limestones; of greater resistance are sandstones
and shales: igneous rocks (excluding certain volcanic
rocks that weather rapidly) and quartzites are the most
resistant. The effect of chemical weathering on these more
resistant rocks can be clearly seen where deep weathering
has occurred and a thick cover of rotted material lies
above the irregular surface which bounds the solid rocks
beneath the weathered zone. In areas of jointed igneous
rocks, such as granite, groundwater made acid during its
passage through the soil, penetrates along joints and can
reduce the granite to a crumbly, rotted condition often
many metres in depth. In parts of Australia depths of 60
to 90 metres of weathered granite have been recorded in
engineering works. On Dartmoor, England, weathered
rock up to 10 m deep has been encountered in excava-
tions, especially in the proximity of faults, sometimes
enclosing hard masses of unweathered rock (corestones).
In Hong Kong considerable depths of weathering exist
and may grade from completely weathered granite at
ground level to fresh granite sometimes at depths of up to
60 m (Fig. 3.4).

Fig. 3.4 Corestones of less weathered rock within a weath-
ering profile.

The formation of granite tors is related to the frequency
of jointing in the rocks, illustrated in Fig. 3.5; the tors are
upstanding masses of solid granite, preserved where the
spacing of joints is wider, in contrast to the adjacent rock;
the latter has been more easily and therefore more exten-
sively denuded owing to the presence in it of closely-
spaced joints, which have resulted in more rapid weath-
ering above the water-table (the broken line in the figure).

In sub-tropical climates where the gound is covered

River disappears
via sink hole

Trace of former
river valley,
now dry

Route of caves

Emergence of
river

Underground
river

In-situ

Boulder

Weathered
core stones

Less weathered
core stones

Unweathered granite
Unweathered
granite

Fig. 3.5 Stages in the formation of tors under humid con-
ditions of weathering (after Linton, 1 955). (a) Original joint-
ing (in vertical section), (b) Weathered rock (black), (c) Final
form when erosion removes weathered rock.



with dense vegetation and subject to heavy rainfall - as in
the monsoon areas of East Asia - very deep zones of
weathered rock have been formed, e.g. in the Cameron
Highlands, Malaya, depths of weathered rock up to sev-
eral hundreds of metres may be encountered.

In dry climates chemical weathering is superficial and
much retarded by the lack of water, producing thin zones
of weathered rock. In very dry climates mechanical pro-
cesses are the dominant weathering agents.

Mechanical weathering
The processes most commonly involved in mechanical
weathering are listed in Table 3.2.

Table 3.2 The processes of mechanical weathering

the valley sides and approach the horizontal at the bottom
of a valley. The frequency of the sheet-joints diminishes
with depth below the surface; but during deep quarrying
in an igneous body, parting surfaces may open with a
loud cracking noise as stress in the rock is relieved. The
production of smaller platy fragments in a similar manner
is known as spoiling. The formation of other fractures by
release of strain energy is further described in Chapter 9.

Frost action
In cold climates repeated freezing breaks off flakes and

angular fragments from exposed rock surfaces, a process
referred to as the operation of the 'ice-wedge'; it leads to
the formation of screes on mountain slopes and produces
the serrated appearance of a high mountain sky-line.
Water enters rocks by pores, cracks, and fissures; the ice
formed on freezing occupies nearly 10 per cent greater
volume, and exerts a pressure of about 13.8xlO6Nm~2

if the freezing occurs in a confined space. The freezing is
thus like a miniature blasting action and brings about the
disintegration of the outer layers of rock. The loosened
fragments fall and accumulate as heaps of scree or talus
at lower levels, material which may later be consolidated
into deposits known as breccia. By the removal of the
fragments the surface of the rock is left open to further
frost action, and the process continues. Some well-known
screes in the English Lake District are those along the
eastern side of Wastwater, where the mountain slope falls
steeply to the water's edge. Joints and cleavage planes in
rocks assist the action of frost and to some extent control
the shape of the fragments produced. Very little material
of smaller size than 0.6 mm (the upper limit of the silt
grade) is produced by the freezing.

The term permafrost (due to S. W. Muller, 1945) is used
to denote perennially frozen ground. Permafrost areas
have remained below 00C for many years and in most
cases for thousands of years. Pore spaces and other open-
ings in such rocks and soils are filled with ice. Conditions
of this kind at the present day are found within the Arctic
Circle, but extend well south of it in continental areas in
northern Canada and in Siberia, in some instances as far
south as 600N. It is estimated that one-fifth of the Earth's
land surface is underlain by permafrost. Conditions that
exist in sediments with temperatures below 00C and con-
tain no ice are described as dry permafrost.

An impervious permafrost layer is formed in the
ground a little below the surface, and may range in thick-
ness from less than 1 m to hundreds of metres; thicknesses
of over 400 metres have been reported from boreholes in
Alaska and Spitzbergen (Fig. 3.6). Permafrost requires a
cold climate with a mean annual air temperature of —
1°C or lower for its formation and maintenance.

The upper limit of continuous permafrost in the soil is
generally situated between about 10 and 60 cm below the
surface; well-drained soils may thaw annually to a depth
of one or two metres during the milder season. This
shallow zone which freezes in winter and thaws in summer
is known as the active layer. Thawing of the near-surface
soils means the release of large volumes of water from
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Vertical expansion due to the
reduction of vertical load by erosion.
This will open existing fractures and
may permit the creation of new
fractures.

Impact on rock, and abrasion, by
sand and silt size windborne particles
in deserts. Impact on soil and weak
rocks by rain drops during intense
rainfall storms.

Expansion by the freezing of water in
pores and fractures in cold regions, or
by the heating of rocks in hot
regions. Contraction by the cooling
of rocks and soils in cold regions.

Expansion and contraction
associated with the repeated
absorption and loss of water
molecules from mineral surfaces and
structures: (see HYDRATION.- Table
3.1).

N Expansion of pores and fissures by
crystallization within them of
minerals that were originally in
solution. Note: expansion is only
severe when crystallization occurs
within a confined space.

The repeated loading by waves of air
trapped at the head of fractures
exposed in the wave zone of a sea
cliff.

Unloading
One result of denudation is to reduce the load on an

area as the removal of rock cover proceeds, leading to
relief of stress in the rock below. The unloading allows a
small vertical expansion which gives rise to the formation
of 'sheets' of rock by the opening of joints parallel to the
ground surface. This is frequently seen in igneous rocks
such as a granite intrusion, where the sheet-jointing is
developed in the upper part of the mass; the 'sheets' or
slabs of rock are commonly up to a metre or so in thick-
ness. In valleys the surfaces of parting often lie parallel to



within their mass. The water cannot drain away through
the still frozen ground below and it accumulates in the
soil, which then flows readily down slopes, even those as
low as 3 degrees. The amount of moving soil involved is
large and flow is comparatively rapid. A landscape under
these conditions is reduced to long smooth slopes and
gently rounded forms.

Near the margins of permafrost areas, where slopes are
covered with a mixture of fine and coarse rock fragments,
the slow movement of this surface material over the
frozen ground beneath it takes place by repeated freezing
and thawing (Fig. 3.7). The process is known as solifluc-
tion( = soil-flow).

Many engineering problems arise from this cause in
areas of permafrost, as in connection with bridge foun-
dations, and rail and road construction and maintenance
in Alaska, Canada, N. Europe and northern Russia.

Buildings which are heated can be placed a little above
ground level with a large air space beneath them. Cold
air in winter then circulates under the building and
counteracts the heating effect from it. Piped services to
the buildings are also placed above ground level to prev-
ent their rupture by ground movement.

Insolation
In hot climates, when a rock surface is exposed to a
considerable daily range of temperature, as in arid and
semi-arid regions, the expansion that occurs during the
day and the contraction at night, constantly repeated,
weaken the structure of the rock. The outer heated layers
tend to pull away from the cooler rock underneath and
flakes and slabs split off, a process known as exfoliation.
This weathering is called insolation.

A large range of temperature occurs daily in deserts,
commonly 300C and sometimes as high as 500C; the daily
range for rock surfaces is often higher than for air. Strain
is set up in a rock by the unequal expansion and contrac-
tion of its different mineral constituents and its texture is
thereby loosened. A more homogeneous rock, made up
largely of minerals having similar thermal expansion,
would not be affected so much as a rock containing
several kinds of minerals having different rates of expan-
sion.

Under natural conditions, insolation of rock faces may
result in the opening of many small cracks - some of
hair-like fineness - into which water and dissolved salts
enter; and thus both the decomposition of the rock and
its disintegration are promoted. The crystallization of
salts from solution in confined spaces, such as cracks and
interstices (pore spaces) may hasten the process of weath-
ering in deserts and coastal areas in arid regions, e.g. as
along the Arabian and Persian coasts.
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Fig. 3.6 Permafrost, (a) Vertical profile through ground containing permafrost. Thickness of permafrost (T) may be 1000 m +.
(b) Temperature distribution with depth. As ground temperature fluctuates between summer maximum and winter minimum,
soadepth of ground (0.5to 3.0 m + )isseasonallyfrozenandthawed(theactivelayer).iw = icewedge;il = icelense Based on data
from Brown (1970) and Stearns (1 966).
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Fig. 3.7 Vertical section through slope affected by solifluc-
tion, illustrating lobate character of soil flow.

Frost-heaving
This occurs when the freezing of the soil results in the

formation of layers of segregated ice at shallow depths.
Each lens of ice is separated from the next by a layer of
soil, whose water content freezes solid. The ice lenses vary
in thickness from a few millimetres to about 30 mm. The
total heave of the surface is approximately equal to the
aggregate thickness of all the ice layers.

The frost-heaving of foundations of buildings is also
caused by forces originating in the active layer and is a
common problem in the Arctic.



Biological weathering
Weathering effects which are small in themselves but
noticeable in the aggregate can be attributed to plants
and animals {biotic weathering). Plants retain moisture
and any rock surface on which they grow is kept damp,
thus promoting the solvent action of the water. The chem-
ical decay of rock is also aided by the formation of veget-
able humus, i.e. organic products derived from plants,
and this is helped by the action of bacteria and fungi.
Organic acids are thereby added to percolating rain-water
and increase its solvent power. Bacteria species may live
in the aerobic and anaerobic pore space of the weathering
zone, and mobilize C, N, Fe, S and O, so assisting the
process of weathering and sometimes attacking concrete
and steel. Their mineral by-products can accumulate and
cause expansion of the ground if not washed away by
percollating water.

The mechanical break-up of rocks is hastened when
the roots of plants penetrate into cracks and wedge apart
the walls of the crack.

Global trends
Present distribution of the weathering described is illus-
trated in Fig. 3.8. Different distributions existed during

the Quaternary (p. 28) because much of the continental
area between the tropics was drier than at present and to
the north and south lay cooler and colder conditions
peripheral to the extended glaciers: the former position of
permafrost is shown in the figure. Weathering profiles
produced under these earlier conditions are frequently
preserved beneath more recent drift and the present
weathering profiles. Excavations and foundations of
moderate depth may therefore expose rock and soil
weathered under a previous, and perhaps more severe,
weathering regime.

In previously hot, semi-arid regions, where evapora-
tion from the ground had been rapid and nearly equal to
the rainfall, chemical decomposition of the rocks will
have proceeded to great depths and a hard, superficial
crust formed by the deposition of mineral matter just
below the soil. The water from the occasional rains carries
dissolved salts only a short distance below the surface,
where they are retained by capillarity, with the result that
as evaporation proceeds a mineral deposit is built up. If
solutions are saturated with calcium carbonate the de-
posit will be a calcareous one (calcrete or kankar), like
that which covers large areas in India. With ferruginous
solutions, such as would result from the decomposition
of basic igneous rocks, a red concretionary deposit may
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Fig. 3.8 Present distribution of weathering types. Based on data from Washburn (1 979); Meigs (1953); Flint (1957); and
Strakhov(1967).



1 Tundra soils ( black- brown soils )

2 Taiga and Northern Forest soils ( Podzols and
grey-brown soils)

3a Prairie, or Steppe long-grass soils (Chernozems)
to Steppe short-grass ( Chestnut-brown ) soils
and Desert soils (red-grey)

3b Mediterranean woodland soil (red-yellow)
and scrub

Savannah grassand scrub soils (feral l i t ic-
red and yellow - and dark grey- black soils )
and Tropical rain forest soils (red-yellow)

Mountain conditions control soil generation
mainly thin soil profiles

Type locality for Latente (for distribution
see Chapter 20)

Red-grey desert soils of ( 3a )

Cancer

Equator

Capricorn

Fig. 3.9 General distribution of soils. Based on data from Bridges (1970); Kellog (1950); Thornbury (1969); and Walton
(1969).
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Fig. 3.10 Soils of the major climatic vegetation regions. Numbers refer to Fig. 3.9. CaCO3 found in soil profiles of warm dry
regions. Ca, Si, Fe = Calcite, Silica, Iron precipitate, often as a hard durable crust (duricrust): see text.



be formed, as in many parts of Africa. Major accumula-
tions of silica occur as silcrete duricrusts in Australia and
S. Africa. They form very resistant horizons up to 5 m
thick and are often found capping prominent plateaux
and mesas (Fig. 3.1 Ie). It is believed that the silcrete
formed during a period of warm, humid climate that
existed at the end of the Tertiary.

The distribution of pedological soils is shown in
Fig. 3.9. A basic relationship exists between soil type and
weathering type (Fig. 3.8) because both reflect climate.
Soils can be classified according to their climatic zone and
soil profiles usually reflect their latitude (Fig. 3.10).

A special deposit, called laterite, exists in certain areas
of S. America, Central and Southern Africa, India, Sri
Lanka, S.E. Asia, East Indies and Australia. It is rich in
oxides of aluminium and iron and may have formed
under previous climatic conditions. The term iaterite'
was originally used to describe material which could ir-
reversibly harden when cut from the weathering profile
and air dried, so that it could be used as bricks (from the
Latin, later - a brick). The word is now used to describe
many other forms of red soil which contain hard bands
and nodules (concretions) but are not self-hardening.

Erosion and deposition

Rivers, wind, moving ice and water waves are capable of
loosening, dislodging and carrying particles of soil, sedi-
ment and larger pieces of rock. They are therefore de-
scribed as the agents of erosion.

The work of rivers

The work of erosion performed by rivers results in the
widening and deepening of their valleys. The rate of ero-
sion is greatly enhanced in times of flood. Rivers are also
agents of transport, and carry much material in suspen-
sion, to re-deposit part of it along their course further
downstream, or in lakes, or in times of flood as levees
(p. 42) and over the flood plain; ultimately most of the
eroded material reaches the sea. Some matter is carried in
solution and contributes to the salinity of the oceans. The
energy which is imparted to sediment moved by a stream,
the finer particles in suspension and the coarser (including
boulders) rolled along the bed during floods, performs
work by abrading the channel of the river. Hollows
known as pot-holes are often worn in the rock of a river-
bed by the grinding action of pebbles which are swirled
round by eddying water. Such a water-worn rock surface
is easily recognized, and if observed near but above an
existing stream it marks a former course at a higher level.

Valleys
A drainage system is initiated when, for example, a new
land surface is formed by uplift of the sea floor. Streams
begin to flow over it and excavate valleys, their courses
mainly directed by the general slope of the surface but
also controlled by any irregularities which it may possess.

In many instances present day lowland valleys have been
shaped by the streams that occupy them; these were most
active during the interglacial periods when their discharge
was considerably greater than it is at present. Valleys in
mountains and glaciated areas have been modified by
other agencies, such as the action of avalanches, land-
slides and moving ice. In course of time a valley becomes
deepened and widened, and the river is extended by tribu-
taries. The area drained by a river and its tributaries is
called a catchment, or river basin. Stages of youth, matur-
ity, and old age may be distinguished in the history of a
river, and topographical forms characteristic of these
stages can be recognized in modern landscapes. Thus
there is the steep-sided valley of the youthful stream; the
broader valley and more deeply dissected landscape of
the mature river system; and the subdued topography of
the catchment of a river in old age.

Youthful rivers cut gorges in hard, jointed rocks and
V-shaped valleys in softer rocks, Fig. 3.11a, and are char-
acteristic of many upland areas. A youthful valley fre-
quently follows a zig-zag course, leaving overlapping
spurs which project from either side of the valley. Debris,
loosened by frost, rain or insolation, falls from the valley
sides, to be carried away by the stream and assist in its
work of abrasion. Rain-wash and soil creep (p. 59) also
contribute material from the slopes, especially in more
mature stages of valley development, when a mantle of
soil has been formed on a land surface. Large movements
in the form of landslides also contribute to the erosion of
a valley by transporting material to the river (Fig. 3.1 \b).
Gradually as the headwaters of a river cut back, increas-
ing the length of the river's course, its valley is deepened
and widened into a broader V; slope movement causes
the valley sides to recede and deposits debris on the valley
floor (Fig. 3.1 Ic). Small scree slopes form at the base of
the valley sides. The deepening and widening, if uninter-
rupted, continue as shown in the figure until the stage of
maturity is reached, when there is maximum topograph-
ical relief (i.e. the difference in height between valley floor
and adjacent ridge tops). Eventually the tributaries of one
catchment will be separated by only a thin ridge from
those of its neighbour, and when denudation reduces the
height of the ridges the river can be considered to have
entered its old age: the valley comes to have a wide, flat
floor over which the river follows a winding course, the
upper slopes may be convex and the depth of relief is less.
Such a sequence would be followed by a river in a tem-
perate climate, if uninterrupted. Under other conditions,
as in a drier climate, the valley slopes stand at a steeper
angle because they are less affected by atmospheric weath-
ering and slope instability, particularly landslides: the
ridges between valleys are then sharper. Flat-topped hills
may be left in partly denuded horizontal strata where a
layer of hard rock such as sandstone, or a dolerite sill,
forms the capping of the hill; the term mesa (= table) is
used for this topographical form. Continued weathering
and erosion reduce the mesa to isolated, steep-sided,
pillar-like hills (Fig. 3.1 \e,f).

Youth, maturity and old age constitute a 'cycle' of

Next Page



Minerals are the solid constituents of all rocks, igneous,
sedimentary and metamorphic (p. 1), and occur as
crystals. A mineral can be defined as a natural inorganic
substance having a particular chemical composition or
range of composition, and a regular atomic structure to
which its crystalline form is related. Before beginning the
study of rocks it is necessary to know something of the
chief rock-forming minerals.

The average composition of crustal rocks is given in
Table 4.1 and has been calculated from many chemical

Table 4.1 The average composit ion of crustal rocks

%
SiO2 59.26
AI2O3 15.35
Fe2O3 3.14
FeO 3.74
MgO 3.46
CaO 5.08
Na2O 3.81
K2O 3.12
H2O 1.26
P2O5 0.28
TiO2 0.73
rest 0.77

Total: 100.0

analyses. The last item includes the oxides of other metals;
and also gases such as carbon dioxide, sulphur dioxide,
chlorine, fluorine, and others; and trace elements, which
occur in very small quantities.

Table 4.2 lists eight elements in their order of abund-
ance in crustal rocks. Thus silicon and oxygen together
make up nearly 75 per cent of crustal rocks, and the other
elements over 98 per cent.

Since silicon and oxygen preponderate in the rocks, the
chief rock-forming minerals are silicates. Although over
three thousand different minerals are known to the

Table 4.2 The most abundant elements

Oxygen (46.60%)
Silicon (27.72%)
Aluminium (8.13%)
Iron (5.00%)
Calcium (3.63%)
Sodium (2.83%)
Potassium (259%)
Magnesium (2.09%)

mineralogist, the commonly occurring silicates are rela-
tively few.

Physical characters

Included under this head are properties such as colour,
lustre, form, hardness, cleavage, fracture, tenacity, and
specific gravity. Not all of these properties would neces-
sarily be needed to identify any one mineral; two or three
of them taken together may be sufficient, apart from
optical properties (p. 65). Other characters such as fusi-
bility, fluorescence, magnetism, and electrical conductivity
are also useful in some cases as means of identification,
and will be referred to as they arise in the descriptions of
mineral species. In a few instances taste (e.g. rock-salt)
and touch (e.g. talc, feels soapy) are useful indicators.

Colour
Some minerals have a distinctive colour, for example the
green colour of chlorite, but most naturally occurring
minerals contain traces of substances which modify their
colour. Thus quartz, which is colourless when pure, may
be white, grey, pink or yellow, when certain chemical
impurities or included particles are present.

Much more constant is the colour of a mineral in the
powdered condition, known as the streak. This may be
produced by rubbing the mineral on a piece of unglazed
porcelain, called a streak-plate, or other rough surface.
Streak is useful, for example, in distinguishing the various
oxides of iron; haematite (Fe2O3) gives a red streak,
limonite (hydrated Fe2O3) a brown, and magnetite
(Fe3O4) a grey streak.

Lustre
Lustre is the appearance of a mineral surface in reflected
light. It may be described as metallic, as in pyrite or
galena; glassy or vitreous, as in quartz; resinous or greasy,
as in opal; pearly, as in talc; or silky, as in fibrous minerals
such as asbestos and satin-spar (fibrous gypsum). Min-
erals with no lustre are described as dull.

Form
Under this heading come a number of terms which are
commonly used to describe various shapes assumed by
minerals in groups or clusters (Fig. 4.1); the crystalline
form of individual minerals is discussed on page 63.

Acicular - in fine needle-like crystals (also described as
filiform), e.g. schorl, natrolite.

4
Minerals



Fig. 4.1 Common shapes of mineral clusters: scale
bar=1 cm. (a) Botryoidal. (b) Reniform. (c) Tabular, (d)
Dendritic, (e) Acicular. (f and g) Concretionary.

Botryoidal - consisting of spheroidal aggregations, some-
what resembling a bunch of grapes; e.g. chalcedony.
The curved surfaces are boundaries of the ends of many
crystal fibres arranged in radiating clusters.

Concretionary or nodular - terms applied to minerals
found in detached masses of spherical, ellipsoidal, or
irregular shape; e.g. the flint nodules of the chalk.

Dendritic - moss-like or tree-like forms, generally pro-
duced by the deposition of a mineral in thin veneers on
joint planes or in crevices; e.g. dendritic deposits of
manganese oxide.

Reniform - kidney-shaped, the rounded surfaces of the

mineral resembling those of kidneys; e.g. kidney iron-
ore, a variety of haematite.

Tabular - showing broad flat surfaces; e.g. the 6-sided
crystals of mica.

Note that the above terms do not apply to rocks.

Figure 4.2 illustrates five commonly occurring mineral
relationships, as follows.

Drusy - closely packed small crystals growing into a
cavity, such as a gas bubble preserved in solidified lava.

Radiated - needle-like crystals radiating from a centre:
the illustration is of a pyrite (FeS2) concretion.

Fibrous - consisting of fine thread-like strands; e.g. asbes-
tos and the satin-spar variety of gypsum.

Granular - in grains, either coarse or fine; the rock marble
is an even granular aggregate of calcite crystals.

Reticulated - a mesh of crossing crystals.

Table 4.3 Mohs' Scale of Hardness

1. Talc 6. Orthoclase Feldspar
2. Gypsum 7. Quartz
3. Calcite 8. Topaz
4. Fluorspar 9. Corundum
5. Apatite 10. Diamond

Hardness
Hardness, or resistance to abrasion, is measured relative
to a standard scale often minerals, known as Mohs' Scale
of Hardness: Table 4.3. These minerals are chosen so that
their hardness increases in the order 1 to 10. Hardness is
tested by attempting to scratch the minerals of the scale
with the specimen under examination. A mineral which
scratches calcite, for example, but not fluorspar, is said to
have a hardness between 3 and 4, or H = 3-4. Talc and
gypsum can be scratched with a finger-nail, and a steel
knife will cut apatite (5) and perhaps feldspar (6), but not
quartz (7). Soft glass can be scratched by quartz. The
hardness test, in various forms, is simple, easily made,
and useful; it is a ready means for distinguishing, for
example, between quartz and calcite.

Cleavage
Many minerals possess a tendency to split easily in certain
regular directions, and yield smooth plane surfaces called
cleavage planes when thus broken. These directions de-
pend on the arrangement of the atoms in a mineral (p. 70),
and are parallel to definite crystal faces. Perfect, good,
distinct, and imperfect are terms used to describe the
quality of mineral cleavage. Mica, for example, has a
perfect cleavage by means of which it can be split into
very thin flakes; feldspars have two sets of good cleavage
planes. Calcite has three directions of cleavage.

Fracture
The nature of a broken surface of a mineral is known as
fracture, the break being irregular and independent of
cleavage. It is sometimes characteristic of a mineral and,

Fig. 4.2 Common relationship between minerals in clusters,
(a) Drusy. (b) Radiated, (c) Fibrous, (d) Granular, (e) Re-
ticulated.



also, a fresh fracture shows the true colour of a mineral
Fracture is described as conchoidal, when the mineral
breaks with a curved surface, e.g. in quartz and flint; as
even, when it is nearly flat; as uneven, when it is rough;
and as hackly when the surface carries small sharp irre-
gularities (Fig. 4.3). Most minerals show uneven fracture.

The specific gravity of small mineral grains is estimated
by the use of heavy liquids, of which the chief are
bromoform (CHBr3), G = 2.80, and methylene iodide
(CH3I2), G = 3.33, both of which may be diluted with
benzene, and Clerici's solution (G=4.25), a mixture of
thallium salts which may be diluted with water.

The separation of fragments of a particular mineral
from a sediment containing many minerals may be
achieved by placing them in a liquid solution of known
specific gravity equal to that of the mineral to be
separated. Grains of greater specific gravity than the
liquid will sink whilst those of lower specific gravity will
float. Magnetic minerals such as magnetite and ilmenite
may be separated from non-magnetic minerals, such as
cassiterite, by an electro-magnet.

Crystalline form

Minerals occur as crystals, i.e. bodies of geometric shape
which are bounded by faces arranged in a regular manner
and related to the internal atomic structure (p. 70). When
a mineral substance grows freely from a fused, liquid state
(or out of solution, or by sublimation), it tends to assume
its own characteristic crystal shape; the angles between
adjacent crystal faces are always constant for similar
crystals of any particular mineral. Faces are conveniently
defined by reference to crystallographic axes, three or four
in number, which intersect in a common origin within the
crystal and form, as it were, a scaffolding on which the
crystal faces are erected. The arrangements of faces in
crystals possess varying degrees of symmetry, and accord-
ing to their type of symmetry, crystals can be arranged in
seven Systems, which are summarized below and illus-
trated in Fig. 4.4. A plane of symmetry divides a crystal
into exactly similar halves, each of which is the mirror
image of the other; it contains one or more of the crystal-
lographic axes. The number of planes of symmetry stated
in Fig. 4.4 is that for the highest class of symmetry in each
of the Systems. Two other forms of symmetry exist,
namely axes of symmetry and centres of symmetry
(Fig. 4.5). Planes, axes and centres of symmetry define 32
classes of symmetry which are grouped into the seven
Systems. These correspond to the seven types of unit cell
determined by X-ray analyses of the three-dimensional
patterns of the atoms in crystals. The unit cell is the
smallest complete unit of pattern in the atomic structure
of a crystal.

Crystal faces
In the Cubic System many crystals are bounded by faces
which are all similar; such a shape is called a/or/w. Two
forms are illustrated in fig. 4.4a, the cube (six faces) and
the octahedron (eight faces); other forms are the dodeca-
hedron (twelve diamond-shaped faces, fig. 4.35a), the
trapezohedron (24 faces, Fig. 4.356), and with lower sym-
metry the pyritohedron (12 pentagonal faces, fig. 4.40);
among others the tetrahedron has four triangular faces,
the smallest number possible for a regular solid. Crystals

Fig. 4.3 Mineral fracture, (a) Conchoidal, which can occur
on a smaller scale than shown, (b) Even, (c) Uneven, (d)
Hackly.

Tenacity
The response of a mineral to a hammer blow, to cutting
with a knife and to bending is described by its tenacity.
Minerals that can be beaten into new shapes are malle-
able; e.g. the native metals of gold, silver and copper.
Most minerals are brittle and fracture when struck with
a hammer. A few brittle minerals can be cut with a knife
and are described as sectile. Flakes of mica can be bent
and yet return to their flat tabular shape when free to do
so: they are both flexible and elastic: cleavage flakes of
gypsum are flexible but inelastic.

Specific gravity
Minerals range from 1 to over 20 in specific gravity (e.g.
native platinum, 21.46), but most lie betwen 2 and 7 (see
Table 4.4). For determining this property a steelyard

Table 4.4 Specific gravity of common minerals

halite 2.16 muscovite 2.8-3.0 rutile 4.2
glauconite 2.3 apatite 3.2 zircon 4.7
gypsum 2.32 hornblende 3.2 (av.) haematite 4.72
feldspar 2.56-2.7 tourmaline 3.0-3.2 ilmenite 4.8
clays 2.5-2.8 sphene 3.5 pyrite 5.01
quartz 2.65 topaz 3.6 monazite 5.2
calcite 2.71 kyanite 3.6 magnetite 5.2
dolomite 2.85 staurolite 3.7 cassiterite 6.9
chlorite 2.6-3.3 garnet 3.7-4.3

apparatus such as the Walker Balance can be used, for
crystals or fragments which are not too small. The min-
eral (or rock) is weighed in air and in water, and the
specific gravity, G, is calculated from the formula:
G = W1I(W1 — W2), where W1 is the weight in air and W1 the
weight in water. Other apparatus is described in appro-
priate textbooks.



may grow as one form only, or as a combination of two
or more forms; for example, Garnet (Fig. 4.35a, b) occurs
as the dodecahedron, as the trapezohedron, or as a com-
bination of the two.

In the Orthorhombic, Monoclinic, and Triclinic Sys-
tems, where the axes are all unequal, faces are named as

follows: a face which (when produced) would cut all three
axes is called a pyramid; there are eight such faces in a
complete form, one in each octant formed by the axes.
Faces which cut two lateral axes and are parallel to the
vertical axis are known as prisims, and make groups of
four, symmetrically placed about the axes. A pinacoid is
a face which cuts any one axis and is parallel to the other
two. A dome cuts one lateral and the vertical axis, and is
parallel to the other lateral axis. These faces are illustrated
in Fig. 4.6.

Lastly, in the Hexagonal and Trigonal Systems the
names pyramid and prism are used as before for faces
which cut more than one lateral axis; but since there are
now three lateral axes instead of two, six prism faces
(parallel to the c-axis) are found in the Hexagonal System
(Fig. AAb, beryl), and 12 pyramid faces. In Trigonal
crystals, some faces are arranged in groups of three,
equally spaced around the c-axis. This is seen, for exam-
ple, in a rhombohedron of calcite (Fig. 4.46), a form
having six equal diamond-shaped faces. Calcite also
occurs as 'nail-head' crystals, bounded by the faces of the

Fig. 4.5 Crystal symmetry, (a) Plane, (b) Axis (in this case
a three-fold axis), (c) Centre.

Axes
Planes of
symmetry
(max.)

3 equal axes at right
angles to one another

4 axes: three equal and
horizontal,and spaced
at equal intervals,
one vertical axis

Hexagonal and trigonal

3 axes at right angles
two equal and horizontal,
one vertical axis longer
or shorter than the
others

Magnetite
(octahedron)

Fluorspar
(cube)

Mineral examples

Garnet, leucite, fluorite,
rocksalt, zinc- blende,
pyrite

Beryl, nepheline,apatite
Tourmaline, calcite
quartz

Beryl
Calcite

(rhombohedron)

Zircon ldocrase

Zircon, cassiterite
( t in-stone) , idocrase

Tetragonal

3 axes at right angles,all
unequal

Orthorhombic
Topaz Barytes

Olivine,enstatite, topaz,
barytes

3 unequal axes: the vertical
axis(<r) and one hori-
zontal axis [b)at right
angles,the third axis [o)
inclined in the plane
normal to b Orthoclase Hornblende

Orthoclase feldspar,
hornblende,augite,
biotite, gypsum

Monoclinic

3 unequal axes,no two at
right angles

Triclinic

Plagioclase feldspars,
axinite

Albite Axinite



Fig. 4.6 Olivine crystal. To show crystal axes and faces in
the orthorhombic system. pr = prism. c/=dome. pyr = pyramid.

rhombohedron combined with the hexagonal prism
(Fig. 4.7a); and in 'dog-tooth' crystals (Fig. 4.76) where
the pointed terminations are bounded by the six faces of
the scalenohedron, each face of which is a scalene triangle.
In quartz crystals the six-sided terminations, which some-
times appear symmetrical, are a combination of two
rhombohedra whose faces alternate, as shown by shading
in Fig. 4.7c. This fact is shown by etching a quartz crystal
with hydrofluoric acid; two different sets of etch-marks
appear on the alternate triangular faces indicating the
arrangement of the atomic structure within the crystal to
be in trigonal and not hexagonal symmetry. Trigonal (or
three-fold) symmetry of quartz is also shown by extra
faces which are sometimes present.

Twin crystals
When two closely adjacent crystals have grown together
with a crystallographic plane or direction common to
both, but one reversed relative to the other, a twin crystal
results. In many instances the twin crystal appears as if a
single crystal had been divided on a plane, and one half
of the crystal rotated relative to the other half on this
plane. If the rotation is 180°, points at opposite ends of a
crystal are thus brought to the same end as a result of the
twinning and re-entrant angles between crystal faces are
then frequently produced; they are characteristic of many
twins. Examples are shown in Fig. 4.8.

Basal pinacoid

Dome

Side
pinacoidFront

pinacoid

Fig. 4.8 Twin crystals, (a) Augite, showing re-entrant angle
R; twin plane parallel to front pinacoid. (b) Arrow-head twin
of Gypsum, (c) Carlsbad twin of Orthoclase. (d) Multiple
twin of Plagioclase (Albite twinning).

Optical properties of minerals

Rock slices
In making a rock slice, a chip of rock (or slice cut by a
rotating steel disc armed with diamond dust) is smoothed
on one side and mounted on a strip of glass 75 x 25 mm
(Fig. 4.9). The specimen is cemented to the glass strip by
means of Canada balsam, a gum which sets hard after
being heated, or a synthetic resin. The mounted chip of
rock is then ground down with carborundum and emery
abrasives to the required thinness, generally 30/im (1
micrometre = J^o millimetre). It is now a transparent
slice, and is completed by being covered with a thin glass
strip fixed with balsam. Surplus balsam is washed off with
methylated spirit. The surfaces of the specimen have been
smoothed in making the slice, and they are free from all
but very small irregularities. The effects observable when

Fig. 4.7 Calcite and quartz, (a) Nail-head spar, (b) Dog-
tooth spar, (c) Quartz, with negative rhombohedron shaded.
r = faces of rhombohedron. pr = prism. s = scalenohedron.

Symbols are given to crystal faces and are based on the
lengths of the intercepts which the faces make on the
crystallographic axes, or the reciprocals of the intercepts
(Miller symbols). The Miller notation is set out fully in
textbooks of Mineralogy.



Fig. 4.9 Preparation of a thin section for the microscope,
(a) Section sliced from sample of rock, (b) Slice mounted on
glass strip, (c) Final section ready for use. Slice thick-
ness= 30/im.

light is transmitted through such a slice of crystalline
material are now described.

Refraction and refractive index
A ray of light travelling through one medium is bent or
refracted'when it enters another medium of different den-
sity. Figure 4.10 shows the path of such a ray (RR), which
makes angles i and r with the normal (NN) to the surface
separating the two media. The angle between the ray and
the normal to the surface is smaller in the denser medium,
i.e. a ray is bent towards the normal on entering a denser
medium, and conversely.

1.54 appear in weak relief, as in the case of quartz
(«=1.553 to 1.544). Some minerals have an index less
than 1.54, e.g. fluorspar (n= 1.43).

Polarized light
According to the Wave Theory of Light, a ray is repre-
sented as a wave motion, propagated by vibrations in
directions at right angles to the path of the ray. In ordi-
nary light these vibrations take place in all planes con-
taining the direction of propagation; in plane polarized
light the vibrations are confined to one plane (Fig. 4.11).

Ordinary Polarized

Balsam

Glass strip

Cover glass Rock slice

Glass strip

Fig. 4.11 Ordinary light (diagrammatic), composed of
many vibrations in planes containing the direction of the ray
(double-headed arrows represent double amplitude of vibra-
tions) enters a crystal and is polarized, vibrations in one plane
only being transmitted.

Light which passes through a crystal is, in general, polar-
ized. While much can be learned from a microscopic
examination of minerals in ordinary transmitted light,
polarized light enables minerals to be identified with cer-
tainty.

Double refraction
Crystals other than those in the Cubic System have the
property of splitting a ray of light which enters them into
two rays, one of which is refracted more than the other.
A cleavage rhomb of clear calcite does this effectively, as
is shown if it is placed over a dot on a piece of paper; two
dots are then seen on looking down through the crystal,
i.e. two images are produced (1 and 2 in Fig. 4.12). On

Material
denser
than air

Fig. 4.10 Refraction of light at the interface between two
media (seetext).

If the angle of incidence (/) is measured for air, as is
usual, then the ratio sin //sin r is called the refractive
index, n, for the other medium, and is constant whatever
the angle of incidence. It can be shown that sin i and sin
r are proportional to the velocities of light (^1, v2) in the
two media, i.e. « = sin //sin r = V1Iv2 (Snell's Law). The
refractive index of a substance is therefore inversely pro-
portional to the velocity of light through the substance.

For Canada balsam, and similar cements in which rock
slices are mounted, n — 1.54. Minerals with a much higher
or lower refractive index than this appear in stronger
outline, in a thin section under the microscope, than those
which are nearer in value to 1.54; garnet (« = 1.83) is an
example of a mineral which shows a very strong outline
(Fig. 4.34). Minerals whose refractive index is near to

Fig. 4.12 Double refraction of calcite. O = ordinary ray.
E = extraordinary ray. 1, ordinary image. 2, extraordinary
image, (a) In vertical section, (b) When viewed from above.



turning the crystal, one dot appears to move round the
other. The light passing through the calcite is split into
two rays, called the ordinary ray (O) and the extraordi-
nary ray (E). The orientation of the plane of vibration for
the O-ray is 90° from that for the E-ray. The two rays
travel at different velocities in the crystal, the E-ray being
the faster, and both rays are plane polarized.

A mineral which has this property of dividing a ray of
light into two is said to be doubly refractive or birefringent.
Since the two rays within the mineral travel at different
velocities, there are two values of refractive index, one for
each ray. The difference between these two values is
known as the birefringence of the mineral.

Minerals which have the same refractive index for light
which enters in any direction are called isotropic; they do
not divide a ray entering them and are therefore singly
refracting. AU Cubic crystals are isotropic, and also all
basal sections of Hexagonal and Tetragonal crystals.

Optic axis
There is one direction in a calcite crystal, for example,
along which light entering it is not split into two rays but
passes through the crystal undivided. This direction is
called the optic axis of the crystal, and in calcite it coin-
cides with the crystallographic c-axis. Such a mineral is
called uniaxial; all Hexagonal and Tetragonal minerals
are uniaxial. Orthorhombic, Monoclinic, and Triclinic
crystals all have two optic axes, i.e. two directions along
which light can pass without being doubly refracted. They
are therefore called biaxial.

Petrological microscope

For obtaining polarized light a synthetic material, pol-
aroids is used in which are embedded many minute
needle-shaped crystals, oriented parallel to one another,
i.e. in one direction. The material polarizes light which
passes through it. Two discs of polaroid are mounted in
the microscope (Fig. 4.13), one (the polarizer) below the
stage, the other (the analyser) above the stage. The two
polaroids are so set that the directions for their polarized
light are at right angles. This setting is known as 'crossed
polars'. The stage of the microscope can be rotated and
is graduated in degrees.

Fine adjustment

Eyepiece

Slot

Focussing screw

Analyser

High power
objective

Graduated
stage

Condenser
and polarizer

Mirror

Fig. 4.13 A petrological microscope.

25 mm
objective

Stand

Passage of light through the microscope
Light is reflected from the mirror (Fig. 4.13) up through
the polarizer, where it is plane polarized. If no mineral or
rock section is placed on the stage, the light from the
polarizer passes up through the objective and so enters
the analyser, vibrating as it leaves the polarizer. Since the
analyser only transmits vibrations at right angles to those
from the polarizer, the polars being 'crossed', no light
emerges from the eyepiece of the microscope. This fact
should be tested as follows: with polarizer in, analyser
out, look through the eyepiece and adjust the mirror so
that the light is reflected up the tube. Slide in the analyser;
a completely dark field of view should result if the
polaroids are in adjustment and of good quality.

But when a slice of a doubly refracting mineral is placed
on the stage of the microscope between crossed polars, a
coloured image of the mineral is usually seen. A thicker

Ordinary
light

Fig. 4.14 Passage of light through microscope (diagrammatic): plane of polarization is 'E-W for lower polar, and 'N-S' for
upper polar, but may also be 'N-S' and 'E-W respectively.

Mirror Lower
polar Mineral E-ray

Upper polar
(= Analyser)

Phase
difference

O-ray



or thinner slice of the same mineral produces a different
colour. These effects are explained as follows:

The ray of light which leaves the polarizer vibrating in
one plane enters the thin section of the mineral on the
stage of the microscope, and is divided into two rays
(since the mineral is birefringent), an O-ray and an E-ray
(Fig. 4.14). One of these travels faster than the other
through the mineral slice; they can therefore be called the
'fast' ray and the 'slow' ray. They emerge from the min-
eral slice vibrating in two planes at right angles, and there
is a phase difference between them, since they have trav-
elled at different speeds and by different paths through
the mineral slice.

The two rays enter the analyser, but only the compo-
nent of their movement in the plane of polarization is
transmitted (Fig. 4.15). The rays emerge from it vibrating
in the same plane but out of phase with one another. This
results in interference between the emergent vibrations,
and the eye sees an interference colour, also called the
polarization colour, which is of diagnostic value.

the thickness of the slice. These facts are now illustrated
by reference to the mineral quartz.

Polarization of quartz
A crystal of quartz has a maximum refractive index of
1.553, for light vibrating parallel to the oaxis of the
crystal, and a minimum value of 1.544 for light vibrating
in a direction perpendicular to the c-axis (Fig. 4.16). The
difference in these two values is 0.009, which is the maxi-
mum birefringence for the mineral. This birefringence
holds only for a longitudinal slice of the quartz crystal;
the polarization colour of such a slice is a pale yellow (if
the slice is of standard thickness). As explained above,
the polarization colour is produced by the interference of
two rays which have acquired a phase difference in trav-
ersing the mineral; the birefringence of 0.009 represents a
phase difference of 0.009 fim, or 9 nm, per /zm thickness
of slice. Since the usual thickness is 30 /an, the full phase
difference between the two rays after passing through the
slice of quartz is 30 x 9 = 270 nm, which corresponds to a
pale yellow.

Consider now a basal section of quartz, i.e. one cut
perpendicular to the c-axis (the direction aa in Fig. 4.16).
Such a slice has only one value of refractive index for
light vibrations traversing it. It has therefore no birefring-
ence, i.e. it is isotropic and appears completely black
between crossed polars.

Between the above extremes, the pale yellow colour
(maximum) and black (or nil), a slice of quartz cut ob-
liquely to the c-axis will show a white or grey polarization
colour, the tint passing from dark grey to pale grey and
white as the orientation of the slice approaches parallel-
ism with c-axis.

Thus, in general, a crystal slice gives a characteristic
colour between crossed polars according to the direction
in which it has been cut from the mineral. The maximum

Table 4.5 Polarization colours for some common minerals
in sections of standard thickness

Mineral Max. Biref. nm Colour

Muscovite 0.043 1290 = delicate green
Olivine 0.035 1050 = bright red
Augite 0.025 750 = bright blue
Quartz 0.009 270 = pale yellow
Orthoclase 0.007 210 = palegrey

Fig. 4.16 Vibration directions and re-
fractive indices in vertical and horizontal
sections of quartz, and variation of
birefringence with direction of slice
through the crystal.

Fig. 4.15 Resolution of waves in the analyser ( = upper
polar). On left, rays arrive at analyser which transmits their
components in the plane of polarization. On right, form of
resolved waves in the plane of polarization.

Polarization colours
White light is made up of waves of coloured light, from
red at one end of the spectrum to violet at the other. Each
colour has a different wavelength; that of red light, for
example, is 0.00076 mm, and of violet light 0.00040 mm.
These lengths are also expressed as 760 and 400 nm res-
pectively.

The polarization colour obtained with a particular
mineral slice depends on (1) the birefringence of the slice,
which in turn depends on the refractive indexes of the
mineral and the direction in which it has been cut; and (2)



birefringence and polarization colour of some common
minerals, for a 30 /im thickness of slice, are given in Table
4.5.

Extinction
When a birefringent mineral slice is rotated on the micro-
scope stage between crossed polars, one or other vibration
direction in the mineral can be brought parallel to the
vibration plane of the polarizer. This occurs four times in
each complete rotation. In such positions the light vibra-
tions from the polarizer pass directly through the mineral
slice to the analyser, where they are cut out (because it is
set at right angles to the polarizer), so that no light
emerges; the mineral thus appears completely dark at
intervals of 90° during rotation. This effect is known as
extinction. Half-way between successive extinction posi-
tions the mineral appears brightest.

The polars of the microscope are set so that their vibra-
tion planes are parallel to the cross-wires of the dia-
phragm, one 'east-west', the other 'north-south'. If now
a mineral is found to be in extinction when some crystal-
lographic direction such as its length or a prominent
cleavage is brought parallel to a cross-wire, the mineral is
said to have straight extinction with regard to that length
or cleavage. If extinction occurs when the length of the
mineral makes an angle with the cross-wire, it is said to
have oblique extinction; the extinction angle can be
measured by means of the graduations around the edge
of the stage (Fig. 4.17).

Opaque minerals
The composition of some minerals prevents them trans-
mitting light and they appear dark brown or black when
viewed through the microscope. These are called opaque
minerals: common examples are listed in Table 4.6.

Table 4.6 Some commonly occurring opaque minerals

Mineral Colour of reflected light

Graphite (C) Black
Pyrite (FeS2) Brass yellow
Chalcopyrite (CuFeS2) Strong brass yellow
Haematite (Fe2O3) Blue, red and black
Limonite (2Fe2O3) (3H2O) Yellow-brown
llmenite (FeTiO3) Strong purple-black
Magnetite (Fe3O4) Blue-black
Chromite (FeCr2O4) Brown-black
Leucoxene (TiO2) White

Light source
To eyepiece

Analyser

Objective

Polished specimen

Fig. 4.18 Study of opaque minerals by reflected light.

Upper

polar

Fig. 4.17 Extinction observed through the microscope. Straight for Biotite mica (left). Oblique for Plagioclase feldspar
(right). In all cases the lower polar is in position, its plane of polarization being N-S. Polarization of upper polar is E-W.
cl = cleavage. tw = twin plane (Fig. 4.8). Ext=extinction angle.

Pleochroism
In some minerals a change of colour is seen when only
the lower polarizer is used and the mineral is rotated
above it on the stage of the microscope. This pleochroism
is due to the fact that the mineral absorbs the components
of white light differently in different directions. It is shown
strongly by the mica biotite, which when oriented with its
cleavage direction parallel to the vibration plane of the
polarizer appears a much darker brown than when at 90°
to that position (Fig. 4.17). Hornblende and tourmaline
are two other strongly pleochroic minerals.

Opaque minerals must be illuminated from above to be
studied with the microscope (Fig. 4.18). Light is directed
so that the mineral surface reflects it into the objective
and thence up the microscope to the eyepiece where it can
be seen. When ores consisting mainly of opaque minerals
are to be studied a piece of the rock (about 20 mm3) is
mounted on a glass plate and its upper surface ground
flat, parallel to the glass plate. The ground surface is then
polished to enhance its reflection of light and enable the
fine details of mineral structure to be observed. Physical
and chemical tests, such as scratching the surface of



minerals and etching them with acid, may be conducted
on the polished surface and their result observed through
the microscope.

Table 4.7 summarizes the observations to be made with
a thin slice of rock.

Table 4.7 Summary of observations with a thin slice of
rock

SiO4-tetrahedron is the unit of silicate structure, and is
built into the different structures as follows:

1. Separate SiO^-groups are found in some minerals,
are closely packed in regularly spaced rows and columns
throughout the crystal structure, and linked together by
metal atoms (Mg, Fe, Ca, etc.) situated between the tetra-
hedra. Since each oxygen has two negative valencies and
silicon four positive valencies, the SiO4-group has an
excess of four negative valencies; these are balanced when
it is linked to metal atoms contributing four positive
valencies, as in olivine, Mg2SiO4. Some Mg atoms may
be replaced by Fe. {Note: in this account the word atom
is used instead of ion, which is more strictly correct.)

2. Single Chain Structures (Si2O6) are formed by
SiO4-groups linked together in linear chains, each group
sharing two oxygens with its neighbours (Fig. 4.2Oe). This
structure is characteristic of the Pyroxenes, e.g. diopside,
CaMg(Si2O6). The chains lie parallel to the c-axis of the
mineral, are bonded together by Mg, Fe, Ca, or other
atoms, which lie between them. An end view of a chain is
given at (f) in the figure. The vertical cleavages in the
mineral run between the chains, as shown in ( f ) , and
intersect at an angle of 93°. Aluminium atoms, since they
have nearly the same size as silicon, may repace silicon in
the structure to a limited extent, and may also occur
among the atoms which lie between the chains; in this
way aluminous pyroxenes such as augite are formed.

Ring structures are built up by groups of three, four, or
six tetrahedra, each of which shares two oxygens with its
neighbours. Figure 4.2Od shows a ring of six linked tetra-
hedra, which is found in the mineral beryl, Be3Al2Si6O18.

3. Double Chain Structures (Si4O11), in which two
single chains are joined together side by side (Fig. 4.2Og),
are found in the Amphiboles, e.g. tremolite,
Ca2Mg5(Si4On)2(OH)2. The double chains run parallel
to the c-axis of the minerals, and are linked laterally by
metal atoms lying between the chains. The cleavage direc-
tions are as shown at (Ii), and intersect at an angle of 56°.
In hornblende, aluminium replaces part of the silicon (cf.
augite above). Hydroxyl groups (OH), are always present
in amphiboles to the extent of about one to every eleven
oxygens.

4. Sheet Structures (Si4O10) are formed when the
SiO4-tetrahedra are linked by three oxygens each, and lie
with their bases in a common plane (Fig. 4.20/). Sheets of
this kind are found in the Micas and other flaky minerals
(e.g. chlorite, talc, the clay minerals), whose perfect cleav-
age is parallel to the silicon-oxygen sheets. In the mica
muscovite, KAl2(AlSi3)O10(OH)2, aluminium replaces
about one quarter of the silicon, and hydroxyl is always
present. The Si4O10-sheets are arranged in pairs, with
aluminium atoms between them, and each pair is
separated from the next pair by a layer of potassium
atoms (Fig. 4.26). Other structures involving silicon-
oxygen sheets are discussed under Clay Minerals, p. 80.

5. Three-dimensional Frameworks (SiO2) are formed
when each tetrahedron is linked by all four oxygens,
sharing the oxygens with adjacent groups. The mineral
quartz, SiO2, has a framework in which the SiO4-groups

(1) With hand lens:

(2) With microscope:

(3) Insert lower polar:
(4) Insert upper polar:

observe form of minerals, their
relative size, any preferred
orientation of minerals and
presence of opaque minerals,
(ordinary light), look at mineral
form, colour, inclusions and
alteration products. Study
opaque minerals under reflected
light,
test for pleochrosim.
(analyser), observe isotropic
minerals (cubic). In other
(anisotropic) minerals observe
the polarization colour,
extinction (straight or oblique),
twinning (present or absent) and
alteration if any.

Note; The magnification of the microscope for the
combination of lenses used may be assessed by observing a
scale with small graduations, e.g. mm.

Atomic structures

The atomic structure of crystals can be investigated by
methods of X-ray analysis. The arrangement and spacing
of the atoms of which a crystal is composed control its
regular form and properties. For example, the atoms of
sodium and chlorine in a crystal of common salt (NaCl)
are arranged alternately at the corners of a cubic pattern
(Fig. 4.19), which is repeated indefinitely in all directions.
Salt crystals grown from solution are cubes, a shape
which expresses the internal structure.

Fig. 4.19 Arrangement of atoms in unit cell of NaCI (small
circles, with ornament. Na; large circles, Cl).

When the silicate minerals were investigated it was
found that they could be placed in a very few groups,
according to the arrangement of the silicon and oxygen
atoms. The silicon atom is tetravalent, and is always
surrounded by four oxygen atoms which are spaced at
the corners of a regular tetrahedron (Fig. 4.20). This



Fig. 4.20 Silicate structures, (a) SiO4-tetrahedron: large circles represent oxygen ions, small circle silicon, (b) The tetra-
hedron in plan, apex upwards (circles omitted), (c) Two tetrahedra sharing one oxygen, Si2O7. (d) Ring of six tetrahedra (the
centres of the two outer oxygens lie one above another), Si6O18. (e) Single chain, Si2O6; tetrahedra share two oxygens each;
(f) conventional end-view of single chain, (g) Double chain, Si4O11, and (h) end-view of double chain, (i) Sheet of tetrahedra,
Si4O10; each shares three oxygens with adjoining tetrahedra. (f', h') Stacking of single and double chains respectively (viewed
along c-axis); resulting cleavage directions shown by heavy lines. The typical appearance of single and double chain minerals
cut 90° to vertical (c) axis shown in bottom right: ( f ) a pyroxene, (h') an amphibole.



form a series of linked spirals (Fig. 4.32). In the Feldspars
another type of framework is found, and Al replaces part
of the Si. Thus in orthoclase feldspar, one silicon in four
is replaced by Al; the substitution of trivalent aluminium
for a tetravalent silicon releases one negative (oxygen)
valency, which is satisfied by the attachment of a univa-
lent sodium or potassium atom, thus:

Orthoclase = KAlSi3O8; Albite = NaAlSi3O8; and An-
orthite = CaAl2Si2O8.

The K, Na, or Ca atoms are accommodated in spaces
within the frameworks. The structure of the silicate mi-
nerals is summarized in Table 4.8.

Table 4.8 Structure of silicate minerals. Simple structures,
such as that of olivine, form at higher temperatures than
those more complex structures such as that of quartz.

In the following descriptions of minerals, notes are in-
cluded to aid identification in the hand specimen on the
above lines with abbreviations for specific gravity (G) and
hardness (H). They are followed by notes on the simpler
optical properties, headed in thin sections, and include
refractive index (RJ.) and birefringence (Biref.).

Silicate minerals

The olivine group
Olivine

Common olivine has the composition (MgFe)2SiO4,
in which Fe2 + replaces part of the Mg2 +.

Crystals: Orthorhombic (Fig. 4.6); pale olive-green or
yellow; vitreous lustre; conchoidal fracture. H = 6J.
G = 3.2to3.6.

Olivine occurs chiefly in basic and ultrabasic rocks.
Since it crystallizes at a high temperature, over 100O0C,
it is one of the first minerals to form from many basic
magmas. (Magma is the molten rock-material from
which igneous rocks have solidifed, p. 91.) Alteration to
green serpentine is common (p. 80).

In thin section; Porphyritic crystals (which are large
compared with the grain size of the matrix in which they
are set; they are generally well-formed crystals)
commonly show 6- or 8-sided sections, the outline
generally somewhat rounded. Cleavage rarely seen;
irregular cracks common (Fig. 4.21).

Type of structure

Separate SiO4-
groups
Single chain
Double chain
Sheet

Framework

Si:0
ratio

1:4
1:3
1:2.75
1:2.5

1:2

Repeated
pattern

SiO4

Si2O6

Si4O11

Si4O10

/ (ALSi ) n O 2 ,
I 5/O2

Mineral
group

Olivine
Pyroxenes
Amphiboles
Micas
Feldspars
Quartz

The rock-forming minerals

It is convenient to distinguish between minerals which are
essential constituents of the rocks in which they occur,
their presence being implied by the rock name, and others
which are accessory. The latter are commonly found in
small amount in a rock but their presence or absence does
not affect the naming of it. Secondary minerals are those
which result from the decomposition of earlier minerals,
often promoted by the action of water in some form, with
the addition or subtraction of other material, and with
the formation of mineral by-products.

Identification of minerals in hand specimen
It should be possible to identify the common rock-

forming minerals in the hand specimen with a pocket lens
where one dimension of the mineral grain is not less than
about 1 mm. With practice much smaller grains can be
determined. The most useful characteristics for this pur-
pose are:

(1) General shape of grains, depending on the crystalli-
zation of the mineral; the faces of well-formed crystals
can often be observed, but where grains have been
modified (e.g. by rounding) other characters may be
needed.

(2) Colour and transparency.
(3) Presence or absence of cleavage.
(4) Presence or absence of twinning, and type of twin-

ning.
(5) Hardness.

Fig. 4.21 Olivine in thin section (x 12): (a) with serpentine
filled cracks, (b) almost completely altered, (c) fresh, (d)
exhibiting weak cleavage, (e) in straight extinction.

Colour: None when fresh. Alteration to greenish
serpentine is very characteristic, this mineral being often
developed along cracks and around the margins of
olivine crystals. Some olivines have been entirely
converted to serpentine; or relics of original olivine may
be preserved as isolated colourless areas in the
serpentine. Magnetite (Fe3O4) may be formed during



the alteration, from iron in the original olivine, and
appears as small black specks in the serpentine.

Mean R.I. = 1.66 to 1.68, giving a bold outline.
Biref: Strong (max. = 0.04), giving bright polarization

colours.
Extinction: Straight, parallel to crystal outlines and

traces of cleavage.

The pyroxene group

Minerals of this group belong to two systems of
crystallization:

1. Orthorhombic, e.g. enstatite, hypersthene.
2. Monoclinic, e.g. augite, diopside.

They possess two good cleavage directions parallel to
the prism faces of the crystals {prismatic cleavage)', the
intersection angle of the cleavages is nearly 90°, a
characteristic feature of the group (see Fig. 4.2Of). They
form 8-sided crystals, and being silicates of Fe and Mg
they are dark in colour (except diopside, CaMg).

Orthorhombic pyroxenes

Enstatite, MgSiO3. Hypersthene (MgFe)SiO3

The names 'enstatite' and 'hypersthene' have Greek
derivations which refer to colour changes in
pleochroism: enstates, weak; sthene, strong.

Crystals: Usually dark brown or green (hypersthene
nearly black), 8-sided and prismatic. In addition to the
prismatic cleavages mentioned above there are poorer
partings parallel to the front and side pinacoids; lustre,
vitreous to metallic. H = 5 to 6. G = 3.2 (enstatite),
increasing with the iron content to 3.5 (hypersthene).

The minerals occur in some basic rocks such as norite
(q.v.), as black lustrous grains interlocked with the other
constituent minerals; also in some andesites, usually as
small black porphyritic crystals; and in certain
ultrabasic rocks.

Monoclinic pyroxenes

Augite (CaMgFeAl)2(SiAl)2O6

An aluminous silicate whose formula can be written
as above in conformity with the Si2O6 pattern of the
atomic chain structure. The relative proportions of the
metal ions (Ca, Mg, Fe, Al) are variable within limits,
giving a range of composition and different varieties of
the mineral. Some Al3 + is substituted for Si4 + .

Crystals: Commonly 8-sided and prismatic,
terminated by two pyramid faces at each end (Fig. 4.22);
brown to black in colour, vitreous to resinous lustre.
Twin crystals (Fig. 4.8a) show a re-entrant angle. H = 5
to 6. G = 3.3 to 3.5. The two vertical cleavages may be
observed on the end faces of suitable crystals.

Augite occurs chiefly in basic and ultrabasic rocks;
e.g. in gabbro, where it appears as dark areas
intermingled with the paler feldspar. In fine-grained
basic rocks it is not distinguishable in the hand specimen

Fig. 4.22 Crystal of augite: oblique view and vertical view
showing cleavage and principal crystal faces.

unless it is porphyritic. Augite is also a constituent of
some andesites and diorites, and occasionally of
granites.

In thin section: idiomorphic (i.e. well formed) crystals
show characteristic 8-sided transverse sections, bounded
by prism and pinacoid faces, with the two prismatic
cleavages intersecting at nearly 90°. Longitudinal
sections show only one cleavage direction (Fig. 4.23).

Pyramid

Fig. 4.23 Augite in thin section ( x 12): (a) regular cross-
section with 93° cleavage, (b) irregular fragment displaying
diagnostic cleavage, (c) vertical section, (d) symmetrical ex-
tinction, (e) oblique extinction for long section.

Colour: Pale brown to nil. Pleochroism generally
absent or weak.

Mean R.I. = about 1.70, giving strong relief in balsam.
Biref: Hypersthene: weak (0.106) giving grey, white or

yellow polarization colours. Augite: strong (0.025)
giving bright blues, reds and browns.

Extinction: Hypersthene: parallel to cleavage in long
section. Augite: oblique to cleavage in long section.

The amphibole group

Minerals of this group are mainly monoclinic. The
crystals are elongated in the ^-direction and usually
bounded by six vertical faces, of which the prism faces
intersect at an angle of 124°, Fig. 4.24. This is also the



Fig. 4.24 Crystal of hornblende: oblique view and vertical
view showing cleavage and principal crystal faces.
Pin = pinacoid.

angle between the two cleavage directions, parallel to
the prisms (Fig. 4.2Og, h, h'). Only the most common
monoclinic amphibole, hornblende, is given here in
detail.

Hornblende (CaMgFeNaAl)3-(AlSi)4O11 (OH)
An aluminous silicate whose relative proportions of

the metal ions vary within the limits shown, giving a
range of composition; the (OH)-radicle is found in all
amphiboles. Al3 + is substituted for Si4 + in about one in
four positions.

Crystals: Monoclinic, dark brown or greenish black;
usually 6-sided, of longer habit than augite, with three
dome faces at each end (Fig. 4.24). Vitreous lustre. H = 5
to 6. G = 3 to 3.4.

Common hornblende is found in diorites and some
andesites as the dark constituent; in andesite it is
porphyritic and may be recognized by its elongated
shape, the length of a crystal being often several times
its breadth. It is also found in some syenites and
granodiorites, and in metamorphic rocks such as
hornblende-schist.

In thin section: 6-sided transverse sections, bounded
by four prism and two pinacoid faces, are very

characteristic (Fig. 4.25), and show the prismatic
cleavages intersecting at 124°. Longitudinal sections are
elongated and show one cleavage direction parallel with
the length.

Colour: Green to brown; pleochroism strong in
shades of green, yellow, and brown.

Mean RJ. varies from 1.63 to 1.72.
Biref: Strong (max. = 0.024).
Extinction: Oblique in most longitudinal sections, at

angles up to 25° with the cleavage; sections parallel to
the front pinacoid show straight extinction. Symmetrical
extinction in transverse section. Twinning is common.

Alteration is to chlorite, often with the formation of
by-products.

Hornblende is to be distinguished from augite by its
colour and lower maximum angle of extinction; and
from biotite, which it may resemble in sections showing
one cleavage, by the fact that biotite always gives
straight extinction.

Asbestos
The fibrous form of the amphibole tremolite, in which
crystals grow very long and are flexible. In commerce
the term 'asbestos' also includes other fibrous minerals
such as chrysotile (fibrous serpentine, q.v.) and
crocidolite (a soda-amphibole). These minerals are
useful because of their resistance to heat and because of
their fibrous nature, which enables them to be woven
into fireproof fabrics, cord, and brake-linings, and made
in to boards, tiles, and felt.

The mica group

The micas are a group of monoclinic minerals whose
property of splitting into very thin flakes is
characteristic and easily recognized. It is due to the

Pinacoid

P
inacoid

Si4 O10 sheet

Al-layer

Si4 O10 sheet

Fig. 4.25 Hornblende in thin section (x12) . (a) regular
cross section with 1 24° cleavage, (b) irregular fragment dis-
playing diagnostic cleavage and twinning, (c) vertical sec-
tion, (d) symmetrical extinction, (e) oblique extinction for
long section, (f) twinning in vertical section.

Fig. 4.26 Crystal of mica: oblique view showing cleavage
parallel to basal pinacoid, and a vertical view of pseudo-
hexagonal symmetry and principal crystal faces. Below is the
structure of muscovite (diagrammatic). The silicon-oxygen
tetrahedra are linked to form 'sheets', two of which are shown,
with aluminium ions lying between them. Layers of potassium
ions are situated between successive pairs of the Si4O10

sheets, cl = cleavage.



perfect cleavage parallel to the basal plane in mica
crystals, which in turn results from the layered atomic
structure of the minerals, as shown in Fig. 4.26. It is
along the K+ layers, where the bonding is weak, that the
cleavage directions lie.

The commonly occurring micas, muscovite (colourless
or slightly tinted) and biotite (dark brown to nearly
black), are described below.

Mica crystals are six-sided, with pseudo-hexagonal
symmetry. Their cleavage flakes are flexible, elastic, and
transparent. A six-rayed percussion figure is produced
when a flake is struck with a pointed instrument, and
one of the cracks thus formed is parallel to the plane of
symmetry of the monoclinic mineral.

Muscovite, KAl2(Si3Al)O10(OH)2
Form and cleavage as stated above. White in colour,

unless impurities are present to tint the mineral; pearly
lustre. H = 2 to 2\ (easily cut with a knife). G = about
2.9 (variable).

Muscovite occurs in granites and other acid rocks as
silvery crystals, from which flakes can be readily
detached by the point of a penknife; also in some
gneisses and mica-schists. It is a very stable mineral, and
persists as minute flakes in sedimentary rocks such as
micaceous sandstones. The name sericite is given to
secondary muscovite, which may be produced by the
alteration of orthoclase. The mica of commerce comes
from large crystals found in pegmatite veins (p. 106).

In thin section: vertical sections (i.e. across the
cleavage) are often parallel-sided and show the perfect
cleavage (Fig. 4.17); basal sections appear as 6-sided or
irregular colourless plates. Alteration uncommon.

Mean *./.= 1.59.
Biref: Strong (max. = 0.04), giving bright pinks and

greens in vertical sections.
Extinction: Straight, with reference to the cleavage.

Biotite, K(MgFe)3(Si3Al)O10(OH)2
Crystals are brown to nearly black in hand specimen;

single flakes are pale brown and have a sub-metallic or
pearly lustre. Form and cleavage as stated above. H = 2\
to 3. G = 2.8to3.1.

Biotite occurs in many igneous rocks, e.g. granites,
syenites, diorites, and their lavas and dyke rocks, as
dark lustrous crystals, distinguished from muscovite by
their colour. Also a common constituent of certain
gneisses and schists.

In thin section: Sections showing the cleavage often
have two parallel sides and ragged ends (Fig. 4.17). In
some biotites, small crystals of zircon enclosed in the
mica have developed spheres of alteration around
themselves by radioactivity. These spheres in section
appear as small dark areas or 'haloes' around the zircon
and are pleochroic.

Colour: Shades of brown and yellow in sections across
the cleavage, which are strongly pleochroic; the mineral
is darkest (i.e. light absorption is a maximum) when the
cleavage is parallel to the vibration direction of the

polarizer. Basal sections have a deeper tint and are only
feebly pleochroic.

Mean R.I. = about 1.64.
Biref: Strong, about 0.05 (max.). Basal sections are

almost isotropic.
Extinction: Parallel to the cleavage.
Alteration to green chlorite is common, when the

mineral loses its strong birefringence and polarizes in
light greys (see under Chlorite, p. 80).

The feldspar group

The feldspars form a large group of monoclinic and
triclinic minerals, and are the most abundant
constituents of the igneous rocks. The chief members of
the Feldspar family can be classified by composition as
orthoclase, KAlSi3O8; albite, NaAlSi3O8; and anorthite,
CaAl2Si2O8. They are represented in Fig. 4.27 at the
corners of a triangle.
Orthoclase, KAlSi3O8. Potassium feldspar

Crystals: Monoclinic; white or pink in colour,
vitreous lustre; bounded by prism faces, basal and side
pinacoids, and domes (Fig. 4.28). Simple twins are
frequent: Carlsbad twins unite on the side pinacoid
(Fig. 4.8b), Manebach twins on the basal plane, and
Baveno twins on a diagonal plane (dome) parallel to the
tf-axis (Fig. 4.29). Two good cleavages, parallel to the
side and basal pinacoids, intersect at 90°; the name of
the mineral is due to this property (from the Greek
orthos, straight or rectangular, and k las is, breaking).
H = 6. G = 2.56. The colourless glassy variety, sanidine,
is a high temperature form found in quickly-cooled
lavas.

Orthoclase occurs in granites and syenites as hard,
cleaved white or pink crystals, generally constituting the
greater part of the rock. In the dyke rocks related to
granites and syenites, orthoclase may occur as
porphyritic crystals (see p. 106). Found also in some
gneisses and felspathic sandstones.

In thin section: shape often nearly rectangular if
crystals are idiomorphic, irregular if interlocked with
other minerals. Cleavage not always seen.

Colour: None when fresh, but shows frequent
alteration to kaolin (p. 80), when the mineral appears
'cloudy' and looks white by top light (reflected from the
surface of the slice).

Mean R.I. = 1.52.
Biref: Weak (max. = 0.008), giving grey and white

polarization colours, in sections of normal thickness.
Extinction: Oblique, up to 21° on the side pinacoid;

sections perpendicular to the side pinacoid show straighi
extinction. Simple twins common (Fig. 4.29);
distinguished from plagioclase by the absence of
multiple twinning.

Alteration to kaolin is common (p. 80); sometimes
alters to an aggregate of very small flakes of sericite
(secondary white mica), revealed by their bright
polarization colours.



Fig. 4.28 Crystal of orthoclase (left) showing cleavage; (a)
cross section and (b) vertical section showing cleavage and
principal crystal faces.

Microcline, KAlSi3O8. Triclinic; the low temperature
form of potassium feldspar.

Crystal form is similar to that of orthoclase, but the
two cleavages (parallel to the basal and side pinacoids)
intersect at about 89° instead of 90°.

Colour: White, pink, or green.
R.I. and Biref: Similar to orthoclase. Multiple

twinning, with two intersecting sets of gently tapering
twin-lamellae; in thin sections this is seen as a
characteristic 'cross-hatching' effect between crossed
polars, and distinguishes microcline from other
feldspars (Fig. 4.29).

Anorthoclase Triclinic. (Fig. 4.27.) The beautiful
grey schillerized feldspar which occurs in laurvikite (a
Norwegian syenite, p. 107); it is also found as rhomb-
shaped crystals in rhomb-porphyry in the Oslo district.

Schiller is the play of colours seen by reflected light in
some minerals, in which minute platy inclusions are
arranged in parallel planes; the effect is produced by the
interference of light from these platy inclusions.

Fig. 4.29 Orthoclase in thin section ( x 3). (a) alteration to
kaolin, (b) vertical section exhibiting Carlsbad twin, (c) Bav-
enotwin, (d) Microcline.

The Plagioclases
Feldspars of this series are formed of mixtures (solid
solutions) of albite, NaAlSi3O8, and anorthite,
CaAl2Si2O8, in all proportions. The range of
composition is divided into six parts, which are named.
A plagioclase, for example, containing 40 per cent albite
and 60 per cent anorthite would be called labradorite
(written Ab40An60).

Crystals: Triclinic; white or colourless (albite) to grey
(anorthite), bounded by prisms, basal and side
pinacoids, and domes (Fig. 4.30). Vitreous lustre.
Cleavages parallel to the basal and side pinacoids meet
at an angle of about 86° (hence the name; Greek plagios,
oblique; klasis, breaking). Multiple twins parallel to the
side pinacoid (Albite twinning, Figs 4.8c and 4.31a) are

Orthoclase
(microcline)

No feldspar
in this area

Plagioclases
NaAISi3O8

Albite
CaAI2Si2O8

Anorthite

Fig. 4.27 Feldspar composition diagram. For
a feldspar represented by a point within the tri-
angle, the proportions of the three quantities
Orthoclase, Albite, Anorthite are given by the
lengths of the perpendiculars from the point
onto the sides of the triangle. Each corner re-
presents 100% of the component named there.
With increasing Ca the plagioclases grade from
Albite (0-10% CaAI2) to Oligoclase. Andesine,
Labradorite, Bytownite and Anorthite (90-
100% CaAI2).

P
in

ac
o

id

Feldspar
stable only

;at high temperatures



Fig. 4.30 Crystal of albite (a plagioclase): oblique view
showing cleavage, (a) cross section and (b) vertical section,
showing cleavage and principal crystal faces.

characteristic of plagioclases; the closely spaced twin-
lamellae can often be seen with a lens as stripes on the
basal cleavage and other surfaces. Another set of twins
is sometimes developed on planes, parallel to the 6-axis,
which make a small angle with the basal pinacoid,
Fig. 4.31 (Pericline twinning). H = 6 to 6f G = 2.60
(albite), rising to 2.76 (anorthite).

Plagioclase feldspars occur in most igneous rocks, and
in some sedimentary and metamorphic rocks. They
appear as white or grey cleaved crystals in the coarse-
grained igneous rocks, where their multiple twinning
may be seen with a hand lens in suitable crystals.

In thin section: idiomorphic crystals (e.g. in lavas)
commonly show rectangular sections; parallel-sided
laths', with their length several times as great as their
breadth, are seen when the crystals sectioned are flat and
thin parallel to the side pinacoid (see Fig. 5.19).
Cleavage not often visible. The minerals are normally
colourless but may be clouded with alteration products:
these are mainly kaolin in Na-rich, and epidote in Ca-
rich varieties.

The characteristic multiple twinning appears as light
and dark grey parallel stripes between crossed polars

(Fig. 4.31), and sets of alternate stripes extinguish
obliquely in different positions. Average values for the
optical properties of the plagioclases are: R.I. = 1.55,
birefringence weak (0.009) which gives grey and yellow
polarization colours, and oblique extinction of long
sections that varies from approximately 15° for albite to
40° for anorthite.

Zoned crystals Many crystals possess internal
variations of composition which are expressed (i) by
colour, e.g. tourmaline, Fig. 4.36; (ii) by inclusions,
small particles locked up in a crystal at some stage in its
growth, e.g. quartz, Fig. 4.33, or (Ui) by zones of
different composition. This last is particularly evident in
some plagioclases, where it results from differences in
successive layers of material acquired during a crystal's
growth. For example, a plagioclase may have begun to
grow as anorthite; but because of changes in the relative
concentrations of constituents in the melt that was
breeding the crystal, further growth may have used
material containing less anorthite and more albite. A
slice of such a crystal seen between crossed polars does
not show sharp extinction in one position, but the zones
of different composition extinguish successively at
slightly different angles as the slice is rotated
(Fig. 4.31c). Augite and hornblende may also show
compositional zoning of this kind.

The feldspathoid group
Minerals of this group resemble the feldspars
chemically, and have 3-dimensional framework
structures; they differ from the feldspars in their lower
content of silicon. Stated in another way, the Al: Si ratio
is higher in the feldspathoids than in the corresponding
feldspars. The two chief minerals of the group, which
are not discussed here because their occurrence is
somewhat limited in nature, are:

Leucite, K(AlSi2)O6 (cf. Orthoclase)
Nepheline, Na(AlSi)O4 (cf. Albite), usually with a

little K.
Feldspathoids occur in certain undersaturated lavas,

which have a low silica- and high alkali-content, such as
the leucite-basalts from Vesuvius.

Forms of silica
Silica is found uncombined with other elements in
several crystalline forms of which quartz, one of the
most common minerals in nature, is of special
importance. As the quartz content of a rock increases so
may its strength and also its abrasiveness to machinery
used for drilling and excavating. When drilling quartz-
rich rock fine dust may be created which should not be
inhaled as it may damage lung tissue. Other forms of
silica include the high temperature tridymite (see below);
chalcedony, aggregates of quartz fibres; and the
cryptocrystalline forms flint and opal, and chert (p. 126).

Quartz, SiO2
In the structure of quartz the silicon-oxygen

Fig. 4.31 Plagioclase in thin section ( x 2) (upper polar in)
- see also Fig. 4.17. (a) Common albite twin, (b) pericline
twin, (c) zoned, (d) combined carlsbad-albite twin.
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tetrahedra build up a three-dimensional framework in
which each oxygen is shared between two silicons. There
are no substitutions of other ions in the silicon
positions.

Crystals: Trigonal with 6-sided prisms and
rhombohedral terminations (Figs. 4.32 and 4.7); faces
sometimes unequally developed; occasionally other
faces belonging to trigonal forms are present. Vitreous
lustre; conchoidal fracture. Colourless when pure (e.g.
'rock crystal'), but many coloured varieties occur, the
colour being due to traces of impurities, e.g. rose quartz
(pink), smoky quartz (grey), milky quartz (white),
amethyst (violet). Some quartz contains minute
inclusions or liquid-filled cavities, which may be
arranged in regular directions in a crystal. No cleavage;
twins rare. H = 7, cannot be scratched with a knife.
G = 2.66. Fig. 4.33 Quartz in thin section (x10) . (a) Cross-section

normal to c-axis; (b) vertical section parallel to c-axis; and
(c) irregular (from an igneous rock such as granite), lines of
minute inclusions (dots) may be present.

R.I. = 1.553 (max.), 1.544 (min.); weak outline in
Canada balsam.

Biref: = 0.009 (max.) (see p. 68).
Extinction: Straight in longitudinal sections.
Quartz is distinguished from orthoclase by the

absence of twinning and by its entire lack of alteration;
it always appears fresh, although inclusions may be
present. The mineral may show strain polarization in
rocks which have been deformed and then has no sharp
extinction position.

Chalcedony, SiO2

Radiating aggregates of quartz fibres, their ends often
forming a curved surface; white or brownish colour and
of waxy appearance in the mass. Chiefly found in layers
lining the vesicles of igneous rocks (Fig. 4.2a). In thin
section, such layers show a radiating structure, of which
the crystal fibres have straight extinction and give an
extinction 'brush' which remains in position as the stage
is rotated. R.I. = 1.54; polarization colours are light
greys.
Flint Cryptocrystalline (i.e. made of a large number of
minute crystals which are too small to be distinguished
separately except under very high magnification) silica,
possibly with an admixture of opal, representing a
dried-up gel; occurs in nodules in the chalk (see p. 127).
Often black in colour on a freshly broken surface, with
conchoidal fracture. Split flints were much used in the
past as a decorative facing to buildings.
Opal Hydrated silica, SiO2nH2O; amorphous. White,
grey, or yellow in colour, with a pearly appearance
(opalescence), and often displaying coloured internal
reflections. Conchoidal fracture. H = about 6. G = 2.2.
Occurs as a filling to cracks and cavities in igneous
rocks. When it replaces woody tissues it preserves the
original textures and is known as wood opal. The
microscopic organisms known as diatoms (p. 30) which
live in oceans and lakes, are also composed of opaline
silica. Opal is an undesirable constituent in rocks used

Fig. 4.32 (a) Spiral structure in atomic framework of quartz,
(b) Quartz crystal with extra (trigonal) faces.

Quartz is an essential constituent of granites, and can
be recognized in the rock as hard, glassy grains of
irregular shape and without cleavage. It occurs in
smaller amount in granodiorite and quartz-diorite, and
is present as well-shaped porphyritic crystals in acid
dyke-rocks and lavas. Vein quartz is an aggregate of
interlocking crystals of glassy or milky appearance,
filling fractures in rocks; the boundaries of the crystals
may be coated with brown iron oxide. Well-shaped
quartz crystals are found in cavities {druses) in both
veins and granitic rocks. Most sands and sandstones
have quartz as their main constituent; the grains have a
high resistance to abrasion and thus persist over long
periods during erosion and transport. The mineral is
also found abundantly in gneisses, quartzites, and in
some schists and other metamorphic rocks.

In thin section: basal sections are regular hexagons
(Fig. 4.16) when the crystals are well formed; also see
Fig. 4.16 for longitudinal section. When the mineral has
crystallized among others, as in granite, its shape is
irregular (Figs. 4.33 and 5.24).

Colourless. Never shows alteration, but crystals in
lavas sometimes have corroded and embayed margins.



for concrete aggregates, owing to the possibility of
reaction occurring between it and alkalis in the cement

In thin section, colourless and isotropic, with low R.I.
(1.44).

Accessory minerals
Minerals that occur as small crystals and in limited
quantities are described as accessory. Occasionally they
may develop to form large crystals and in certain
circumstances can be concentrated to become a major
rock constituent.

Fig. 4.35 Crystals of garnet oblique views, (a) rhombdo-
decahedron; (b) trapezohedron.

G = 3.5 to 4.0 according to species of mineral. Garnet
occurs in metamorphic rocks such as mica-schist. In thin
section crystals are isotropic. Fig. 4.34d.

Tourmaline, Complex silicate of Na, Mg, Fe, Al with
Si6O18 rings.

Trigonal. Colour, black, red, green, blue. H = 7,
G = 3.0. Tourmaline occurs in granites and vein rocks
such as pegmatites. The variety schorl commonly grows
in radiating clusters (Fig. 4.Ie) e.g. in pneumatolysed
granites. Yellow in thin section with extinction parallel
to length. Fig. 4.36a-c.

Cordierite, Mg2Al3(AlSi5)O18
Orthorhombic but commonly appears nearly

hexagonal in shape when crystals grow together as twins
(Fig. 4.36d). Occurs in metamorphic rocks such as
hornfels(p. 136).

Fig. 4.34 Some accessory minerals in thin section ( x 1 5).
(a) Zircon (at greater magnification than other minerals
shown), (b) Chiastolite cross-section, (b') long section, (c)
Sphene. (d) Garnet, showing isotropic character under
crossed polars.

Zircon, ZrSiO4

Tetragonal. H = 7.5, G = 4.7. Zircon occurs in granites
and syenites as an original constituent. Crystals are
usually very small and in thin section are recognized
chiefly by their shape: Fig. 4.34a.

Andalusite, Al2OSiO4

Orthorhombic. Colour, pink or grey. H = 7.5, G = 3.2.
Andalusite occurs in contact metamorphosed shales and
slates. Crystals are prismatic and have a nearly square
transverse section. The variety chiastolite contains
inclusions of carbon (Fig. 4.346). Two other forms of
Al2OSiO4 are sillimanite (formed at high temperature as
in an aureole) and kyanite (a pale blue mineral formed
under high stress and moderate temperature).

Sphene, CaTiSO4 (O, OH, F)
Monoclinic. H = 5, G = 3.5. Sphene occurs as small

wedge-shaped crystals (Gr. sphene, a wedge) in granite,
diorites and syenites. Fig. 4.34c.

Garnet (Ca, Mg, Fe2 + , Mn)3 (Al, Fe3+, Cr)2 (SiOJ3
Cubic (Fig. 4.35). Colour, pale pink. H = 6.5 to 7.5,

Fig. 4.36 Crystal of tourmaline. Tourmaline seen in thin
section (x5) , (a) and (b) cross-sections; (c) vertical section.
Also shown is cordierite (d).

Secondary minerals
Described under this head are the minerals chlorite,
serpentine, talc, kaolin, epidote and zeolite, all of which
result from the alteration of pre-existent minerals. These
minerals have little mechanical strength and small
angles of friction. Their presence on fractures can
significantly reduce the strength of a rock mass.

Chlorite (MgFe)5Al(Si3Al)O10(OH)8, variable
The chlorites (Greek chloros, green) form a family of

green flaky minerals which are hydrous silicates of



magnesium and aluminium. Some Fe replaces Mg and
gives colour to the chlorite. Like the micas, they have a
perfect cleavage, due to the atomic sheet structure
(Fig. 4.26). Different kinds of chlorite are given
distinctive names (e.g. penninite, clinochlore); these are
not distinguished in the following general description.

Crystals: Monoclinic, frequently 6-sided in shape,
with a perfect cleavage parallel to the basal plane; the
mineral splits into hexagonal flakes which are flexible
but not elastic (cf. mica). H = 2 to 2\ (often soft enough
to be scratched by the finger-nail). G = 2.65 to 3.0.

Chlorite is found in igneous rocks, as described
below, and in metamorphic rocks such as chlorite-schist,
and in some clays.

In thin section: Chlorite occurs as an alteration
product of biotite, augite, or hornblende; it may replace
these minerals completely, forming a pseudomorph
( = 'false form') in which the aggregate of chlorite flakes
and fibres retains the shape of the original mineral.
Together with other minerals such as calcite, chlorite
also forms an infilling to cavities in basalts (q.v.).

Colour: Shades of bluish-green and yellowish-green,
sometimes very pale; noticeably pleochroic; cleavage
often seen.

Mean RJ. = about 1.58.
Biref: Weak grey.

Serpentine, Mg6Si4O10(OH)8, some Fe replaces Mg, in
part

Serpentine is an alteration product of olivine, of
orthorhombic pyroxene, or of hornblende. This reaction
takes place in an igneous rock while it is still moderately
hot (hydrothermal action), the source of the hot water
being magmatic; it is thought that the change from
olivine to serpentine may also be brought about by the
action of water and silica.

Serpentine grows as a mass of green fibres or plates,
which replace the original mineral as a pseudomorph. A
fibrous variety is called chrysotile, and is worked in veins
for commercial asbestos. In the mass, serpentine is
rather soapy to the touch, and may be coloured red if
iron oxide is present. H = 3 to 4. G = 2.6. Serpentine is
found in basic and ultrabasic rocks (p. 101), and in
serpentine-marble.

In this section: as a pseudomorph after olivine,
serpentine appears as a matte of pale green fibres,
weakly birefringent, and having a low RJ. (1.57).
Specks of black magnetite, the oxidized by-product
from iron in the original olivine, are often present. The
change to serpentine involves an increase in volume, and
this expansion may fracture the surrounding minerals in
the rock, fine threads of serpentine being developed in
the cracks so formed.

JaZcMg3Si4O10(OH)2

A soft, flaky mineral, white or greenish in colour,
which occurs as a secondary product in basic and
ultrabasic rocks, and in talc-schist (p. 140). It is often

associated with serpentine. Flakes are flexible but not
elastic, and are easily scratched by the finger-nail. H = I.

Kaolin (china clay)
This substance is largely made up of the mineral

kaolinite, Al4Si4O10(OH)8, one of the group of Clay
Minerals which, like the micas, are built up of silicon-
oxygen sheets (Fig. 4.26).

Kaolin is derived from the breakdown of feldspar by
the action of water and carbon dioxide; the chemical
equation for the change is given and the kaolinization of
granite masses is described on p. 138. It is white or grey,
soft, and floury to the touch, with a clayey smell when
damp. G = 2.6. In thin section it is seen as a
decomposition product of feldspar (Fig. 4.29), which
when altered appears clouded and looks white by top
light (i.e. by light reflected from the surface of the slice
and not transmitted through it).

Epidote, Ca2(AlFe)3(SiOJ3(OH)
The monoclinic crystals of this mineral are typically

of a yellowish-green colour. Often in radiating clusters;
vitreous lustre. H = 6 to 7. G = 3.4.

Epidote occurs as an alteration product of calcic
plagioclases or of augite; also as infillings to vesicles in
basalts, and as pale green veins traversing igneous and
metamorphoc rocks.

Zeolites
These form a group of hydrous aluminous silicates of
calcium, sodium, or potassium; they contain molecular
water which is readily driven off on heating, a property
to which the name refers (Greek zein, to boil). They
occur as white or glassy crystals clusters, filling or lining
the cavities left by escaping gases (amygdales, p. 100) in
basic lavas, or filling open joints, and are derived from
feldspars or feldspathoids by hydration.

Two commonly occurring natural zeolites are:

Analcite, NaAlSi2O6H2O
Cubic; crystallized as trapezohedra (as in Fig. 4.35b),

white in colour. G = 2.25. Occurs in the amygdales of
basalts.

Natrolite, Na2Al2Si3O102H2O
Forms white, acicular orthorhombic crystals,

generally in radiating clusters. G = 2.2.

Clay minerals

Clays can form as either primary or secondary minerals.
Here they are grouped under one heading because of
their economic importance, their presence in most
profiles of weathering and their influence upon the
mechanical character of rocks and less well consolidated
sediments. Being minute they can be seen using only an
electron microscope (Fig. 4.37), but their presence may
be revealed by placing a few particles of material that is

Next Page



Geological processes due to the natural agents which
operate at the Earth's surface have been discussed in
Chapter 3. Other processes, however, originate below the
surface and these include the action of volcanoes, or
volcanicity. Molten rock material which is generated
within or below the Earth's crust reaches the surface from
time to time, and flows out from volcanic orifices as lava.
Similar material may be injected into the rocks of the
crust, giving rise to a variety of igneous intrusions which
cool slowly and solidify; many which were formed during
past geological ages are now exposed to view after the
removal of their covering rocks by denudation. The soli-
dified lavas and intrusions constitute the igneous rocks.

The molten material from which igneous rocks have
solidified is called magma. Natural magmas are hot, vis-
cous siliceous melts in which the chief elements present
are silicon and oxygen, and the metals potassium, sodium,
calcium, magnesium, aluminium, and iron (in the order
of their chemical activity). Together with these main con-
stituents are small amounts of many other elements, and
gases such as CO2, SO2, and H2O. Magmas are thus
complex bodies and the rocks derived from them have a
wide variety of composition. Cooled quickly, a magma
solidifies as a rock-glass, without crystals; cooled slowly,
rock-forming minerals crystallize out from it.

The content of silica (as SiO2) in igneous rocks varies
from over 80% to about 40% and results in some, e.g.
granites, containing visible quartz (SiO2) and others, e.g.
gabbros, having no quartz. SiO2 is a non-metal oxide and
the basic component of silicate minerals. These were con-
sidered to be 'salts' of silicic acids and rocks containing
much silica were originally called acid, and those with less
silica and correspondingly more of the metallic oxides
were called basic. The concept has long been abandoned
but its nomenclature remains because the broad distinc-
tion it creates is a useful one. Basic magmas are less
viscous than acid magmas; the temperatures at which
they exist in the crust are incompletely known, but
measurements at volcanoes indicate values in the neigh-
bourhood of 100O0C for basic lavas, a figure which may
be considerably lowered if fluxes are present. (A flux
lowers the melting point of substances with which it is
mixed; the gases in magma, for example, act as fluxes.)

Volcanoes and extrusive rocks

A volcano is essentially a conduit between the Earth's
surface and a body of magma within the crust beneath it

(see Figs 1.18 to 1.20). During an eruption lava is ex-
truded from the volcanic vent and gases contained in the
lava are separated from it; they may be discharged quietly
if the lava is very fluid and the gas content small, but
commonly they are discharged with explosive violence.
In a submarine eruption the lavas flow out over the sea
floor; a volcanic pile may be built up which can eventually
rise above sea-level to form an island. The new island of
Surtsey, off the south coast of Iceland, was formed in this
way in 1963 (Figs 5.1 and 1.18).

Different styles of volcanic action are distinguished as
{i) fissure eruptions and (H) central eruptions.

5
Igneous Rocks

Fig. 5.1 Surtsey Volcano, Iceland, in eruption 1963. The
dark cloud near the cone is a dense ash emission. (Photograph
by G. P. L Walker.)

Fissure eruptions
Lava issues quietly from long cracks in the Earth's sur-
face, with little gas emission. It is basic and mobile, with
a low viscosity, and spreads rapidly over large areas. In
past geological times vast floods of basalt have been
poured out in different regions, and are attributed to
eruptions from fissures. These plateau-basalts at the



present day include the Deccan Traps {trap is an old field
term for a fine-grained igneous rock, possibly derived
from an even older Swedish term for a staircase, so de-
scribing the stepped escarpments eroded at the edges of
the plateaux formed by the fine-grained basalts), which
cover 106 km2 in peninsular India; built up of flow upon
flow of lava they reach a thickness in places exceeding
1800 m. The plateau-basalts of the Snake River area in
North America cover 500 000 km2 and resemble the Dec-
can Traps in composition. The basalts of Antrim and the
Western Isles of Scotland, including the hexagonally-
jointed rocks of the Giant's Causeway and of Staffa
(Fig. 5.2), are the remnants of a much larger lava-field
which included Iceland and Greenland. The basalt flows
of the world (see Fig. 2.13) are estimated to cover in all
2.5 million km2; and the source of these widespread lava
flows is the basaltic layer situated at the base of the
lithosphere. Active fissures in which the rock is still hot
can be observed in Iceland; the island, which lies across
the mid-Atlantic rift (Fig. 1.13), is built of lava and has
continued to grow as the rift has opened.

day belong to this type. When the dissected volcanic cones
of central eruptions that were active in past geological
ages are now exposed to view after long denudation, their
structure can be studied in detail; Arthur's Seat at Edin-
burgh and Largo Law in Fife are examples of such 'fossil
volcanoes'.

In the upper part of the magma chamber beneath the
volcano (Fig. 5.3) gases accumulate and build up pressure
in the pipe of the volcano. When eruption occurs the
expanding gases burst the lava into countless small frag-
ments of dust, ash, or pumice, which ultimately fail
around the vent or are blown to a distance by wind.
Larger fragments (lapilli) and still larger lumps of magma
(bombs) may also be ejected, together with fragments and
blocks of rock torn by the force of the eruption from the
walls of the volcanic vent.

Among the central volcanoes are those which have
steep-sided cones and erupt stiff lavas derived from acid
magmas whose large gas content gives rise to violent
explosions when suddenly released (described as paroxys-
mal eruptions). Incandescent lava-fragments, sus-

Fig. 5.2 Hexagonal columns
of basalt at Giant's Causeway.
Antrim, N. Ireland.

Central eruptions
A central eruption builds a volcano that has a cone with
a summit crater connected to the volcanic 'pipe', through
which are ejected lava, gases, and fragments of exploded
lava (ash) and broken rock. Vesuvius, Etna, and Strom-
boli in the Mediterranean region, Popocatapetl, and Co-
topaxi in the Andes, the Mounts St Helens, Rainier,
Crater Lake, Shaster and Lassen Peak in the Cascades of
N. America, and other active volcanoes of the present

pended in a cloud of hot gas, can flow rapidly downhill as
nuees ardentes, or glowing clouds. An eruption of this type
occurred at Mont Pelee on Martinique, in the West Indies,
in 1902, and brought about the destruction of the town
of St Pierre.

The eruption of the Mount St Helens volcano in the
state of Washington, in May 1980, was an explosive dis-
charge of ash and dust most of which was ejected hori-
zontally to devastate a segment of surrounding country,



Fig. 5.3 An idealized cross section through a central vol-
cano (based upon the geology at Vesuvius). A volcanic pipe
connects with magma at a depth of about 5 km.

20 km by 30 km wide. Much volcanic dust, instead of
rising into the upper atmosphere, was spread over a large
area in the north-western United States, and affected
agricultural conditions there.

The volcanic island of Krakatoa in the East Indies,
part of the rim of a former crater, underwent four parox-
ysmal explosions in August 1883. After two centuries of
quiescence the eruption began with the emission of steam,
followed by the explosions which blew away most of the
island, estimated at 18 km3 of rock. Shocks were felt to
great distances and the tidal waves generated did much
damage to low coasts. The dust from Krakatoa floated
around the Earth in the upper atmosphere for a year
afterwards.

Not all central eruptions produce the high conical vol-
canoes associated with acid magmas: some are character-
ized by large flat cones called shield volcanoes, formed by
successive flows of mobile basaltic lava derived from basic
magmas. At the top of the pile and connected with the
volcanic conduit is a large pit or caldera, in which the lava

column, fed from below, is maintained under pressure
and from time to time overflows into the caldera. Flows
of lava are also emitted from fissures on the slopes of the
cone.

Mauna Loa, a great shield volcano, is the largest of
four in the Hawaiian Islands of the South Pacific
(Fig. 5.4). The summit caldera is an elliptical pit about
5.6 km in length and nearly 3 km across. Jets of molten
rock are expelled from within the pit at times, their spray
being blown by the wind to fall as glassy threads around
it.

A more accessible caldera, Kilauea, is situated on the
eastern slope of the mountain. Within the caldera is a
lava lake in which the level of the molten rock rises and
falls. At intervals the lake becomes crusted over, and at
other times fountains of lava are ejected by the discharge
of gases. The temperature of the basaltic lava at the
surface of the lake is about 10500C but is 1000C lower 6 m
below, because at the surface burning gases keep the lava
at a higher temperature.

Other shield volcanoes are found in Iceland, where they
were active in geologically recent (Pleistocene) times, and
in Java.

Descriptions of past volcanic outbursts include Pliny's
account of the violent eruption of Vesuvius in A.D. 79,
which overwhelmed Pompeii and Herculaneum. Modern
studies have been made from observatories sited on vol-
canoes, as at Vesuvius or Kilauea; aerial reconnaissance
using photographic, radar, and geophysical equipment
has made possible comprehensive studies that monitor
volcanic activity on local and regional scales.

Waning phases
In areas of waning volcanic activity the emission of steam
and hot gases (HCl, CO2, H2S and HF) at high temper-
ture from fumaroles (gas-vents) may continue for a long
time. Sulphur is deposited around gas-vents, called sol-
fataras, as in the Vesuvian area, and commercial supplies
of sulphur were formerly obtained from these deposits.
Geysers (Icelandic = roarer) are eruptive springs of boil-
ing water and steam. The Yellowstone Park region of
Wyoming, U.S.A., is famous for its geysers and hot
springs. One geyser, named Old Faithful, which erupts
regularly at intervals of about an hour and shoots a
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Fig. 5.4 A vertical section through the shield volcano of Mauna Loa, Hawaii, with silhouette of Mount Rainier drawn to the
same scales. Sketch map of Hawaii shows recent lava flows and line of vertical section. (Data from Stearns, 1966.)



column of water to a height of 46 m, was investigated.
Heat from the surrounding rock raises the temperature
of the underground water. The upper layers of water
begin to boil, and the boiling spreads downwards in the
fissure network until enough steam pressure has formed
to eject the water in the upper part of the geyser. The time
interval between successive eruptions of Old Faithful de-
creased from 64 to about 60 minutes just before the Hog-
ben Lake earthquake in 1959, and increased again to 67
minutes after the earthquake. It fell again before the onset
of the more distant Alaska earthquake in March 1964. A
possible link between the behaviour of the geyser, stress
in the crust and earthquake activity was thus indicated.

Geysers and hot springs are common in Iceland, where
the hot water is used for domestic heating and cooking,
and for laundries. The temperature of hot springs is
generally lower than that of geysers, and the former flow
constantly whereas geysers are intermittent. Around the
orifice of a spring or geyser a cone or small mound of
sinter is deposited; sinter is a siliceous substance which
may be a sublimate (i.e. deposited from gaseous emana-
tions in a cooler environment), or thrown out of solution
from the hot spring. It is usually white in colour but may
have other tints. In New Zealand large sinter deposits are
found, sometimes forming terraces in the Hot Springs
district of North Island.

Pyroclastic rocks
The deposits formed by the consolidation of fragments
ejected during an eruption are called pyroclastic (literally,
'fire broken'). The largest ejected masses of lava (bombs)
fall in and around the vent and become embedded in dust
and ash; a deposit of this kind is called an agglomerate
(or volcanic agglomerate). The smaller particles of ash
and dust may be blown by wind and spread over large
areas in layers; they become hardened into rocks that are
called tuffs.

The tuffs formed on land from a nuee ardente typically
have their component fragments welded together by the
heat involved in their formation; such welded tuffs are
called ignimbrites (Latin ignis, fire; nimbus, cloud).

Poorly consolidated tuffs from the Naples area were
used by the Romans for making 'hydraulic cement', and
were called pozzolana; mixed with lime they harden under

water. Similar material from the Eifel district of Germany
has also been used; tuffs known as trass, when mixed with
an equal amount of limestone, form a cement.

When an eruption takes place on the sea floor through
the opening of a submarine vent, or on land adjacent to
the sea, the ejected dust, ash, and other fragments form
pyroclastic layers interbedded with normal aqueous sedi-
ments. Many examples of this are found in the Lower
Palaeozoic rocks of Wales, the Welsh Borderland, and
the Scottish Lowlands; the considerable thicknesses of
bedded tuffs in those areas point to the extensive volcanic
activity of that time (see Chapter 2, p. 20).

Extrusive rock associations
The products of volcanism can produce complex associa-
tions when they accumulate on land: some are shown in
Fig. 5.5. The oldest rock shown is a lava flow (1) whose
top was once the land surface on which developed a soil
profile (stippled). This and the vegetation it supported
(crossed) were buried by ash (2) from a later eruption that
also generated mudflows of liquefied ash (3) before cul-
minating in lava flows (4a and b). The upper surface of
lava (4b) rapidly solidified to form a crust beneath which
liquid lava continued to flow, forming lava tunnels (5)
which are now found partially filled. Deep river valleys
(6) eroded the land surface and became the routes
followed by minor lava flows at a later date. The initial
flows buried the river deposits in the base of the valleys,
the later flows being restricted to lava channels, like rivers
(6a). Ash falls (7 and 8) blanket the area.

The land surface is typically free from running water
and often dry as rain soaks readily into the loose deposits
except during periods of intense rainfall when gulleys (9)
are eroded. The pyroclastic rocks are normally porous
and the more massive lava flows are fractured by shrink-
age cracks on cooling. Most of the rocks freely transmit
ground-water which is often some distance below ground
level. In regions of active volcanism springs of hot water
may issue from fractures, accompanied by sulphurous
gases. Strong lavas may be separated by layers of weak
ash; horizons which appear continuous can be abruptly
terminated by other rocks; zones of weathering can be
found buried beneath unweathered rock; sediments can

Fig. 5.5 Example of extrusive rock
associations: for explanation, see text.
F = fault.



be inter layered with lava flows, and changes in the thick-
ness of members that constitute such extrusive associa-
tions must be expected.

Intrusive rocks and rock forms

A body of magma in the Earth's crust may rise to higher
levels and penetrate the rocks above it without reaching
the surface; it is then said to be intrusive. During the
process of intrusion it may incorporate within itself some
of the country-rocks with which it comes into contact, a
process known as assimilation (p. 98), and it is thereby
modified. Some magmas may give off hot fluids that
penetrate and change the rocks in their immediate neigh-
bourhood. A large mass of magma, many cubic km in
volume, is a major intrusion and cools slowly because of
its size. Large crystals are able to form and the rocks so
formed are coarsely crystalline. When the magma rises
and fills fractures or other openings in the country-rocks
it forms minor intrusions, i.e. smaller igneous bodies.
These include dykes, which are wall-like masses, steep or
vertical, with approximately parallel sides (Fig. 5.6); and

Minor intrusions

Dykes
Dykes, (Fig. 5.7) defined above, vary in width from a

few centimetres to many metres, but most are not more
than 3 m wide. They commonly outcrop in nearly straight
lines over short distances (Fig. 12.17), but exceptionally
may run for many km across country. A remarkable
example, several km in width (formerly known as the
Great Rhodesian Dyke), extends 450 km through Zim-
babwe into South Africa. In the north of England the
Armathwaite -Cleveland dyke of dolerite can be traced

Fig. 5.7 Dykes (a) more resistant to weathering, (b) less
resistant than the country-rock.

Fig. 5.6 Basic dyke cutting
folded Damara rocks, Brandberg
West area, Namibia. (Courtesy of
DrA.O. Fuller.)

sills, sheets of rock whose extent is more or less horizon-
tal, and which lie parallel to the bedding of sedimentary
rocks into which they are intruded. Dyke and sill rocks
commonly have a fine to medium-grained texture (see
p. 98 for textures). Veins are smaller injections of igneous
material and are often thin and irregular, filling cracks
which have been opened up in the country-rocks around
an intrusion.

for 209 km. If the dyke-rock is harder than the country-
rocks into which it is intruded, it will stand above the
general ground level and appear as a linear feature
(Fig. 5.7). The term 'country-rock' is used for rocks (of
any kind) which are invaded by an igneous mass. A fine-
grained chilled margin is often formed by the rapid cool-
ing of the igneous body at its contact with the country-
rock.



A dyke swarm is a group of parallel or radiating dykes
(Fig. 5.8). In the island of Mull the well-known parallel
swarm intersects the south coast of the island over a
distance of 20 km. Some individual dykes of the swarm
extend across to the Scottish mainland, where they can
be traced for many km farther. The stretching of the crust
that was needed to open the dyke fissures points to the
operation of tensile stresses across the area. A radial
swarm occurs on the island of Rhum, off the west coast of
Scotland, where 700 basic dykes are grouped about a
centre in the south of the island.

side of a dyke, and jointing develops by the cooling and
lateral contraction of the sill-rock; similar jointing de-
velops in dykes.

A sill is sometimes stepped up from one level to an-
other, the two parallel parts being connected by a short
length of dyke (Fig. 5.9). If the country-rocks into which
the sill is intruded are later tilted or folded the igneous
body will be tilted or folded with them. Sills may be of
considerable area seen in plan. The Whin Sill of the north
of England is a sheet of basic rock (quartz-dolerite) with
an extent of some 3900 km2 and an average thickness of
about 30 m. It is exposed along the sides of many valleys
and in escarpments, where denudation has cut down
through it, and in coastal cliffs. It yields a high quality
road-stone, locally called 'whinstone'.

Sills and dykes may be composite, with contrasted mar-
gins and centre due to successive injections of different
material (e.g. basic and acid); if there are successive injec-
tions of similar material the term multiple sill or dyke is
used.

The Palisades Sill, New Jersey, is an olivine-dolerite (or
diabase) with a thickness of 303 m and fine-grained chilled
margins at the upper and lower contacts. The mineral
composition varies from top to bottom of the sill as a
result of the setting of early-formed heavy crystals, olivine
and pyroxene, during the slow cooling of the mass. Most
of the olivine is concentrated near the base of the sill at a
level known as the 'olivine ledge'. Crystal settling is re-
ferred to again on p. 109.

Ring structures
Ring dykes are intrusive masses filling curved fractures,

sometimes appearing as a complete circle or loop in plan.
They are formed when a detached plug of country-rock,
which occupies a cylindrical fracture in rocks above a
body of magma, sinks, and the magma then rises and fills
the annular space around the plug (Fig. 5.11). This pro-
cess is called cauldron subsidence; it was first described
from Glen Coe, Scotland, where andesite lavas within a
ring fault are surrounded by the Cruachan granite. Such
igneous bodies are also referred to as permitted intrusions,
which are 'allowed' to fill spaces formed, e.g. by the
subsidence of a plug (in the case of ring fractures), or
filling open joints or other spaces in the rocks. Cone-
sheets are fractures having a conical shape, with the apex
of the cone pointing downwards, and filled by magma
(Fig. 5.12). Both cone-sheets and ring dykes are seen in
the Ardnamurchan peninsula in west Scotland, where
they are composed of quartz-dolerite.

Laccolith and phacolith
A laccolith is a small intrusion having a flat floor and

domed roof (Fig. 5.13a), the roof having been arched by
the pressure of incoming magma. Laccoliths in the Henry
Mountains, Utah, were intruded into mainly horizontal
strata and are now exposed after denudation. Others are
found in Iceland, in Skye (gabbro laccoliths), and else-
where.

A phacolith is a somewhat similar body but has both a
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Fig. 5.8 Tertiary dyke swarms of the British Isles, with inset
showing the radial dykes of Rhum (R). (Data from Geol.
Survey. G.B. 1961.)

Sills
Sills, (Fig. 5.9), in contrast to dykes, have been intruded

under a flat cover or 'roof against a vertical pressure due
to the weight of the cover. A columnar structure is often
developed in such an igneous sheet by the formation of
sets of joints which lie at right angles to its roof and floor;
the joints in general result from the contraction of the
igneous body. This is seen, for example, in the well-ex-
posed dolerite sill at Salisbury Craigs, Edinburgh, and at
other localities. Many lava-flows also show a joint pattern
(Fig. 5.10). The sediments above and below a sill are
baked by the heat of the intrusion, as also occurs either

Fig. 5.9 Sills fed by dykes



Fig. 5.11 The lower levels of a volcanic centre, now ex-
posed by erosion, containing annular ring dykes produced by
cauldron subsidence. Repeated downward movements of a
central plug were associated with injections of magma which
moved up the annular fractures to occupy the space created
by each period of subsidence.

Fig. 5.10 Dolerite sill with columnar
jointing, intrusive into jointed sandstone.
Erosion has removed the rock that over-
lay the sill.

LAVAS LAVAS

COUNTRY ROCK

Fig. 5.13 (a) Laccolith, magma intruded under pressure
produces arching of roof, (b) Phacolith, emplaced in an ex-
isting antiformal structure.

Major intrusions

Plutons, stocks, and batholiths
The term pluton is used to denote a moderately large

body of magma which is intruded essentially at one time
and is contained within a single boundary. Plutons have
various shapes but are commonly nearly circular in
cross-section; an average area for many granitic plutons is
about 150 km2 but many are larger. Those emplaced early
during an episode of intrusive activity may be larger than
others that come later; some reach about 1000 km2 in
outcrop area and are composite.

The granites of Devon and Cornwall (Fig. 2.18) may
be considered as a group of six steep-sided plutons, pos-
sibly (though not necessarily) connected at a low level.
They are now seen at the surface where their sedimentary
roof rocks have been removed by denudation.

The older term stock was introduced by R.A. Daly
(1912) to denote a vertical nearly cylindrical body of

Magma

Fig. 5.12 An igneous source exposed by erosion and re-
vealing cone-sheets, where rising magma has filled conical
fractures opened by vertical pressure acting over a small area.

curved floor and roof (Fig. 5.13b), magma having been
intruded into rocks that were already folded. The Corn-
don phacolith, S. Shropshire, is 2 km in length and occu-
pies the crestal region of a dome in folded mudstones.



igneous rock, cutting across the rocks into which it is
intruded, with a cross-sectional area up to 100 km2.

A batholith was formerly defined as a large bottomless
igneous mass (the word means 'depth-rock') rising as an
irregular projection into sedimentary and other rocks of
the crust. Recent research, however, has shown that most
batholiths consist of a cluster of plutons, located by some
structural control during their intrusion. Examples in
Britain are the Donegal batholith, Ireland, which consists
of 8 separate plutons; and the Leinster granite batholith
with 5 separate plutons which form elongated domes
aligned along faults.

The Leinster granite batholith, situated south-west of
Dublin, occupies 1000 km2 at the surface and is the largest
granite body in the British Isles. It is elongated in a NNE-
SSW direction (Fig. 2.18). Larger batholiths elsewhere
are also found to consist of multiple units (plutons) which
have risen into the country-rocks during intrusion with-
out necessarily reaching the surface.

A buried granite underlies the northern part of the
Pennines between Alston and Stanhope, Co. Durham,
where mineral veins are found injected into the sedimen-
tary rocks of the area. After its presence was confirmed
by a geophysical survey, the buried (Weardale) granite
was reached by a boring at Rookhope in 1961, at a depth
of 369 m.

In the Grampian Highlands of Scotland large granite
and granodiorite masses were emplaced during the Cale-
donian orogeny (p. 20). Many of them are bounded by
steep walls, and during the process of intrusion appear to
have pushed aside the rocks which they invade. They are
forceful intrusions, as distinct from the permitted intru-
sions referred to earlier (p. 96), and represent magma
formed at depth and intruded at a higher level. They
include the Moor of Rannoch, Etive, Cairngorm, Loch-
nagar, and Hill of Fare granites, and the Aberdeenshire
granites; the shapes of these large igneous bodies are not
completely known.

Stoping
A contributory process by which magma rises into

country-rocks during a process of intrusion is known as
stoping, or magmatic stoping. The term 'stope' has long
been used in mining for the opening up of a vertical or
inclined shaft by the piecemeal removal of the rock. Stop-
ing as applied to magma was discussed by Billings (1925).
'Fingers' of magma penetrate under pressure into cracks
and joints in the country-rocks, and blocks of rock are

Table 5.1 A grouping for igneous rocks

wedged off by them. If the density of the blocks is greater
than that of the magma they will sink in the viscous fluid,
which is then displaced and rises. Shales and many meta-
morphic rocks, for example, are heavier than granitic
magma and would sink in this way. When the stoped
rocks (especially the smaller ones) remain for some time
in such an environment they are softened and may be
streaked out by viscous flow in the magna; some are
partly or wholly assimilated, i.e. dispersed in the magma,
thereby changing its composition locally. Others remain
as enclosures or xenoliths (Fig. 5.14), often with their
mineral constituents re-crystallized. Such enclosures are
often seen in the marginal parts of granites and other
igneous bodies.

Xenolith

Magma

Fig. 5.14 Schematic vertical cross-section of a plutonic in-
trusion at depth, stoping country-rock. Xenolith = slab of
country-rock enclosed in the mass near its walls and roof.
Small inclusions of country-rock have been softened and
dispersed in the igneous rock as it cooled slowly, locally
modifying its composition near its contacts. Thus a granite
may grade into quartz-diorite and diorite at its margin.

Basic sheets
Certain large intrusions have the form of sheets which

are much thicker in proportion to their extent than sills,

Roof rocks Granite

Fig. 5.15 Lopolith: a generalized section across the great
Bushveld Lopolith of S. Africa; note that length of section is
about 400 km.

Mode of formation Rock types Rock textures

EXTRUSIVE {Volcanic) Lavas Glassy or fine-grained

{Minor intrusions Dykes and sills. Fine to moderately

laccoliths coarse texture
Major intrusions {Plutonic) Batholiths, stocks, bosses, and Coarsely crystalline rocks

sheets



and are often basic in composition (gabbro or dolerite).
They occupy many square kilometres of ground, over
much of which the igneous rock may not be exposed at
the surface because covered by sedimentary rocks. The
Duluth gabbro of Minnesota is one such basic sheet, with
an extent of some 6000 km2 and a thickness of about
6 km. Another example is the complex layered intrusion
of the Bushveld, S. Africa, which has a flat basin-shaped
form described as a lopolith (Fig. 5.15).

We can now construct the following grouping for ig-
neous rocks (Table 5.1), based on their mode of occur-
rence as described above, and leading to the classification
on p. 100.

Texture and composition

Texture
The texture, or relative size and arrangement of the com-
ponent minerals, of an igneous rock corresponds broadly
to the rock's mode of occurrence. Many descriptive terms
are used by geologists and a selection of the more com-
mon is presented in Table 5.2.

Plutonic rocks, which have cooled slowly under a cover
perhaps several kilometres thick, are coarsely crystalline
or phaneritic, their component crystals are large (2 to

Fig. 5.16 (a) Equigranular texture, (b) Porphyritic texture,
(c) Vesicular texture, (d) Flow-structure.

Table 5.2 Commonly used terms for describing igneous rock texture: all may be used as field terms and require no greater
visual aid than a x 10 hand lens.

1. Degree of crystallinity (commonly reflects speed of cooling)
Holocrystalline = entirely composed of crystals (cooled slowly)
Hypocrystalline = composed of crystals and glass
Hyalocrystalline = no crystals, i.e. glassy (cooled quickly)

2. Visible crystallinity (commonly reflects speed of cooling)
Phaneritic = individual crystals can be distinguished (cooled slowly)
Aphanitic = granularity from the presence of crystals can be seen, but individual crystals cannot be distinguished
Glassy = entirely glass-like, or some crystals set in glass (cooled quickly)

3. Crystal size (commonly reflects speed of cooling)
Coarse= > 2 mm
Medium = 2-0.06 mm Phaneritic
Fine= <0.06mm
(Microcrystalline = must be observed using a microscope)
(Cryptocrystalline = cannot be seen with a microscope but can be sensed from birefringence of groundmass)

4. Relative crystal size (commonly reflects abundance of ions and uniformity of cooling history)
Equigranular = all crystals are approximately of equal size
lnequigranular = some crystals are clearly larger than others
Porphyritic = large crystals surrounded by much smaller crystals

5. Crystal shape (commonly reflects sequence of crystallization)
Euhedral = well defined regular shape (crystallized early from melt) (= idiomorphic)
Anhedral = poorly defined and irregular outlines (crystallized late from melt)

5 mm or more) and can easily be distinguished by the
naked eye (Fig. 5.16a and b). Rocks of medium grain
often have crystals between about 1 and 2 mm, and in
fine-grained rocks crystals may be considerably less than
1 mm across. When the texture is so fine that individual
crystals cannot be distinguished without the aid of a

microscope it is called aphanitic, or microcrystalline. For
extremely fine-grained rocks, when their crystalline
character is only revealed by viewing a rock slice through
crossed polars, which enables the birefringent colours of
each embryo crystal to be displayed, the term cryptocrys-
talline is used. These textures are all even-grained, or



equigranular, i.e. having crystals of much the same size
(Fig. 5.16a); but some rocks show the porphyritic texture
(Fig. 5.16Z?), in which a number of larger crystals are set
in a uniformly finer base (or groundmass). The large,
conspicuous crystals are called porphyritic crystals or
megacrysts. Porphyritic feldspars in some granites, for
instance, may be 5 to 10 cm long.

Extrusive rocks (lavas) which have cooled rapidly at
the Earth's surface are often entirely glassy or vitreous
(without crystals), or partly glassy and partly crystalline.
Within a single lava flow the outer part, i.e. its upper and
lower boundaries, may be glassy, because rapidly chilled,
and the inner part crystalline. Expanding gases in a
magma during its extrusion give rise to cavities or vesicles,
resulting in a vesicular texture (Fig. 5.16c), the vesicles
may subsequently be filled with secondary minerals, when
they are called amygdales (a name derived from
'almond-shaped' cavities with secondary infilling). Flow-
structure in lavas (Fig. 5.16*/) is a banding produced by
differential movement between layers of the viscous
material as it flowed (see rhyolite = 'flow-stone'). An-
other kind of banding is formed by crystal-settling
(p. 109).

Composition

The mineral composition and colour of rocks are related
to their chemical composition. When the chemical anal-
yses of an acid rock, e.g. granite, and a basic rock, basalt,
are compared, marked differences are seen: such as the

greater proportion of silica (SiO2) and of alkalies
(Na2O, K2O) in the acid rock, and the higher content of
lime, magnesia, and iron oxide in the basic. Table 5.3
records the averages of a large number of analyses and
illustrates this broad distinction. The higher alkali con-
tent in granite corresponds to a greater proportion of
feldspar in the rock; conversely, basalt has more dark
minerals containing Fe, Mg, and Ca (mafic minerals,
below).

Table 5.3 The average composit ion of granite and basalt

Average granite Average basalt

SiO2 70.2% 49 .1%
AI2O3 14.4 15.7
Fe2O3 1.6 5.4
FeO 1.8 6.4
MgO 0.9 6.2
CaO 2.0 9.0
Na2O 3.5 3.1
K2O 4.1 1.5
H2O 0.8 1.6
rest 0.7 2.0

Tota l= 100 100

During the cooling of a magma its different consti-
tuents unite to form crystals of silicate minerals, such as
pyroxenes, amphiboles and feldspars, and oxides such as
magnetite. In a basic magma, minerals such as olivine

Extrusive
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and magnetite are often the first to crystallize, using up
some of the silica, magnesium, and iron; the remaining
Mg and Fe, together with CaO and Al2O3, is used up
later in augite (pyroxene), hornblende (amphibole), and
dark mica. Such minerals, on account of their composi-
tion, are called ferromagnesian or mafic (a word coined
from ma for magnesium and ̂ e for iron). In contrast to
these dark and relatively heavy minerals the alkalies and
calcium, together with Al2O3 and SiO2, form light-
coloured ovfelsic minerals, which include feldspars, feld-
spathoids, and quartz. Most of the calcium in a basic
magna would go to form a plagioclase, a little contribut-
ing to augite. In acid rocks felsic minerals predominate
and give the rock a paler colour, in contrast to the darker
basic rocks. Between acid and basic types there are rocks
of intermediate composition.

Classification
A convenient scheme of classification can be con-

structed for these more common varieties of igneous
rocks; it does not include all igneous types, but some of
the less common rocks are briefly mentioned in the de-
scriptions that follow. In Fig. 5.17 the common rocks are
arranged in three columns headed Acid, Intermediate,
and Basic, containing the Granite, Diorite, and Gabbro
groups respectively. A transitional type, Granodiorite,
between Granite and Diorite, is also indicated. Rocks of
the Syenite family (alkaline) fall outside this grouping
and are treated separately on p. 107 for the reasons stated
there. The range from left to right in the figure corres-
ponds to a decreasing silica content. In each column there
are three divisions, the lowest giving the name of the
coarse-grained plutonic member, the middle division the
dyke or sill equivalent of the plutonic type, and the top
division the extrusive or volcanic rocks. The main miner-
als which make up the plutonic rocks are shown in the
diagram below the figure. The columns therefore give a
grouping based on mineral composition (which also ex-
presses the chemical composition), and the horizontal
divisions of the figure are based on texture, which usually
reflects mode of occurrence, as this largely governs the
rock texture. In the lower diagram, intercepts on any
vertical line give approximately the average mineral com-
position for the corresponding plutonic rock in the figure.
Granite, andesite, gabbro and basalt account for more
than 90% by volume, of all the igneous rocks in the upper
levels of the crust. Of these, granite is the most common
intrusive rock and basalt the dominant extrusive.

Ultrabasic rocks

Picrite and peridotite
These ultrabasic rocks consist mainly of mafic minerals
and contain little or no feldspar. They are coarse-grained,
mostly dark in colour, and have a high specific gravity
(3.0 to 3.3). Their content OfSiO2 is around 40 to 42 per
cent, lower than average gabbro (p. 100).

Ultrabasic rocks have relatively small outcrops at the
Earth's surface and often form the lower parts of basic
intrusions: the heavy crystals of which they are composed
have sunk through a body of magma before it fully crys-
tallized, and have accumulated to form an olivine-rich
layer.

Picrite
Contains a little feldspar, up to about 10-12%; the bulk
of the rock is made of olivine and augite or hornblende,
and olivine crystals may be enclosed in the other mafic
mineral. By increase in the feldspar content and corres-
ponding decrease in other constituents, picrite grades into
olivine-gabbro and gabbro. The Lugar Sill in Ayrshire
contains a band of picrite 7.6 m thick, which merges
downwards into peridotite and upwards into a feld-
spathoidal gabbro.

Peridotite and Serpentinite
Olivine is the chief constituent of peridotite (from French
peridot, olivine); other minerals include pyroxene, horn-
blende, biotite, and iron oxides. Felsic minerals are
absent. A variety composed almost entirely of olivine is
called dunite, from the Dun Mountain, New Zealand;
pale green in colour, it has been used as a decorative stone
on a small scale.

Serpentinite (or serpentine-rock) results from the alter-
ation of peridotite by the action of steam and other mag-
matic fluids while the rock is still hot. Red and green
coloured serpentinite bodies occur, e.g. in the Lizard dis-
trict, Cornwall, and in the Cabrach area near Aberdeen,
in Scotland.

The fibrous variety of serpentine, crysotile, furnishes
one source of commercial asbestos when it is found in
veins of suitable size; Canada, Zimbabwe, and U.S.S.R.
are main suppliers of the mineral. Diamond is another
economic product associated with peridotites of volcanic
origin. The famous mines of Kimberley, S. Africa, are
located in old volcanic pipes which are filled with a
diamond-bearing breccia known as 'blue ground'. The
breccia has the composition of serpentine-rock (q.v.); it is
easily weathered and is crushed for the extraction of the
diamonds that are sparsely distributed through it.

Other bodies of ultrabasic rock consist almost entirely
of one kind of dark mineral: thus, pyroxenite (all pyrox-
ene), and hornblende-rock (all hornblende). They are of
small volume and are usually associated with basic plu-
tonic rocks: the Bushveld intrusion in S.Africa and the
Stillwater complex in Montana, U.S.A., contain such
rocks.

Basic rocks

Gabbro, dolerite, and basalt
These basic rocks, some of which are economically im-
portant as construction stone, road-stone and aggregate,
have a large content of ferromagnesian minerals which



give the rocks a dark appearance. Specific gravity ranges
from about 2.9 to 3.2. Because basic lavas are relatively
fluid, basalt is frequently (though finely) crystalline; it
may grade into dolerite with increase of crystal size, and
similarly dolerite may grade into gabbro as the texture
grows coarser.

Gabbro

Minerals
Essential minerals are a plagioclase (generally labra-

dorite) and a monoclinic pyroxene (augite or diallage).
The plagioclase composition reflects the high CaO and
low Na2O content in gabbro (see analysis, p. 100). Other
minerals which may be present in different gabbros are
hypersthene, olivine, hornblende, biotite, and sometimes
nepheline. Ilmenite, magnetite, and apatite are common
accessories. Quartz in very small amount may be present
in some gabbros (see below). Mafic minerals make up
over 50% of the rock, Fig. 5.18a.

Fig. 5.19 Gabbro seen in thin section; crossed polars
(x12) . Oliv = olivine; Pyr = pyroxene; Fe = iron-ore; Piag =
plagioclase.

stead of augite, i.e. a hypersthene-labradorite rock, and
is of common occurrence.
Troctolite has olivine and plagioclase (no augite).
Quartz-gabbro contains a little interstitial quartz, derived
from the last liquid to crystallize from a magma with
slightly higher silica content than normal; e.g. the Car-
rock Fell rock, Cumberland.

In Britain gabbros are found in Skye (the Cuillins),
Ardnamurchan (ring dykes), Northern Ireland (Slieve
Gullion), the Lake District, and the Lizard. The large
basic sheets of Aberdeenshire as at Insch, Haddo House,
and Huntly contain much norite and hypersthene-gab-
bro. In other countries much larger gabbro intrusions
include those of Skaergard, Sudbury, and the Bushveld,
which are now briefly described.

The Skaergaard intrusion is shaped like an inverted
cone or funnel, with an area of 50 km2 at the surface, and
is exposed on the east coast of Greenland to a vertical
depth of some 2500 m; the funnel-shaped mass may con-
tinue below this for a similar distance. The lowest part of
the exposed gabbro possesses a nearly horizontal layer-
ing, consisting of dark bands rich in olivine (formed by
the gravity-settling of olivine crystals in the magma)
separated by broader bands of olivine-gabbro and hyper-
sthene gabbro. A small scale layering which is repeated
many times is called rhythmic banding. The layered rocks
pass upwards into gabbros without olivine, succeeded by
iron-rich gabbros and finally by quartz-gabbros. The
plagioclase in the gabbros ranges from labradorite in the
lower rocks to andesine in the upper. At the margins of
the mass fine-grained gabbros are present.

The Bushveld complex of the Transvaal, S. Africa, is a
vast lopolith, one of the largest known igneous bodies,
with a width at the surface of about 390 km (Fig. 5.15).
The lowest rocks which outcrop along its margins are
norites, with bands of ultrabasic rock, some containing
important chromite deposits. Above them lie hypers-

Fig. 5.18 Polished surface of gabbro of ring-dyke, Ardna-
murchan, Scotland (x1) . Plagioclase, light; ferro-magnesian
minerals, dark.

Texture
Coarsely crystalline, rarely porphyritic, sometimes

with finer modifications. Hand specimens appear mottled
dark grey to greenish-black in colour because of the large
mafic content. Under the microscope the texture appears
as interlocking crystals (Fig. 5.19). Olivine if present is
often in well-formed crystals because of its early separa-
tion from the magma, and commonly encloses black
grains of iron oxide. Serpentine after olivine, and chlorite
after pyroxene are common alteration products.

Varieties
If a mafic mineral in addition to augite is present, its

name is added to the rock name, thus: hypersthene -
gabbro, olivine-gabbro, hornblende-gabbro; nepheline-
gabbro, =essexite.
Norite is a variety containing essentially hypersthene in-



thene-gabbros which reach a thickness of some 5 km, and
which show layering by mineral composition. They in
turn are overlain by a zone of red rocks, alkaline diorites
and syenites. Valuable concentrations of platinum and
magnetite are found at certain levels in the gabbros.

The large nickel-bearing intrusion of Sudbury, On-
tario, is also of lopolith form (Fig. 5.15) with an overall
length and width of some 57 and 24 km respectively. A
thick norite sheet occupies the lowest part of the elon-
gated basin, and nickel sulphide ores are concentrated
near its base and in mineralized dykes. Above the norite
lie granophyric rocks (p. 106) which may be a separate
intrusion; they are covered by sedimentary rocks in the
centre of the lopolith. The combined thickness of the
norite and granophyre is about 2.4 km. It has been sug-
gested that the depression now occupied by the Sudbury
norite is a crater formed by the impact of a large meteo-
rite.

Dolerite
The chemistry of this intrusive rock corresponds to gab-
bro but its texture is finer. Dolerite forms dykes, sills, and
other intrusions. The rock is dark grey in colour, except
where its content of feldspar is greater than average.
Dolerite is important as a road-stone for surfacing
because of its toughness, and its capacity for holding a
coating of bitumen and giving a good 'bind'. In its un-
weathered state dolerite is one of the strongest of the
building stones and used for vaults and strong-rooms, as
in the Bank of England.

Minerals
As for gabbro, but the plagioclase is usually lath-

shaped.

Texture
Medium to fine-grained; some dolerites have a coarser

texture, when the lath-like shape of the feldspar is less

emphatic and the rock tends towards a gabbro. When the
plagioclase 'laths' are partly or completely enclosed in
augite the texture is called ophitic (Fig. 5.20); this inter-
locking of the chief components gives a very strong, tough
rock.

Varieties
Normal dolerite = labradorite + augite •+• iron oxides; if

olivine is present the term olivine-dolerite is used. Much
altered dolerites, in which both the feldspars and mafic
minerals show alteration products are called diabase,
though in America the term is often used synonymously
with the British usage of dolerite.

Basalt
Basalt is a dark, dense-looking rock, often with small
porphyritic crystals, and weathering to a brown colour
on exposed surfaces. It is the commonest of all lavas, the
basalt flows of the world being estimated to have five
times the volume of all other extrusive rocks together.
Basalt also forms small intrusions.

Minerals
Essentially plagioclase (labradorite) and augite; but

some basalts have a more calcic plagioclase. Olivine
occurs in many basalts and may show alteration to ser-
pentine. Magnetite and ilmenite are common accessories;
if vesicles are present they may be filled with calcite,
chlorite, chalcedony, and other secondary minerals.
Nepheline, leucite, and analcite are found in basalts with
a low content of silica.

Texture
Fine-grained or partly glassy; hand specimens appear

even-textured on broken surfaces, unless the rock is por-
phyritic or vesicular (Fig. 5.16); small porphyritic crystals
of olivine or augite may need some magnification for
identification. Under the microscope the texture is micro-
crystalline to cryptocrystalline or partly glassy. At the
chilled margins of small intrusions a selvedge of black
basalt glass, or tachylite, is formed by the rapid cooling.

Varieties
Basalt and olivine-basalt are abundant (Fig. 5.21a);

varieties containing feldspathoids include nepheline-bas-
alt and leucite-basalt (e.g. the lavas from Vesuvius).
Soda-rich basalts in which the plagioclase is mainly albite
are called spilites, and often show 'pillow-structure' in the
mass, resembling a pile of sacks; they are erupted on the
sea floor, Fig. 5.21b. Their rapid cooling in the sea prev-
ents the minerals crystallized from achieving chemical
equilibrium; they are reactive and alter readily. Between
the pillows are baked marine sediments, often containing
chert and jasper (SiO2). These features of pillow lavas
make them a most unsuitable form of basalt for concrete
aggregate.

Some of the great flows of basalt in different parts of
the world have been referred to earlier; their virtually

Plag

Pyr

Oliv

Fe

Fig. 5.20 Ophitic dolerite seen in thin section with upper
polar out (x12). Plag = plagioclase; Pyr = pyroxene; Oliv =
olivine; Fe = iron ore.



Fig. 5.21 (a) Olivine-basalt seen in thin section with upper
polar out (x12) . Oliv = olivine; Pyr = pyroxene; Plag =
plagioclase. (b) Pillow lavas exposed in excavation. Note
their concentric internal structure and how they sag into the
space between underlying pillows.

constant composition suggests a common source, the bas-
altic layer of the Earth's crust.

Intermediate rocks

Diorite and andesite

The intermediate rocks shown in Fig. 5.17 typically con-
tain little or no quartz. Diorite is related to granite, and
by increase of silica content and the incoming of ortho-
clase grades into the acid rocks, thus: diorite -> quartz-
diorite -+ granodiorite -* granite. The average specific
gravity of diorite is 2.87.

Diorite

Minerals
Plagioclase (andesine) and hornblende; a small amount

of biotite or pyroxene, and a little quartz may be present,
and occasional orthoclase. Accessories include Fe-oxides,

apatite and sphene. The dark minerals make up from 15%
to 40% of the rock, and hand specimens are less dark than
gabbro.

Texture
Coarse to medium-grained, rarely porphyritic. In hand

specimens minerals can usually be distinguished with the
aid of a lens. Under the microscope minerals show inter-
locking outlines, the mafic minerals tending to be idio-
morphic ( = exhibit a regular shape).

Varieties
Quartz-diorite (the amount of quartz is much less than

in granite) is perhaps more common than diorite as de-
fined above. Fine-grained varieties are called microdiorite.

Diorites are found in relatively small masses and fre-
quently form local modifications to granodiorite and
granite intrusions; e.g. at the margins of the Newer Gran-
ites of Scotland. Small diorite masses occur at Comrie
and Garabal Hill, Perthshire.

Andesite
Andesites are fine-grained volcanic rocks, are common as
lava flows in orogenic regions and occasionally form
small intrusions. They are compact, sometimes vesicular,
often brown in colour, and in total extent are second only
to basalts. Most andesite flows are found on continental
areas, e.g. in the Andes of South America (whence the
name is taken), where many volcanoes have emitted ash
and lava of andesitic composition; also in parts of the
Cordilleras of North America. Certain ores are associated
with andesites (p. 110).

Minerals and texture
Essentially plagioclase (mainly adesine) and a mafic

mineral (hornblende, biotite, augite, enstatite); the small
porphyritic crystals are set in a groundmass that may be
glassy, cryptocrystalline, or microlithic (Fig. 5.22). The

Plag

Amph

Fig. 5.22 Hornblende-andesite seen in thin section with
upper polar out (x12) . Plag = plagioclase; Amph =
amphibole.
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microlithic texture contains many small elongated feld-
spars, or microliths, often having a sub-parallel arrange-
ment, cf. the trachytic textures, p. 108). Opaque iron ox-
ides (e.g. magnetite) are common accessories.
Hornblende may show dark borders due to reaction with
magma.

Varieties Hornblende-andesite, augite-andesite, en-
statite-andesite, biotite-andesite, and quartz-andesite
( = dacite). The pyroxene-bearing varieties are abundant
and may grade into basalts. Andesites that have been
altered by hot mineralizing waters of volcanic origin (see
Fig. 5.28a), with the production of secondary minerals,
are called propylites.

In Britain, andesite lavas of Old Red Sandstone age are
found in the Pentland Hills, Edinburgh; Glencoe and Ben
Nevis; the Lome volcanic plateau, Argyll; the
Cheviot Hills; and as small intrusions in the Shelve area,
Shropshire.

Acid rocks

Granite and granodiorite

The acid plutonic rocks, granite and granodiorite,
make the greater part of the large batholiths, found in the
cores of mountain fold-belts (p. 17); they also form
smaller masses in the upper levels of the Earth's crust,
and they are the most abundant of all plutonic rocks.
Granite is an important structural stone because of its
good appearance, hardness and resistance to weathering
(except when crystals of mica are large and weather leav-
ing voids which pit the finished surface), and its strength
in compression; the crushing strength of sound granite
ranges from about 135 x 106 to 24Ox 106 Nm"2. The
strength of the rock and its rough fracture are also valu-
able properties when it is used as concrete aggregate. The
average specific gravities are: granite, 2.67, granodiorite,
2.72.

It should be noted that in commerce the term 'granite'
is used for some rocks that are not granite in the geolog-
ical sense.

Granite

Minerals
Quartz, alkali feldspar, a smaller amount of plagio-

clase, and mica are essential constituents; in some rocks
microcline is present. The feldspar may form up to 50%
of the rock; the mica is biotite or muscovite, or both.
Other minerals found in some granites include horn-
blende and tourmaline; alkaline types of granite may have
Na-rich minerals such as aegirite and riebeckite. Acces-
sory minerals are apatite, magnetite, sphene, zircon, and
occasionally garnet (Fig. 5.23).

The average composition of granite is shown in Table
5.3.

Fig. 5.23 Polished surface of biotite-granite, Merrivale,
Dartmoor (x1) . Feldspar, white; quartz, grey; biotite, black.

Texture
Coarse-grained; individual minerals - cleaved feldspar,

glassy quartz, and flaky mica - can be distinguished with-
out a lens. Porphyritic granites contain some much larger
feldspar crystals than those in the groundmass; fragments
of country-rock that have been enclosed in the granite
during intrusion may be present as xenoliths (Fig. 5.14).

Under the microscope the crystals show interlocking
outlines (Fig. 5.24). Less coarse varieties include micro-
granite, a fine-grained rock frequently found as chilled
margins to a larger mass or as a vein rock.

Fig. 5.24 Muscovite-biotite granite seen in thin section,
upper polar out (x12) . M = muscovite; B = biotite;
Orth = orthoclase; Qtz = quartz.

Graphic granite contains intergrowths of quartz and
feldspar due to simultaneous crystallization of the two
minerals, with angular pockets of quartz in orthoclase or
microcline, resembling cuneiform writing. In thin section



with crossed polars groups of the quartz areas show
simultaneous extinction, indicating that they belong to a
single quartz structure interpenetrating the feldspar.
When fine-grained the texture is called micrographic, and
is seen in the rock granophyre. The proportion of alkali
feldspar to quartz in graphic granite is practically con-
stant, about 70:30, and results from the crystallization of
a eutectic mixture of the two minerals. Similar textures
on a small scale, however, may sometimes result from the
replacement of parts of the feldspar by quartz.

Varieties
Varieties of granite are named according to the chief

mineral present other than quartz and feldspar, thus:
biotite-granite, muscovite-granite, muscovite-biotite-
granite, hornblende-granite, or tourmaline-granite.

The worldwide extent of granitic rocks has been men-
tioned earlier; the larger granite masses of the British Isles
are shown in Fig. 2.18.

Granodiorite
Granitic rocks in which the plagioclase content is greater
than that of the potash-feldspar are called granodiorites;
their dark minerals (biotite, hornblende) are usually
rather more plentiful than in granite, and the amount of
quartz is less. As shown in Fig. 5.17 (p. 100), granodiorite
is transitional between granite and diorite; its texture is
normally coarse-grained. The name tonalite (after the
Tonali Pass, Italy) is used for similar rocks in which the
plagioclase content is more than two-thirds of the total
feldspar; and adamellite (after Mt Adamello) for those in
which the potash-feldspar and plagioclase are nearly
equal in amount.

In Scotland, the 'granites' of Caledonian age are mainly
granodiorites with tonalite or adamellite portions; the
three rock types often form successive intrusions in a
single mass, which in some cases may also have a margin
of quartz-diorite. They include the Moor of Rannoch
intrusion, a hornblende-granodiorite, south-east of Ben
Nevis; the great Cairngorm intrusion (mainly adamellite),
and the Lochnagar and Hill of Fare intrusions of Aber-
deenshire, as well as many smaller bodies.

The granodiorite from the Mountsorrel quarries, Lei-
cestershire, showed the following mineral composition in
thin sections:

quartz, 22.6%, orthoclase 19.7%, plagioclase 46.8%,
biotite 5.6%, hornblende and magnetite, 5.1%.

The rock has a medium to coarse texture and is quarried
on a large scale for road-stone.

Much larger and more complex igneous masses of
broadly granodiorite composition include the Coast
Range batholith of British Columbia, with an outcrop
length of some 2000 km and an average width about
200 km. Composite bodies of such great extent have con-
siderable variation in composition from one part to an-
other.

Migmatites
There are many instances, as in the Scottish Highlands

and elsewhere, where granitic material is seen to have
become intimately mingled with the country-rocks, as if
it had soaked into them, and the mixed rocks are called
migmatites (Greek migma, a mixture). Zones of migmatite
may be formed in areas where the country-rocks are
metamorphic and have been invaded by granite; the mig-
matites pass gradually into the metamorphic rocks and
into the (paler) granitic rocks. Structures in the meta-
morphic rocks may be traceable through the zone of
mixing as inherited, or 'ghost', features. Migmatites are
developed on a regional scale in fold-belts, as exposed in
the Precambrian of southern Sweden and Finland, and in
central Sutherland in Scotland.

Quartz-porphyry and acid vein rocks

Quartz-porphyry
The dyke equivalent of granite; contains porphyritic
quartz and orthoclase in a microcrystalline matrix of
feldspar and quartz (Fig. 5.25); small crystals of mica are
also present. Dykes and sills are commonly found in
granite areas. A similar rock but without porphyritic
crystals is called felsite.

Fig. 5.25 Polished surface of quartz-porphyry. Cornwall
( x 3). Feldspar, white; quartz, grey; biotite, black.

Pegmatites
Pegmatites are very coarse-grained vein rocks that repre-
sent the last part of a granitic magma to solidify. The
residual magmatic fluids are rich in volatile constituents,
which contain the rarer elements in the magma. Thus in
addition to the common minerals quartz, alkali feldspar
and micas, large crystals of less common minerals such as
beryl, topaz, and tourmaline are found in pegmatities.
Also residual fluids carrying other rare elements, e.g.
lithium, cerium, tungsten, give minerals in the pegmatites
that can be worked for their extraction, such as the lith-
ium pyroxene spodumene, the cerium phosphate monazite
and wolfram. The mica used in industry - mainly mus-
covite and phlogopite (q.v), is obtained from pegmatites;



individual crystals may be many centimetres across, yield-
ing large mica plates. Canada, India, and the United
States produce mica from such sources.

Pegmatites are found in the outer parts of intrusive
granites and also penetrating the country-rocks.

Aplites
By contrast to pegmatites, are fine-grained rocks of even
texture, found as small dykes and veins in and around
granites. They are composed mainly of quartz and feld-
spar, with few or no dark minerals. Their fine texture
points to derivation from more viscous fluids than for
pegmatites; but they are commonly associated, and
aplites and pegmatites may occur within the same vein
(Fig. 5.26). Aplites also contain fewer rare elements than
pegmatites.

light as to float on water. It may have the composition of
rhyolite or may be basic in character (black pumice).
Pumice is used as a light-weight aggregate for concrete.

Alkaline rocks

Syenite and trachyte

These alkaline rocks, of which syenite (named after Syene,
Egypt) is the plutonic type, are placed separately here
because they do not form part of the diorite/granodiorite/
granite series already described. Syenite is somewhat like
granite but contains little of no quartz; it is called an
alkaline rock because it contains alkali-feldspars, rich in
Na and K. Rocks of this group are not abundant by
comparison with the world's granites; where they are
locally well developed, however, they can be quarried and
used for construction; e.g. the syenites and related basic
rocks near Montreal, Canada, are worked on a large scale
for road metal and aggregate. The laurvikites of southern
Norway are attractive decorative stones that have been
used for facing slabs in buildings. In the Kola (Mur-
mansk) peninsula, U.S.S.R., large bodies of metalliferous
ores are related to syenitic rocks; and lenses of apatite-
nepheline pegmatite yield supplies of apatite (q.v.) for the
manufacture of phosphates.

Syenite

Minerals
Orthoclase or other alkali feldspar usually forms over

half the rock, with smaller amount of plagioclase (oligo-
clase); the dark minerals may be biotite, hornblende, or
a pyroxene; and apatite, sphene, zircon and opaque iron
oxides are accessories. A little quartz may be present,
filling interstices between the other minerals. The texture
is coarse-grained, sometimes porphyritic. Hand speci-
mens are usually pale coloured.

Varieties
Named after the chief dark mineral, e.g. biotite-syen-

ite, hornblende-syenite, augite-syenite, aegitite-syenite.
There are few syenite bodies in Britain - one occurs at
Loch Borolan, in Assynt, Sutherland; large masses are
found in Canada and norway, and in the Kola peninsula,
U.S.S.R., with associated ore bodies.

A soda-rich syenite from Laurvik, Norway, is known
as laurvikite and consists mainly of the feldspar anorth-
oclase, together with titanium-rich augite, mica, and iron
oxides. The anorthoclase shows blue and green 'schiller'
effects which enhance the appearance of the polished
stone when used for decorative purposes.

Trachyte
This is typically a pale coloured rough-looking lava
(Greek trachys, rough) having porphyritic crystals of or-
thoclase in a groundmass composed mainly of feldspar
microliths, with a small amount of biotite or hornblende.

Fig. 5.26 Sketch of a vertical rock face in granite traversed
by a 20cm vein of pegmatite (p) with aplite margins (a).
Other aplites (a) are stippled (from Blyth, 1954).

Acid lavas

These include rhyolite, obsidian, and dacite; they have a
restricted occurrence and their bulk is very small com-
pared with basic lavas.

Rhyolite (Greek rheo, flow) characteristically shows
flow-structure, i.e. a banding formed by viscous flow in
the lava during extrusion (Fig. 5.16d). The rock may be
glassy or cryptocrystalline, and may contain a little por-
phyritic quartz and orthoclase. Some rhyolites show
spherulitic structures, which are small spheres of radiating
quartz and feldspar fibrous crystals formed by devitrifi-
cation of the glass, and often situated along flow-lines. In
the course of time an originally glassy rock may become
entirely cryptocrystalline, and is said to be devitrified.

Obsidian is a black glassy rock which breaks with a
conchoidal fracture and is almost entirely devoid of
crystals. Obsidian CHrT in the Yellowstone Park, U.S.A.,
is a classic locality.

Pitchstone, another glassy lava, has a pitch-like lustre
and general greenish colour; otherwise resembling rhyo-
lite, pitchstone usually contains a few per cent of water in
its composition. Small curved contraction cracks, formed
around centres during the cooling of the glass, are known
as perlitic structure.

Pumice is a very vesicular 'lava froth', with a sponge-
like texture due to escaping gases, making the rock so



The microliths of the groundmass in trachyte often have
a sub-parallel arrangement, the trachytic texture, due to
viscous flow in the lava, and flow-lines are deflected
around the porphyritic crystals.

Varieties
Phonolite, a feldspathoidal trachyte which contains

nepheline as well as feldspar, forms the hill of Traprain
Law, Haddington. The Wolf Rock, off the coast of Corn-
wall, is a nosean-phonolite; the name (from phone, a
sound) refers to the ringing sound made when the rock is
struck with a hammer. The Eifel district of Germany has
many leucire-bearing trachytes and tuffs; and the well-
known trachyte domes of the Auvergne in Central France
are extrusions of stiff, very viscous lavas that solidified
around the vents as dome-like masses.

Origin of igneous rocks

This subject has been a matter for discussion for many
years, as research has continued to provide new data, and
it is only briefly outlined here. The igneous rocks can be
held to be derived from two kinds of magma, one granitic
(acid) and the other basaltic (basic), which originate at
different levels below the Earth's surface. The primary
basic magma comes from the mantle, at considerable
depth whereas bodies of granitic magma are generated in
the crust, in the Earth's orogenic belts, where the crust
becomes hot enough to liquefy. Two different groups of
rocks are thus generated: granite and its relatives (diorite,
porphyrite, andesite, quartz-porphyry, and some rhyo-
lites) from the granitic magmas; and basalt lavas, dolerite,
gabbro, and ultrabasics (such as peridotite and picrite),
from the basaltic magma. This grouping corresponds to
the way in which igneous rocks are distributed. Granite
and its relatives are not found in the oceans but are
restricted to the continents in zones of deep folding; basic
rocks predominate in the oceans, the oceanic plates being
largely composed of them and basic magma is known to
issue from deep (oceanic) rifts that communicate with the
asthenosphere. Basic rocks also occur in stable continen-
tal areas where rifting is thought to have permitted similar
lines of communication with the base of the crust (e.g. as

Table 5.4 The formation and ascent of igneous rock

with plateau lavas, p. 24). Former belief in the presence
of a thickness of liquid basic magma beneath the litho-
sphere has been disproved by geophysics as shear waves
penetrate the upper mantle (Fig. 1.6). It is more correct
to visualize these deep layers as being crystalline but
containing 1% to 3% liquid as intercrystalline films. This
liquid may accumulate and be added to by preferential
melting of crystals when pressure and temperature per-
mit. Often this occurs in conjunction with deformation of
the plates of the lithosphere.

Modification of an intrusive mass may also come about
by the assimilation of foreign (xenolithic) material at its
contacts; the marginal type thus formed grades locally
into the main rock (e.g. see diorite, p. 104).

Much discussion has centred on the origin of granite,
the most abundant of all plutonic igneous rocks (grano-
diorite is included here with granite). Various suggestions
have been put forward, of which the following are be-
lieved to be important.

(0 The melting of large amounts of crustai material at
depth in high temperature conditions. This process, called
palingenesis, was proposed by Sederholm (1907) to
account for many of the granite and granodiorite masses
of Fennoscandia, and was subsequently developed by
other investigators.

(I'O The permeation or soaking of country-rocks by
igneous fluids, especially those of alkaline-silicate com-
position, resulting in the formation of rocks of granitic
appearance. Crustai material is 'made over' in situ into
granite on a large scale, thus obviating the presence of
great quantities of intrusive magma. The term 'graniti-
zation' is also used. The character of the 'granite' thus
produced depends on the composition of the rocks that
have undergone permeation; shales and sandstones, for
instance, are more readily transformed than some other
sediments.

The emplacement of bodies of granite by different
mechanisms, at different levels in the Earth's crust, has
been discussed by H. H. Read in The Granite Controversy
(1957), and his concept of a granite series is outlined in
Table 5.4.

The rise of successive pulses of magma from depth form
a composite batholith. Recent studies by W.S. Pitcher
have shown that the immense Coastal Batholith of Peru,

General features of magma generation and alteration1

Intrusion of magma into the upper crust.

Hot magma ascends because of its buoyancy and
is contaminated by the crust through which it
passes.
Generation of magma from parent material.

Last in time

t
Later in time

I
Early in time

The Granite Series of H.H. Read.2

High level granite. Mechanically emplaced as per-
mitted intrusions, e.g. cauldron subsidence (Fig
5.11)
Low level granite. Forceful intrusions of magma
and alteration of surrounding rocks by metamorph-
ism
Deep-seated granite. Formed in-situ by conversion
of parent material such as sediments and meta-
morphic rocks at great depths.

1FromBest (1982). 2 Read (1955).



with a length of 1600 km, is a multiple intrusion of gran-
ite, tonalite, and gabbro. The magmas were intruded as
hundreds of separate plutons, with associated ring-dykes,
in an area where vertical movements were dominant.
Rapid uplift and deep denudation have en-abled a three-
dimensional view of the batholith to be obtained.

Ores of igneous origin

Natural processes that concentrate valuable minerals
have been described briefly within this Chapter and in
Chapter 4. Here we consider three important processes
which attend the intrusion of igneous rock.

Magmatic concentration
During the solidification of magma early formed heavy
minerals, usually metallic oxides, chlorides, sulphides and
certain native metals (e.g. nickel and platinum) sink and
become concentrated in layers at or near the base of the
mass. Such minerals include magnetite (Fe3O4) and
chromite (FeCr2O4). The large magnetite deposits at
Kiruna, Sweden, which have yielded millions of tonnes of
high grade ore, were formed this way. Similar products
occur in the famous examples of layered intrusion at
Stillwater, Montana, U.S.A.; Muskox, Mackenzie,
Canada; Skeargaard in Greenland and the Bush veld in S.
Africa.

Hydrothermal processes
As crystallization progresses within an intrusion a resi-
dual magmatic liquid accumulates. Magmas of acid com-
position (such as granite) are frequently rich in volatile
constituents, and may also contain small quantities of
many metals. As crystallization proceeds, with the for-
mation of minerals like feldspar and quartz which form
the bulk of the resulting rock, the metals - which were
originally disseminated throughout the magma and were
not incorporated in the feldspar and other crystals -
become concentrated in the residual fluids. These also
contain the volatile constituents, and are thus able to
remain fluid to lower temperatures than would be possible
without the fluxing effect of the volatiles. If, then, tensile
fractures are formed in the outer (first solidified) part of
the granitic mass and its surrounding rocks, as will occur
in the stretched roof of an ascending magma or with
shrinkage of the intrusion on cooling, they become chan-
nels into which the residual fluids migrate, there to per-
meate and alter rock in contact with the granite. This is
contact metasomatism (Greek = change of substance).
Minerals which crystallize directly from the fluids may be
described as (/) pneumatolytic deposits, due to the action
of gaseous emanations at a high temperature (6000C or
over), including water in the gaseous state; and
(//) hydrothermal deposits, due to the operation of hot
aqueous fluids, at temperatures from about 6000C down-
wards. It is difficult to draw a sharp distinction between
the higher temperature hydrothermal minerals and those
of pneumatolytic origin.

Economic reserves occur when these deposits are con-
centrated in veins, and other voids. Veins and lodes consist
of the infillings of fissures and fractures developed in the
outer part of an intrusive body or in the surrounding roof
and wall-rocks. Veins which contain metalliferous miner-
als are termed lodes. (See also pegmatites, p. 106.)

Metals which are commonly associated in this way with
acid rocks include copper, lead, zinc, arsenic, tin, tung-
sten, gold, and silver. The volatile constituents, consisting
chiefly of water vapour but often also including fluorine,
chlorine, boron, and other gases, act as carriers for the
metals into the area of mineralization around the intru-
sion. As the fluids pass outwards into zones where lower
temperatures and suitable pressures prevail, they deposit
e.g. tin as cassiterite, SnO2; tungsten as wolfram (Fe,
Mn)WO4; and copper as chalcopyrite, CuFeS2
(Fig. 5.27). Thus tin and tungsten lodes may be formed in
and around granite masses, as in Devon and Cornwall;
they may be regarded as of pneumatolytic origin. Miner-
als such as quartz, pyrite, topaz, and tourmaline are com-
monly associated with the metalliferous minerals in such
lodes. Iron, lead, and zinc may also be carried outwards
and deposited as haematite, galena, and blende in joints
and fractures in cooler rocks at somewhat greater dis-
tances from the igneous source.

Limestone Shale
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Fig. 5.27 Vertical section diagrammatically illustrating
lodes (L) emanating from an intrusion at depth, with zoning
of mineral deposits (see text) and solution in limestone
F = fault, black = massive mineral deposit.

The latter stages of crystallization involve the move-
ment of abundant quantities of water. Some comes from
the magma but a greater volume comes from the sur-
rounding country-rock and is drawn towards the magma
by extensive convection cells which surround the cham-
ber, Fig. 5.28. Millions of tonnes of water may be trans-
ferred in this way and its dilute content of dissolved solids
precipitated to form with time mineral concentrations of
great wealth. These merge naturally with the products of
contact metasomatism but extend much further into the
surrounding rock and have formed some of the largest
and most important mineral deposits.



Of special note is the dissolution of limestone by hy-
drothermal fluids (see Fig. 5.27). Where fissures and pores
are enlarged and filled disseminated mineral deposits are
formed: when larger fractures are widened and cavities
are created and filled, massive deposits accumulate. Such
concentrated reserves are not restricted to limestone and
may fill available voids in any rock, but tend to be re-
markably well developed in soluble strata. In England the
Carboniferous Limestone is host to many such deposits
of galena, blende, and calcite.

Minerals generally formed under high-temperature hy-
drothermal conditions are mainly the sulphides of iron,
copper, lead, and zinc (see p. 84). They occur in associa-
tion with non-metalliferous minerals such as quartz,
fluorite, calcite, or dolomite.

Among the deposits formed at intermediate tempera-
tures are some lead and zinc veins, certain gold-bearing
quartz veins, and some copper and pyrite deposits. Lead
and zinc commonly occur as the sulphides, galena and
blende, but sometimes as compounds with arsenic and
antimony, often in association with pyrite, and quartz,
calcite, fluorite, or barytes.

Deposits formed under low-temperature hydrothermal
conditions occur at shallow depths and are often asso-
ciated with andesites. They include certain gold occur-
rences, in which the gold (together with some silver) is
combined as a telluride. Gold telluride ores are worked
at Kalgoorlie, Australia, and were formerly worked at
Cripple Creek, Colorado. Mercury, combined as cinna-
bar (HgS), and antimony, as stibnite (Sb2S3), are two
other examples of low-temperature hydrothermal miner-
als. They are sometimes associated in veins with minerals
of the zeolite group, indicating a temperature of forma-
tion not greater than 2000C.
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6
Sedimentary Rocks

Sediments form a relatively thin surface layer of the
Earth's crust, covering the igneous or metamorphic rocks
that underlie them. This sedimentary cover is discontin-
uous and averages about 0.8 km in thickness; but it locally
reaches a thickness of 12 km or more in the long orogenic
belts that are the sites of former geosynclines (p. 16). It
has been estimated that the sedimentary rocks constitute
little more than 5% of all crustal rocks (to a depth of
16 km); within this percentage the proportions of the
three main sedimentary types are: shales and clays, 4%;
sandstones, 0.75%; and limestones, 0.25%. Among other
varieties of smaller amount are rocks composed of
organic remains, such as coals and lignites; and those
formed by chemical deposition.

Composition
The raw materials from which the sedimentary rocks have
been formed include accumulations of loose sand and
muddy detritus, derived from the breakdown of older
rocks and brought together and sorted by water or wind,
as discussed in Chapter 3. Some sediments are formed
mainly from the remains of animals and plants that lived
in rivers, estuaries, on deltas, along coast-lines and in the
sea. Shelly and coral limestones, coal and many sedimen-
tary iron ores are composed of such remains. Sediments
may also be formed by evaporation of water and precip-
itation of the soluble minerals within it, as in playa lakes
(p. 60) and sabkhas (p. 49). When sea water evaporates
its components precipitate valuable deposits of chemicals
such as sodium chloride (= rock salt = halite). The chem-
ical properties of sea water are due to dissolved matter
brought by rivers and contributed by volcanic eruptions,
and to the presence of marine organisms and sediments
(Table 6.1).

Table 6.1 Concentration of the components of sea water
for a salinity of 35%. Many other metal and non-metal ions
are present in sea water, including Sr, B. Si. Rb, F, P, I, Cu,
and Ba (in decreasing order of abundance). The density of
sea water varies between 1.025 and 1.028, depending on the
salinity and temperature.

Chloride 19.35gkg-1

Sodium 10.76
Sulphate 2.71
Magnesium 1.29
Calcium 0.41
Potassium 0.39
Bicarbonate 0.14
Bromide 0.067

Development
The components of sediments become hardened into
sedimentary rocks such as sandstone, quartzite, limestone
and shale by changes which commence soon after the
sediment has accumulated. Water percolating through
the voids (or pores) between the particles of sediment
carries mineral matter which coats the grains and acts as
a cement that binds them together (Fig. 6.1a). Such pro-

Fig. 6.1 Two sedimentary rocks, in thin section, (a) Sand-
stone with iron cement (black) coating the sand grains (g);
p, pore (x30) . (b) Compacted clay with silt (s). Stip-
ple = smaller crystals of clay mineral and new minerals formed
by precipitation from pore water during compaction (x
1000).

cesses are known as cementation', they may eventually
completely fill the pores and are responsible for convert-
ing many coarse-grained sediments to rock. The conver-
sion of muddy sediment to rock is mainly achieved by the
very small particles of silt and clay of which they are
mainly composed being pressed together by the weight of
overlying sediment, interstitial water being squeezed out
and mineral matter precipitated in the microscopic net-
work of pores (see Figs. 4.37 and 6Ab). In course of time
mud will become a coherent mass of clay, mudstone, or
shale. The process is called compaction, it being more
than simple consolidation, and it affects the muddy sedi-
ments to a much greater degree than the sands. During
compaction, while much pore-contained water in the mud
is pressed out, some water with its dissolved salts may
remain in the sediment; it is known as connate water
(connate = 'born with').

The general term diagenesis is used to denote the
processes outlined above, which convert sediments into
sedimentary rocks. Diagenetic processes include not only



cementation and compaction but also solution and re-
deposition of material, to produce extremely strong, or
very weak rocks (Fig. 6.2). Other changes such as replace-
ment, take effect in particular rocks (see e.g. dolomitiza-
tion). Much salt in marine sediments is removed by leach-
ing. All these changes take place near the Earth's surface
at normal temperatures.

When fully-formed rocks come again into the zo,ne of
weathering, perhaps after a long history of burial, soluble
substances are removed and insoluble particles are re-
leased, to begin a new cycle of sedimentation in rivers and
the sea.

Texture
The texture of a sedimentary rock reflects the mode of
sediment deposition, diagenesis during burial and sub-
sequent weathering when uplifted and exposed at the
surface of the Earth. Some common microscopic textures
are illustrated in Fig. 6.3. Two important characters of
sediments are their porosity and packing.

Porosity
Porosity, n, is defined as the percentage of void space

in a deposit (or in a rock), i.e.

volume of voids , ^
w = x 100.

total volume
The ratio of void space to solid matter, by volume, is
called the voids ratio, e,

volume of voids
e=—: — — - x 100.

volume of solids

The relationship between these two quantities is given by

e ^ n
n= ande = .

(1 + e) (l-»)
Clays have smaller pores than sands but may have much
greater porosity.

Packing
In coarse sediments the packing of grains results mainly

from the range of grain sizes deposited (Fig. 6.3/,g). In
many sandy deposits (but not all) the grains accumulate
in a configuration that can be little altered by later over-
burden loads. Fine-grained deposits, especially clays,

Fig. 6.2 Sedimentary rocks in thin section, (a) Sandstone
in which compaction has produced dissolution at grain boun-
daries and an interlocking texture, with precipitation of dis-
solved material as new cement (q) at grain edges; g. grain, p,
pore (x30). (b) Limestone where shell fragments (s) have
been partially dissolved leaving voids (v) that have later been
incompletely filled with calcite (c). ( x 25.)

FINE GRAIN
(clayey
sediments)
x 5000

COARSE GRAIN
(sandy
sediments)
x 30

(Limestones)
x 30

Fig. 6.3 Microscopic texture of some common sediments. Clays, (a) dispersed as a colloidal suspension prior to sedimen-
tation; (b) aggregated edge to face as often deposited in fresh water; (c) flocculated, the form of many newly deposited
marine clays; (d) compacted with parallel packing, the eventual form of many clays after burial. Sands, (e) grains separated
by finer matrix; ( f ) grains in contact; (g) dense and closely packed grains; (h) grain boundaries in contact (sutured), as when
severely compressed by deep burial. Limestones, (i) grains separated by matrix of lime mud; (j) shelly limestone; (k) oolitic
limestone; (I) shelly limestone broken by fractures with both shells and fractures enlarged by dissolution to create voids.



generally possess an open structure when they accumulate
and are susceptible to considerable change in packing as
the overburden load upon them increases (compare Figs
6.3c and 6.14). The change in packing that accompanies
burial of any sediment results from the process of con-
solidation.

A freshly deposited mud on the sea floor has a high
porosity (and high void ratio), represented in Fig. 6.4 by

Fades
At any given time different kinds of deposit may be form-
ing in different environments, such as marine, continen-
tal, lacustrine deposits. Examination of a particular
sedimentary formation (or group of strata) yields
information about the materials composing it, their
textures, contained fossils, and other characters. All these
features together distinguish a rock and are known as its
fades, and from them deductions can be made about the
environment in which the rock was formed. Thus, in
marine sediments occur marine facies in which there is a
transition from pebbly and sandy material {littoral facies)
near the shore-line to a contemporaneous muddy facies in
deeper water. Sediments formed on land, such as breccias,
wind-blown sands, and wadi deposits, constitute a conti-
nental facies.

Igneous rocks erupted from volcanic vents may provide
a volcanic facies contemporaneous with sedimentation
elsewhere.

Environments of deposition
The compositions and textures of sedimentary rocks are
controlled by the processes that operated during their
formation; and these processes are in turn governed by
the environment in which sedimentation takes place.
Three major environments may be identified, namely con-
tinental, shelf sea and open or deep sea.

Continental environments
These develop on land areas where desert, piedmont,

alluvial, lacustrine and glacial deposits are accumulated.
Desert or eolian sands have been discussed earlier (p.
000). Piedmont deposits, which are formed during rapid
weathering of mountains at the end of an orogenic up-
heaval and lie at the foot of steep slopes that are under-
going denudation, include scree deposits and arkoses
(q.v.). Lacustrine clays are slowly deposited in lakes of
still water. Where water is impounded in glacial lakes,
seasonal melting of the ice leads to the formation of
varved clays with alternations of coarser (silty) and finer
(muddy) layers. Many of these environments have been
described in Chapter 3: c/. the work of rivers, wind, ice
and other mass transport.

Shelf sea environments
These exist at the margin of a sea on the continental

shelf; deposits of pebbles and sand of various grades are
formed, together with muds and calcareous material. The
rough water caused by wave action along a shore results
in the rounding of rock particles into pebbles, and the
wearing down of the larger sand grains, which are mainly
quartz. Minerals less hard than quartz do not persist for
so long, nor do minerals with cleavages (such as feld-
spars). Still finer particles of silt also consist largely of
quartz.

Structures such as current-bedding and ripple-marks
(Fig. 2.1) may be preserved in the resulting sandy and
silty rocks. Shales are formed from muds deposited in
somewhat deeper and less turbulent water at a distance
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Fig. 6.4 Normally-consolidated and over-consolidated clay
(after Skempton, 1970).

the point (a). As deposition continues, the overburden
pressure increases and the sediment compacts, e.g. to
point (b) or further to (c). The curve abc in the figure is
called the sedimentation compression curve for that par-
ticular clay. The clay is said to be normally consolidated if
it has never been under a pressure greater than the existing
overburden load. If, however, the clay has in the past
been subjected to a greater overburden pressure, due to
the deposition of more sediment which has subsequently
been eroded, it is said to be over-consolidated; this is
represented by point (d) in Fig. 6.4. Thus two clays, at
points (Z?) and (d), which are under the same effective
pressure and are identical except for their consolidation
history, have very different void ratios and packing. The
construction of curves such as those shown in the figure
has been discussed by Skempton (1970). The London
Clay is an example of an over-consolidated clay; its con-
solidation took place under the weight of the overlying
Upper Eocene beds (Fig. 2.17), the estimated load in the
central London area being about 340OkNm"2. Uplift,
and the erosion which resulted from it, reduced the
overburden to its present amount.

Similar effects to consolidation by overburden load
may be produced in individual beds of clay if, during
deposition in shallow water, they are periodically exposed
to the atmosphere and desiccate at an early stage in their
geological history. The 'ball-clays' of Devon and clays
elsewhere are thought to have been over-consolidated in
this manner (Best and Fookes, 1970).

Normally
consolidated

Deposition

Erosion

Over-consolidated



from the shore. Limestone-forming materials derived
from calcareous skeletal remains (e.g. shell debris, cri-
noids, algae) are often associated with such sands and
muds. A sequence of fossiliferous layers may thus be
formed in a marine area; they cover the older rocks that
underlie the area of deposition (e.g. Fig. 2.2). Because of
its content of fossil shells and shell fragments such a series
may be referred to as a shelly fades. Shelf sea deposits are
frequently of relatively small thickness (hundreds of
metres rather than thousands); but if subsidence has
affected the area during the deposition of the sediments,
a greater thickness of shallow-water deposits can be ac-
cumulated. In these conditions successive pebbly layers
on the foreshore come to lie farther and farther inland
from the original coast, the foreshore migrating inland as
the water slowly deepens over the area of sedimentation.

A succession of sediments which are laid down during
the advance of the sea over a land area (or transgression)
differs from that formed during the retreat (or regression)
of the sea. A possible sequence of the rock types formed
is shown in Fig. 6.5. The figure is read from the bottom
upwards, and it may be imagined that at time 'zero' a sea
exists to the right of the position represented by the col-
umn of strata and land to the left, the column being
located at the beach.

The figure records an initial period of trangression, the
sea advancing from right to left with deepening water,
when pebbles and coarse sand (a littoral facies) come to
be covered by finer marine sands, and these eventually by
marine muds. By this time the coastline has moved a
considerable distance to the left of the column. During
the retreat of the sea (from left to right), with shallowing
water, the muds are in time succeeded by sands and these
in turn give place to estuarine or lagoonal deposits as a
land surface begins to emerge. Finally, if conditions are
suitable, deltaic deposits may be put down on the earlier
sediments and eolian sands accumulate on the new land
surface. The shore-line is now a distance to the right of
the column.

In mobile belts (p. 16) of orogenic zones the shelf sea
forms the margin of a geosynclinal trench (Figs. 2.3 and
2.4). During the development of a geosyncline much
sediment of various kinds and of differing grade sizes is
contributed to the deepening trough. Coarse detritus is
poured into the trough at times, contributing lenses of
deposit derived from the land margins by rapid weather-
ing, and often together with material from volcanic erup-
tions. These sediments are accumulated rapidly, without
having undergone long processes of sorting and round-
ing, and therefore have a high proportion of angular
particles. Muddy sediments built up on the slopes of the
trough are affected by slumping, and mud-flows run their
course to lower levels; when seen now as consolidated
rocks (shales) they show slump structures (Fig. 6.6).

Under such conditions greywackes are formed, i.e.
badly sorted muddy sediments with much coarse clastic
material (p. 121). With them are associated breccias, and
lenses of poorly graded conglomerates in which partly
rounded pebbles are set in a matrix of angular mineral
grains; the minerals are often of more than one variety
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Deep water
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Fine sandstone
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Rocks of the old land

Fig. 6.5 Possible succession of rocks formed during a
transgression of the sea and a regression. (After Read and
Watson, 1971.) No scale implied.

Sea level

•Slide surface

Sandstone

Shale

Fig. 6.6 (a) A slump: detail shows how
sand horizons sink into underlying clays
liquefied during slumping, (b) Vertical
sequence through an horizon deposited
from slumped strata.



(in contrast to the predominant quartz of some beach
deposits described above).

Limestones if present are generally thin and represent
temporary conditions of greater stability that prevailed
for a time, especially when the trough was nearly filled.
All these sediments suffer severe compression at the end
of the geosynclinal phase, as their buckled and fractured
condition indicates at the present day (Fig 2.176).

Deep-sea environments
The deep-sea sediments were first studied from the

results of the H.M.S. Challenger expedition of 1872-76,
which obtained many hundreds of samples dredged from
the ocean floors of the world. These were classified by
reference to predominant constituents, easily visible, with
the use of terms such as Globigerina ooze, siliceous ooze,
and 'red clay'. The second Challenger expedition of 1952,
and the more recently developed methods of core sam-
pling in the ocean floors have yielded much new infor-
mation.

The deep-sea sediments are spread over vast areas of
ocean floor (Fig. 3.29), and characteristically contain no
large fragments and no features due to surface current or
wave action. In places they connect with shallower water
(land-derived) sediments by gradual transition. Land-de-
rived muds that lie on the continental slopes are blue, red,
or green in colour and are composed of very small clay
particles (Table 6.2). The blue muds extend to depths of
about 2.75 km (1500 fathoms). At greater depths are
found calcareous and siliceous sediments, composed of
the skeletons of minute floating organisms which sink
and accumulate slowly on the ocean floor. Thus, the
Globigerina 'ooze' is a calcareous deposit, composed of
the minute tests of coccoliths and of the foram Globiger-
ina (Fig. 2.22); it is estimated to cover some 130 million
km2 in the Atlantic and Pacific oceans, at depths of
around 3.65 km (2000 fathoms). Siliceous organisms per-
sist to greater depths than those reached by calcareous-
tests, which are slowly dissolved as they sink through
deep water. Thus radiolaria (Fig. 2.22), and small disc-
like skeletons of diatoms, and a few sponges form a sili-
ceous 4ooze' covering about 7 million km2 in the South
Pacific. From about 4.0 km (2200 fathoms) down to the
greatest known depths the deposit described as 'red clay'
covers large areas of ocean floor. This soft, plastic
material is partly derived from fine volcanic dust from the
atmosphere which has slowly settled through a great
depth of water, and partly of clay minerals. The hard
parts of fishes such as sharks' teeth and the bones of
whales are found in samples of the 'red clay' that have
been dredged up. Spherules of meteoric iron are also
found in the deposit, together with manganese nodules
('sea potatoes') and concretions with manganese coat-
ings.

Radiocarbon dating of the upper part of deep-sea cores
containing calcium carbonate tests has shown that the
last glacial period gave way to present conditions about
11 000 years ago. This confirms the dating of the end of
the Pleistocene glaciation from other evidence (p. 57).

Classification
A classification of the unconsolidated sediments and
rocks derived from them is given in Table 6.2, in which
the broad groupings are:

DETRITAL
(0 terrigenous. . . . derived from the land by weather-
ing and erosion, and mechanically sorted: e.g. gravels,
sands and muds, conglomerates, sandstones, mud-
stones and shales.
(H) pyroclastic. . . . derived from volcanic eruptions.
(Hi) calcareous. . . . derived mainly from calcareous
particles which have been mechanically sorted, as if
detritus.

CHEMICAL AND BIOCHEMICAL (organic )
. . . . formed mainly either in place or involving animal
or vegetable matter.

This classification is suitable for sandy and muddy
sediments which together account for most of the sedi-
ments deposited, but is not the most appropriate for
limestones, varieties of which appear in both parts. For
example, the Chalk of N. W. Europe is mainly composed
of a foraminiferal mud i.e. biochemical detritus.

The divisions based on particle size are those com-
monly used in engineering standards for the description
of detrital sediments. They are not precisely those recog-
nized by geologists who place the divisions at 256 mm,
64 mm, 4 mm, 2 mm, 0.063 mm, and 0.004 mm. The three
divisions used for chemical sediments are not standards
but are conveniently related to those used for describing
detrital sediments.

Detrital sedimentary rocks

Detrital (terrigenous) sediments

This group is divided according to the sizes of component
particles into rudaceous (Latin, gravelly), arenaceous
(Latin, sandy) and argillaceous (French, clayey, although
the Latin lutaceous or silty may also be used). These
groups are further divided into grades which describe
more precisely a range of particle sizes.

A particular sediment generally contain particles of
several different grades rather than a single grade, e.g. a
'clay' may contain a large proportion of the silt grade and
even some fine sand, as in the London Clay. The deter-
mination of the grades or sizes of particles present in a
sample of sediment, known as the particle size analysis, is
carried out by sieving and other methods, as discussed in
Chapter 11. The results of such an analysis can be repre-
sented graphically, grade size being plotted on a logar-
ithmic scale against the percentage weights of the frac-
tions obtained (Fig. 11.3).

Unconsolidated sands, silts, and clays are of consider-
able importance in civil engineering and are known to the
engineer as soils (p. 1). Particle size analysis may give



Table 6.2 A classification for sediments and sedimentary rocks. Sediments listed in lighter print, sedimentary rocks in darker print.

DETRITAL (pyroclastic)
>50% GRAINS OF VOLCANIC'ROCK

DETRITAL (calcareous)
>50% GRAINS OF CALCIUM CARBONATE

1

DETRITAL (terrigenous)

>50% GRAINS OF ROCK & SILICATE MINERALS

Consolidated
as rock

Unconsolidated
raw material

Consolidated
as rock

Unconsolidated
raw material

Consolidated
as rock

Geological
Term

Unconsolidated
raw material

PARTICLES
(orGRAINS)

size
(mm) name

Agglomerate
Volcanic
breccia

X

Tuff

Volcanic bombs &
ejected rock blocks

Fine strands and
droplets of lava
ejected into the
atmosphere

Volcanic ash

Volcanic dust

Conglomerate
Breccia

LU

CJ

Carbonate <
gravel u

Pisolithic c
grit 5
Carbonate "§
grit *

O
CJ

Carbonate H
sand cj z

..^. _l LU

oolitic < Q:
limestone u <

Carbonate ,̂
silts t

Z)

Loess 5
Cement-stone d
Chalk cj

Storm beaten
Colluvium
Coral reef debris

—i Carbonate
> gravel: eg. coral reef
Q£ debris.
O Shell rich beach

! gravel

i t

^ Carbonate
< sand. eg. shelf and
^ beach

T̂
] Carbonate

Zn Silt: eg. lagoon silt

• Desert Dust
>. Carbonate
-J mud

Comglomerate
Breccia

Tillite

Conglomerate

Grit

Sandstone
(arkose, grey-
wacke, and
other varieties)
Loess

Siltstone

Mudstone &
Shale

E

CO »£=

LU y

II
< CO
ZD ^

<cj I

CO "co

O .E

CC
<

Storm beach
Colluvium (scree,
or talus)
Glacial boulder beds

1 Coarse-alluvium
(e.g. wadi)

LU

<
QC

Fine-alluvium
— — Deltaic grits
^ and sands
Z
<

1 Sand beach
-X- Desert sand
f & dust
-i Estuarine
00 silt

j_ Glacial silts
T & clays

-i clay
CJ

I ooze

Boulder

Cobble

Pebble

Granule

Sand

Silt

Clay

200

4

2 _

0.002



CHEMICAL & BIOCHEMICAL (^organic)

FERRUGINOUSSALINECARBONACEOUSCALCAREOUSSILICEOUSPARTICLE
(or CRYSTAL)

Algal precipitates of
iron-rich
carbonates and
silicates: colloidal
ferric hydroxides.
Siderite,
chamosite and
bog-iron ores

(Some evaporite
sediments become
megacrystalline
with diagenesis)

Mineral crust
precipitated in salt
lakes and marine
mud-flats

Evaporites,
anhydrite, halite,
potash-salts.
Gypsum

Peat & drifted
vegetation
Lignite (brown
coal)
Humic
(bituminous)
coals

Anthracite

Organic muds

Oil shale

Coral reef, shell
banks

Coral (reef),
crinoidal and
shelly limestones

Pisolithic grit

Oolitic limestone

Algal, coccolithic
and other forams

Algal and
foraminiferal
limestones
CaCo3 precipitated
from solution, &
CaMg (C03)2

replacement
Travertine
(tuffa) &
Dolomite

Silica gel &
colloids, radiolaria,
diatoms

Flint, chert,
jasper,
radiolarite,
diatomite

Megacrystalline

2 mm

Mesocrystalline

0.06 mm

Microcrystalline

Note that the terms sand, silt and clay have two usages, viz. as a description of particle size and as a name for sediments made from
particles of their size. The term gravel strictly refers to a deposit of pebbles and granules, but is also used to describe a range of
particle sizes (cf. Fig. 11.14).



valuable information about the physical properties of
soils, which are named according to the range of particle
size present, e.g. sandy gravel, silty clay: see Chapter 11.
The proportion of clay present in a sediment, for instance,
affects the engineering properties of the material. A good
moulding sand should contain a small proportion of par-
ticles of the clay grade; a good sand for glass manufacture
would be composed mainly of one grade of clean grains.
It is to be noted that in general sand and silt particles are
physically and chemically inert, but clays (0.002 mm and
less) are often highly reactive. A simple test that distin-
guishes silt from clay is described on p. 81. Loam is a
deposit containing roughly equal proportions of sand,
silt, and clay.

Rudaceous deposits
Boulders, cobbles, pebbles and granules are generally
pieces of rock, e.g. flint and granite, and by definition are
greater than 2 mm in diameter; most are much larger than
this. Sand grains, on the other hand, usually consist of
mineralparticles, of which quartz, because of its hardness
and resistance to weathering, forms the greater part of
most sands.

Marine rudaceous deposits are formed at the foot of
cliffs from the break-up of falls of rock and from material
drifting along the coast. Sorting by wave action may
result in a graded beach, as at Chesil Beach, Dorset,
England (Fig. 3.27). The pebbles consist of the harder
parts of the rocks which are undergoing denudation, was-
tage of any softer material being more rapid; thus, a
gravel derived from flint-bearing chalk is composed
mainly of rounded flints. Pebbles derived from the denu-
dation of boulder clay deposits, as on the Yorkshire coast,
are generally of many kinds (e.g. granite, gneiss, vein
quartz), and may have travelled far from their source.

River gravels are laid down chiefly in the upper reaches
of streams, after being carried over varying distances, and
often contain an admixture of sand; at a later date a river
may lower its bed and leave the gravels as terraces on the
sides of its valley, marking its former course (Figs. 3.17
and 3.18). In the Thames Valley area such gravels are
mainly composed of one constituent, flint; Thames Bal-
last' contains as much as 98% flint. In areas where many
different rocks have contributed fragments, gravels laid
down by the rivers have a more varied composition; e.g.
deposits of the River Tay, Scotland, contain pebbles of
granite, gneiss and quartzite.

Some rudaceous sediments are accumulated by the
action of sudden storms which wash down much detritus,
as during the sudden (flash) floods of wadis in deserts.
Lens-shaped beds of sand are often intercalated in de-
posits of river gravels, the variation in size of material
being related to the currents which carried it.

Conglomerate
Deposits consisting of boulders, cobbles, pebbles and

granules when cemented are known as conglomerate; the
spaces between the pebbles are often largely filled with

sand. Two groups of conglomerates may be distin-
guished:
(0 the beach deposits, in which rounded pebbles are well
sorted, and commonly derived from one kind of rock
(such as flint, quartzite). These often occur at the base of
a formation which follows above an uncomformity, e.g.
the orthoquartzite at the base of the Ordovician in Salop.
'Pudding-stone' is a flint-conglomerate formed by the
cementing of pebble beds in the Lower Tertiary sands,
and is found locally as loose blocks lying on the surface
of the Chalk north-east of London.
(H) those conglomerates in which the pebbles are less well
rounded and are derived from several different sources.
Pebbly layers of this kind are often found within thick
beds of sandstone, as in the Old Red Sandstone of Here-
ford, the N. W. Highlands, Scotland, and other areas (Fig.
6.7). Such deposits represent rapidly accumulated coarse
detritus washed into place by storms. Banket is the gold-
bearing conglomerate, composed of pebbles of vein
quartz in a silicous matrix, from the Witwatersrand Sys-
tem, South Africa; alluvial gold was washed into stream
gravels which were later cemented into a hard rock.

Lens of grit

Road

Fig. 6.7 Sketch of a boulder conglomerate of Devonian age
resting with unconformity (Un) on much older slate (shaded).

Breccia is the name given to cemented deposits of
coarse angular fragments, such as consolidated scree.
Such angular fragments, after limited transport, have
accumulated at the foot of slopes (Fig 3.41) and have not
been rounded, in contrast to the rounded pebbles which
are distinctive of conglomerates. Breccias composed of
limestone fragments in a red sandy mixture are found in
Cumbria, e.g. near Appleby, and are called brockrams;
they represent the screes which collected in Permian times
from the denudation of hills of Carboniferous Limestone.
The formation of scree or talus is specially characteristic
of semi-arid or desert conditions.

The Dolomite Conglomerate of the Mendips in Somer-
set is a deposit of Triassic age, containing partly rounded
fragments of dolomitic limestone of Carboniferous age
and much angular material contributed by rapid weath-
ering; it is a consolidated scree.

Breccias may also be formed by the crushing of rocks,
as along a fault zone (p. 151), the fragments there being
cemented by mineral matter deposited from percolating



solutions after movement along the fault has ceased.
These are distinguished as fault-breccias. The explosive
action of volcanoes also results in the shattering of rocks
at a volcanic vent, and the accumulation of their angular
fragments as they fall to the ground to form volcanic
breccias.

Grit
This is a coarse-grained rock, rough to touch and

usually composed of quartz grains cemented by silica.
Thick and widespread deposits of grit accumulated in
Great Britain during the Carboniferous in the deltas upon
which were to grow the coal forests. These constitute the
Millstone Grit (Table 2.3) so called after their abrasive
qualities and uniform character, making them ideal
material for use, in the past, as millstones.

Arenaceous deposits

Sands
Most sand-grains, as stated above, are composed of

quartz; they may be rounded, sub-angular, or angular,
according to the degree of transport and attrition to
which they have been subjected. Windblown grains, in
addition to being well rounded, often show a frosted
surface. Other minerals which occur in sands are feldspar,
mica (particularly white mica), apatite, garnet, zircon,
tourmaline, and magnetite; they are commonly present in
small amounts in many sands, but occasionally may be a
prominent constituent. They have been derived from ig-
neous rocks which during denudation have contributed
grains to the sediment. Ore mineral grains of high specific
gravity are present in stream sands in certain localities,
e.g. alluvial tin (cassiterite) or gold.

The many uses of sand in the manufacturing and con-
struction industries has necessitated its detailed sub-divi-
sion into grades. Two scales are given here (Table 6.3);
the Wentworth scale, in common use among geologists,
and the Atterberg (or M.LT.) scale, which is frequently
employed in engineering standards and specifications,
and used in soil mechanics. In geology a well graded sand

Table 6.3 Two commonly used grade scales for sand

Wentworth Atterberg
Grade Size Size Grade
• 2 mm 2 mm—
v. coarse

—1 mm- coarse
coarse —0.6 mm —-
— J mm
medium medium

Jmm-——
—0.2 mm

fine
J mm

fine
v. fine

0.06 mm- 0.06 mm — —

has particles of mainly one size (e.g. Fig. 6.3/): Fig. 6.3g
illustrates a poorly graded deposit, in geological terms.

The porosity of these deposits depends on several fac-
tors, including:

(0 The grade sizes of the grains; a deposit containing
mainly grains of one grade will possess a higher porosity
than one consisting of a mixture of grades, since in the
latter case the smaller grains will partly fill interstices
between the larger and so reduce the pore space (Fig. 6.3/,
g). This applies also to sandstones.

(H) The amount and kind of packing which the grains
have acquired. Figure 6.8 shows two kinds of theoretical
packing for spherical grains, the pore spaces being inter-
connected though irregularly shaped. The arrangement
in (a) is known as hexagonal close packing; in a layer
overlying the one shown, each sphere would lie above a
group of three below it, and succeeding pairs of layers
repeat the arrangement. In (b), each grain of the next
layer rests directly on the one below it, and the packing is
more open, with larger interstices; this is an unstable
structure not found in nature.

Fig. 6.8 (a) Close packing of spheres: porosity = 27%
(b) Open packing: porosity = 47%.

(«/) The amount of cement present. Interstices may be
filled wholly or partly with mineral matter which binds
the grains together, and in this way porosity may be
considerably reduced (Fig. 6.1).

It will be seen that many different possibilities arise
from a combination of the three factors indicated above.

Sandstones
A sandy sediment, after natural compaction and ce-

mentation has gone on, is converted into a relatively hard
rock called sandstone. It has a texture of the kind shown
in Fig. 63g-h; there is no interlocking of the component
grains, as in an igneous rock, and the mineral composition
is often simple. Bedding planes and joints develop in the
consolidated rock, and form surfaces of division; these
often break the mass into roughly rectangular blocks and
are useful in quarrying. Widely spaced bedding planes
indicate long intervals of quiet deposition and a constant
supply of sediment. Sands laid down in shallow water are
subject to rapid changes of eddies and currents, which
may form current-bedded layers between the main bed-
ding planes, and this current-bedding is frequently seen
in sandstones (see Fig. 3.19).

Cementation occurs in two main ways:



(1) By the enlargement of existing particles; rounded
quartz grains become enlarged by the growth of 'jackets'
of additional quartz (Fig. 6.2a), derived from silica-bear-
ing solutions, the new growth being in optical continuity
with the original crystal structure of the grains (a fact
which can be tested by observing the extinction between
crossed polars). This is seen in the quartz of the Penrith
Sandstone (Fig. 6.9«), or of the Stiperstones Quartzite of
south Salop. (For another use of the term quartzite see p.
136.)

Calcareous sandstone has a relatively weak cement of
calcite which is easily weathered by acids in rain-water.
The 'Calcareous Grit' of Yorkshire, of Corallian age,
and the Calciferous Sandstones of Scotland (Lower Car-
boniferous) are examples. In some rocks the calcite
crystals have grown around the quartz grains, which are
thus enclosed in them; the crystals are revealed by re-
flection of light from cleavage surfaces when the rock
is handled, and the appearance is described as iustre
mottling'.

Fig. 6.9 (a) Penrith sandstone
in thin section, showing enlarge-
ment of grains by new growth of
quartz. (x12) . See also Fig. 6.2.
(b) Cemented sandstone as seen
with an electron microscope,
c = cemented contact areas for a
grain that has been removed (x
75). Photograph by L. Dobereiner.

(2) By the deposition of interstitial cementing matter
from percolating waters (Fig. 6.9b). The three chief kinds
of cement, in the order of their importance, are:

(0 silica, in the form of quartz, opal, chalcedony, etc.
(«") iron oxides, e.g. haematite, limonite (Fig 6.1a).

(Ui) carbonates, e.g. calcite, siderite, magnesite, witherite
(p. 86).

Sandstones may be named according to their cement-
ing material, or after constituents other than quartz.

Siliceous sandstone, with a cement of quartz or crypto-
crystalline silica between the grains of quartz (Fig. 6.9a),
is a very hard rock because of its high content of silica,
which sometimes exceeds 90% of the whole, and is there-
fore resistant to weathering and abrasive to machines
used for excavation. The term orthoquartzite is used for
nearly pure, evenly-graded quartz-sands which have been
cemented to form a sandstone. Examples are the Stiper-
stones quartzite at the base of the Ordovician, and the
basal Cambrian quartzite of Hartshill, Warwick; both are
the beach deposits of an incoming sea.

Ferruginous sandstone is red or brown in colour, the ce-
ment of iron oxide (haematite or limonite) forming a thin
coating to the grains of quartz. Many rocks of Old Red
Sandstone age (Devonian) in Britain, and Triassic sand-
stones, have ferruginous cement. Permian sandstones
from Ballochmyle, (Fig. 3.36) and Locharbriggs, near
Dumfries, are two structural stones of this type.

Argillaceous sandstone has a content of clay which acts as
a weak cement, and the rock has a low strength; sand-
stones of this kind in the Carboniferous of Scotland and
elsewhere are crushed to provide moulding sands for use

Fig. 6.10 Argillaceous sandstone as seen with an electron
microscope, clay occupies the pore space. (x100). Photo-
graph by L. Dobereiner.



in the steel industry. In many argillaceous sandstones
there is a growth of clay minerals in the pore spaces
between sand grains (Fig. 6.10). This results in a reduced
porosity for the rock, and from the point of view ôf water
abstraction it will have a lower permeability.

More rarely, sandstones may be cemented by a sul-
phate (gypsum or barytes), or a sulphite (pyrite), or oc-
casionally a phosphate. In desert regions like the
Sahara cementing by gypsum is observed in wind-blown
sands; the gypsum crystals during growth enclose sand
grains, thus forming 'sand-gypsum' crystals. Barytes
(BaSO4) gives a very hard cementation, as in the Alderley
Edge sandstone, Cheshire; it has resulted in the preser-
vation of isolated stacks of the sandstone, such as the
Hemlock Stone, which are very resistant to atmospheric
weathering.

Sandstones may also be named after prominent con-
stituents other than quartz.

Micaceous sandstone, which has a content of mica
flakes, usually muscovite. They may be dispersed
throughout the rock, or arranged in parallel layers spaced
at intervals of a few centimetres; along these layers the
rock splits easily, and is called a flagstone (Fig. 6.11). This

green clay-mineral glauconite, a hydrated silicate of iron
and potassium formed in marine conditions. The 'Green-
sands' of the Lower Cretaceous in England are so named
from their content of the mineral, which occurs as
rounded grains and as infillings to the cavities of small
fossils. Parts of the Upper Eocene marine sands in south-
ern England are rich in glauconite, as in the Bracklesham
Beds above the London Clay.

Greywacke (or German, 'grauwacke') is dark, often
grey-coloured, and containing many coarse angular
grains of quartz and feldspar which have been sedimented
with little sorting, together with mica and small rock
fragments (e.g. of slate) and fine matrix material. Grey-
wackes are formed in the seas adjacent to rapidly uplifted
land masses. Such an association commonly accompanies
the development and filling of orogenic troughs or geo-
synclines (Fig. 2.3) when much coarse detritus is washed
into the area of deposition. As a result of the eventual
compression of the contents of the trough, typical grey-
wackes are now found in areas of sharply folded strata,
for example among the Lower Palaeozoic sediments of
central Wales and the Southern Uplands of Scotland.
Many greywackes show graded-bedding (Fig. 2.1), in
which the sediment passes from coarser to finer particles
from the bottom of a bed upwards; this structure is pro-
duced by the settling of a mixture of sand and mud in
water, after movement over the sea floor as a turbidity
current; a form of slump (Fig. 6.6). (Turbidity currents
give rise to a mass of disturbed sediment which on later
consolidation forms the rocks known as turbidites.) Elon-
gated projections called flow-casts or sole-markings are
frequently found on the undersides of greywacke beds;
they show the direction of currents which operated at the
time of their formation.

Arkose is the term used to denote typically pale-coloured
sandstones, coarse in texture, composed mainly of quartz

Fig. 6.11 Flagstone at Freshwick, south of Wick. Caithness,

structure arises when a mixture of mica and quartz grains
is gently sedimented in water; the micas settle through
still water more slowly than the quartz because of their
platy shape, and are thus separated from the quartz grains
to form a layer above them. The process may be repeated
many times if the conditions remain stable. The Moher
Flags from the coast of Co. Clare, west Ireland, are an
example; they (and other occurrences) are used in slabs
and possess a useful resistance to weathering. The term
freestone is used for sandstones or limestones which have
few joints and can be worked easily in any direction,
yielding good building material; e.g. the Clipsham Free-
stone of Leicester.

Glauconitic sandstone contains some proportion of the
Fig. 6.12 Feldspathic sandstone (arkose) in thin section.
m = mica.q = quartz,fm==ferromagnesian,f== feldspar. ( x 1 5.)



and feldspar in angular or partly rounded grains, usually
with some mica; the minerals were derived from acid
igneous rocks such as granites, or from orthogneisses,
which were being rapidly denuded at the end of an oro-
genic upheaval. The feldspar may amount to a third of
the whole rock in some instances; the constituents are
bound together by ferruginous or calcareous cement.
Much arkose is found in the Torridon Sandstone of
Ross-shire (Fig. 6.12).

Ganister is a fine-grained siliceous sandstone or siltstone
which is found underlying coal seams in the Coal
Measures; it is an important source of raw material for
the manufacture of silica bricks and other refractories.

Argillaceous deposits

Silt
Minute fragments of minerals and clusters of microscopic
crystals form particles called silt (Table 6.2). They ac-
cumulate as laminae interbedded with deposits of clay at
periods when the supply of clay to an area of deposition
is either diminished, or diluted by an influx of silt par-
ticles. Thicker sequences of silt may be formed by the
finer particles derived from deltas (p. 43). Clay minerals,
when present as in a clayey silt, provide a weak force that
binds the silt particles to each other. Without clay miner-
als a silt composed of silicate fragments (Table 6.2) has
little cohesive strength until cemented: in this respect
deposits of silt and clay differ significantly. Ground-water
flows with greater ease through the pores of silt than it
does through those of clay and may precipitate mineral
cement converting the silt to siltstone.

Clays
These are muddy sediments composed of minute clay

minerals (p. 80) of the order of 0.002 mm diameter or less,
which were deposited very slowly in still water on the
continental shelf or in lakes and estuaries. There are also
particles of colloidal size, which in some cases form a high
proportion of the clay. The term 'fat clay' is used in some
engineering literature for a clay which has a high content
of colloidal particles, and is greasy to the touch and very
plastic; a 'Jean clay', in contrast, has a small colloidal
content. Soon after the deposition of a mass of muddy
sediment, sliding or slumping may occur on submarine
slopes, and the incipient bedding structures are destroyed
or disturbed; considerable thicknesses of disturbed shales
are seen intercalated between normal beds at many local-
ities, and are attributable to slumping contemporaneous
with deposition. Some silt particles are commonly present
in these sediments, and by lateral variation, with increase
in the proportion of the silt, shales pass gradually into
fine-grained sandy deposits.

Compaction and consolidation processes have been
described on p. 113, and in argillaceous sediments they
result in the progressive change from a soft mud to a stiff
clay of greater strength, in which the mineral grains pos-
sesses a preferred orientation (see Fig. 6.13).

Sensitive clays
When the strength of an undisturbed sample of clay or

silt is compared with the strength of the material after it
has been re-moulded, the ratio of the undisturbed
strength to the re-moulded strength is called the sensitivity
of the material. Re-moulding breaks down the structure
of the clay (i.e. the clustering and orientation of grains),
although its natural water content remains the same.
Values of sensitivity up to 35 or more have been recorded;
but many clays have sensitivities of about 10, i.e. they
lose 90% of their strength on being re-moulded. Such
sensitive clays when disturbed during engineering con-
struction may undergo great loss of strength, and it is
therefore important that their character should be under-
stood when excavations in them are to be made.

Clays which are highly sensitive are also known as
'quick' clays. Certain Norwegian quick clays, of late-
glacial age (deposited in lakes) or post-glacial (marine),
have been investigated, as well as others from the St Law-
rence valley, Ontario. Many of the post-glacial marine
clays have been leached by the passage of fresh water
through them after the isostatic uplift of the area in
which they were deposited (Fig. 2.19), and this has re-
sulted in the removal of some of the dissolved salts in
their original pore-water. The connection between re-
duced salt content of the pore-contained water and in-
creased sensitivity of the clay was demonstrated experi-
mentally for a quick clay from Horten, Norway, by
Skempton and Northey (1952): see also Kenney (1964).

Mineral content
Clays and the rocks derived from them have a complex
mineral composition, which is the more difficult to inves-
tigate on account of the very small size of the particles
involved. The clay minerals have been described in Chap-
ter 4; they are hydrous aluminium silicates, sometimes
with magnesium or iron replacing part of the aluminium
and with small amounts of alkalies. They form minute
flaky or rod-like crystals, which build up the greater part
of most clays and are important in determining their
properties. Clays may also contain a variable proportion
of other minerals, such as finely divided micaceous and
chloritic material, together with colloidal silica, iron
oxide, carbon, etc., and a small proportion of harder
mineral grains (e.g. finely divided quartz). Organic matter
may also be present. In addition, water is an important
constituent and on it the plasticity of the clay depends;
the water forms thin films around the very small mineral
particles and fills the minute pore spaces. These films of
water which separate the mineral flakes endow the clay
with plastic properties. The water-absorption capacity of
clay in turn depends on the nature of the clay minerals.
Some particular kinds of clay are now described.

Fuller's earth, a clay largely composed of montmorillon-
ite, has low plasticity and disintegrates in water. It readily
absorbs grease and is used for the bleaching and filtration
of oils, for cleaning cloth and taking grease out of wool,
and for medical purposes. Deposits of Fuller's earth are



worked in the Sandgate Beds (part of the Lower Green-
sand) at Nutfield, Surrey, and in Jurassic rocks at Combe
Hay near Bath and at Woburn. Supplies of commercial
bentonite (below) are obtained by processing these de-
posits.

Bentonite is a clay derived from the alteration of volcanic
dust and ash deposits, and is mainly composed of mont-
morillonite. Owing to the capacity of this mineral to
absorb water within the crystal lattice (p. 81), as well as
acquiring a film of water around each particle, bentonite
clays swell enormously on the addition of water, forming
a viscous mass. This property renders the material useful
for various purposes, such as the thickening of drilling
mud in sinking oil wells; it is also used in America as an
ingredient of moulding sands for foundries, and as an
absorbent in many processes. Commercial deposits are
worked in the Black Hills of Wyoming and South Dak-
ota. In civil engineering bentonite is employed as a sealing
layer in trenches and cofferdams to prevent the percola-
tion of water, and as a slurry pumped into sands or
gravels to fill the voids and render the mass impervious.
It is also used, for example, in the construction of the
Hyde Park Corner underpass, London, to help support
the walls of the excavations in sands and gravel.

Fire-clays are rich in kaolinite, and commonly contain
small amounts of quartz and hydromica. They occur
beneath coal seams in the Coal Measures, and character-
istically have a very low content of alkalies. They can be
exposed to high temperatures, 1500 to 16000C, without
melting or disintegrating and are used in the manufacture
of refractories.

Ball-clays are plastic, kaolinitic clays formed from trans-
ported sediment and generally deposited in lacustrine
( = lake) basins. The clays are composed of secondary
kaolinite together with some micaceous material (e.g.
illite), and may contain a proportion of silt or sand. The
kaolinite, which forms 60% or more of the ball-clay, is
probably derived from argillaceous rocks such as shales
during their weathering and transport, especially under
warm temperature conditions; it is less well crystallized
than kaolinite derived by hydrothermal decomposition of
granite (p. 138), the minute crystals being commonly less
than 1/im in size.

Ball-clays are used in the ceramic industry, and when
fired at temperatures of 1150-12000C, they have a white
or near white colour. In England they are worked in the
Bovey Basin near Newton Abbot, Devon, where deposits
of Oligocene age are associated with lignites; and near
Wareham, Dorset. The geotechnical properties of the
Bovey Basin deposits have been described by Best and
Fookes (1970).

Certain argillaceous deposits are closely associated
with the Pleistocene glaciations and include boulder clays
(a type of till) and varved clays (p. 57). Wind-blown
deposits such as loess (p. 53) composed of fine clay-sized

particles, were widely distributed by dust storms in the
cold dry periods during the Pleistocene.

Brickearth is a brown-red silty clay formerly used for
making bricks, and is a type of loess.

Apart from uses mentioned above, clays are employed
in industry in many ways such as for bricks, tiles, terra-
cotta, tile drains, earthenware and porcelain, firebricks,
crucibles and other refractories, puddle for engineering
structures (e.g. the cores of earth dams), and in cement
manufacture. The suitability of a deposit for any parti-
cular purpose depends on the presence of different clay
minerals and other constituents, and their relative pro-
portions in the deposit.

Shales
Shales are compacted muds, and possess a finely lami-

nated structure by virtue of which they are fissile and
break easily into parallel-sided fragments (Fig. 6.13). This

Fig. 6.13 Fissile shale viewed with an electron microscope
(x 1000).

lamination is parallel to bedding-planes and is analogous
to the leaves in each book of a pile of books. Starting
from a deposit of very fluid mud with a high water con-
tent, water has been slowly squeezed out from the sedi-
ment as a result of the pressure of overlying deposits,
until the mud has a water content of perhaps 10-15%.
With further compaction and loss of more water, the
deposit has ultimately taken on the typical shaley parting
parallel to bedding; there is thus a gradation from a mud
to a shale.

During the expulsion of water from clay in the process
of compaction, mineral reconstitution takes place and the
resulting shale consists essentially of sericite (cf. illite),
chlorite, and quartz; small crystals grow out of the raw
materials available and form part of the shale, which,
however, is not completely crystalline. Chemically, shale
is characterized by a high content of alumina and is also
generally rich in potash.

Some particular kinds of shale are now described.



Bituminous shale or oil-shale is black or dark brown in
colour and contains natural hydrocarbons from which
crude petroleum can be obtained by distillation. It gives
a brown streak and has a 'leathery' appearance, with a
tendency to curl when cut; parting planes often look
smooth and polished. The oil-shales of the Lothians of
Scotland provide raw material for the production of
crude oil and ammonia.

Alum-shale is a shale impregnated with alum (alkaline
aluminium sulphate): the alum is produced by the oxi-
dation and hydration of pyrite, yielding sulphuric acid
which acts on the sericite of the shale.

Mudrock is a general term presently used to describe
argillaceous rocks; a review of the mudrocks of the United
Kingdom has been edited by de Freitas (1981).

When the shaley parting is not developed an argilla-
ceous rock may be called a mudstone.

Marl is a calcareous mudstone. In the Keuper Marl the
mineral dolomite is present, in addition to clay minerals
(mainly illite), chlorite, and a little quartz. The carbonate
content ranges from about 7% to over 20%: for references
see Barden and Sides (1970).

Detrital (pyroclastic) sediments

Fine ash and coarser debris (Table 6.2) ejected from an
active volcano rain down upon the surrounding land to
form a blanket of pyroclastic deposits (p. 94). The erup-
tion of Mt St Helens in May 1980 deposited several metres
of pyroclastic sediment within 10 km of the volcano and
several centimetres of ash over most of Washington, W.
Montana and N. Idaho.

Some pyroclastic deposits exhibit a delicate grading of
particles from coarse at the base to fine at the top. Others
contain an unsorted mixture of sizes and large rock
blocks, and volcanic bombs, may be found embedded in
finer ash (Fig. 6.14).

When pyroclastic deposits settle in water they become
interbedded with the other sediments. When deposited on
land they may bury previously extruded lavas and be
buried by later lavas so that the succession of strata
becomes an alternating sequence of extrusive igneous and
sedimentary pyroclastic rocks (Fig. 5.5).

Detrital (calcareous) sediments

The Limestones
Limestones consist essentially of calcium carbonate, with
which there is generally some magnesium carbonate, and
siliceous matter such as quartz grains. The average of
over 300 chemical analyses of limestones showed 92% of
CaCO3and MgCO3 together, and 5% of SiO2; the pro-
portion of magnesium carbonate is small except in dolo-
mite and dolomitic limestones. The limestones considered
here are those formed mainly by the accumulation of
carbonate detritus. They are bedded rocks often contain-
ing many fossils; they are readily scratched with a knife,
and effervesce on the addition of cold dilute hydrochloric
acid (except dolomite). The distance between bedding-
planes in limestones is commonly 30 to 60 cm, but varies
from a couple of centimetres or less in thin-bedded rocks
(such as the Stonesfield 'Slate') to over 6 m in some lime-
stones.

Calcium carbonate is present in the form of crystals of
calcite or aragonite, as amorphous calcium carbonate,
and also as the hard parts of organisms (fossils) such as
shells and calcareous skeletons, or their broken fragments
(Fig. 6.2). Thus, a consolidated shell-sand (table 6.2) is a
limestone by virtue of the calcium carbonate of which the
shells are made. On the other hand, chemically deposited
calcium carbonate builds limestones (e.g. oolites) under
conditions where water of high alkalinity has a restricted
circulation, as in a shallow sea or lake. Non-calcareous
constituents commonly present in limestones include
clay, silica in colloidal form or as quartz grains or as parts
of siliceous organisms, and other hard detrital grains.
Though usually grey or white in colour, the rock may be
tinted, e.g. by iron compounds or finely divided carbon,
or by bitumen. Common types of limestone are now
described.

Shelly Limestone (Fig. 6.2) is a rock in which fossil shells,
such as brachipods and lamellibranchs (Fig. 2.14), form
a large part of its bulk. It may be a consolidated shell-
sand (cf. the 'crags' of East Anglia). Shell banks, in which
the shells are laid by currents and the spaces between
them filled by milky calcite (during diagenesis), are also
known as 'conquinites'.

Chalk is a soft white limestone largely made of finely-
divided calcium carbonate, much of which has been
shown to consist of minute plates, 1 or 2 /mi in diameter.
These plates are derived from the external skeletons of
calcareous algae, and are known as coccoliths. The Chalk
also contains many foraminifera, which differ in kind and

Fig. 6.14 Pyroclastic deposits: a vertical face in bedded
tuffs enclosing large block ejected during an eruption (from
a photograph).



abundance in different parts of the formation; and other
fossils, such as the shells of brachiopods and sea-urchins
(echinoids, Fig. 2.14). The foraminifera are minute, very
primitive jelly-like organisms (protozoa) with a hard
globular covering of carbonate of lime (Fig. 2.22); they
float at the surface of the sea during life, and then sink
and accumulate on the sea floor (p. 113). Radiolaria,
which have siliceous frameworks, often of a complicated
and beautiful pattern, are also found in Chalk but are not
so numerous as the foraminifera. Parts of the rock con-
tain about 98% CaCO3 and it is thus almost a pure
carbonate rock. It was probably formed at moderate
depths (round about 18Om) in clear water on the conti-
nental shelf. The Chalk in England is a bedded and
jointed rock; the upper parts of the formation contain
layers of flint (p. 78) along some bedding-planes and as
concretions in joints. Chalk is used for lime-burning and,
mixed with clay, is calcined and ground for Portland
Cement manufacture.

Limestones which contain a noticeable amount of sub-
stances other than carbonate are named after those sub-
stances, thus: siliceous limestone, argillaceous limestone,
ferruginous limestone, bituminous limestone', these terms
are self-explanatory. Cement-stone (or hydraulic lime-
stone) is an argillaceous limestone in which the propor-
tions of clay and calcium carbonate are such that the rock
can be burned for cement without the addition of other
material, e.g. the cement-stones of the Lower Lias in
England.

Chemical and biochemical limestones, which include
oolitic, dolomitic, magnesian, coral, algal and crinoidal
limestones, are described in the following section.

Chemical and biochemical
sedimentary rocks

Calcareous deposits

The Limestones (cont.)
As explained in the previous section, the calcareous par-
ticles of many limestones have organic or biochemical
origins but have been sedimented as detritus to give the
resulting rock a character that is predominantly detrital.
Other limestones are dominantly organic or chemical in
nature and are described here: their particles have not
been greatly transported although some mechanical sort-
ing may have occurred.

Coral, Algal, and Crinoidal Limestones take their names
from prominent fossil constituents (Fig. 6.15). Algae are
aquatic plants allied to seaweeds; some kinds secrete lime
and their remains may build up large parts of some lime-
stones. Some fresh-water algae precipitate calcium car-
bonate, and other silica. Many corals and crinoids (Fig.
2.10), which have been described earlier (p. 22), are found
in parts of the Carboniferous Limestone and limestones
elsewhere especially of Silurian and Jurassic age. Reef
facies are abundant at the present day, as in the Great

Fig. 6.15 Specimen of limestone containing fragments of
crinoid (c), coral (co), shell (s) and sponge-like forms (sp).
(And see Fig 2.10.)

Barrier Reef off the north-east coast of Australia, and the
islands of the west Pacific and the Carribean.

Oolitic Limestone, or oolite, has a texture resembling the
hard roe of a fish (Greek 00« = egg). It is made up of
rounded grains formed by the deposition of successive
coats of calcium carbonate around particles such as a
grain of sand or piece of shell, which serves as a 'seed'.
These particles are rolled to and fro between tide marks
in limy water near a limestone coast, and become coated
with calcium carbonate; they are called 'ooliths,' and their
concentric structure can be seen in thin section (Fig.
6,16«). Sometimes the grains are larger, about the size of
a pea, when the rock made of them is called pisolite.
Deposition of CaCO3 may also take place through the
agency of algae; each particle, or seed, which is rolled
about by currents acquires a coating of calcareous mud,
which is surrounded by a layer of blue-green algae. The
latter can survive the rolling for a long time. Devonian
oolites when carefully dissolved have been shown to con-
tain these concentric organic coatings. Ooliths are form-
ing today in the shallow seas off the coasts of Florida and
the Bahamas.

In the course of time the ooliths, often mixed with fossil
shells, become cemented, and then form a layer of oolite.
When few shells are present the rock has an even texture
and is easily worked, and makes a first-class building
stone. The Jurassic oolites of the Bath district, and the
Portland oolitic limestone, Dorset, are two English
examples. Portland stone has been used in many London
buildings and other structures, where it weathers evenly
over a long period. The cream-coloured stone is quarried
from beds of the Portland Series at Portland, Dorset, the
best material coming from the Whit Bed and the Base
Bed. A coarser shelly layer, the Roach, is used for rough
walling,

Dolomitic Limestone and Dolomite are rocks which con-
tain the double carbonate MgCO3-CaCO3, dolomite (the
name is used for the mineral as well as for the rock); the
mineral occurs as rhomb-shaped crystals (Fig. 6.16b).
Dolomite is made entirely of the mineral dolomite, but



dolomitic limestone has both dolomite and calcite. For a
test for dolomite see page 83. Magnesian limestone is the
term used for a limestone with a small content of mag-
nesium carbonate, which is usually not present as the
double carbonate but is held in solid solution in calcite
crystals.

The mineral dolomite often replaces original aragonite
or calcite in a rock, the magnesium being derived from
sea water and introduced into the limestone by solutions
passing through it. The replacement process is called
dolomitization. The change from calcite to dolomite in-
volves a volume contraction of 12.3% and hence often
results in a porous texture. Borings in the coral atoll of
Funafuti, in the South Pacific, showed progressive do-
lomitization of the limestone reef with depth, indicating
that the change takes place in shallow water. Extensive
dolomitization of recently deposited aragonite mud
occurs in the tidal zones of sabkhas (p. 49). Sea water
carries Mg2+ and SOJ" into the mud flats where Mg2 +

replaces some Ca2 + in the crystal lattice of aragonite. The
displaced Ca2+ combines with SOJ" to precipitate as
nodules of anhydrite (CaSO4) or gypsum (CaSO4.2H2O).

Beds oi dolomite are found in the Carboniferous Lime-
stone, e.g. in the Mendips, and at Mitcheldean, Forest of
Dean; in some cases the process of dolomitization has
been selective, the non-crystalline matrix of a limestone
being dolomitized before the harder calcite fossils which
it contains are affected. The Magnesian Limestone of
Permian age is mainly a dolomitic limestone.

The general term for replacement processes, including
that outlined above, is metasomatism (= change of sub-
stance, Greek); original minerals are changed atom by
atom into new mineral substances by the agency of per-
colating solutions, but the outlines of original structures
in the rock are frequently preserved. The dolomitization
of a limestone thus involves the replacement of part of
the calcium by magnesium. Another metasomatic change
which takes place in limestones is the replacement of
calcium carbonate by silica; in this way silicified lime-
stones and cherts are formed, as in parts of the Carboni-
ferous Limestone. Silica from organisms such as sponges
and radiolaria is dissolved by water containing potassium
carbonate, and re-deposited as chert, which is a form of
cryptocrystalline silica. The Hythe Beds of the Lower
Greensand in Kent have beds of chert of considerable
thickness. Replacement of calcite by siderite (FeCO3) is

Fig. 6.16 (a) Oolitic limestone in thin
section: note calcite cement (c) filling
original pore space (x10).
(b) Dolomitic iimestone in thin section:
dolomite (d) (x10).

another important metasomatic change; it is seen in some
Jurassic limestones such as the Cornbrash of Yorkshire
and the Middle Lias marlstone of the Midlands. The
Cleveland Ironstone of Yorkshire, which is oolitic, is
believed to have originated in this way.

Travertine, stalactite and calc-sinter are made of chemi-
cally deposited calcium carbonate from saturated solu-
tions. Calc-sinter (or tufa) is a deposit formed around a
calcareous spring. Stalagmites and stalactites are colum-
nar deposits built by dripping water in caverns and on the
joint planes of rocks (see Chapter 2). Travertine is a
variety of calc-sinter, cream or buff-coloured, with a
cellular texture due to deposition from springs as a coat-
ing to vegetable matter. When the latter decays it leaves
irregular cavities. There are deposits of travertine in Italy,
in the Auvergne, and elsewhere. The important deposit
on the banks of the R. Anio near Tivoli is about 140 m
thick, and is soft when quarried but hardens rapidly on
exposure. Travertine has been used in many buildings for
interior or exterior panelling, with or without a filler; and
in slabs for non-slip flooring.

Siliceous deposits

Under this heading are included the organically and
chemically formed deposits mentioned in Table 6.2. The
deep-sea siliceous oozes are briefly described on p. 49.
Diatomite is the consolidated equivalent of diatom-earth,
a deposit formed of the siliceous algae called diatoms,
which accumulate principally in fresh-water lakes. It is
found at numerous Scottish localities and at Kentmere in
the Lake District, where there is a deposit of Pleistocene
age. The United States, Denmark, and Canada have large
deposits from which considerable exports are made.
Diatom-earth is also known as kieselguhr or as Tripoli-
powder, and was originally used as an absorbent in the
manufacture of dynamite. It is now employed in various
chemical processes as an absorbent inert substance, in
filtering processes, as a filler for paints and rubber prod-
ucts, and for high temperature insulation. Deposits of
sponge spicules, which are fragments of the skeletons of
siliceous sponges, are found today on parts of the ocean
floor; older deposits of this kind provided the raw
material for the cherts which occur in certain limestones.

Flint is the name given to the irregularly shaped sili-



ceous nodules found in the Chalk. It is a brittle substance
and breaks with a conchoidal fracture; in thin section it
is seen to be cryptocrystalline. The weathered surface of
a flint takes on a white or pale brown appearance. In
England, flints occur most abundantly in the Upper
Chalk where they may lie along bedding-planes or fill
joints in the form of tabular vertical layers. The silica of
flint may have been derived from organisms such as
sponge spicules and radiolaria in the Chalk, which were
slowly dissolved and the silica re-deposited probably as
silica gel by solutions percolating downwards through the
Upper and Middle Chalk. The Lower Chalk generally
contains no flints. Other modes of origin for siliceous
deposits in limestone have been suggested and it is
thought that many such 'deposits' developed during di-
agenesis by replacement of calcite of aragonite. For chert
seep. 126.

Jasper is a red variety of cryptocrystalline silica, allied to
chert, the colour being due to disseminated Fe-oxide; it is
found in Precambrian and Palaeozoic rocks.

Saline deposits

The Evaporites
When a body of salt water has become isolated its salts
crystallize out as the water evaporates. The Dead Sea is
a well-known example; it has no outlet and its salinity
constantly increases. Another instance is that of the shal-
low gulf of Karabugas in the Caspian Sea, into which salt
water flows at high tide but from which there is no out-
flow, so that salt deposits are formed, in what is virtually
a large evaporating basin which is continually re-
plenished. In past geological times great thicknesses of
such deposits have been built up in this way in various
districts. Deep-sea drilling has revealed 1.5 km of such
deposits in the Mediterranean, formed there in Miocene
times when it was a subsiding inland basin (p. 24).
Greater thicknesses of evaporites (up to 3 km) have been
identified in the Red Sead and Danikil Depression of
Ethiopia. During evaporation the first salt to be deposited
is gypsum (CaSO4.2H2O), beginning when 37% o r the
water is evaporated: anhydrite (CaSO4, orthorhombic)
comes next but as explained on p. 126 much of the gypsum
and anhydrite formed in natural sediments may have
originated from diagenetic changes of previously de-
posited shallow water calcareous sediments. Continued
evaporation eventually precipitates the halides. First rock
salt (NaCl). Pseudomorphs of rock-salt cubes are found
in the Keuper Marl (see p. 21 for description of the
conditions under which these rocks were deposited).
Lastly are formed magnesium and potassium salts such
as polyhalite (K2SO4.MgSo4.2CaSO4.2H2O), kieserite
(MgSO4-H2O), carnallite (KCLMgCl2.6H2O), and syl-
vite (KCl). All these are found in the great salt deposits of
Stassfurt, Germany, which reach a thickness of over
1200 m, and have been preserved from solution through
percolating water by an overlying layer of clay.

Gypsum and rock-salt are found in the Triassic rocks

of Britain, e.g. in Cheshire, Worcester and near Middles-
brough, but nothing beyond the rock-salt stage was
known in Britain until deep borings were made at Ais-
laby and Robin Hood Bay, north Yorkshire. These pene-
trated important potash salt deposits lying above rock-
salt and covered by marl, at depths of about 1250 m. The
development of such very soluble deposits is rendered
difficult owing to the depth at which they occur. Great
thicknesses of evaporite exist in the Michigan Basin, in
southern New Mexico and in Utah.

Gypsum associated with calcareous sediments is mined
at Netherfield, Sussex, where a deposit in the Purbeck
Beds is found between 30 and 60 m below the surface.
Apart from its use in building industry, gypsum is used as
a filler for various materials (e.g. rubber), and for a variety
of other purposes (p. 87). Rock-salt, apart from domestic
uses, is employed in many chemical manufacturing pro-
cesses; potash salts are used as fertilizers, as a source of
potassium, and in the manufacture of explosives.

Sodium salts. Soda nitre (or 'Chile salt-petre', NaNO3)
deposits are found in Atacama Desert of Chile, in sandy
beds called caliche, of which they form from 14 to 25%. It
is exported largely as a source of nitrates, iodine (from
sodium iodate) being an important byproduct. Other
sodium and magnesium salts were deposited from th$
waters of alkali lakes, e.g. in arid regions in the western
U.S.A., and the Great SaIk Lake of Utah. Sodium sul-
phate ('salt cake') is important in the chemical industry
and in paper and glass manufacture. It is produced chiefly
in the U.S.S.R., Canada, and the U.S.A.

The evaporites form an economically important group,
of which the foregoing is a brief outline.

Carbonaceous deposits

The Coals
The formation of coal through the burial of ancient vege-
tation is described in Chapter 2 (p. 23). The gradual
transformation from rotting woody matter to coal can be
represented by peat, lignite (brown coal), humic or bitu-
minous coal (soft coal) and anthracite (hard coal). This
sequence is called the coal series and the average compo-
sitions of several varieties within the series are given in
Table 6.4. The quality of a coal is described by its rank,
whose relationship to the major constituents is shown in
Fig. 6.17.

Table 6.4 Average composition of fuels (percentages): sul-
phur and mineral impurities which create ash are not included

C H N O

Wood 49.7 6.2 0.9 43.2
Peat 56.6 4.8 1.7 36.9
Lignite 65.2 3.5 1.2 30.1
Bituminous coal 84.5 4.6 1.5 9.4
Anthracite 93.6 2.3 1.1 3.0
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Fig. 6.17 Range of composition for members of the coal
series.

Peat is derived from compressed mosses and plants such
as sphagnum, heather and cotton-grass. It is a valuable
fuel in some areas and is cut and burnt for domestic use;
it has a high ash content and burns with a smoky flame.
Peat-fired generating stations for electricity are in use in
Ireland. Peat is not a coal but the microbial degradation
of vegetation that produces peat, and to which the term
'peat stage' refers, is a necessary stage in the formation of
coal. In waterlogged environments, as in swamps, the
microbes cannot fully decompose vegetable matter and
partially digested plant debris accumulates, which can
later be converted to coal by compression and diagenesis.

Lignite (or brown coal) is more compact than peat and is
the first product of the next phase of coal formation,
namely burial. Lignite has lost some moisture and oxygen
and its carbon content is consequently higher. Its texture
is rather like woody peat, and when dried on exposure to
the atmosphere it tends to crumble to powder. Extensive
beds of lignite are found in Germany (Cologne), Canada,
the southern U.S.A. and Brazil. Average calorific values
range from 7 x 106J to 11 x 106J.

Bituminous coal includes the ordinary domestic variety
and many coals used in industry: it has a carbon content
of 80-90% and a calorific value of 14 x 106J to 16 x 106J.
Between it and lignite there are coals called sub-bitumin-
ous (or 'black lignites') with less moisture than lignite and
between 70-80% carbon. Semi-bituminous coals are tran-
sitional between bituminous coal and anthracite: they
have the greatest heating value of any and burn with a
smokeless flame.

Typical bituminous coals have a banded structure in
which bright and dull bands alternate: they are classified
into four types on the basis of their lustre and other
physical characters.

(0 Vitrain, bands or streaks of black coal, several milli-
metres or more in thickness, representing solidified
gel in which the cellular structure from leaves, stems,
bark, twigs and logs can be detected.

(H) Clarain, less bright and having a satin or silky lustre
derived from thin vitrinite sheets alternating with a
duller matrix.

(Hi) Durain, dull hard coal, containing spore cases and
resins.

(iv) Fusain, a soft black powdery substance ('mineral
charcoal') which readily soils the fingers, occurs in
thin bands and is composed of broken spores and
cellular tissue which may be the oxidized remains of
vegetation.

These coal types reflect the original composition of the
coal whereas the rank of coal is governed by its sub-
sequent maturation, especially with burial. 'Bright' coals
have a high content of vitrain, which is the best source of
coal tar byproducts.

Blocks of coal break easily along the fusain layers, and
are bounded by fractures ('cleat' and 'end') which are
perpendicular to the layers: a thin film of mineral matter
(e.g. pyrite) often coats the surface of these fractures.

Cannel coal is a dense deposit lacking noticeable bedding,
dull grey to black in appearance (rather like durain), and
is composed mainly of spores. It contains 70-80% carbon,
10-12% hydrogen and ignites with ease to burn with a
long smoky flame like a candle (whence its name). Typical
cannels have much ash and a calorific value of 12 x 106J
to 16 x 106J. They are believed to be formed from trans-
ported material (unlike other coals, see later) and the ash
is attributable to an admixture of sediment which was
originally deposited with the drifted vegetable debris.

Anthracite contains from 90-95% carbon, with low
oxygen and hydrogen, and ignites only at a high tempera-
ture; its calorific value is about 15 x 106J. It is black with
sub-metallic lustre, conchoidal fracture, and banded
structure, and does not mark the fingers when handled.
Anthracite appears to have been formed when coal-bear-
ing beds have been subjected to pressure or to increased
temperatures, during gentle metamorphism; transitions
from anthracite to bituminous coals have been traced,
e.g. in the South Wales coalfield, where also shearing
structures are present in the anthracites. In N. America
seams of bituminous coal in Pennsylvania can be traced
into the Appalachian fold belt where they are anthracite.

Peat

Lignite

Bituminous coal

Anthracite

Coal
Fire-clay or ganister

Sandstone

Shales, with

shell band

(occasional)

Coal seam

Seat-earth
(old soil)

Fig. 6.18 Unit of coal measure rhythm.



Associated with coals are beds ofganister (p. 122) and
fireclay (p. 123) (Fig. 6.18), which lie below the seams and
contain the roots of plants in their position of growth;
they represent the seat-earth in which the Coal Measure
plants grew. Overlying a coal seam is a series of shales, of
varying thickness, which grade upwards into sandy shales
and then sandstones. These are followed by the next coal
seam, with its seat-earth and its overlying shales and
sandstones. The repetition of this sequence of rocks over
and over again, with minor variations, is referred to as
the Coal Measure 'rhythm', each unit of which records
the submergence of the vegetation of a coal swamp, and
the eventual emergence (as the water shallowed) of sandy
shoals on which the swamps grew again.

Oil shale has been described on p. 123. One variety, bog-
head coal, or torbanite appears to be closely related to
cannel coals. Substantial amounts of oil can be extracted
from these shales on heating. The Scottish oil shales yield
90 \~x and those of Colorado, Wyoming and Utah, 125
I"1 (Greensmith, 1978).

The existence of most coal fields results from their
coal-bearing strata being preserved in a coal basin, Fig.
6.19, that part beneath a cover of younger rock being
described as concealed. In the process of folding clay rich
horizons within the fire-clays (Fig. 6.18) may be disturbed
and lose much of their strength. Slopes in open cast mines
may fail on such layers (Walton and Coates, 1980).

consist chiefly of chemically deposited siderite (FeCO3);
they occur as nodular masses in the argillaceous rocks of
the Coal Measures, and also in the Wealden Beds, where
they are of fresh-water origin.

Bog-iron ores are impure limonitic deposits which form
in shallow lakes and marshes, as in Finland and Sweden
today. The deposition of the iron may be due to the action
of bacteria or algae. The ores were much used in the early
days of iron-smelting.

Jurassic ironstones Important bedded iron ores of this
age in Britain and northern Europe contain the minerals
siderite and chamosite (hydrated iron silicate); some of
the ironstones are oolitic and others have small crystals
of siderite in a matrix of mudstone. The Cleveland iron-
stone of the Middle Lias is an oolitic rock containing
both the above minerals. A rock of the same age, the
marlstone of Lincoln and Leicester, has a large amount
of calcite as well as chamosite and siderite. The Nor-
thampton ironstones are partly oolitic rocks with cha-
mosite as the chief constituent, and partly mudstones
with siderite and limonite.

Haematite and limonite ores In some cases iron is present
as haematite in a shelly limestone, as at Rhiwbina, South
Wales, or as limonite, e.g. the Frodingham ironstone. The
haematite deposits of Cumbria are replacements of the
Carboniferous Limestone by irregular masses of the iron
oxide. The Lake Superior region of North America pos-

EXPOSED
COAL FIELD

CONCEALED COAL FIELD EXPOSED

Fig. 6.19 A coal basin in vertical section and plan. Arrows represent the direction of strata inclination towards the basin
centre. Such basins may vary in dimension from 10 km to 100s km.

Ferruginous deposits

The Ironstones
Numerous sediments and sedimentary rocks contain iron,
some in concentrations that make the deposits valuable
ores of iron. The iron may be precipitated as a primary
mineral or be locked into crystal lattices during diagene-
sis.

Blackband ironstone and clay-ironstone are ferruginous
deposits associated with the Coal Measures. In Stafford
the blackband ironstones contain 10-20% coal, the iron
being present as carbonate, and are found replacing the
upper parts of coal seams; they are economical to smelt
on account of their coal content. Clay-ironstones also

sesses very extensive haematite deposits; the rocks here
are Precambrian sediments in which iron of sedimentary
origin has probably been concentrated as the oxide after
alteration from its original silicate or carbonate form.
The Precambrian iron ores (see Table 2.1) are world wide
and extensive deposits exist in the Transvaal of S. Africa
and the Hammersly Basin in Western Australia.

Sediment associations

The succession of sediments illustrated in Fig. 6.5 records
an orderly sequence of events in which shallow water
deposits grade into deeper water sediments, succeeded by



shallow water and continental deposits. In this example
the shallow water sediments (conglomerates, gravels and
coarse sands) can be grouped as an association of similar
materials (i.e. a fades, p. 113). Other groupings can be
made of the sediments accumulated in deeper water, del-
tas and on land. The facies to which a deposit belongs will
indicate the other types of sediment with which it may be
associated. For example, a foundation engineer building
on alluvium may assume that this facies will contain
gravel, sand and clay, and possibly conglomerate, and
that care must therefore be taken to ascertain the presence
of clay even though sand and gravel may be the only
deposits visible at ground level.

Table 6.5 lists some important associations which are
commonly encountered.

Continental deposits are often the most variable of all
types because they have not endured the long period of
mechanical sorting that is associated with the deposition
of sediments in the ocean. Boulder conglomerates may
pass into finer sandstones and grits within the distance of
a few metres (Fig. 6.7). The variations which occur in
glacial sediments deposited on land have been described

Table 6.5 Commonly encountered associations

on p. 58. A greater degree of sorting occurs in alluvial
sediments.

Shore-line deposits tend to be more uniform than con-
tinental sediments, but considerable variability may exist
if they accumulated in shallow water. For example a
modern mud-flat may contain thin beds of shell debris,
nodules of calcium carbonate, horizons of silt and lenses
of peat within a deposit mainly composed of clay. The
sedimentary rock equivalent of this mud-flat sequence
would contain thin bands of shelly and nodular limestone,
siltstones, organic mudstones and possibly shale. A delta,
which develops in rather deeper water (Fig. 3.20), would
be composed mainly of sand with some clay, and compact
to produce a clayey sandstone (Fig. 6.10).

Oceanic sediments of the open sea {pelagic) are the
most uniform of all sediments but when they exist on land
it can be assumed they have been placed there by oroge-
nesis; many are found to be much disturbed by folding,
faulting and metamorphism. Sequences of dark-coloured
shales and siltstones are typical of this association.

Sediments of the shelf sea are less uniform but they will
have only gradual changes in thickness and composition
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if deposited on a stable shelf. If deposited on an unstable
shelf associated with a geosynclinal trough considerable
variation in sediment type or thickness must be expected.
Coarse sediments such as grit and sandstone which flood
across the shelf during periods of uplift inland, may be
interbedded with more uniform and finer sediment such
as mudstone and shale, deposited in quieter times.

Sedimentary mineral deposits

The sedimentary processes associated with the mech-
anical sorting of grains and the evaporation of sea water,
the accumulation of organic remains and the activity of
bacteria, are responsible for concentrating dispersed con-
stituents into mineral deposits. Many types of deposit
exist and their products are collected here under five
headings, as follows.

Construction materials
Sand and gravel provide most important resources of
natural aggregate, limestone forms the basis of cement,
clay is the bulk mineral of ceramic ware, silica sand is the
substance of glass and gypsum provides the body of plas-
ter. These sediments sustain the building industry with
necessary materials for construction: their main uses have
been mentioned on earlier pages and their relevant
characters are described further in Chapter 18.

Minerals for chemicals
These are mainly non-metallic and include the following;
(from Bateman, 1950).
Salt and brines: from deposits of coastal evaporites.
Borax andborates: from deposits of play a lake evaporites.
Sodium carbonates and sulphates', from deposits of'alkali'
or 'bitter' playa lakes.
Calcium: as a chloride from deposits of evaporite, as a
carbonate from limestone strata and as a sulphate from
beds of gypsum.
Potash: as a nitrate from deposits of evaporite.
Sulphur: from beds of gypsum and anhydrite that have
been altered by reducing bacteria.
Nitrogen: as sodium and potassium nitrate from deposits
of evaporite.
Phosphate: from nodular chemically-precipitated beds of
phosphate and phosphatic marls and limestones.

The importance of evaporite is obvious and many large
deposits are mined. In these excavations the original hor-
izontal bedding is often seen to have been destroyed by
faulting and folding. This mixes the layers of evaporite
(each originally of different composition) with other
strata with which they were interbedded. Evaporites can
deform as a ductile material at low temperatures and
pressures and beds of salt may flow to form salt-domes
which rise to the surface by displacing overlying strata
(see Fig. 6.21). The deformation of evaporites can cause
severe difficulties to the planning and operation of under-
ground mines.

Placer deposits
Important minerals may be concentrated by the mech-
anical sorting of sediment in moving water, with lighter
minerals being separated from heavier ones which remain
as placer deposits. Gold, cassiterite (tin), diamond, zir-
con, magnetite, ilmenite and chromite have been found
as placer deposits, the last four taking the form of 'black
sand'.

Sedimentary ores
Two ores are especially associated with sediments; iron
ores as described on p. 129, and metallic sulphides which
have been precipitated on the sea floor from hydrothermal
solutions emitted by submarine volcanoes (Fig. 5.28b);
these have been called exhalative deposits. It is believed
that some of the extensive sulphide deposits that are
interbedded with marine sediments and volcanic rocks
may have formed this way, e.g. the Kuroko ores in Japan.

Organic fuels
Coal, oil and gas are the most important fuels, and coal
deposits are described on p. 127. The search for these
fuels is only conducted in sedimentary rocks.

Oil and gas
Oil is formed from the putrefaction of organic matter,
and organic-rich sediments containing up to 10% organic
carbon have been important sources for oilfields: they are
called source rocks. When a source rock is buried oil and
gas are generated from the unoxidized organic matter
locked in its pores, sharing the pore space with pore water
(Fig. 6.20). The four basic types of organic matter in
sediments are kerogen (70-80% carbon, 7-11% hydrogen,
10-15% oxygen with some nitrogen and sulphur), asphalt
or bitumen (80% carbon, 10% hydrogen, 2-8% sulphur
with nitrogen and a little oxygen), and the hydrocarbons
crude oil and natural gas. Kerogen and asphalt are solid
at normal temperatures and pressures whereas the hydro-
carbons are liquid. Kerogen, unlike asphalt, is insoluble
in petroleum solvents. A typical crude oil contains 85%
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carbon, 12% hydrogen, 0.7% sulphur and small amounts
of nitrogen and oxygen. Natural gas is mainly methane
(CH4) but contains many other hydrocarbons such as
ethane, propane and butane. Carbon dioxide, nitrogen
and hydrogen sulphide are also commonly present to-
gether with water vapour derived from pore water. The
pore water associated with oil is usually rich in total
dissolved solids (600000 parts per million is not uncom-
mon) and called a 'brine'.

Source rocks buried to depths where they are heated to
above 1000C generate gas at the expense of oil (Fig. 6.20).

Oil and gas are lessdense than the associated brine and
will migrate upwards through the overlying deposits with
the displaced brine occupying the pore space vacated by
the oil and gas. If there are no strata capable of trapping
these migrating hydrocarbons they will escape and when
this occurs at ground level the low-boiling components
will vaporize to leave an asphaltic residue (e;g. a pitch
lake). Strata of low permeability capable of halting this
upward migration are called cap rock: shales, mudstones
and evaporites are excellent for this purpose.

The porous rock in which oil and gas accumulate be-
neath a cap rock is called the reservoir rock. Figure 6.21
illustrates typical oilfield structures: note the stratification
of gas above oil above brine. Wells drilled into the reser-
voir rock extract the hydrocarbons by maintaining in
each well a fluid pressure slightly smaller than that in the
reservoir. The difference between the total head of fluid
in the wells and that in the reservoir, together with the
expansion of gas which accompanies a reduction in its
pressure, drives the oil towards the wells. This is most
economically achieved when the reservoir rocks have a
permeability that requires a small differential head to
sustain an adequate flow. Good reservoir rocks therefore
have a porosity sufficiently large to accommodate eco-
nomic reserves of oil and a high permeability.

Most of the oil discovered occurs in Mesozoic strata,
slightly less in Cenozoic strata, and small amounts in the
Newer Palaeozoic (see Table 2.1).
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7
Metamorphic Rocks

Metamorphism is the term used to denote the transfor-
mation of rocks into new types by the recrystallization of
their constituents; the term is derived from Greek meta,
after (signifying a change), and morphe, shape.

The original rocks may be igneous, sedimentary or
ones that have already been metamorphosed and changes
which occur in them result from the addition of heat or
the operation of pressure. Heat and pressure are the
agents of metamorphism which impart energy to the
rocks, sufficient to mobilize the constituents of minerals
and reassemble them as new minerals whose composition
and crystal lattice are in equilibrium with existing condi-
tions. Such processes transform, or metamorphose the
rocks and can impose upon them a metamorphic texture
that may be entirely different from the texture they ori-
ginally possessed. The superimposition of textures en-
ables the history of metamorphic rocks to be defined
especially when the composition and orientation of new
minerals reflect the temperature of metamorphism and
the prevailing direction of stress (Fig. 7.1).

(1) Thermal or Contact Metamorphism, where rise of tem-
perature is the dominant factor. Thermal effects are
brought about in contact zones adjacent to igneous
intrusions; or when sediments are down-folded into
hotter regions in the crust.

(2) Dynamic or Dislocation Metamorphism, where the
dominant control is stress, as in belts of shearing.

(3) Regional Metamorphism, where both temperature
and pressure have operated over a large (regional)
area.

Figures which illustrate the typical occurrence of these
classes of metamorphism are listed in Table 7.1.

Table 7.1 Figures illustrating the occurrence of
metamorphism

Contact metamorphism adjacent to
small intrusions: 5.6. 5.7, 5.9, 5.10
larger intrusions: 5.3, 5.13, 5.14. 5.27, 7.3

Dislocation metamorphism associated with thrusts:2.3, 2,6,
7.11
Regional metamorphism associated with fold belts:2.3, 2.4,
2.17b, 7.6, 7.11

Contact metamorphism
The intrusion of a hot igneous mass such as granite or
gabbro produces an increase of temperature in the sur-
rounding rocks (or 'country-rocks'). This increase pro-
motes the recrystallization of some or all of the compo-
nents of the rocks affected, the most marked changes
occurring near the contact with the igneous body. When
recrystallization can develop uninhibited by an external
stress acting on the rocks, the new minerals grow hap-
hazardly in all directions and the metamorphosed rock
acquires a granular fabric, which is known as the hornfels
texture (p. 136).

During the metamorphism there may also be a transfer
of material at the contact, when hot gases from the ig-
neous mass penetrate the country-rocks, the process
known as pneumatolysis (p. 109). The country-rocks are
not melted, but hot emanations such as carbonic acid,
SO2, water vapour, and volatile compounds of boron and
fluorine, percolate into them and result in the formation
of new minerals. Temperatures may range from about
500 to 8000C during pneumatolysis (p. 109), and asso-
ciated hydrothermal emanations may carry ore-metals
such as Sn, Zn, and Fe which are deposited as mineral
veins in fissures in the country-rocks.

Bedding

Cleavage

Fig. 7.1 Cleavage in slate, formed at right angles to the
maximum compression during metamorphism of the original
sediment. tc =trace of cleavage on bedding, tb = trace of bed-
ding on cleavage surface.

Metamorphic minerals grow in solid rock, their de-
velopment being aided by solvents, especially water ex-
pelled from remaining pores and the dehydration of clay
minerals.

Three broad classes of metamorphism, depending on
the controls exercised by temperature and pressure, may
be distinguished:



Dislocation metamorphism
Where stress is the principal control and temperature is
subordinate, as in zones affected by strong shearing
movements, the rocks undergo dislocation metamorphism,
with the production of cataclastic textures (p. 141); these
result from the mechanical breakdown of the rocks under
stress, e.g. by shearing or brecciation.

Regional metamorphism
The operation of stresses as well as rise of temperature
results in recrystallization, with the formation of new
minerals many of which grow with their length or flat
cleavage surfaces at right angles to the direction of the
maximum compressive stress (Fig. 7.1). High tempera-
tures and stresses are produced in orogenic belts of the
crust, and regional metamorphic rocks are found in these
great fold-belts where they have become exposed after
denudation. Many components of the rocks have ac-
quired a largely parallel orientation, which gives the rocks
characteristic textures: the oriented texture produced by
platy or columnar minerals is known as schistosity
(Fig. 7.2), and an alteration of schistose layers with others

Fabric
The term fabric is used to denote the arrangement of
mineral constituents and textural elements in a rock, in
three dimensions. This is particularly useful in meta-
morphic rocks, as it enables the preferred orientation of
minerals, when present, to be described with reference to
broader structures. Thus, rocks are either isotropic, when
there is no orderly arrangement of their components (as
in hornfels); or anisotropic (as in schists) when there is
parallel orientation of minerals, often well developed.
Relict textures from an original sediment, such as banding
due to variation in composition, may also be preserved in
the fabric of the equivalent metamorphic rock (Fig. 7.1).
In graded bedding (Figs. 2.1; 6.6) for example, the upper
(clayey) part of a graded bed will show conspicuous
crystals grown from the clays (e.g. andalusite), in contrast
to the equigranular crystals of quartz, formed from the
sandy base of the bed.

Terms commonly used to describe the shape and size
of metamorphic minerals, and their fabric, are listed in
Table 7.2.

Table 7.2 Commonly used terms for describing
metamorphic rock texture: all may be used as field terms

1. Banding.
Foliation = series of parallel surfaces. (Fig. 7.6)
Lineation = series of parallel lines as produced by the

trace of foliation on a rock surface; e.g. the wall of a
tunnel (Figs 7.1, 7.8, 7.10)

2. Visible crystallinity.
Phaneritic = individual crystals can be distinguished
Aphanitic = granularity from the presence of crystals

can be seen but individual crystals cannot be
distinguished

3. Crystal size. .
Coarse= >2.0mm T
Medium = 2.0-0.06 mm_ .L -Pbaneritic.
Fine= <0.06mm

4. Relative crystal size.
Granoblastic = all crystals are approximately the same

size
Porphyroblastic = larger crystals surrounded by much

smaller crystals. (Fig 7.9)

Classification

The visible character most useful for the classification of
metamorphic rock is the presence or absence of foliation
(see Fig. 7.1). In Table 7.3 the common metamorphic
rocks are classified under three headings that describe the
anisotropy created by foliation.

The names of most metamorphic rocks are prefixed by
the names of the minerals they contain, e.g. quartz-bio-
tite-schist. When the original rock type is known the
prefix met a may be used, e.g. metasandstone, or metagab-
bro. Metamorphosed arenaceous sediments (i.e. sands)
may be described zspsammitic, e.g. psammitic gneiss, and
metamorphosed argillaceous sediments (i.e. silts and
clays) as pelitic, e.g. pelitic gneiss.

Fig. 7.2 Block diagrams to illustrate schistosity. (a) Parallel
orientation of mica crystals in mica-schist; quartz grains lie
between the micaceous layers, (b) Oriented hornblende
prisms in hornblende-schist.

less schistose gives the banded texture known as foliation
(p. 140). Argillaceous rocks under the influence of mod-
erate to low temperature and high stress develop slaty
cleavage (p. 139).

Crystal shape and fabric

The crystalline shape of a metamorphic mineral partly
determines the ease of its growth during metamorphism;
thus micas and chlorites, with a single cleavage, grow as
thin plates oriented perpendicular to the maximum stress,
and amphiboles such as hornblende grow in prismatic
forms with length at right angles to the maximum stress.
Some minerals of high crystallization strength, e.g. garnet
and andalusite, grow to a relatively large size in meta-
morphic rocks and are then called porphyroblasts, i.e.
conspicuous crystals in contrast to those which make up
the rest of the rock. Feldspars and quartz have low and
nearly equal strengths of crystallization, and meta-
morphic rocks composed of quartz and feldspar show
typically a granular texture (granulites).



Contact metamorphism

The effects of contact metamorphism on the main sedi-
mentary rock types (shale, sandstone, limestone) are now
discussed, assuming rise of temperature to be the domi-
nant and controlling factor. At the contact zone border-
ing an igneous mass an aureole of metamorphism is de-
veloped (Fig. 7.3). Within the aureole, zones of increasing
metamorphism can be traced as the contact is
approached, and they are distinguished by the growth of
new minerals. The width of the aureole depends on the

amount of heat that was transferred, i.e. on the size and
temperature of the igneous body, and is also related to
the steepness or otherwise of the contact (Table 7.4).

Table 7.4 The reduction in temperature away from an
intrusion similar to that in Fig. 7.3

Basic intrusion Acid intrusion
(e.g. gabbro) (e.g. granite)

magma 12000C 8000C
contact 9000C 65O0C
0.1 km 82O0C 600°C
1.0 km 6800C 5000C
10.0 km 35O°C 3200C

Contact metamorphism of a shale or clay
An argillaceous rock such as shale is made up of very
small particles, most of which are clay minerals and are
essentially hydrated aluminium silicates; with them are
small sericite (secondary white mica) flakes and chlorite,
and smaller amounts of colloidal silica, colloidal iron
oxide, carbon, and other substances. The two dominant
oxides in a clay or shale, as would be given in a chemical
analysis, are thus SiO2 and Al2O3, and when the shale is
subjected to heat over a long period the aluminium silicate
andalusite, or its variety chiastolite (Fig. 4.34), is formed.
Cordierite (Fig. 4.36) is another mineral frequently
formed at the same time; it grows as porphyroblasts in
the metamorphosed shales.

Igneous rocks

Aureole

Fig. 7.3 Map of part of a metamorphic aureol around an
intrusive igneous mass; small area near B is a relic of denuded
roof of the intrusion. Below, section along the line AB; bed-
ding of sediments not shown.
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rocks.



In the outermost zone of the aureole, farthest from the
contact, small but noticeable changes are produced: the
shales are somewhat hardened and specks of opaque mag-
netite are formed. Somewhat nearer the contact incipient
crystals of chiastolite and cordierite appear, as small dark
spots; and with further progress towards the igneous con-
tact andalusite and cordierite are better developed, as
distinct spots, and small flakes of biotite have grown from
the chlorite and sericite in the shale. This is the spotted-
rock zone in Fig. 7.3. The recrystallization is continued in
the zone nearest the contact, including the growth of
muscovite flakes and quartz and larger magnetites;
crystals of rutile (TiO2, tetragonal) may also be present,
derived from titanium in the original sediment. The shale
has now been completely recrystallized, and is called a
hornfels, or to give it its full name, a biotite-andalusite-
cordierite-hornfels. It is hard, with a 'horny' fracture,
and has a finely granular hornfels texture (Fig. 7.4). In

Contact metamorphism of a sandstone
A siliceous rock such as sandstone is converted into a
metamorphic quartzite. The original quartz grains of the
sandstone (and siliceous cement if present) are recrystal-
lized as an interlocking mosaic of quartz crystals. Partial
fusion of the mass may occur in special circumstances,
but rarely. Constituents other than quartz in the cement
between the grains give a rise to new minerals, depending
on their composition: e.g. a little biotite (from clay), and
magnetite (from iron oxide, as in a ferruginous sand-
stone). The bulk of the rock consists essentially of quartz.

Contact metamorphism of a limestone
Limestones are made up mainly of calcium carbonate,
together with some magnesium carbonate, silica, and
minor constituents, and the metamorphic product is a
marble.

(O In the ideal case of a pure calcium carbonate rock

Fig. 7.4 Metamorphic rocks in thin
section, (a) Biotite-cordierite-quartz-
hornfels; the rounded cordierite contains
many inclusions, (b) Mica-schist with
garnets, (c) Forsterite-marble (all x 15).

the marble would be composed entirely of grains of cal-
cite. The coarseness of texture of the rock depends on the
degree of heating to which it has been subjected, larger
crystals growing if the metamorphism is prolonged. Dis-
sociation of the carbonate into CaO and CO2 is prevented
by the operation of pressure. Examples of rocks with a
high degree of purity are provided by the statuary mar-
bles.

(H) In the metamorphism of a limestone in which some
content of silica is present, as quartz grains or in colloidal
form, the following reaction takes place in addition to the
crystallization of calcite:

CaCO3 +SiO2-^CaSiO3 (wollastonite) + CO2
giving a wollastonite-marble, as in parts of the Carbon-
iferous Limestone of Carlingford, Ireland (metamor-
phosed by gabbro intrusions). The mineral wollastonite
forms white or grey tabular, translucent crystals.

(Hi) During contact metamorphism of a magnesian or
dolomitic limestone the dolomite is dissociated, thus:

CaCO3-MgCO3-^CaCO3 (calcite)
+ MgO (periclase) + CO2

The periclase is readily hydrated to form brucite,
Mg(OH)2, in colourless tabular hexagonal crystals, and
the product is a brucite-marble. Blocks of this rock have

Cordierite

Biotite.
Quartz

Quartz Biotite
Calcite

Forsterite

some hornfelses, next to a high temperature contact,
needle-shaped crystals of sillimanite may be formed from
excess alumina, in addition to the other minerals. The
'zones' described above are not sharply separated but
grade into one another; and it is assumed that there has
been neither addition nor subtraction of material during
the metamorphism.

Localities in Britain where the sequence of rock types
- shale (or slate) -• spotted rock -• hornfels - is found in
contact aureoles include those around the granites of
Cornwall and Devon (where also mineralized veins have
been formed); and in Scottish aureoles as at the Ben Nevis
granite or the Insch (Aberdeenshire) gabbro. An interest-
ing case is that of the Skiddaw granite, Cumbria, which
is exposed over only three small areas, each less than a
kilometre across, in the valleys of streams flowing from
the north-east side of the mountain. Over a considerable
area of adjacent ground, however, there are exposures of
chiastolite-bearing rock, indicating the existence of the
granite at no great depth below the present surface, and
marking a stage in the process of unroofing of the granite
by denudation.



been ejected from Vesuvius; British occurrences of bru-
cite-marble are in Skye and in the north-west Highlands.

When silica and dolomite are both present, the mag-
nesium silicate forsterite, an olivine, (p. 72) is formed
together with calcite, CO2 being lost in the reaction, thus:

2CaCO3.MgCO3 + SiO2-+2CaCO3 (calcite)
+ Mg2SiO4 (forsterite) + 2CO2.

The metamorphosed rock is aforsterite-marble (Fig. 7.4);
a British locality for this is at Kilchrist, Skye. If the further
change from forsterite to serpentine takes place (by hy-
dration) the rock becomes a serpentine-marble. The white
calcite streaked with green serpentine in the marble gives
an attractive decorative stone, e.g. the Connemara Mar-
ble of Ireland.

(iv) When clay is present as well as silica in the original
rock, minerals such as tremolite and diopside (Ca-Mg-
silicates) and CaAl-garnets are formed by the meta-
morphism, in addition to calcite, and the resulting rock is
a calc-silicate-hornfels. Its mineral composition varies
according to the amounts of different substances in the
original limestone; the textures of these rocks tend to be
coarse because of the fluxing action of dissociated
MgCO3, and the rock is often very hard.

A zone of calc-silicate-hornfels was passed through by
the Lochaber water-power tunnel at Ben Nevis; this ex-
tremely hard rock together with baked schists at a granite
contact, reduced the rate of progress of the tunnel exca-
vation to half the average rate. (Halcrow, W. T., 1930-
31.)

Many varieties of marble may arise, some beautifully
coloured because of traces of substances in the original
sediment. Decorative stones of this kind are exported
from Italy and Greece. The rocks are cut into thin slabs,
with one surface polished, and are used as panels for
interior decoration; advantage may be taken of any pat-
tern due to veining or zones of brecciation by arranging
the slabs symmetrically in groups of two or four. The
white Carrara Marble (N.W. Italy) is a metamorphosed
Jurassic limestone.

Unfortunately the term 'marble' is also used as a trade
name for any soft rock that will take a polish easily, and
includes many limestones used as decorative stones on
account of their colouring or content of fossils. Among
these in Britain are the Ashburton 'marble' (a Devonian
coral limestone with stromatoporoids), the Hopton
Wood stone (a Carboniferous crinoidal limestone), and
the Purbeck 'marble' (an Upper Jurassic limestone from
Dorset, containing the fossil shell Paludina, Fig. 2.14).

Contact metamorphism of igneous rocks
The effects here are not so striking as in the sedimentary
rocks, because the minerals of igneous rocks were formed
at a relatively high temperature and are less affected by
re-heating; but some degree of recrystallization is often
evident. A basic rock such as dolerite or diabase may be
converted into one containing hornblende and biotite,
from the original augite and chlorite, the plagioclase
being recrystallized. Secondary minerals that occupy ve-
sicles, as in amygdaloidal basalt, yield new minerals such

as calcium-feldspar (after zeolite) and amphibole (after
chlorite and epidote).

Igneous rocks which were much weathered before
metamorphism may acquire calc-silicate minerals (e.g.
Ca-garnet) derived from calcium and Al-silicates in the
original rock, and hornblende from chlorite. Andesites
and andesitic tuffs during contact metamorphism may
develop many small flakes of brown mica and crystals of
magnetite, as in the Shap Granite contact zone. Basic
granulites (rocks of equigranular texture, p. 141) are
formed from basic rocks such as gabbro by prolonged
high-grade metamorphism, involving high temperature
and complete recrystallization; pyroxenes and plagioclase
are the main minerals. The term granulite is used broadly
for rocks in which the main minerals are roughly equi-
dimensional (see further under regional metamorphism).

Pneumatolysis

In the foregoing discussion it has been assumed that there
has been no transfer of material from the igneous body
across the contact and that metasomatic changes (i.e.
changes of substance) have involved only the recombin-
ing of original constituents and loss of gas. It frequently
happens that the volatile substances accumulated in the
upper part of a body of magma as it crystallized, pass
into the country-rocks at a moderately high temperature
stage in the cooling process of the igneous mass. Their
reaction with the rock is called pneumatolysis
(pneuma = gases), and can affect rocks, as indicated on
p. 109). The emanating volatiles include compounds of
boron, fluorine, carbon dioxide, sulphur dioxide and
others; characteristic minerals such as tourmaline, topaz,
axinite, fluorspar (q.v.), and kaolin are formed near a
contact under these conditions.

Tourmaline
This is formed by the pneumatolytic action of boron

and fluorine on mafic minerals (p. 79). It has a high con-
tent of alumina (between 30 and 40%) and is found also
in rocks of clayey composition adjacent to an igneous
contact. When the biotite of a granite is converted into
tourmaline the granite itself is often locally reddened by
the introduction of iron. The name luxullianite, from a
Cornish locality, Luxullian, is given to a tourmalinized
granite in which the tourmaline occurs as radiating clus-
ters of slender crystals of schorl embedded in quartz
(Fig. 4Ae). Veins of quartz and tourmaline, some carry-
ing cassiterite, are common in certain granite areas.

Axinite
This is a calcium-boron-silicate occurring in contact

metamorphic aureoles where boron has been introduced
into limestone or altered rocks containing calcite. Axinite
crystals are typically flat and acute-edged (Fig. 4.4/),
brown and transparent with a glassy lustre.

Topaz
This occurs in cavities in acid igneous rocks, often



associated with beryl, tourmaline, and fluorite, and com-
monly found in greisen (see below and Fig. 4Ad).

Kaolinization
The term kaolin (or China Clay) is used for the decom-

position products that result from the alteration of the
feldspars of granites, and is partly crystalline kaolinite
and partly amorphous matter. One equation for the
change, in which potassium is removed and silica is lib-
erated, is as follows:

4KAlSi3O8 + 2CO2 + 4H2O = 2K2CO3
orthoclase + Al4Si4O10(OH)8 + 8SiO2

kaolinite
Parts of the Cornish granites, as at St Austell, have been
decomposed by this hydrothermal action, giving a soft
mass of quartz, kaolin, and mica which crumbles at the
touch. In the quarries the kaolinized rock is washed down
by jets of water; the milky-looking fluid is then pumped
from the sumps into which it has drained and allowed to
gravitate through a series of tanks. These remove first the
mica and quartz, and the kaolin is allowed to settle out of
suspension as a whitish sludge.

Kaolin is an important economic product, and is used
as a paper filler, and to a lesser extent in pottery manu-
facture and for numerous other purposes as an inert
absorbent.

Greisen
Composed essentially of quartz, white mica, and acces-

sory amounts of tourmaline, fluorite, and topaz, this is
formed from granite under certain pneumatolytic condi-
tions; where, for example, the formation OfK2CO3 in the
above equation is inhibited, white mica (secondary mus-
covite) is formed from the feldspar of the granite and the
name greisen is given to the resulting rock.

China-stone
This represents an arrested stage in the kaolinization

of granite; in addition to quartz and decomposed feldspar
it frequently contains topaz (Al2SiO4F2) and fluorspar,
both of which point to incoming fluorine.

Regional metamorphism

Rocks which have undergone regional metamorphism
have a much greater extent at the surface than those
formed by contact-metamorphism and may be found ex-
posed over many hundreds of square kilometres. A sub-
stantial input of energy is required for such metamorph-
ism and occurs at the boundaries of colliding plates. Such
a boundary is shown in Fig. 1.20 and the location of
others like it, where regional metamorphism is occurring
at present, is given in Fig. 1.17. Mountains form from
these zones (Figs 2.3 and 2.4) and the deformation that
occurs within them is illustrated in Fig. 2.176.

Regional metamorphism develops under the hydro-
static pressure (or confining pressure) arising from the

weight of overlying rocks and the shearing stresses pro-
duced by the system of unequal principal stresses asso-
ciated with plate movement. From Fig. 2.4 it is evident
that temperature and pressure increase towards the cen-
tral root of an orogenic belt and that the grade of meta-
morphism will increase with depth. Likewise, concentric
zones may be defined around the root in which operate
different intensities of metamorphism.

Metamorphic grades
These can be defined in relation to the temperature and

stress conditions that prevail (Fig. 7.5); they are named
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Fig. 7.5 Grades of increasing metamorphism produced by
the burial of a muddy sediment.

after the main rock types produced, viz. slate, schist, and
gneiss. In the slate grade of metamorphism, low tempera-
ture and high stress differences are the controlling factors
(Fig. 7.1). In the schist grade moderate temperatures and
moderate stress operate during the metamorphism
(Fig. 7.2). And in the gneiss grade the metamorphism
involves high temperatures and low stress differences.
With the gneisses can also be included the granulites,
which have a texture of nearly equal-sized crystals.

Zones of regional metamorphism
The existence of metamorphic zones is best revealed by

the metamorphism of clayey sediments of constant bulk
composition. With a progressive increase in temperature,
zones of increasing metamorphism are defined by the
appearance of index-minerals in the rocks. Different
index-minerals come into equilibrium at successively
higher temperatures, and provide a guide to the tempera-
ture reached by the rocks containing them. Most of the
metamorphism takes place in the temperature range from
about 200° to 7000C.

The sequence of index-minerals in order of rising tem-
perature is: chlorite, biotite, garnet (almandine), stauro-
lite, kyanite, and sillimanite, and the minerals define a
series of metamorphic zones. In the chlorite-zone (low-
grade metamorphism) the chlorite is formed from sericite
and other minute mineral particles in the original sedi-
ment. At a somewhat higher temperature a red-brown
biotite is formed and marks the beginning of the biotite
zone. The appearance of abundant pink garnet (alman-



dine, p. 79) defines the next zone; and the rocks are now
garnetiferous mica-schists (Fig. IAb). Following the gar-
net zone, a staurolite zone before the kyanite zone; but
the two minerals commonly occur together. (Staurolite is
a Mg-Fe-Al-silicate, and has a crystal structure com-
posed of alternate 'layers' of kyanite and ferrous hydrox-
ide.) Kyanite is stable under stress, and the rocks contain-
ing it are kyanite-schists, formed under moderate to
high-grade metamorphism. Lastly, sillimanite (p. 79) is
formed at higher temperatures; the rocks of the sillimanite
zone are schists and gneisses, with which migmatites

MOlNE THRUST

(p. 141) may be developed. Sillimanite also occurs in the
innermost (hottest) parts of some thermal aureoles
(p. 136).

The above sequence of zones was demonstrated by
G. Barrow (1893) from extensive field mapping of rocks
in the south-east Scottish Highlands (the area situated
between the Highland Boundary Fault and the Great
Glen Fault in Fig. 2.18). Here the roots of the Caledonide
mountain chain are exposed (Fig. 7.6): similar zones exist
in the Appalachians which are a continuation of this
orogenic belt (Fig. 1.10), and in mountains elsewhere.
Figure 1.6b illustrates some of the folded sediments within
this orogenic belt. Their layered structure has been pre-
served despite changes that the sediments have sustained.

Slate
Under the influence of high stress combined with low to
moderate temperature, argillaceous sediments such as
shales are compressed and become slate. Minute crystals
of flaky minerals such as chlorite and sericite grow with
their cleavage surfaces at right angles to the direction of
maximum compression and some original minerals, e.g.
quartz grains, recrystallize with their length parallel to
this direction (Fig. 7.7). The rock thus possesses a prefer-

GREAT GLEN FAULT

Fig. 7.7 Change of shape of a grain, e.g. quartz, under
stress, original grain shown by dotted outline. Stress lowers
the melting point, especially where grains touch; solution
takes place there with redeposition along directions at right
angles to the maximum stress direction (arrowed).

ential direction of splitting, or slaty cleavage (to be distin-
guished from mineral cleavage), parallel to the flat sur-
faces of the oriented crystals and independent of original
bedding (Fig. 7.1). Slaty cleavage is often very regular
and perfect, yielding smooth-sided thin plates of rock.
Fossils may be deformed by this metamorphism. The
cleavage pattern can extend over a wide area and cuts
across folds that may be present in the rocks (Fig. 7.8).
The essential minerals are chlorite, sericite and quartz.

Some slates are derived from fine-grained volcanic tuffs
(Table 7.3), e.g. the green Cumbrian slates of andesitic
composition, which have become cleaved during a re-
gional metamorphism that affected also other rocks.

The commercial value of slate depends upon the per-
fection of its cleavage and absence of accessory minerals
such as calcite and pyrite which may weather in acid rain
to leave holes.

British slate localities include the Bethesda and Llan-

Fig. 7.6(a) Metamorphic zones of the Scottish Highlands
S = sillmanite, K = kyanite, A = andalusite, G = garnet, B-
C = biotite-chlorite. Displacement on the Great Glen Fault
occurred after the zones had formed and has been reversed
to restore the zones to their original relative positions. Section
schematically illustrates structures within the area: compare
with Fig. 2.17b. (Based on Dewey & Pankhurst, 1970.)
(b) Steeply dipping Moine granulites, Loch Moidart, Argyll,
Scotland. The rocks retain the bedding planes of the original
sediments and are recrystallized quartz-sands.



beris quarries, North Wales (Cambrian age), and Pen-
rhyn and Bangor slates; Ballachulish, Scotland (black
slates, some with pyrite); Skiddaw quarries, Cumbria
(green slates formed from the fine ash deposits of Or-
dovician volcanoes); and Delabole, Cornwall (a deep
quarry in grey slates of Upper Devonian age).

together with quartz in variable amount. Quartz grains
under the influence of stress become elongated (Fig. 7.7)
and lie with their length in the surface of schistosity.
Lenticles of quartz and mica alternate in the rock
(Fig. IAb); garnets may be formed if a higher temperature
is reached, and grow as porphyroblasts, tending to push
apart the micaceous layers.

Quartz-schist
Derived from sandy sediment, i.e. is psammitic, with a

smaller clay content than sediment which forms mica-
schist. Certain coarsely foliated rocks of the same deriva-
tion, formed at a higher grade of regional metamorphism,
are the mica-gneisses (Fig. 7.5).

Schists formed from original igneous rocks include the
following:

Chlorite-schist
The metamorphic equivalent of basalt of dolerite, con-

sists predominantly of chlorite crystals in parallel orienta-
tion, often with a little quartz and porphyroblasts of
magnetite or garnet. It is formed under moderate stress
and moderate temperature.

Hornblende-schist
This is also derived from basic rocks such as dolerite,

but at a rather higher grade of metamorphism and con-
tains essentially hornblende and quartz (Fig. 1.2b). The
term amphibolite is used as a group name for meta-
morphic rocks in which hornblende, quartz, and plagio-
clase are the main minerals. Hornblende-schist is one
member of this group. British examples of hornblende-
schist are found in the Dalradian rocks of the Scottish
Highlands (Fig. 7.6), as in the Loch Tay area, Perthshire;
and in the Lewisian near Loch Maree, Ross-shire; and in
England at Start Point, Devon, and Landewednack,
S. Cornwall.

Derivatives of ultrabasic rocks such as peridotite and
dunite (p. 101) include some serpentine-schists and talc-
schists. The latter are composed of talc (a very soft min-
eral) together with some mica. Soft rocks such as talc-
schist and chlorite-schist, and sometimes decomposed
mica-shists, may be a source of weakness in engineering
excavations, and fail easily along the foliae. Instances are
on record where underground works have been hindered
when such rocks were encountered in tunnelling and bor-
ing: the schist, when unsupported in a working face, may
begin to move rapidly (or 'flow') under the pressure ex-
erted by the surrounding rocks (see Chapter 16).

Gneiss
Gneiss has a rough banding or foliation, in which pale
coloured bands of quartz and feldspar lie parallel with
bands or streaks of mafic minerals; the mafic minerals are
mainly biotite, hornblende, or in some cases pyroxene.
Biotite is often accompanied by muscovite, and garnets
are common accessory minerals. A gneiss breaks less
readily than a schist and commonly splits across the fol-

Axial surface

Axial surface

Cleavage

Fig. 7.8 Slaty cleavage in relation to a fold; arrows show
deforming forces. Cleavage is developed in the direction of
easiest relief, and is often parallel to the axial surfaces of folds.
The angle between cleavage and bedding varies, and is
greatest at the crest of a fold. tc = trace of cleavage on bed-
ding (see Fig. 7.1).

Phyllite
With stresses continuing and if some rise of temperature
ensues, the above mentioned minerals continue to grow
to give larger crystals of muscovite and chlorite, and a
lustrous, finely crystalline rock called phyllite results.
With continued metamorphism the minerals increase
further in size, leading to the formation of mica-schists.
There is thus a gradation,

shale -+ slate -> phyllite -• mica-schist
the several types being formed from original muddy
sediment under conditions of increasing grade of meta-
morphism (Fig. 7.5).

Schist
This is a crystalline rock of mainly medium-grained tex-
ture, whose mineral constituents can be distinguished
either by eye or with a hand lens. Different varieties of
schist have been formed from sedimentary or igneous
rocks during regional metamorphism, under moderately
high temperature and pressure. Because of the parallel
orientation of their minerals, schists break into more or
less flat fragments or foliae, which have lustrous surfaces
and similar mineral composition. The name 'schist' (from
Greek schistos, divided) was originally used to denote this
property of splitting into foliae (Figs 7.2 and IAb).

Consider first those schists derived from original sedi-
mentary material:

Mica-schist
Formed from argillaceous or pelitic sediments such as

shale or clay, and composed of muscovite and biotite



iation; it is often coarser in texture than most schists,
though some gneisses are relatively fine-grained.

The term orthogneiss is used for rocks derived from
igneous rocks such as granite by regional metamorphism;
and the name paragneiss is given to those rocks derived
from sediments.

An example of the latter is biotite-gneiss, a high grade
derivative from argillaceous rocks such as shales
(Fig. 7.9). It is composed of bands in which quartz and

Fig. 7.10 Injection gneiss, near Lochinver, Sutherland
(length of hammer head about 1 2cm).

Migmatite
The introduction of igneous (e.g. granitic) material into
country-rocks of various kinds produces mixed rocks or
migmatites (p. 106). In some migmatites the mixing is
mechanical, by the injection of veins or stripes; in others
the mixing is chemical, and arises from the permeation or
soaking of the country-rocks by the invading fluids
(cf. granitization, p. 108). The subject is too extensive for
further consideration here, but we may note that mig-
matites of many kinds are found in the Precambrian rocks
of Scandinavia and Finland, the Baltic Shield and similar
areas of Precambrian rock (Fig. 2.5); also in areas of high
grade metamorphism in many orogenic belts.

Granulite
A rock composed of quartz, feldspar, pyroxene and gar-
net in nearly equidimensional grains (granoblastic tex-
ture) in which schistosity is less pronounced because the
platy minerals, especially mica, are scarce. Granulites are
believed to form in conditions of high temperature and
pressure (Figs 7.5 and 1.6b).

Dislocation metamorphism

Dislocation metamorphism occurs on faults and thrusts
where rock is altered by earth movement (see Figs 1.20
and 2.3). Much energy stored in the surrounding crust is
released along these zones and dislocation metamorphism
is associated with earthquakes (Chapter 1). Within 10 km
of the Earth's surface these movements involve brittle
fracture of rock, the mechanical breaking caused by
shearing, grinding and crushing being termed brecciation
or cataclasis ( = breaking down). Major shear zones con-
tinue to great depths and below 10 km pressure and tem-
perature may be sufficient for dislocation to occur by
plastic deformation. Fine-grained rocks are produced,
called mylonites (Greek, myion = mi\\).

Zones of dislocation metamorphism often contain
much greater quantities of the minerals mica and amphi-

Fig. 7.9 Biotite-gneiss, Sutherland, showing foliation and
augen-structure,

feldspar are concentrated, and mica-rich bands inter-
spersed with them; the proportions of the felsic (/eldspar,
and light coloured) and mafic (magnesium and /errous
iron, and dark coloured) material may vary according to
the composition of the original sediment. Biotite-gneiss
thus represents the higher grade of metamorphism in the
series:

phyllite-* mica-schist-• biotite-gneiss (see Fig. 7.5)
Some orthogneisses have the composition of a granite or

granodiorite, and show bands of quartz-feldspar com-
position in parallel with streaks of oriented biotite, or
biotite and hornblende. Some of the feldspar in the
quartz-feldspar bands may be clustered into lenticular or
eye-shaped areas for which the name 'augen' ( = eye) is
used. Such a rock is an augen-gneiss; the foliation is often
deflected around the eye-shaped areas (Fig. 7.9). An ex-
ample of augen-gneiss is the metamorphosed granite of
Inchbae, N. Scotland; the porphyritic feldspars of the
original granite are now the augen of the gneiss. The
granite was intruded into argillaceous rocks, and a con-
tact aureole with andalusite-hornfels was developed
around it. When the area underwent a second (regional)
metamorphism, the hornfelses were converted into kyan-
ite schists and the granite into augen-gneiss.

Beautifully striped gneisses can result from the injec-
tion of thin sheets of quartz-feldspar material (of igneous
origin) along parallel surfaces in the parent rock, and
present a veined, striped appearance; they are called in-
jection-gneisses (Fig. 7.10).



bole than occur in adjacent rocks. These minerals require
abundant OH" in their lattice and it is believed they
formed when the shear zones acted as conduits for the
expulsion of water from the metamorphic belt, water
being the major source of OH ".

Ancient shear zones containing rocks metamorphosed
by dislocation exist in the roots of the Caledonian moun-
tains in Scotland (the Moine Thrust is one of many: Figs
2.6 and 2.18), and in ancient mountain belts elsewhere.
Modern examples exist in the Alpine-Himalayan chain
(Figs 1.17 and 2.17) and in the circum-Pacific orogenic
belts (Figs 1.4 and 1.17) in which are exposed the active
shear zones of the Franciscan area in the Coast Ranges
of N. America, of Honshu Island in Japan, and of the
Alpine Fault in New Zealand.

Metamorphic rock associations

The associations that have been described are illustrated
in Fig. 7.11. This pattern of metamorphic conditions can

into the excavation. This problem seriously delayed the
construction of an underground power station at Kariba
Dam in southern Africa, and bankrupted the contractor.

Economic rocks and minerals

Important industries have developed to extract slate for
roofing, marble for ornamental stone, migmatite for fac-
ing buildings and lining floors, and good quality hornfels
for ballast. Of greater importance are special minerals
produced by metamorphism.

Asbestos (p. 74), graphite (p. 84), and talc (p. 80) are
found associated with metamorphic rocks but are not
restricted in their formation to metamorphism.

Sillimanite (p. 79), kyanite (p. 79) and andalusite
(p. 79) are metamorphic minerals of great value to the
refractory industry. Porcelain containing these minerals
is endowed with the ability to withstand very high tem-
peratures and exhibit little expansion. Commercial con-
centrations of these minerals occur in Kenya, the Appa-
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CONTACT MET
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METAMORPfIISM
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Fig. 7.11 Metamorphic rock associations: HP, LP = high and low pressure: HT, LT = high and low temperature. 1 = burial that
results in severe distortion of strata. Ia = burial with the minimum of distortion. Eclogite = rock composed of garnet and
pyroxene and quartz. Melange = a chaotic mixture of rocks associated with major fault zones.

vary and an area once at high pressure and low tempera-
ture may gradually come under the influence of both high
pressure and high temperature. Many metamorphic rocks
have a fabric and mineralogy that could only have been
produced by more than one phase of metamorphism.

Numerous extensive excavations into metamorphic
rock, for mines, tunnels, underground storage chambers
and machine halls for power stations, have shown that a
mixture of metamorphic rock types must be expected.
Regionally metamorphosed rocks may be thermally meta-
morphosed by granite intrusions and cut by shear zones
in which dislocation metamorphism has occurred.
Structures such as folds, with cleavage (Fig. 7.8), faults
and thrusts produced by one phase of metamorphism,
may be refolded by a later metamorphism to create struc-
tures of complex geometry and develop a new cleavage.
More than one direction of foliation may result, and
excavation into rocks of such character is accompanied
by the constant risk of slabs of rock becoming detached
at a weak foliation surface in the roof or walls, and falling

lachians, California, India, S. Africa and Western
Australia: all are associated with schists.

Garnet (p. 79) is an important abrasive and mined from
gneiss in New York, New Hampshire and N. Carolina.
Placer deposits (p. 131) of garnet are worked in many
countries where the mineral concentration in rock is too
low for economic extraction by mining.
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8
Geological Structures

Sedimentary rocks, which have been described in Chapter
6, occupy the greater part of the Earth's land surface;
they occur essentially as layers or strata and are parts of
the stratigraphical sequence of rocks discussed in Chapter
2. A single stratum may be of any thickness from a few
millimetres to a metre or more, and the surfaces which
separate it from the next stratum above or below are
called bedding planes. In this chapter we are concerned
with the arrangements of sedimentary rocks as structural
units in the Earth's outer crust. The ways in which these
structures appear on geological maps are considered in
Chapter 12.

Dip and strike
Consider a flat uniform stratum which is tilted out of the
horizontal (Fig. 8.1). On its sloping surface there is one

the face is not parallel to the true dip direction
(Fig. 12.12).

Strike and dip are two fundamental conceptions in
structural geology, and are the geologist's method of
defining the attitude of inclined strata. The information
is placed on a map as a short arrow (dip arrow) with its
tip at the point of observation, together with a number
giving the angle of true dip (Fig. 12.1). For horizontal
beds the symbol + is used, i.e. where the dip is zero.

Horizontal strata
Small areas where sedimentary rocks are horizontal or
nearly so are often preserved as hills capped by a resistant
layer; e.g. many are seen along the western margin of the
Cotswolds in England. On a larger scale, a flat-topped
tableland of mesa (Fig. 3.11) has a capping of hard rock
from which steep slopes fall away on all sides, as in the
Blue Mountains of New South Wales and in Grand Can-
yon, Arizona. The capping may be a hard sedimentary
layer or igneous rock such as a lava flow. Table Moun-
tain, near Cape Town, is a mesa. The distance measured
on the ground, between beds of horizontal strata will
depend upon their thickness and the slope of the ground
(Fig. 3.12).

Dipping strata
A ridge which is formed of hard beds overlying softer,
with a small to moderate dip, has one topographical slope
steeper than the other and is called an escarpment
(Fig. 3.12). The length of the ridge follows the strike
direction of the dipping beds; the gentler slope, in the dip
direction, is the dip-slope. Examples in England are Wen-
lock Edge (Fig. 3.12) and the North and South Downs
(Fig. 2.17a). When the strata dip more steeply, a ridge is
formed with a dip-slope nearly equal in inclination to that
of the scarp slope, and the ridge is then called a hog-back
(p. 146). Steep-sided ridges are also formed by vertical
beds, i.e. when the dip is 90°.

An outlier is an island of rock left by the erosion of an
escarpment and now found entirely surrounded in plan
by older rocks, e.g. the hills shown at the top of Fig. 8.2.
The converse of this is an inlier, i.e. an area of older rocks
surrounded by younger. Inliers are often developed in
valleys, where streams have cut down and exposed older
rocks locally in the bottom of the valley floor.

The distance measured on the ground between beds of
dipping strata depends upon their thickness, the shape of
the ground and their dip (Fig. 12. \9b). In valleys the strata
will 'V in the direction of dip, Fig. 8.3, an effect recorded

STRIKE

Fig. 8.1 Dip and strike. Dipping strata in an exposure of
rock at the surface of the ground. Angle of dip shown.

direction in which a horizontal line can be drawn, called
the strike. It is a direction that can be measured on beds
that are exposed to view and recorded as a compass
bearing. At right angles to the strike is the direction of
maximum slope, or dip. The angle of inclination which a
line drawn on the stratum in the dip direction makes with
the horizontal is the angle of dip (or true dip), and can be
measured with a clinometer and recorded to the nearest
degree (Fig. 12.8). For example, a dip of 25° in a direction
whose bearing is N. 140° would be written 25° at 140. The
bearing is taken from north (or, in the southern hemi-
sphere, from south). A line on a sloping rock-surface in
any other direction than that of the true dip makes a
smaller angle with the horizontal, called an apparent dip.
Apparent dips are seen in quarry faces where the strike of



on maps (Fig. 12.17). The only exception to this rule is
when the beds dip downstream at a low angle, less than
the slope of the valley floor; the 'V then is elongated and
points upstream (Fig. 8.3c).

When beds have been upturned to a vertical position
their boundaries on a map are straight and independent
of topographical rise or fall. Fig. 8.4 Section through lngleborough, N.Yorkshire,

showing unconformity between Carboniferous and folded
older rocks (1). (2) Carboniferous Limestone. (3) Yoredale
Series, (4). (5) Millstone Grit. Length of section about 8 km.

Basic geological structures are now described, the pro-
cesses responsible for their formation are termed tectonic
(Greek tekton, a builder).

Folds

It is frequently seen that strata in many parts of the
Earth's crust have been bent or buckled into folds; dip-
ping beds, mentioned above, are often parts of such struc-
tures. An arched fold in which the two limbs dip away
from one another is called an antiform, or an anticline
when the rocks that form its central part or core are older
than the outer strata (Fig. 2.17a, the Wealden anticline
beneath Ashdown Forest, and Fig. 8.15). A fold in which
the limbs dip towards one another is a synform, or a
syncline when the strata forming the core x>f the fold are
younger than those below them (Fig. 2.17a, the London
Basin, and Fig. 6.19). It is necessary to make this age
distinction before naming a fold (which may be turned on
its side, as shown in Fig. 8.7, or inverted); if the relative
ages of the core and the 'envelope' rocks around it are not
known, the terms antiform and synform are used.

The name monocline is given to a flexure that has two
parallel gently dipping (or horizontal) limbs with a steeper
middle part betwen them; it is in effect a local steepening
of the dip (Fig. 8.5), and differs from an anticline in that
the dips are in one direction only. Large monoclines are
sometimes developed in sedimentary rocks overlying a
rigid basement when the latter has been subject to fault
movement.

The formation of folds has in many cases been due to

Fig. 8.2 Escarpments and outliers.
Hard beds (dotted) which dip gently
form escarpments running from left to
right. Intervening valleys have been
carved out of softer beds. On the extreme
right a younger series rests unconform-
ably on the older rocks and is dissected
into outliers.

Outliers

lngleborough

Fig. 8.3 Diagrams to show outcrops of dipping beds which
cross a valley, with their form as it appears on a map. (a) and
(b) 'V in dip-direction, (c) Strata dip downstream but at an
angle that is less than the slope of the valley floor.

Unconformity
Unconformity was described in Chapter 2 (Fig. 2.2).

There is frequently a discordance in dip between the older
and younger strata, as in Fig. 8.4 where older beds have
been folded, and denuded during a rise of the sea floor,
before the younger series was deposited on them. The
unconformity was later tilted to its present position. As
we have seen earlier, an unconformity marks both a break
in the process of deposition and an interval of time when
no sediments were laid down in the area.



Fig. 8.5 Monocline at the Hog's Back, near Guildford, Sur-
rey. (1) Tertiary beds, (2) Chalk, (3) Upper Greensand,
(4) Gault, (5,6) Lower Greensand. Length of section = 2 km.

the operation of forces tangential to the Earth's surface;
the rocks have responded to crustal compression by bend-
ing or buckling, to form a fold-system whose pattern is
related to the controlling forces (Figs 7.1 and 7.8). In
other cases forces operating radially to the Earth's surface
have caused strata to move and buckle, e.g. by downward
movement under gravity (Fig. 6.6) or upward movement
above a salt dome (Fig. 6.21). Folding involves brittle
and ductile deformation. Strata which have behaved as
brittle materials are described as competent, whilst strata
which flowed as ductile materials are described as incom-
petent.

Flow-folding is an example of incompetent behaviour
and arises in beds which offer little resistance to deforma-
tion, such as salt deposits (Fig. 8.18), or rocks which
become ductile when buried at considerable depth in the
crust where high temperatures prevail, as for some
gneisses.

Fold geometry

Some simple fold forms are shown in Fig. 8.6, and we
now consider their geometry. In the cross-section of an
upright fold the highest point on the anticline is the crest
and the lowest point of the syncline the trough; the length
of the fold extends parallel to the strike of the beds, i.e. in
a direction at right angles to the section.

The line along a particular bed where the curvature is
greatest is called the hinge or hinge-line of the fold
(Fig. 8.6); and the part of a folded surface between one
hinge and the next is a fold limb.

The surface which bisects the angle between the fold
limbs is the axial surface, and is defined as the locus of
the hinges of all beds forming the fold (see Fig. 8.6). This
definition allows for the curvature which is frequently
found in an axial surface (Fig. 8.7g).

The intersection of an axial surface with the surface of
the ground can be called the axial trace of the fold; in
some instances it is marked on a geological map as 'axis
of folding' (see Chapter 12).

Two other terms for describing folds, especially useful
where dissimilar rocks are involved, are core and envelope',
Fig. 8.6 shows that the core is the inner part of the fold
and the envelope the outer part.

Some other fold forms are shown in Fig. 8.7. Parallel
folds maintain parallel bedding and uniform bed thick-
ness. The beds in similar folds thicken towards their hinge

Fig. 8.6 Antiform and synform in upright open folding, the
degrees of acuteness in folding, and the hinge of folding.

and indicate ductile deformation. Chevron folds are char-
acterized by their sharp hinge.

The attitude of a fold describes the inclination of its
axial surface, which can be upright, inclined ox recumbent,

Crest Envelope
Gentle

Open

Close

Limb

Trough

Axial
surface

Hinge

Fig. 8.7 Fold form (a-c) and attitude (d-g). (a) Parallel
folds, (b) Chevron folds, (c) Similar folds, (d) Upright,
(e) inclined, ( f ) recumbent (as in Fig. 8.8), (g) curved axial
surface.



Figs S.ld-fi note that the hinge may not coincide with the
crest or trough of these folds. Some recumbent folds have
developed into flat-lying thrusts by movement of the
upper part of the fold relative to the lower. After their
formation, folds may be tilted through any angle, or even
inverted, by later structural deformations affecting an
area (Fig. 2.17b). A recumbent fold does not, from its
shape alone, provide a distinction between an anticlinal
or synclinal structure (Fig. 8.7). But if the rocks of the
core of the fold are younger than the envelope rock it is
recumbent syncline; if they are older it is a recumbent

anticline. The terms synform and antiform can be used to
describe such folds when the age relation of the rocks
involved is not known.

The symmetry of a fold describes the relative length of
its limbs: when both limbs are of equal length the fold is
symmetric; Fig. 8.9.

Plunge

In most instances the fold hinge is inclined to the horizon-
tal, and is then said to plunge. Thus the level of an
antiform crest falls in the direction of plunge, and in some
cases the antiform diminishes in amplitude when traced
along its length in that direction, and may eventually
merge into unfolded beds. In a plunging synform
(Fig. 8.10) the trough shallows in one direction along the
length of the fold and deepens in the opposite direction,
which is the direction of plunge. The angle of plunge (or

Fig. 8.8 Recumbent Chevron folds in Carboniferous rocks, Millook, North Cornwall.

Fig. 8.9 Fold symmetry, (a) symmetric, (b) asymmetric.

Fig. 8.10 Diagrams to illustrate plunge, (a) Upright plunging synform; (b) synform with nearly vertical plunge; (c) inclined
plunging antiform; (d) antiform with nearly vertical plunge, (e) Block diagram, illustrating plunging folds, with hard beds
forming topographical features on a denuded surface. Plunge shown on right hand section.



inclination of the hinge to the horizontal) may be small,
as in the figure, or at a steeper angle (Fig. 8.10), or verti-
cal.

It should be noted that when a plunging antiform is
seen intersected by a ground surface, i.e. in outcrop, the
strikes of the two limbs converge in the direction of plunge
until, at the closure of the fold, the strike is normal to the
axial trace (Fig. 8.1Oe). Examples of this are sometimes
clearly displayed on a foreshore which has been cut by
wave action across folded rocks. The representation of
such structures on geological maps often gives character-
istic outcrop shapes (Fig. 12.17).

The Wealden anticline of south-east England is a large
east-west fold which plunges to the east in the eastern
part of its outcrop, and to the west at its western end
(Fig. 8.11). The limbs of the fold dip north and south
respectively on either side of the main anticlinal axis, and
denudation has removed the Chalk and some underlying
formations in the crestal area, revealing beds of the Lower
Cretaceous Wealden Series in the core of the structure.
The Chalk once extended across the present Weald.

Fold groups

The relative strength of strata during folding is reflected
by the relationship between folds. Those shown in Figs
8.6 and 8.7 are called harmonic folds as adjacent strata
have deformed in harmony. Disharmonic folds occur
when adjacent beds have different wavelengths the
smaller folds being termed parasitic folds (Fig. 8.12), or
'Z\ 4M' and 'S' folds. Box-folds and kink bands are
examples of other groups that may occur. Other fold

Fig. 8.12 Fold groups, (a) Parasitic folds within a larger
fold, (b) Box-fold, others would occur to the left and right,
(c) Kink-band; one of a series.

groups, called nappes, are illustrated in Fig. 2.1 Ib and are
discussed on p. 153.

Minor structures

The structures to be considered here due fracture-cleavage,
tension gashes, boudinage and slickensides. Slaty cleavage
(or flow cleavage), which results from the growth of new,
oriented minerals, has been discussed in Chapter 7 (q.v.).

Fracture-cleavage
This is mechanical in origin and consists of parallel frac-
tures in a deformed rock. In Fig. 8.13 a band of shale lies
between two harder sandstone beds, and the relative
movement of the two sandstones (see arrows) has frac-
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Fig. 8.11 A geological map of the Wealden anticline. For N-S section see Fig. 2.17a. Arrows indicate dip of strata away
from the fold axis. This structure extends across the English Channel into N. France (see Fig. 2.18). BC = Betteshanger Colliery
in the concealed (q.v) Kent Coalfield (diagonal shading).



tured the shale, which has acquired cleavage surfaces
oblique to the bedding. The cleavage is parallel to one of
the two conjugate shear directions in the rock. The spac-
ing of such shear fractures varies with the nature of the
material, and is closer in incompetent rocks such as shale
than in harder (competent) rocks.

Observations of fracture-cleavage in folded rocks are
useful in interpreting the overall structure when only part
of the fold is open to inspection; e.g. the inclination of
the fracture-cleavage on one limb of an antiform will
indicate on which side of the limb the fold axis is situated.
Thus, in the steeper limb of an overturned fold (Fig. 8.13)

sion may result in fracturing of the layer to give rod-like
pieces, or boudins (rather like 'sausages'), with small gaps
between them (Fig. 8.146). They are often located on the
limbs of folds; softer material above and below the bou-
din layer is squeezed into the gaps. The length of the
boudins generally lies parallel to the fold-axis, and the
gaps may be filled with quartz (q). Boudins are found,
e.g. in sandstones or limestones interbedded with shales,
and also in thick quartz veins in metamorphic rocks such
as schists and slates (Fig. %A4d).

Slickensides
These are a lineation associated with the movement of
adjacent beds during folding (Fig. 8.14a and c) and occur
when weak layers shear between more competent beds.
Similar features can be produced by the dissolution of
minerals under pressure during shear and recrystalliza-
tion of the mineral matter as streaks oriented in the direc-
tion of bed movement. The influence these small struc-
tures may have upon the strength of bedded sediments is
discussed by Skempton (1966).

Major fold structures

Folds may form large structures 10 to 100 km in size.
Examples already considered include fold chains made of
many folds (c/. Figs 1.10, 2.16, 2.176 and 7.6a) and large
folds (cf. Figs 6.19, 6.21a, 8.5, 8.10e and 8.11). Some
terms commonly used to describe these structures are:
Pericline: and elongate antiform or synform, e.g. Figs
8.10e and 8.15.
Nappe: a recumbent fold found in mountain belts and cut
by thrusts e.g. Fig. 2.1 Ib (and see overthrusts).
Dome: a circular structure in plan with dips radiating
from a central high area: often associated with rising salt
domes e.g. Figs 6.21c, 8.18.
Basin: the reverse of a dome (Fig. 6.19) often associated
with faulting at depth.

Gravity folds
Gravity folds, which may develop in a comparatively
short space of time, are due to the sliding of rock masses

Tension gash

Fig. 8.13 Fracture cleavage in shale folded between
stronger beds, with detail of relationship between tension
gash and shear stresses.

the cleavage dips at a lower angle than the dip of the
strata; while in the less steep limb it dips at a greater
angle. In an exposure which lies to one side of a fold axis,
the position of the axis - either to right or left of the
exposure - can be inferred.

Tension gashes
These are formed during the deformation of brittle
material and may be related to the shear stress between
strata (Fig. 8.13). The gashes are often filled by minerals,
usually quartz or calcite.

Boudinage
When a competent layer of rock is subjected to tension in
the plane of the layer (Fig. 8.14a), deformation by exten-

Fig. 8.14 (a) Tension within a competent bed; (b) boudin structures with quartz (q) between boudins; (c) lineations
developed on a bedding surface; (d) boudins in sandstone and slate, in cliff face near Trebarwith Strand, North Cornwall.
Courtesy of the British Geological Survey. London. Crown copyright reserved.
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down a slope under the influence of gravity. Examples of
the masses of sediment which move over the sea floor and
give rise to slump structures, on a relatively small scale,
have been mentioned in Fig. 6.6. Submarine slumping
often takes place on slopes greater than 10° or 12° but
may also occur on flatter slopes; it is frequently related to
submarine fault scarps. Sliding may develop on an in-
clined stratification surface within a sedimentary series,
and the partly compacted sediment is thrown into com-
plex folds.

Larger structures arise where the vertical uplift of an

area covered with sedimentary layers has caused the latter
to slide off down-dip soon after the uplift developed. An
example of such gravity collapse structures is the series of
folded limestones and marls which lie on the flanks of
eroded anticlinal folds in south-west Iran (Fig. 8.16).

Valley bulges
Bulges are formed in clays or shales which are interbedded
with more competent strata, and are exposed in the

Cambering

Bulge

Fig. 8.16 Gravity collapse structures in young sediments
(from Harrison and Falcon, 1 936).

Fig. 8.17 Valley bulging and associated movement (cam-
bering) of the valley sides (see also Figs 14.10 and 16.12).



bottoms of valleys after these have been eroded. The
excavation of a river's valley is equivalent to the removal
of a large vertical load at the locality. The rocks on either
side of the valley exert a downward pressure, which is
unbalanced (without lateral restraint) when the valley has
been formed; as a result, soft beds in the valley bottom
become deformed and squeezed into shallow folds
(Fig. 8.17). Residual stress within the sediments often
assists in the process (p. 160). Bulges of this kind, and
related structures, were described in Jurassic rocks near
Northampton by Hollingworth etal. in 1944. Other in-
stances are found in the Pennine area, where interbedded
shales and sandstones of the Yoredale Series crop out, as
at the site of the Ladybower Dam in the Ashop valley,
west of Sheffield, England. Many glaciated valleys con-
tain valley bulge (see p. 260).

Salt domes
These are formed where strata are upturned by a plug of
salt moving upwards under pressure. A layer of rock-salt
is more easily deformed than other rocks with which it is
associated, and under pressure can rise as an intrusive
plug, penetrating and lifting overlying strata. The doming
thus formed (Figs 6.21, 8.18) is often nearly circular in

some rocks respond to compression by folding and
buckling. Commonly also, fractures are formed in relief
of stress which has accumulated in rocks, either in-
dependently of folds or associated with them. The frac-
tures include faults and joints: faults are fractures on
which relative displacement of the two sides of the break
has taken place; joints are those where no displacement
has occurred. Groups of faults and sets of joints may
both form patterns which can be significant in indicating
the orientation of the stresses that resulted in the fractur-
ing, though a clear indication of this is not always forth-
coming. In this account our discussion is limited to the
geometrical description of fractures and some of the
structural patterns to which they give rise.

Brittle fracture

When a brittle material is broken in compression, failure
occurs along shear planes inclined to the direction of
loading; for example, a prism of concrete will, on break-
ing, yield a rough cone or pyramid. The angle at the apex
of such a cone is theoretically 90°, since the maximum
shear stresses should occur on planes inclined at 45° to
the direction of maximum principal stress. In practice this
angle is generally found to be less than 45°, owing to the
operation of frictional forces in the material at the
moment of failure. Thus an acute-angled cone is formed;
or, in two dimensions, two complementary shear frac-
tures intersect at an acute angle which faces the direction
of maximum compression. Many rocks when tested break
in this way, as brittle materials, with an acute angle be-
tween the shear directions which is often in the neigh-
bourhood of 67° (Fig. 9.17).

Tests have been made on cylinders of rock, with lateral
confining pressure as well as an axial compression. In
these tests brittle failure occurs at low confining pressures,
and ductile failure at high confining pressures; a tran-
sitional type of failure which may be called semi-brittle
can occur at intermediate pressures, with a stress-strain
curve lying between the ductile and brittle curves (Fig.
9.12). Applying these results to natural conditions in the
Earth's crust: for a particular rock different types of fail-
ure could arise from different conditions, such as the
depth at which failure takes place, and the temperature
prevailing at that depth. Granite would behave as a brittle
material at depths up to several kilometres if surface
temperatures prevailed; but there is an average tempera-
ture gradient in the outer crust of 30°Ckm~1 (see p. 2),
and at a depth of 30 km temperature would be about
5000C. At still greater depths and higher temperature the
same rock would behave as a ductile material.

Faulting

Near the Earth's surface, hard rocks which have under-
gone compression may have failed in shear, with the
production of single fault, or groups of faults forming a
fault pattern. Three main kinds of faults are formed,
namely thrust faults, normal faults, and wrench faults.

Fig. 8.18 (a) A dome created by the ascent of a salt diapir;
(b) flow folds as may be found in a diapir (see ref. Halbouty,
1967: Chapter 6)

plan. When the salt outcrops at the surface it makes an
abrupt change of slope. Many salt domes are found in the
Gulf Coast area of Texas, where they are associated with
accumulations of petroleum; and in Iran, Germany, and
elsewhere. Geophysical exploration of the North Sea
basin has revealed the presence of dome-like uplifts which
are due to intrusive bodies of salt.

The term diapir (= through-piercing) is used for struc-
tures produced by materials such as rock-salt or mobile
granite which have moved upwards and pierced through
the overlying strata. Material ascends as a diapir when it
is weak enough to flow and less dense than the overlaying
strata.

Faults

The state of stress in the outer part of the Earth's crust is
complex, and earlier in this chapter we have seen how



Where the dominant compression was horizontal and the
vertical load small, the shear fractures formed intersect as
shown in Fig. 8.19, the acute angle between them facing
the maximum principal stress; faults having this kind of
orientation are the thrusts or thrust faults. Where the
greatest stress was vertical (Fig. 8.19) the shear planes are
steeply inclined to the horizontal, and faults formed under
such stress conditions are normal faults. Thirdly, when
both the maximum and minimum stresses were horizontal
and the intermediate stress vertical (Fig. 8.19), the result-
ing fractures are vertical surfaces and correspond to
wrench faults. The two wrench faults of a pair are often
inclined to one another at an angle between 50° and 70°.

Normal and reverse faults
Here the relative movement on the fault surface is mainly
in a vertical direction; and the vertical component of the
displacement between two originally adjacent points is
called the throw of the fault.

Two common types of fault are illustrated in Fig. 8.20a,
which shows a normal fault on left, where a bed originally
continuous at 'a' has been broken and the side A moved
down relative to B, or B moved up relative to A. The side
B is called the 'footwalF, and A the 'hanging wall/ In a
normal fault, therefore, the hanging wall is displaced
downwards relative to the footwall. A reverse fault is
shown in Fig. 8.20&. In this case the hanging wall C is
displaced upwards relative to the footwall D. Notice that
the effect of the reverse faulting is to reduce the original
horizontal extent of the broken bed; the two displaced
ends of a stratum overlap in plan. The effect of a normal
fault is to increase the original horizontal distance be-
tween points on either side of the fracture.

The custom of describing faults as 'normal' or 'reverse'
originated in English coal-mining practice. Faults which
were inclined towards the downthrow side were met most
commonly (e.g. Fig. 6.19). When a seam which was being
worked ran into such a fault, it was necessary to continue
the heading a short way (as at 'a' in Fig. 8.20a), and then
sink a shaft to recover the seam; this was the usual or
'normal' practice. When a fault was encountered which
had moved the opposite way, that was the reverse of the
usual conditions, and the fault was called 'reversed'.

Fault groups
Several normal faults throwing down in the same direc-

tion are spoken of as 'step faults' (Fig. 8.20c); two normal
faults dipping towards one another produce 'trough fault-
ing,' and dipping apart form a pair of'ridge faults.' Where
a stratum approaches a fault it is often bent backwards a
little, away from the direction of movement along the
fault plane, as shown in the figure. A sunken block,
bounded on all sides by faults, is called a graben; the
Rhine Valley and the Midland Valley of Scotland are
examples of this structure on a large scale. A horst is a
fault-bounded ridge-block, the converse of graben; e.g.
the Black Forest and Harz Mountains, Germany, and on
a smaller scale the ridge of the Malvern Hills, Hereford.
The North Sea contains many horst and graben struc-
tures, some of which have provided important traps for
oil and gas.

Fig. 8.19 Relationship of faults (shear planes) to axes of principal stress; (a) thrusts, (b) normal faults, (c) wrench faults.
Maximum stress, large arrows; minimum stress, small arrows, intermediate stress omitted, but its direction is that of the line
along which the shear planes intersect.

Fig. 8.20 Normal and reverse faults. Vertical cross-sections
showing the displacement of a horizontal stratum (in black),
(a) Normal fault; A = downthrow side (hanging wall),
B = upcast side (footwall). (b) Reverse fault; C = upcast side
(hanging wall), D = downthrow side (footwall).
(c) (1) Ridge, (2) trough, and (3) step faults. The ends of the
black bed are shown slightly dragged round as they approach
a fault.
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Wrench faults
Faults in which horizontal movement predominates, the
other components being small or nil, are called wrench
faults. The term transcurrent fault is also used (and for-
merly 'tear fault'). Wrench faults are commonly vertical
or nearly so (Fig. 8.19c) and the relative movement is
described as follows: for an observer facing the wrench
fault, if the rock on the far side of the fault has been
displaced to the right the movement is called right-handed
or dextral; if in the opposite direction, i.e. to the ob-
server's left, it is termed sinistral or left-handed.

Thrusts
Most of the fractures so far described have a steep incli-
nation to the horizontal; in contrast to this is the group
of faults produced by dominantly horizontal compression
and known as thrusts or thrust planes (Fig. 8.19a). They
are inclined to the horizontal at angles up to 45°. (If the
inclination of the fault surface is greater than 45° it is
called a reverse fault.) The development of thrusts from
overturned folds is illustrated in Fig 8.21a; with continu-
ing compression the middle limb of the fold becomes
attenuated (A), then fracture occurs, and further
compression results in movement along the thrust (or
shear plane) so formed.

geology of the Alps (Fig. 2AIb). The figure illustrates the
structural units along a line from Lausanne to Italy. The
Swiss plain at Lausanne, betweeen the Jura Mountains
and the Pre-Aips, is covered by thick coarse sediments
known as molasse, mainly of Oligocene age, which were
accumulated by rapid denudation of the rising
mountain-mass to the east. West of the Pre-Alps the Jura
Mountains show a series of upright broken anticlines and
synclines that are believed to have slid westwards on a
weak layer of Triassic rock-salt (TL in the figure). East of
the Pre-Alps rises a pile of gigantic recumbent folds, now
deeply eroded; the lower members are covered by higher
and later-formed overfolds which have been moved for
large distances as nappes. Relics detached from a nappe
by later erosion are called nappe-outliers or klippen (the
plural of klippe); the Pre-Alps are probably parts of such
folds that have been thrust over the molasse. South-east
of the Pre-Alps in the section are the High Calcareous
Alps, composed of Mesozoic sediments. They are one of
four tectonic units each of which is a group of nappes,
and are named in ascending order Helvetid, Pennid, Gri-
sonid, and Dinarid. The Helvetid nappes of the High
Calcareous Alps are overridden by the Pennid group of
nappes (numbered I to VI in the figure); the Matterhorn
pyramid, with a thrust-plane at its base, is an erosion
remnant of the Dent Blanche nappe (VI). Beyond the pile
of Pennid nappes the rocks turn vertically downwards in
a root-zone, beyond which the Dinaric structures show
movements towards the south-east. The broad structure
of this area is thus asymmetric rather than bilateral as in
many orogenic belts (e.g. Fig. 7.6a).

A structure involving both major and minor thrusts is
called the imbricate structure (latin imbrex, a tile); the
minor thrust masses overlap like the tiles on a roof (Fig.
8.2\b). It was first described from the district of Assynt,
Sutherland, where rock-wedges have been piled up by a
series of minor thrusts which are truncated by flatter
major thrusts; on these, large heavy masses of rock have
been pushed forward over the imbricated zone. Fig. 2.6a
shows the structure in section at Loch Glencoul in the
Western Highlands, first described by B. N. Peach and J.
Home (1907). The rocks immediately below these sur-
faces of dislocation have been crushed, sheared and de-
formed by the overriding of the heavy masses, and con-
verted into mylonites (q.v.).

Fault components

The movement on a fault may be of any amount and in
any direction on the fault surface. The complete displace-
ment along a fault plane between two originally adjacent
points can be described by means of three components
measured in directions at right angles to one another. The
vertical component, or throw, has already been men-
tioned; the two horizontal components are the heave (be
in Fig. 8.22), measured in a vertical plane at right angles
to the fault plane; and the strike-slip (cd), measured
parallel to the strike of the fault plane, The total displace-
ment, ad, is called the slip, or oblique-slip. The other

Fig. 8.21 Development of (a) thrust and (b) over-thrust
with imbricate structure. R —ramp (see Fig. 2.6a).

Very large thrusts which are virtually horizontal are
called overthrusts; they do not fit into the classification of
faults given above. They are surfaces of large extent, with
a small inclination, on which large masses of rock have
been moved for considerable distances, Fig. 8.2Xb. In the
Moine thrust-zone (p. 139) overthrusting has resulted in
a horizontal displacement of some 16 km. The very large
displacement on thrusts suggests that the frictional resist-
ance on their sliding surface is greatly reduced by pore
water pressure and plastic deformation.

Overthrusts and nappes
In intensely-folded mountain regions such as the Alps,
overthrusts associated with recumbent folds occur on a
large scale. A recumbent fold driven forward on a thrust
surface is called a nappe, or thrust-sheet; structures of this
kind form the basis of an interpretation of the complex



Fig. 8.22 Components of fault displacement. PQRS = fault
surface. ad=\o\a\ slip; a£=throw; be = heave; cc/=shift or
strike slip being along the strike of the fault surface; ac=dip
slip being along the dip of the fault. The points a, c. d lie on
the fault surface.

component on the fault-plane is the dip-slip (ac in the
figure).

The hade of a fault plane is its angle of inclination to
the vertical, the angle bac in Fig. 8.22. It is often more
convenient to speak of the dip of a fault, i.e. its inclination
to the horizontal, than of its hade: (hade 4-dip = 90°).
When a fault is vertical the hade and heave are zero.

Faults are referred to above as 'planes' only for ease of
description; they are more often zones of crushed rock
which have been broken by the movement, and range in
width from a few millimetres to several metres. Some-
times the crushed rock along the fault surface has been
ground very small, and become mixed with water pene-
trating along the line of the fault, producing a gouge.
Fault surfaces are often plane only for a small extent;
curved and irregular fractures are common.

Strike and dip faults

Faults are also described from the direction of their out-
crops on the ground, with reference to the strata which
they displace. Strike faults outcrop parallel to the strike
of the strata; dip faults run in the direction of the dip of
the beds; and oblique faults are those which approximate
neither to the dip nor strike direction. These cases are
illustrated below.

Effect of normal faulting on outcrop

Many effects can be produced depending upon the incli-
nation of the fault with the strata it intersects, its direction
of total slip, and the dip of strata. To illustrate the effects
examples of normal faulting are considered first.

(/) A dip fault
The general effect of a dip fault is to displace the out-

crops of corresponding beds on either side of the fault
line. In Fig. 8.23, the side AB of the block is parallel to
the dip direction of the strata, and the side BC shows its

strike. The normal fault (FF) throws down to the right.
The outcrops of the beds (see on the top of the block and
as they would appear on a map of an area of plane
ground) are offset on either side of the fault trace; upper
(younger) beds on the down-throw side are brought oppo-
site lower (older) beds on the upcast side.Throw

Heave
Shift

Fig. 8.23 Effect of normal dip fault (FF) on dipping strata,
and appearance of this effect as recorded on a map.

(/Y) A strike fault dipping in the same direction as the
strata

Strike faults either repeat or cut out the outcrop of
some parts of the faulted strata. In Fig. 8.24, a series of
beds is broken by a normal strike fault (FF) which dips

Fig. 8.24 Normal strike fault (FF) with dip in same direction
as strata concealing striped bed.

steeply in the same direction as the dip of the beds. The
result of this is that one bed (striped) does not appear in
outcrop at the surface (the upper surface of the block); it
is cut out by the faulting. The case where the dip of such
a fault is the same as the dip of the strata is referred to as
a slide, i.e. the fault movement has taken place along a
bedding-plane. Where the dip of the fault plane is less
than the dip of the beds, and in the same direction, there
is repetition of some part of the outcrop of the beds.

(Hi) A strike fault dipping in the opposite direction to
strata

Figure 8.25 shows a series of beds broken by a normal
strike fault which dips in the opposite direction to the dip
of the beds. The effect is to repeat the outcrop of some
beds (the black bed, for instance), as seen on the upper
surface of the block.



Fig. 8.25 Normal strike fault (FF) with dip in opposite
direction to that of strata, and repeating the outcrop of some
beds.

Effect of reverse faulting on outcrop

In some instances the effects of reverse faulting on out-
crop are not always distinguishable from those of normal
faulting. For example, a reverse dip-fault will still bring
older beds on the upcast side against newer beds on the
downthrow side (cf. normal faulting, above). On the other
hand, a reverse strike-fault will have the opposite effect
to a normal fault in the same direction; in the cases
illustrated in Figs 8.24 and 8.25, a little consideration will
show that repetition of outcrop would be produced by a
reversed fault dipping in the same direction as the dip of
the strata (Fig. 8.24) and elimination of outcrop in the
other case (Fig. 8.25).

Effect of wrench faulting on outcrop

A fault of this type, in which the displacement is essen-
tially horizontal, may shift the outcrops of dipping* beds
in an apparently similar way to a normal fault movement.
In Fig. 8.23 for example, the staggering of the outcrops
shown could have come about by a horizontal movement
of one part of the block past the other, along the fault. It
is important therefore not to make rigid assumptions

about the nature of a fault solely from the displacement
of outcrops, without looking for other evidence.

A wrench fault in the direction of strike will not change
the order of the strata in outcrop unless there is some
vertical throw as well as the horizontal movement.

Criteria for recognizing wrench faulting are often a
matter of field observation and two may be noted here:

(0 Parallel grooves have in some cases been cut on a
fault surface by projecting irregularities on one block as
it moved past the other. These grooves are known as
slickensides and give valuable information about the
direction of the fault movement. If they are horizontal or
nearly so, it can be inferred that the last movement on the
fault had a mainly wrench component.

(I'O When vertical beds are faulted and displaced later-
ally in outcrop, a wrench fault is indicated. The horizontal
shift of a vertical axial surface of a fold is illustrated in
Fig. 8.26.

Effect of faulting on fold outcrop
The principles described in the previous sections can be
applied when a fault shifts the outcrop of a fold. Two
examples are illustrated, one for a normal fault, the other
for a wrench fault (Fig. 8.26).

The diagrams in Fig. 8.26 show outcrops on a plane
surface; irregular topography will modify this simple con-
ception, as discussed in Chapter 12. When a fault is vert-
ical it has a straight-line trace, whatever the topography.
If a fault is not vertical, the shape of its trace or outcrop
on a map gives an indication of its dip, which may show
whether it is normal or reverse. But, in general, it is
difficult to distinguish between normal and reverse faults
solely by their relation to outcrops on a map. Field evi-
dence is more definite.

Joints

Parting-planes known as joints are ubiquitous in almost
all kinds of rocks, have been referred to earlier in this
book (p. 33) and are the most common structure to affect
the behaviour of soil and rock in engineering works. The
'fissures' of many overconsolidated sediments (p. 160) are
joints. They are fractures on which there has been no
movement, or no discernible movement, of one side (or
wall) relative to the other. In this way joints differ from
faults (p. 151). Groups of parallel joints are called joint
sets, and for two or more sets which intersect the term
joint system is used.

Many joints are developed in the relief of tensional or
shearing stresses acting on a rock mass. The cause of the
stresses has been variously ascribed to shrinkage or con-
traction, compression, unequal uplift or subsidence, and
other phenomena; all are a relief of in situ stress.

Joints in young sediments
Shrinkage-joints develop from the drying or freezing, and
resultant shrinkage of sedimentary deposits (cf. sun-

Axial
surface

Fig. 8.26 Folded strata broken by faults, (a) Faulted anti-
form, outcrops of limbs are moved apart on upcast side of a
normal fault, (b) Plunging synform. cut by a wrench fault.
Note the horizontal shift of the axial surface.



cracks in newly formed estuarine muds and shrinkage
cracks in frozen ground). The contraction of a mass of
sediment, if evenly distributed, was held by some to be a
cause of joint formation; but objections have been put
forward to such a process operating in thick sandstones
and limestones. Some recently deposited clays found in
the beds of lakes, and other wet sediments have, however,
been observed to contain joint sets formed relatively early
in the history of the sediment.

Joints in folded sediments

Commonly two sets of joints intersecting at right angles
or nearly so are found in many sedimentary rocks, and
are often perpendicular to the bedding planes (Fig. 8.27).

In dipping or folded sediments the direction of one of
these sets frequently corresponds to the strike of the beds,
and the other to the dip direction; they are therefore
referred to as strike-joints and dip-joints respectively (Fig
8.27, s and d).

rise to a columnar structure in the lava sheet, the hexa-
gonal columns running from top to bottom of the mass
(Fig. 5.2); the columnar basalts of Antrim and of the
Western Isles of Scotland (e.g. Staff a) are familiar
examples.

In an intrusive igneous body such as a granite pluton,
joint systems develop during the cooling of the mass after
its emplacement. Cooling takes effect first near its roof
and walls; movement of still liquid or plastic magma at a
lower level may then give rise to fracturing in the outer,
more solidified, part of the intrusion. Lines of oriented
inclusions such as elongated crystals, in the igneous rock,
are called flow-lines; they have been formed by viscous
flow near and often parallel to the roof of the mass (Fig.
8.28).

Cross-joints (or 'Q-joints'), are steep or vertical and lie
perpendicular to the flow-lines. These are tension frac-
tures opened by the drag of viscous material past the
outer partly rigid shell.

Longitudinal-joints (or 'S-joints') are steep surfaces
which lie parallel to the flow-structures and perpendicular
to the cross-joints, and are later in formation.

Flat-lying joints (or 'L-joints') of primary origin form
a third set of fractures at right angles to the Q- and S-
joints. Later formed flat-lying joints, or sheet-jointing (p.
34), are developed during denudation and unloading.
Some of these joints act as channels for the passage of
residual fluids, which consolidate as veins of aplite or
pegmatite; or for the passage of hot gases which affect the
walls of open joints (pneumatolysis, p. 109), or fluids
which coat them with hydro thermal minerals. All these
joints are of early origin. But many granites show other
joint systems which are probably tectonic, and often con-
sist of two sets of steep or vertical joints which intersect
at 90° or less, and are sometimes accompanied by diag-
onal joints. Sheet-jointing, which crosses such a joint-
system and is especially developed near the roof of the
igneous body, is probably caused by tensile stresses gener-
ated by the unloading of the mass during denudation, as
mentioned above, and described on p. 34.

Fig. 8.27 Jointing in a folded stratum. t = tension joints at
hinge of fold, s = strike joints, d = dip joints, o = oblique joints
(shear joints). Large arrows give direction of maximum com-
pressive stress. (From Price, 1981.)

Others parallel the axis of the fold and are concentrated
in the fold hinge (p. 146) where tension is greatest during
folding; they are called tension joints (Fig. 8.27, t). Two
other joint sets may lie in the planes of maximum shear
stress during folding (Fig. 8.27, o).

The joints in sedimentary rocks sometime^ end at a
bedding-plane, i.e. they extend from one bedding-plane
to the next, but others may cross many bedding-planes
and are called master-joints.

The extent and regular pattern of joints in folded strata
demonstrate their relationship to the compression that
created the folds and such joints are believed to be a
visible expression of the relief of stress that remained in
the rocks after deformation.

Joints in igneous rock

In igneous rocks contraction-joints are formed as a hot
mass cools and contracts. A lava flow often develops a
hexagonal joint pattern by contraction around many
centres, equally spaced from one another, the contraction
being taken up by the opening of tension joints. This gives

Fig. 8.28 Joint patterns within intrusive plutonic rocks.
fl = flow lines. Q, S, L=joint sets named by Hans Cloos
(1923) (From Balk, 1937.)

Joints near faults

It is often a matter of observation that, near a visible
fault, the rocks are traversed by joints parallel to the fault



surface. This suggests that they were formed in response
to the same stress system that resulted in the faulting;
their frequency diminishes with increasing distance from
the fault.

Where shear fractures intersect at a small angle, 20° or
less, and one fracture is a fault, the small fractures which
lie at the acute angle with it are called pinnate or
feather-joints. They can sometimes be used to indicate the
direction of shearing movement along the main fracture;
the acute angle points away from the direction of move-
ment of that side where the pinnate structures occur.

Size and spacing of joints

There is a wide range of size or extent shown by joint
planes; master-joints in sediments have been mentioned
above and may extend for 100 m or more. Less extensive
but well defined joint sets can be called major joints, in
distinction from smaller breaks or minor joints. Minute
joints on a microscopic scale are seen in some thin sections
of rocks. The spacing or frequency of joints (=number
of planes of a particular set in a given direction measured
at right angles to the joint surfaces) also varies consider-
ably. These factors are of great importance in quarrying
and other excavations; some rocks such as sandstones
and limestones, in which the joints may be widely spaced,
yield large blocks of stone whereas other rocks may be so
closely jointed as to break up into small pieces. The ease
of quarrying, excavating, or tunnelling in hard rocks
largely depends on the regular or irregular nature of the
joints and their direction and spacing. Joints are also
important in connection with the movement of water
(Chapter 13), and their presence is a main factor in pro-
moting rock weathering (Chapter 3).

Geological structures and
economic deposits

Geological structure influences the original location of
economic deposits and modifies the shape of previously
formed accumulations.

Influence on location of deposits

The influence geological structure may have upon the
location of mineral accumulations is most clearly demon-
strated by the geometry of deposits formed from miner-
alized fluids.

Many hydro thermal lode deposits (p. 109) occupy voids
created by faults and joints formed when the intruding
parent magma deformed surrounding rock (Chapter 5).
Joint sets and faults existing early in the hydrothermal
phase may contain different minerals from those formed
later, if there is a change in the character of the hydro-
thermal fluids. One joint set may be rich in one mineral
association whilst a second may be barren (Fig. 8.29).

Some faults and joints contain mineral deposits that
are zoned, the first formed mineral being in contact with

Fig. 8.29 A map of mineral veins and mineralized faults
associated with a periclinal antiform. Ag = silver, Pb = lead.
Zn=zinc.

the wall of the fracture, with later deposits sandwiched in
between. These fractures may have been used many times
to conduct fluids away from magma at depth.

Competent and incompetent beds when folded into
forms similar to those illustrated in Figs 8.6 and 8.7, will
develop voids in the hinge of the folds, as the competent
beds ride up over their less competent neighbours. In
vertical cross-section these voids have the shape of a
saddle and extend in this form along the length of the fold
axis: mineral deposits accumulating in them are called
'saddle reefs' and excellent examples exist at Bendigo in
Australia (Fig. 8.30). Faults are usually associated with

Barren

Fig. 8.30 A vertical section through saddle reefs, with detail
illustrating successive phases of mineralization in a fault (A)
and later fracture (B). Arrows indicate relative movement.

saddle deposits and their relevance to the upward move-
ment of fluids through a fold, and that of joints, can be
gauged from an inspection of Figs 8.26 and 8.27.

Tension gashes (Fig. 8,13) are a further example of
voids formed by folding. When the space they create is
occupied by valuable minerals there results a 'ladder
vein', the mineral-rich gashes resembling the treads of a
ladder. Similar gashes may occur in dykes (p. 95) stressed



by shear displacement on their boundaries and ladder
veins have been found within such intrusions.

The importance of faulting and folding to the creation
of reservoirs for oil and gas has been described in Chapter
6 (Fig. 6.21).

Modification of deposits

Valuable deposits of economic minerals may have their
original proportions modified after formation, by fault-
ing and folding. Faults may truncate and separate valu-
able seams, or possibly conceal them or duplicate them.
The nature of this disruption may be assessed by picturing
the seams shown in Figs 8.20 and 8.23-8.26 as being of
material for abstraction by surface or underground min-
ing.

Intense folding can distort beds so severely that much
of their economic value is dissipated by the complex
methods and patterns of extraction required to win them
from the ground.

Folding and faulting are both associated with jointing
which divides the rock into blocks. Heavy support may
be required to prevent an excavation from collapse in

ground where jointing is severe. Many joints and faults
also provide pathways for the movement of water to
excavations.

From these points it may be concluded that the geolog-
ical structure of an economic reserve is of considerable
relevance to an assessment of its value.
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9
Strength of Geological Material

The strength of rock, or of less well consolidated sedi-
ment, is influenced by the mineralogy of its particles and
by the character of the particle contacts. These properties
are inherited from the processes that formed the rock, as
described in Chapters 5, 6 and 7, and modified by later
folding, faulting and jointing as explained in Chapter 8:
finally they are affected by the agents of weathering
(Chapter 3). Consequently the strength of rocks and sedi-
ments will reflect their geological history.

Influence of geological history
Burial and uplift are frequently recurring aspects of geo-
logical history (see Chapter 2) and the general effects of
these processes are illustrated in Fig. 9.1.

Lateral strain =

Fig. 9.2 Lateral strains accompanying burial and exhuma-
tion of sediments.
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Fig. 9.1 Effect of loading and unloading on the properties
of sediments.

Burial

During burial the volume of a sediment is reduced
because water is squeezed from its pores. Sometimes the
drainage of water is prevented by overlying strata of low
permeability, such as a thick layer of mudstone, and water
pressure in the pores gradually increases with burial until
it equals the strength of the confining layers. Vertical
fractures then develop up which the trapped water es-
capes: this is called hydrofracturing. As a sediment de-
waters so its grains pack closer together and the strength
of the sediment increases. Figure 9.2 illustrates the path
of a sediment during burial and the lateral strain that
must attend it. These events occur slowly and typical rates
are recorded in Fig. 9.3.

The deformation of rock at very slow rates of strain

Fig. 9.3 Indicative rates of deformation, with time shown
for the development of 10% strain at these rates. (From Price,
1975.)

involves processes collectively described as creep: they are
illustrated in Fig. 9.4 where the strain that occurs in a
sample loaded under a low constant stress is plotted
against time. Primary creep is recoverable, and secondary
creep is distinguished by the onset of permanent deforma-
tion, and tertiary creep by its culmination in failure of the
sample. A rock will deform by creep under a lower stress
than needed to obtain the same deformation using con-
ventional laboratory testing, in which the normal rate of
strain varies from 10"2 to 10" 6 (as shown in Fig. 9.3 by
the position of experimental work).

Some aspects of creep are analogous to the deforma-
tion of a viscous fluid and the material properties rocks
must possess for such an analogy to exist are illustrated
in Fig. 9.5. Rock behaves as an elastic material when
loaded rapidly and recovers its strain when unloaded,
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Fig. 9.4 Creep under load that is less than that required for
failure in standard laboratory test.
1 = primary creep: recoverable. 2 = secondary creep: perma-
nent strain. 3 = tertiary creep: results in failure. N = Newtonian
behaviour: or rate of deformation proportional to applied
stress. N-N = Non-Newtonian behaviour.

hence elastic deformation is a part of rock behaviour,
Fig. 9.5a. Plastic deformation must also exist, Fig. 9.5b,
because rock loaded slowly recovers only part of its strain
when unloaded. This recovery of strain requires consider-
able time, Fig. 9.5c, and many rocks that have been
loaded by burial, A-B in Fig. 9.5c, and unloaded by
uplift, B-C, contain stresses that exceed those calculated
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Fig. 9.5 Aspects of the deformation of rock, (a) elastic be-
haviour; (b) plastic deformation with viscous strain above the
yield stress (YS); (c) strain associated with loading and un-
loading.

from the weight of the overlying column of strata. Some
of these stresses influence the behaviour of the rocks when
they are sampled for testing in the laboratory and contri-
bute to their failure when the samples are loaded to de-
struction. In-situ stress of this kind may continue to relax,
C-D, even after the rock has been further unloaded by
excavation for engineering works, and can affect the sta-
bility of excavations and buildings constructed in them.

Uplift

The overburden load is progressively reduced above rocks
as they are raised towards ground level and this permits
them to expand in the vertical direction. Horizontal sets
of joints and others of sub-horizontal inclination, will
open and bedding surfaces will part (see Fig. 6.11). Figure
9.2 illustrates that uplift is also accompanied by lateral
strain which enables vertical and steeply inclined joint
sets to develop and open (Fig. 6.11). In addition to the
joints that can be seen there are many more fractures, of
microscopic size, that open in the 'solid' blocks of rock
between the visible joints.

Other microscopic changes occur: crystals and grains
begin to move apart as the rock expands, and this move-
ment disrupts the contact between them (see Fig. 6.10).
These, and similar processes, gradually convert a rock
from the unbroken character it possessed at depth, where
its crystals and grains were pressed tightly together, to the
broken and porous condition it exhibits at ground level.

Shallow burial and uplift

Many of the younger sediments that are close to the
surface of the Earth have not been buried to great depths
and are insufficiently consolidated and cemented for them
to be described as 'rock'. These are the sediments engi-
neers call 'soil'. Despite their short geological history
they exhibit the same trend in their physical character as
that described above for rock.

The variation of strength with depth measured in two
deposits of clay is illustrated in Fig. 9.6. The normally
consolidated clay has never been unloaded and is without
fissures or joints. The lateral stress at depth within this
clay is similar to that which could be calculated from a
knowledge of vertical stress, the theory of elasticity and
the use of Poisson's ratio.

The over-consolidated clay has been unloaded by ero-
sion of overlying sediment: it contains fractures, called
fissures, that decrease in number with distance from
ground level. Fissures influence the strength of clay and
if present should always be included in the description of
a deposit, e.g. 'a stiff fissured clay'. The geological loads
under which the clay has consolidated have produced a
small amount of visco-elastic deformation and the lateral
stresses within the sediment cannot be calculated accu-
rately from a knowledge of vertical stress and the theory
of elasticity.

The magnitude of lateral stress in-situ is relevant to
many aspects of geotechnical engineering, especially to
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the support of excavations in soil. Its value is described
as earth pressure at rest (K0); see Fig. 9.6. Externally

applied load Pressure of fluid in sample

Filter
Cylindrical container

Filter

Drainage port for fluid in sample

Reduction in sample thickness

as pore spaces close

^eduction in pore fluid pressure
a s fluid migrates from pores

Importance of drainage

A porous sediment, if loaded, will deform when its grains
move under the influence of an applied load. Thus when
a building is constructed upon a sedimentary deposit the
sediment consolidates and the building settles. Similarly,
when a jointed rock is loaded it will deform as joints and
other fractures within it close under the applied load. The
closure of voids and fractures, such as pores and joints, is
influenced by the ease with which fluids residing in them
may be displaced. Ground-water and air are the fluids
most commonly encountered, the latter occupying pores
and fractures above the level of water saturation.

Effective stress

Rock and soil, whose fractures and pores are completely
filled with water are described as being saturated. In Fig.
9.7 is shown a saturated sample of soil placed in a cylin-
drical container, sealed at its base. The top of the sample
is covered by a circular plate that can move down the
cylinder, like a piston, the small annulus between the two
being filled with a water-tight seal. A weight placed on
the top plate pushes the plate down and compresses the
sample.

The graph in Fig. 9.7 illustrates the response of a soil,
such as a clay, if loaded in this apparatus. When load is
applied (1) there is a rapid increase in the presure of water
within the pores (AP). This pressure remains until pore
fluid is permitted to drain (see Fig. 9.7), at which time the
soil particles move closer together as the sample consoli-
dates. Most of the grain movement is irreversible, for
when the externally applied load is removed the sample
retains its reduced dimensions (H-AH). The total de-
formation (AH) is a function of the difference between the
total applied load (W) (or total stress) and the pressure of

Time
Tap openea and drainage permitted

Fig. 9.7 Deformation of soil under load This test is normally
conducted in apparatus called an oedometer (see Fig. 11.6)
JP=changes in fluid pressure z!A/ = changes in sample thick
ness. 1 =Load applied whilst tap is shut and drainage pre-
vented. Fluid pressure increased and small, reversible, elastic
shortening occurs.

pore water (P). This difference is called effective stress and
the notation commonly employed to describe it is

a' = a — u
effective _ total pore fluid
stress ~~ stress ~~ pressure

Laboratory experiments and careful observations of de-
formation beneath buildings has demonstrated repeat-
edly that the deformation of soil and rock can only be
accurately described in terms of this difference, i.e. in
terms of effective stress.

Figures 9.8 and 9.9 illustrate further aspects of this
behaviour. In a saturated sample of soil unable to drain,
the application of load is accompanied by an increase in
pore fluid pressure of equal magnitude. When drainage
commences and effective stress increases, (o~u) in Fig. 9.8,
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Fig. 9.8 Consolidation of soil (see also Fig. 9.7)
1 =application of load (W). 2 = start of pore fluid drainage.

the fabric of the sample changes and its water content (p.
113) decreases. This increases the strength of the sample.
The strength of sediment is increased by consolidation.

A similar response may be observed in rock. Figure 9.9
illustrates the variation in fluid pressure measured in a
prominent rock fissure: the manometric heads measured
varied between a maximum of hw in the winter and a
minimum of hs during the summer. The variation of
effective stress with time is described in the caption. As
effective stress increases the fissures close making them
less deformable to further increases in load and more
resistant to any shear stress that may develop along them.
The strength of rock is thereby increased.

Three parameters have been defined which enable the
responses just described to be quantified; namely:

Undrained modulus of elasticity (Eu). The reversible
deformation that accompanies the application of load to
soil or rock that cannot drain and dissipate the pore
pressure produced by loading (see Figs 9.7 and 9.8).

IAH rT kNm~2 _2

Eu = Aa/ Units • orkNm 2

Coefficient of compressibility (mv). The strain that accom-
panies a change in effective stress (see Figs 9.7 and 9.8)

AH I TT . 1 m2

m,- F / Ao> U m t S ^ n F 2 ° r W

Coefficient of consolidation (cv). The relationship between
the speed with which consolidation will occur in a deposit
of known compressibility in response to an increase in
effective stress.

/ . m / m 2 kN m2

cv = K/mvyw Units / — — - or
v I year / kN m3 year

K=coefficient of permeability and is a measure of a
material's ability to drain: it is described more fully in
Chapter 13.

yw =unit weight of the pore fluid, which is usually water.

These parameters are empirical and the values obtained
for them will vary according to the condition of the rock
or soil tested and the loads applied.

Consolidation is greatly influenced by the presence of
strata that permit rapid drainage of ground-water. Two
situations are illustrated in Fig. 9.10. In case A a com-
pressible clay lies between less compressible sands of high
permeability. In case B a similar clay lies above imper-
meable rock and is overlain by sand as in case A. When
the stockpile is constructed the clay interbedded between
the sand (case A) will complete its consolidation before a
deposit of identical thickness and compressibility that has
only one drainage path (e.g. case B) because of the shorter
distances over which fluid pressures have to dissipate
(H/2 rather than H). Any phenomenon that enhances
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water pressure
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Fig. 9.9 Effect of load (stockpile) placed on rock with water filled joints.
(a) Prior to construction of stockpile:

Fluid pressure at A =unit weight of water xhs in summer
= ., ,. x hw in winter

Total stress at A = „ rockx H in summer and winter
Fluid pressure changes independently of total stress.

(b) During and after construction of stockpile:
Fluid pressure at start of construction = unit weight of water x hy

Total stress at start of construction = ,. rock x /Y1

Fluid pressure at end of construction = .,. water x/?2

Total stress at end of construction = „ (rock XZ-Z1) +(stockpile x AV2)
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Fig. 9.10 Significance of drainage path length to the rate
of consolidation. Sand shown is permeable, the bedrock im-
permeable.

drainage, e.g. lenses of sand and silt in a clay, root holes
etc., or impedes drainage, e.g. the presence of clay layers,
frozen ground, etc. is relevant to consolidation (Rowe,
1972).

Behaviour of rock and soil

The behaviour of rock and soil under load may be
observed by testing columnar specimens that are repre-
sentative of the larger body of soil or rock from which
they are taken (see Chapter 11). One such specimen is
shown in Fig. 9.11. It is sheathed in an impermeable

O-ring

Flexible impermeable
membrane
Manometric head;
thus water pressure
(u) in sample -hyw

Unit weight of water

Drainage when needed

Fig. 9.11 A specimen prepared for testing in a triaxial cell:
the specimen is circular in cross section.

flexible membrane that is sealed with O-rings (see Fig
9.11) so that drainage of fluid within the specimen may
be controlled and its pressure measured. The specimen is
placed in a cell of the type shown in Fig. 11.8 and loaded
axially between end plattens, and radially by hydraulic
fluid. Three principal stresses are thus imposed, those in
the radial direction being equal, and the apparatus is
therefore described as a triaxial cell. The apparatus per-
mits consolidation to be studied, but as this behaviour
has already been described in the previous section it will
not be discussed further.

Stress and strain

Triaxial experiments conducted over a wide range of pres-
sures demonstrate that the behaviour of rock and soil
may be brittle or ductile, as illustrated in Fig. 9.12. The
behaviour of a specimen is influenced by the radial pres-
sure used to confine it (also called the confining pressure),
the pore fluid pressure within the specimen, the speed of
loading and other factors, notably the temperature of the
specimen.
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Fig. 9.12 The range of stress-strain relationships exhibited
by geological materials.

Rock tested at temperatures and pressures representa-
tive of those encountered in most construction sites and
mines, strained at moderate rates (see Fig. 9.3) and per-
mitted to drain and thus dissipate pore pressures de-
veloped during testing, will exhibit the behaviour shown
in Fig. 9.13. Deformation is initially linear and elastic
(region 1 in the Fig. 9.13): sound rock typically has a
Young's modulus in the range 35 to 70 x 106 kNm~2 and
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Fig. 9.13 Stress-strain curve for rock.
Note: axial strain for complete failure is usually less than 1 %.
Y= yield stress, P= peak strength (see text).



a Poisson's ratio of 0.2 to 0.3. When yield occurs (Y)
non-linear inelastic deformation has commenced (region
2): if the specimen is unloaded it will be observed to have
suffered permanent strain (e2). The highest, or peak stress
(P) is that just prior to complete failure after which the
stress carried by the specimen cannot be sustained (region
3) and major strains result (e3) largely produced by dis-
placement upon failure surfaces, as shown in Fig. 9.12.
Axial strain is a component of volumetric strain which is
also shown in the figure. The rock initially compresses to
a smaller volume then typically expands as failure sur-
faces develop and movement occurs upon them, one side
of each surface riding over the roughness of the other.

If the radial (confining) pressure (a2 and a3) on the
specimen is increased to prevent expansion the axial stress
required to cause failure (^1) must be increased, i.e. the
specimen becomes stronger: Figure 9.14. An increase in
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Fig. 9.15 Stress-strain curves for a drained soil, with rep-
resentative strains: Note large strains required. Normally
consolidated soils can exhibit a peak if their fabric is well
developed, or strengthened with inter-particle bonds.

Cohesion and friction

Sediment such as clay, has an inherent strength called
cohesion that must be exceeded for a failure surface to
develop: dry uncemented sand has no such strength. The
presence of cohesion may be used to divide soils into two
classes, namely cohesive, i.e. having cohesion, and non-
cohesive. Argillaceous sediments tend to be cohesive
(Table 6.2), and arenaceous sediments tend to be non-
cohesive unless they are cemented, or contain clay, or
have been consolidated and are extremely dense.

Figure 9.16 illustrates the behaviour of a cohesive
sediment loaded to failure in three tests, each conducted at
a higher confining pressure and requiring a corresponding
increase in the vertical stress ((T1) to cause failure. The
resolution of principal stresses ((T1 and <r3) into their
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Fig. 9.14 The increase in strength that accompanies an
increase in confining stress. ((T3) = ((T2.)

either the temperature of the specimen or the time over
which loading occurs decreases the stress required to
obtain an equivalent strain at lower temperatures using
faster rates of loading, i.e. the specimen becomes weaker.
Rocks which are brittle at ground level can behave as
ductile materials at depth.

The relationship between stress and strain to be ex-
pected in soil that is loaded and permitted to drain during
testing is shown in Fig. 9.15. Yield usually commences
soon after the application of load and failure can be either
brittle or ductile. Volumetric strain indicates the reason
for this behaviour. Loose soils (e.g. normally consoli-
dated sediments) compress to a smaller volume as their
particles rearrange themselves during failure. The par-
ticles in dense soils (e.g. over-consolidated sediments) are
packed more closely together and must ride over each
other when significant strain occurs: such soil expands.
As with rock, the strength of soil increases with increased
confining pressure. With continued displacement the soil
fabric within the zones of failure becomes completely
disturbed or remoulded (RM in Fig 9.15).

Strain (€)

Axial strain

Failure envelope

Fig. 9.16 Coulomb failure envelope. an = stress normal to
failure surface, x — shear stress along the failure surface.



components normal and parallel to the shear surface is
shown in the figure. A plot of shear stress at failure (xf)
against the normal load operating at failure ((Tn) defines
a relationship described as a. failure envelope (and used by
Coulomb in 1773) whose intersection with the axes is a
measure of the cohesion of the soil (c) and whose slope
is the angle of shearing resistance ($). Hence if pore
pressure (w) is measured the maximum resistance to shear
(Xf) on any plane is given by the expression:

Xf- c' + ((Tn — u) tan <j)'

where prime ' indicates that the parameter is measured
using values of effective stress (p. 161). Cohesion may
be derived from the electron attraction between clay
particles, from mineral cement, or from an interlocking
fabric in which propagation of a shear surface requires
the dislodgement or failure of sediment particles. The
sediments illustrated in Figs 4.37, 6.9, 6.10 and 6.13 all
have cohesion. Sliding friction contributes substantially
to the angle of shearing resistance and typical values for
both are given in Table 9.1.

Failure

The failure envelope for many soils and rocks is not
entirely linear and numerous failure criteria have been
developed to describe their non-linear portions. The cri-
teria proposed in 1900 by Otto Mohr is commonly used
to introduce the subject: namely that when shear failure
occurs the magnitude of the shear stress is related to that
of the normal stress across the failure surface, the rela-
tionship being controlled by the strength of the material.
His construction for revealing the nature of this relation-
ship is illustrated in Fig. 9.17 and enables the shear stress
(T) and normal stress (an) on a surface of any inclination
(0) to be related to the principal stresses that generated
them, (T1 and <r3. The surfaces that develop in shear failure
are generally inclined at an angle 45°~<t>/2 to the axis of
maximum principal stress.

In soil failure is dominated by sliding of sediment par-
ticles past each other and the frictional resistance between

Counter-
clockwise
couple

Clockwise
couple

Fig. 9.17 Mohr's stress circle diagram and its relationship
to the failure in a specimen of soil or rock. (T1 and (J3 = maximum
and minimum values of principal stress at failure. </>= angle of
shearing resistance. C = centre of the circle.

their points of contact provides a major contribution to
their total strength. Friction is proportional to load and
the failure envelope produced by a series of tests con-
ducted using increasing values of principal stress is often
linear, and frequently referred to as a Mohr-Coulomb
envelope (Figs 9.16 and 9.18).

Rock failure differs from that of soil because of the
considerable cohesion that must first be overcome before
a continuous failure surface is generated. This cohesion
comes from the tight interlocking of crystals and grains,
as shown in the numerous illustrations of rock in thin
section (see Chapters 5, 6 and 7), and by the bonding
along their points of contact.. Cohesion provides rock
with a noticeable tensile strength.

Rocks crack in tension prior to complete failure and
when the principal stresses causing failure are low the
cracks, which are microscopic, remain open for much of
the time. The failure envelope for this behaviour is often
parabolic. In tests where the principal stresses are more
compressive the cracks once formed, are later forced to
partially close remaining open only at their extremity

Table 9.1 Illustrative values for angles of sliding friction ((j>s) of smooth mineral surfaces and shearing resistance after
failure of selected rocks and soils in terms of effective stress ((J)'): note. (0S) need not equal either (<£') or (</>).

SILICATES with rocks and soils composed of silicates
Single and chain lattice minerals
(see Fig. 4.20)

(<t>s) (</>')
Feldspar 25°
Quartz 32°
Quartzite 34°
Sandstone 37°
Granite 31°
Gneiss 31°
Dolerite 34°
Gabbro 34°

Sheet lattice minerals
(see Fig. 4.20)

(4>s) (</>')
Biotite 7°
Montmoriilonite 8° M-clay 9°
Talc 9°
lllite 10° l-clay 12°
Kaolinite 10° K-clay 11°
Chlorite 12° C clay 12°
Shale 16°.
Muscovite 13°
Serpentine 17°

NON-SILICATES and rocks
composed of non-silicates

(see Table 4.9)

(<t>s) (<t>l
Diamond 12°
Graphite 6°
Carbon 24°
Coal 35°
Calcite 34°
Limestone 35°
Marble 35°
Rock salt 35°
Fe-oxides 30°



Fig. 9.18 Mohr-Coulomb failure envelope for soil.

where they continue to propagate. Frictional resistance is
generated between the crack surfaces in contact and when
this process dominates the period of failure the envelope
becomes linear. With increasing stress, when C1 at failure
approaches 3cr3, ductile failure commences and the en-
velope again becomes non-linear. Figure 9.19 illustrates

these trends, all of which can be displayed by the Mohr
envelope.

Table 9.2 lists representative values of strength ex-
pected in uniaxial tension, uniaxial compression and
triaxial shear (see Fig. 9.19) for rocks similar to those
illustrated in Chapters 5 and 6.

Influence of fabric
The fabric of a rock or soil is the pattern formed by the
shape, size and distribution of its crystals or sediment
particles. Many metamorphic rocks have a banded fabric
(cf Figs 7.1, 7.2, IAb, 7.9, 7.10) and most sediments
contain bedding (cf Figs 6.11, 6.13): their fabric is ani-
sotropic and their strength parallel to banding or bedding
will differ from that in other directions (see Fig. 11.5).
Many igneous rocks have an isotropic fabric (cf Figs
5.18, 5.19, 5.20, 5.23, 5.24) and their strength tends to be
similar in all directions.

In soil the influence of fabric is revealed by comparing
the strength of a carefully collected sample whose fabric
has not been disturbed by sampling, with its strength
when remoulded without change in moisture content;
remoulding completely destroys the original fabric. This
comparison describes the sensitivity of the soil. Marine
clays are most sensitive because of their open fabric (cf
Fig 63b, c), the ratio of their undisturbed and remoulded
strength being 10 to 50 plus, sometimes 100 plus. Many
late Pleistocene and Recent clays in Canada and Scandi-
navia are extremely sensitive being marine clays which
have been raised above sea level by the post-glacial uplift
of the continent on which they were deposited (Fig. 2.19).
These clays rapidly lose their strength when disturbed
and are aptly described as 'quick' clay (p. 122). Clays
having a dispersed but layered structure (Fig. 63d) and
those which have been consolidated (Fig. 6.13) are less
sensitive. The sensitivity of normally consolidated clays
ranges from 2 to 8 and that of over-consolidated clay,
from less than 1 to 4.

Uniaxial
,tension

Uniaxial
compression

Triaxial compression

Fig. 9 .19 Mohr failure envelope for rock. Note: rock is weak
in tension. The value (uniaxial.compression) -f- (uniaxial ten-
sion) normally ranges from 8.0 to 1 2.0.

Table 9.2 Strength that may be expected from rocks similar to those illustrated in Chapters 5 and 6. T= uniaxial tension;
C^=UnJaXJaI compression with description recommended by Int. Soc. Rock Mechanics. c '= cohesion and $ ' = angie of
shearing resistance, both as measured in triaxial compression and in terms of effective stress, y- dry bulk unit weight (kNm~3):
see also p. 300.

ROCK FIGURE WEIGHT UNIAXIALSTRENGTH(MNm" 2 ) TRIAXIAL STRENGTH
TYPE y T Cu c'(MNm"2) </>'(degrees)

GABBRO 5.18 29 20 150 very strong 30 32°
GRANITE 5.23.5.25 26 20 150 very strong 30 30°
DOLERITE 5.20 28 35 350 extremely strong 50 35°
BASALT 5.21 27 10 120 very strong 25 34°
SANDSTONE 6.12 25 5 15 weak 5 30°

6.9a 22 <2 10 weak <5 30°
6.9/? 21 <1 <10 weak <5 30°
6.10 21 <1 <1 extremely weak <2 <15°

SHALE 6.13 22 <1 10 weak 5 12°
LIMESTONE 6.16a 23 <5 20 weak <10 35°

6.16/? 24 5 30 moderately strong 10 35°



Influence of water

The strength of a crystal lattice and the energy required
to propagate through it a crack is reduced by contact with
water, and the presence of water in the pores and fractures
of soil and rock lessens the bonds that provide cohesion.
Further, the pressure of water within the voids of soil and
rock controls the effective stress upon their crystals and
particles and the frictional resistance they are able to
generate at their points of contact. For these reasons
water weakens rock and soil whose strength when satu-
rated is usually less than that when dry.

Drained and undrained strength
The behaviour described so far for rock and soil (Figs
9.18,9.19) assumed that pore pressures developed during
loading may drain and so dissipate: such tests are called
drained tests and the strengths obtained are drained
strengths. Silt, sand, gravel, and other sediments and
sedimentary rocks of similar permeability to them, nor-
mally exhibit drained strengths when loaded in-situ by
engineering work. The strength of rock and soil whose
permeability prevents the rapid drainage of water in their
voids, will be reduced by any increase in the pressure of
water that develops within them when loaded. Experi-
ments in which drainage is prevented are called undrained
tests and the strengths obtained are undrained strengths.
Clay, shale and many rocks of low permeability such as
unweathered igneous and metamorphic rocks, and sedi-
mentary rocks whose pores are blocked by minerals and
mineral cement, are examples of geological material that
will normally exhibit undrained strength when initially
loaded in-situ by engineering work.

Figure 9.20 illustrates the remarkable influence lack of
drainage may have upon the behaviour of rock. When
pore pressure is zero and effective stress (a — u) is high,
the rock is ductile. When pore pressure is not permitted
to dissipate fully and is maintained at the same pressure
as the confining stress (a3) the rock is brittle, and much
weaker.

Figure 9.21 illustrates another effect produced by lack
of drainage, this time upon the strength of soil. The results
of three tests are shown, conducted upon saturated speci-
mens sealed within a membrane as in Fig. 9.11. When
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Fig. 9.20 Graphs showing the transition from brittle to duc-
tile failure in rock as a function of pore water pressure (u): <x3

the same for all tests. (From Robinson, 1 959.)

each specimen had been assembled into its triaxial cell the
principal stresses upon it were increased by 10, 30 and 60
kNm"2; (Aa) in the figure. No drainage was permitted
from the specimens during this change in all round stress
and pore pressure increased by an identical amount (Au).
The vertical stress was then increased steadily until failure
occurred ((T1)^11n. at 50, 70, and 10OkNm"2 (see figure).
Mohr circles based upon the values of Ox and o3 reveal
the specimens to have no frictional strength, their angle
of shearing resistance being zero and the increase in prin-
cipal stresses producing no increase in strength (compare
Fig. 9.21 with Fig. 9.18). The strength present is the prod-
uct of cohesion and described as the undrained shear
strength.

TEST STAGE Test 1 Test 2 Test 3

Shear strength
envelope <£ = 0°

Test 2

Testi Test 3

Fig. 9.21 Triaxial test results of the undrained shear strength
of soil (CJ . Note: 0 = 45° -0 / 2 and when 0 = 0. 0 = 45°.
((T1-C3) ^difference in principal stresses at failure.

Pore pressure changes
A change in the load applied to a soil or rock produces a
change of pore pressure within it whose magnitude may
be predicted with the aid of two empirical measurements
known as the pore-pressure parameters A and B.

Parameter B describes the change in pore pressure pro-
duced in an undrained specimen by a change in all round
stress (Aa1 = Aa2 = Aa3). Thus, change in pore pres-
sure = B (change in all round stress). In saturated soil and
saturated compressible rock (e.g. Fig. 6.10) B = 1.0. When
voids are partially filled with air, as occurs in strata above
the zone of saturation, B is less than 1.0. The fabric of
strong rock (e.g. Figs 5.20, 5.24) has a low compressibility
and offers resistance to changes in all round stress: B is
often less than 1.0 in such rock.

Parameter A describes the change in pore pressure
produced by a change in deviator stress (C1-(T3), and is
influenced by the fabric and strength of the specimen
(Table 9.3). Hence the change in pore pressure (Au) that



may result from engineering work can be predicted by the
expression:

Au = B[Ao 3 + A(Aa1-Aa3)]

Parameter A may be less than one, or negative, if the
deviator stress causing deformation and failure produces
a volumetric expansion of pore space sufficient to cause
pore pressure to decrease (cf. Figs 9.13, 9.15). When this
occurs effective stress on the surrounding particles and
hence the strength at their points of contact, will increase.
This increase in strength remains until more water can
migrate into the areas of reduced pore pressure and the
speed with which this occurs depends upon the permea-
bility of the material. For this reason the strength of
consolidated sediments and rocks of low permeability
may vary with time.

Table 9.3 Indicative values of pore-pressure parameter A
(Skempton, 1954 & 1961). Rocks may have negative values.

Soil Parameter A at failure
Loose sand 2.0 to 3.0
Soft clays Greater than 1.0
Normally consolidated clays 0.5 to 1.0
Over-consolidated clays 0.25 to 0.5
Heavily over-consolidated clays 0.5 and less

content at which the character of the soil is essentially
that a solid (as in a brick made from dry mud), or a plastic
(as in clay ready for moulding by a potter), or a liquid (as
in a slurry) is provided by index tests (p. 195) which define
the consistency limits: the limits are illustrated in
Fig. 9.22a. In these tests the samples are totally re-
moulded to prevent soil fabric from contributing to their
behaviour. The limits therefore reflect the mineralogy of
the soil (Fig. 9.22Z>).

Weak soils, such as loose sand, that are partially satu-
rated may gain strength from the capillary tension of the
water meniscus around their areas of grain contact
(Fig. 9.23). This increases the effective stress upon the
grains and thus the frictional resistance at their points of
contact.

Mineral grain

Pore space
filled with air
at atmospheric
pressure Capillary

meniscus

Mineral grain
Consistency limits
The volume and strength of most soils varies with their
water content and the limit of this variation, i.e. the water Fig. 9.23 Capillary tension in pore spaces between mineral

grains. Large arrows indicate the attraction between grains
created by the meniscus.

Elastic moduli

Values of Young's Modulus and Poisson's ratio may be
obtained for rock and soil with comparative ease, but the
significance of the values obtained must be considered
with care as they may vary with time from those applic-
able to undrained conditions to those for drained condi-
tions. This is especially important for soils, where these
moduli should be determined experimentally using con-
ditions that simulate the range of stresses and type of
deformation that are expected to operate in the ground
during the engineering works.

Behaviour of surfaces

Over-consolidated sediments and all rocks that have ex-
perienced unloading and uplift (p. 160) contain micro-
fractures and other failure surfaces such as joints and
fissures: many bedding planes will have separated, some
containing a visible parting. Such surfaces have a strength
that is less than that of the rock or soil in which they
occur and they are a major source of weakness: they have
formed by failure either in tension or in shear.

Tensile fractures such as joints, tend to be discontin-
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Fig. 9.22 (a) Consistency limits: SL — shrinkage limit.
P/. = plastic limit. Z./.= liquid limit, I/=total soil vol
ume = volume of pores (V P) + volume of solid grains (V $)
Water content= (Mass of water) 4- (mass of solid) and can be
more than 100%. (b) Influence of mineralogy upon consis-
tency limits.



uous (Figs 8.27,8.28), have rough surfaces, and are open.
They have no tensile strength, close when a load is applied
normal to them, and have a shear strength that depends
upon the resistance provided by the friction and rough-
ness of their adjacent surfaces.

Shear surfaces such as faults (Figs 8.18, 8.23, 8.26) and
bedding in folds (Fig. 8.14) are continuous and differ
from tensile surfaces in having been sheared. They con-
tain the crushed debris produced by shearing and some-
times this is reduced to clay sized particles. The shear
strength of these surfaces under any normal load is
usually much lower than that of joints.

All surfaces provide routes for the agents of weathering
and many surfaces have the strength of weathered rock
or soil. They are difficult to sample and care is required
to recover them intact during a ground investigation
(Chapter 10). Once recovered, their strength may be
measured in a shear box (Fig. 11.9). The specimen con-
taining the surface is placed into the box with the surface
oriented horizontally and positioned mid-way between
the upper and lower halves of the box. A vertical load
normal to the surface is applied and the sample then
sheared by applying a horizontal Toad. Resistance to
shear under various normal loads can be measured. The
apparatus has no means for controlling drainage within
the specimen and rates of testing are chosen to ensure
that they are either sufficiently slow to permit drainage or
fast enough to prevent it.

Smooth surfaces

The behaviour of a smooth surface such as a bedding
plane or one on which shearing has already occurred, is
shown in Fig. 9.24. Results from three tests are illus-
trated; each test was conducted at a speed that permitted
drainage to occur and subjected the surfaces to a different
normal load (W). Displacement on each surface tested

continued until no further loss of strength occurred and
this required many centimetres of relative movement. A
peak resistance was exhibited early in each test but did
not differ significantly from later values.

In soil, any particles whose length is not oriented
parallel to the shear surface are aligned to this direction
by the relative movement of the surfaces and the strength
remaining when all the particles are so oriented, and after
all original fabric of different orientation has been de-
stroyed, is called the residual strength (4>r). The movement
of rock surfaces can produce a different microfabric, more
granular in character, and their lowest resistance to shear
may be described as ultimate strength (</>u).

The failure envelope for peak, residual and ultimate
values of shearing resistance are shown in the figure and
from these results it is evident that smooth surfaces may
have some apparent cohesion (<•') although it is usually
small: their greatest strength comes from friction. The
linear envelopes enable resistance to shear to be described
by the expression:

where $' is the drained angle of shearing resistance.

Rough surfaces
Figure 9.25 illustrates the results from a similar set of
tests, but conducted on rough surfaces typically found on
joints. As displacement progresses the upper surface must
slide over the roughness of the lower and dilatation is
associated with failure. This is shown in Fig. 9.26: an
initial period when the surfaces come closer together
under load is followed by rapid expansion during failure.

Displacement

Displacement

Fig. 9.24 The response of a smooth surface to displace-
ment. F = force required to displace surfaces under normal
load (W). Brit t leness=(fpeak-f r es j dua l)^(f r es i dua | ) . c' = -
cohesion. $ = angle of shearing resistance (see text).

Fig. 9.25 The response of a rough surface to displacement.
Note that the inclination (/) of an asperity may increase the
resistance to shear (F) and causes surfaces to dilate,
c' = cohesion, ^ = angle of shearing resistance (see text).
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sure head). Descriptions of instruments which provide
such indications are given by the British Geotechnical
Society (1973) and the Int. Soc. Rock Mechanics (1977).

Displacement
Ground displacements that cannot be explained entirely
by either elastic deformation or consolidation, normally
indicate failure. Thus changes in the distance between or
the elevation of survey points located on or in the ground
can provide a simple indcation of failure. Figure 9.27
illustrates the displacement of a slope prior to its collapse.
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of wallFig. 9.26 Dilation {AH/H) during shear failure.

Peak strength results from the combined resistance pro-
vided by roughness and friction. The failure envelope at
low normal loads is linear and roughness provides an
apparent cohesion.

When normal load across a rough surface is increased
(as from W1 to Wz in Fig. 9.25) greater shear force is
required to overcome friction and move the upper surface
over the lower. A joint will 'lock' when the normal load
is sufficient to prevent such movement and shear failure
occurs through the rock rather than along the joint sur-
face: when this process dominates the failure envelope
may become noticeably non-linear.

The strength of a surface reduces to its ultimate value
once displacement has removed the influence of rough-
ness.

Variation in the irregularity of a rough surface is
usually greater than that which can be sampled for testing
in the laboratory and methods for assessing the likely
peak shear strength of a rough surface have been pro-
posed by Barton and Choubey (1977).

Lessons from failure

In-situ failure as occurs in landslides on slopes that are
too steep, or in foundations that are overloaded, or in
excavations that are inadequately supported, provides an
opportunity for studying the in-situ strength possessed by
large volumes of rock and soil. The lessons learnt from
such studies are most relevant to successful geotechnical
engineering (Mitchell, 1986) and indicate the validity of
values for strength and deformation measured from small
samples tested in the laboratory (Chapter 11) and from
slightly larger volumes tested in-situ during ground inves-
tigation (Chapter 10).

Indicators of failure
Direct indicators of ground failure are displacement, frac-
ture and water pressure in pores and fractures (i.e. pres-

Fig. 9.27 Example of slope movement over a period of 30
years (after Skepton, 1964).

Fractures
Joints may open and new fractures may occur when dis-

Fig. 9.28 Tension Scar. Produced by mining subsidence.
(Courtesy of the National Coal Board, London).



placement continues. Figure 9.28 illustrates tensile frac-
tures in ground above mines at depth. Differential move-
ment of the ground on either side of such fractures
indicates the presence of shear failure at depth.

Water pressure
Figure 9.9 illustrates that the pressure of ground-water
may be gauged by measuring its manometric, or pressure,
head and that the vertical effective stress at the level of
measurement can be calculated by subtracting the water
pressure measured from the vertical stress produced by
the overlying strata. The installation used for gauging
water pressure is called & piezometer (Fig. 10.15). Failure
can be anticipated when water pressure reduces the mag-
nitude of effective stress to a value that cannot generate
in the ground the strength required.

Indirect indicators
The approach of failure may be indicated by indirect
means in areas between those locations where direct
measurements of displacement, fracture or water pressure
have been obtained. Many indirect methods utilize the
change that occurs in the transmissive properties of the
ground as it dilates prior to failure (examples of dilatation
are shown in Figs 9.13, 9.15, 9.26). The ability of rock
and soil to conduct electricity and the velocity with which
they transmit seismic waves are sensitive to a change in
the volume of voids created by dilatation. The transmis-
sion of ground-water is also affected by dilatation as the
opening of fractures increases their permeability. Water
seepages into underground excavations that were origin-
ally dry usually indicate dilation and are often a precursor
of failure.

A phenomenon that accompanies failure in rock is the
noise (or acoustic emission) made by the cracking prior
to ultimate failure. By listening to this it is possible to
obtain a clear indication of impending failure (Amer. Soc.
Testing and Materials, 1981).

Analyses of failure

Once the shape and position in the ground is known of
the surfaces on which failure has occurred, it is possible
to calculate the total stress upon them prior to failure and
from this their in-situ strength, in terms of total stress. If
ground-water pressure at the time of failure is known, the
in-situ strength may be also calculated in terms of effective
stress. Assumptions often have to be made concerning
the magnitude of the horizontal stress that existed, as this
is not easily calculated for rocks and over-consolidated
soils, for the reasons explained on p. 160. Similarly,
ground-water pressure may not be known accurately and
a range of values, varying between the highest and lowest
pressure likely to exist, have to be used to complete the
analyses. By these means, in-situ failure of the ground
may be used to obtain values for the strength of large
bodies or rock and soil.

Frequency of failure

It is useful to know the frequency with which failure
occurs, in particular whether large failures are preceded
by smaller failures of limited extent or happen suddenly
as catastrophic failures of considerable magnitude. Much
can be implied about the strength and behaviour of large
bodies of rock and soil from this information: for exam-
ple, the time required for failure to occur.

A record of failure is often preserved by the strati-
graphy of adjacent areas. Figure 9.29 illustrates the fail-

Ground level 4000 yrs BP
Buried soil
horizon: dated
4000 yr BP

Present
ground level

CLAY
5 million years old
(5x106yr)Clay

Clay

Fig. 9.29 Stratigraphic record of a past failure: /~=failure, or
slip, surface above soil horizon.

ure of a slope recorded in the stratigraphy of an adjacent
valley. The stratigraphic principles described at the start
of Chapter 2 may be applied, in particular the principle
of superposition (p. 14). The slope that failed was formed
of clay that is 5 x 106 years old. A valley at the toe of the
slope contains alluvium that is 2 x 106 years old on top of
which has developed a soil horizon dated as 4000 years
old. The landslide debris buries this horizon and thus the
slope failure can be dated as occurring within the last
4000 years even though no record of the failure may now
be found on the slope itself. Stratigraphic records of this
kind can provide a valuable chronology of events cover-
ing periods of millions of years (see Fig. 18.15).
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10
In-situ Investigations

The satisfactory design and construction of an engineer-
ing structure can be accomplished only when the charac-
ter of the soil or rock, on which or within which it is to be
built, is known. For this knowledge to be obtained the
ground must be carefully studied by investigations con-
ducted in-situ. Engineering structures such as roads,
dams, buildings, tunnels and other underground works,
are normally constructed according to the requirements
of a specific design and from selected construction
materials: by observing these requirements the strength
of the completed structures is known and their response
to load and displacement may be predicted. To obtain
comparable information about the soil and rock against
which the structure will react it is necessary to understand
the geological processes which formed the soils and rocks,
this being the only way to reveal their 'design', and the
nature of the materials of which they are composed.

Approach

A common difficulty with ground investigation is that
most of the ground will remain unseen, but this does not
mean that the ground need remain unexplored.

Figure 10.1 illustrates a site considered for a dam: 3%
of the foundation rock is naturally exposed and can be
seen (Fig. 10.1a). Bore-holes and trenches increase the

visible evidence by less than 1% (Fig. 10.Ib) and geophys-
ical investigations, which do not produce visible evidence
but merely physical responses that are characteristic of
certain ground conditions, assist the extrapolation of vis-
ible evidence to other areas. Volumes of ground can be
tested in-situ (Fig. 10. Ic) and much smaller volumes, col-
lected as bore-hole core, can be tested in a laboratory.
With these data the basic design of the dam is completed
and costed. Further investigations may be undertaken if
the scheme is feasible but even with these studies construc-
tion will commence with only a small fraction of the
ground having been seen. As the foundation rocks be-
come exposed during construction (Fig. 10.lt/) unfore-
seen ground conditions may be revealed and require
further investigation.

There is no agreed approach to ground investigation
which may vary from the repetitive programme such as
one bore-hole every 1.0 km along the centre line of a
road, to the carefully considered exploration that is tail-
ored to site geology and its likely interaction with the
engineering structure. Codes of practice exist, which if
followed ensure that the methods used in investigation
are conducted with an appropriate standard of confid-
ence. They may also advise that certain works be under-
taken, such as the excavation of inspection pits, but can-
not indicate where best to site them. For this, geological
advice is required. The use of probability theory has
been considered as an aid to defining an approach to
ground investigation, but such theory assumes a know-
ledge of the geological processes that formed the site, and
that is one of the topics the ground investigation is meant
to reveal.

Content

Table 10.1 lists five factors that must usually be investi-
gated by every ground investigation. It is therefore useful
to ascertain for a site the information already available
for each of these factors before commencing further ex-
ploration as this will reveal the topics for which insuffi-
cient data exists and which must be the subject of further
study. To anticipate conditions that might otherwise re-
main 'unforeseen' it is relevant to consider the geology of
the region. For example when it was raised above sea
level, how rapidly it has been eroded, the depth of weath-
ering, the likely depth of bedrock in valleys filled with
alluvium or colluvium, the possibility of stress relief struc-
tures in the valleys and of fossil landslides on the valley
sides. Many 'unforeseen' problems can be attributed to a

Reservoir
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(b)and(c)
Depth of
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by geophysics
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Samples from
BH core Tests

in BH 's

Final excavation

TWL

Fault

Ground loaded
by the dam

Fig. 10.1 A comparison between the volume of ground
affected by a structure and the volume investigated.



Table 10.1 Factors involved in behaviour of a mass of rock
or soil at an engineering site

1 Rock or soil material ^
2 Fractures present [ > Characters of the
3 Fluid (liquid and gas) content J r o c k o r S0 l ! m a s s

4 Fluid pressure ^ Geological
5 In-situ stress J environment

1 is obtained by observation. 2 to 4 are obtained from
measurements of: 2, permeability and storage capacity; 3,
saturation; 4, pressure head. 5, is either calculated from the
weight of overburden or measured.

ground investigation that has been too restricted in its
approach.

Programmes of ground investigation should be flexible
in content and phased in execution. Flexibility enables
investigation to be amended when unexpected features of
importance are encountered. As shown in Fig. 10.1 it is
unlikely that every geological feature of note will be re-
vealed prior to construction and a phased investigation
permits later studies to be completed. Table 10.2 illus-
trates an example of a phased investigation.

continue with the investigations conducted in the field
and conclude with the maintenance of records of ground
exposed during construction. These activities often over-
lap.

Desk study
This colloquially describes the search through records,
maps and other literature relevant to the geology of the
area. Information may be disseminated in libraries,
Government archives and company files. Dumbleton and
West (1976) recommended the following procedure:

(0 Locate and (if necessary) acquire any maps, papers,
air photographs, imagery and satellite data relating to the
site, and interpret as far as possible the geological condi-
tions shown by these sources. In a complex area attempt
an analysis of the geology; the preparation of geological
sections or block diagrams may help to indicate areas
where further information is needed. A short visit to the
site is often desirable to confirm observations and pred-
ictions already made.

(H) At this stage it is often fruitful to seek additional
information from institutions such as the Geological

Table 10.2 Example of phased ground investigations for a dam: rectangles represent periods of work on site (after Kennard,
1979).

FEASIBILITY

PROMOTION

DESIGN

CONSTRUCTION

Field reconnaissance

Detailed investigations
for design and construction

Instrumentation

Investigations
during construction

Cost

The cost of most ground investigations is between 0.5%
and 1.0% of the cost of the project but this should not be
taken as a rule. The principal purpose of ground investi-
gation is to acquire geological and geotechnical data suf-
ficient for the geology of the site to be described and its
geological history to be reconstructed, particularly those
events occurring during the past 10 000 years, with an
accuracy that can be relied upon by design and construc-
tion engineers. If the ground is complex, appropriate
funds should be made available for its investigation.
Ground investigations should never be limited to save
money as ignorance of ground conditions can be most
dangerous. Money can safely be saved in the design and
construction of an engineering structure once engineers
can rely upon an accurate appraisal of ground conditions.

Components

A ground investigation contains numerous activities that
are here grouped and described as its components. They
commence with a 'desk study' to collate existing data,

Survey, geological societies, local authorities and librar-
ies, universities, and from engineers who may have been
involved in projects in the area.

(Ui) After these enquiries it may be useful to visit the
site again to collate all the data so far obtained, and to
identify areas where engineering difficulties may exist and
areas where particular investigations are needed.

(iv) Compile as good a report as can be made, record-
ing the geological and geotechnical data, the addresses of
useful contacts, and references to literature. This preli-
minary report will assist the ensuing investigation and
provide a basis for the final report.

(v) To complete this study the construction re-
quirements of the proposed engineeering works at the site
should be considered, so that the ensuing investigation
will be reasonably suited to both the geology of the area
and the requirements of the design.

The above procedure is designed to help in the exami-
nation of a new area where there is little information
about sub-surface conditions. It can be trimmed to suit
the state of knowledge at the time, but vigilance is needed
even in areas where the ground is known.



Field reconnaissance

This commences with a preliminary survey to confirm the
basic geology of the region and the site: some mapping of
geological structure and rock and soil types may be un-
dertaken. For example, a reconnaissance for a tunnel
would identify possible sites for its portals that are free
from landslides, and topography that may indicate the
presence of faults, such as scarps and straight valleys.
Exposed rocks and evidence of ground-water, such as
springs, would be noted. A certain amount of shallow
augering may also be undertaken to indicate the character
of the deposits and weathered profiles close to ground
level. Sources of aggregate may be considered together
with the locations for safe disposal of excavated material
(see Fig. 12.9).

Simple tests that can be conducted in the field, require
little if any sample preparation and are inexpensive, may
be used to provide an index of the geotechnical properties
of rocks and soils. They are called index tests (p. 195) and
are a valuable aid to reconnaissance, permitting sites to
be divided into zones within which similar geotechnical
properties can be expected.

The geomorphology of the site and the geographical
changes that have occurred should also be considered so
as to produce an integrated review of ground conditions
(Fig. 10.2).

Desk studies and field reconnaissance are the most cost
effective components of ground investigation. Much rele-
vant information can be inexpensively gained.

Field investigations

These employ familiar techniques of ground investiga-
tion, e.g. bore-hole drilling, and are located in areas where
reconnaissance studies indicate that further information
is required. The investigations utilize direct methods of
study, such as the excavation of trial pits, trenches, shafts
and adits, from which the ground can be examined, tested

and sampled for further testing in the laboratory. Indirect
methods of study may also be used, e.g. geophysical surv-
eys, but these do not expose the ground to view. They are
utilized to explore large volumes of rock and soil sur-
rounding and between the smaller volumes of ground
studied by direct means. The larger the volume of ground
studied within the volume of ground that will be affected
by an engineering structure, the better will be the ground
investigation, for the character of soil and rock must be
expected to vary from place to place.

The particulars of an investigation will vary from one
job to another, but in most cases four fairly well defined
objectives can be discerned:

(1) To determine, in whatever detail is required, the
character of the ground (including both the solid
material and the contents of pores and fissures). This
accounts for much of the bore-hole drilling that is
requested, together with core logging and hole log-
ging, using the variety of optical, electrical, and mech-
anical devices now incorporated in bore-hole logging
instruments.

(2) To determine the variations in the character of the
ground within a particular volume and throughout a
given time. The former accounts for the position of
investigation areas, e.g. the location of bore-holes,
their depth and inclination, the core recovery re-
quired, the location of geophysical surveys, and so
on. The latter controls the length of time instruments
such as water level recorders, load cells, and inclino-
meters, remain in the ground.

(3) To make a quantitative description of the area in
terms that are relevant to the programme of testing
and the engineering design. This is often difficult
because many standard geological descriptions are
qualitative and rely on the user correlating some
characters of the rock with a range of physical prop-
erties.

(4) To determine the response of the ground to certain

Granite

Land
slide

Harbour

Original shore
line (1742)

Fig. 10.2 Examples of maps produced by a desk study and a reconnaissance survey,
(a) Geological mapy*^ = alluvium, R = reclaimed ground

(b) Geomorphological map: 1 = Bare rock slopes < 25°
2 = Former landslide
3 = Unstable rock
4 = Wet superficial deposits

5 = Active river erosion
6 = Subsidence and flood risk
7 == Marine erosion active
8 = Active deposition of sediment.

(c) Geographical map.



imposed conditions of stress, strain, drainage, satur-
ation, etc. This is where the majority of the in-situ
tests are used. They abound in variety and almost
anything that needs to be measured can be measured,
given both money and time. The many techniques
now available for field studies can be grouped into
those made (/) along a line, (U) over an area, and (Hi)
through a volume,

(i) Linear investigations
These include all kinds of borehole work and describe
the sampling of a line or column of ground. If the columns
are fairly close together a reasonably accurate interpre-
tation of the geology can be made Most insUu studies
are of this type, and it is not surprising that sophisticated
methods have been developed for looking at and logging
the holes, as well as the cores that come from them. The
ingenuity of these methods should not blind the investi-
gator to their limitations. An important point to note
here is the orientation of the line within a geological
structure. Vertical bore-holes, for example, are unlikely
to intersect vertical joints; the same applies for horizontal
bore-holes and horizontal joints. The more general case
is illustrated in Fig. 10.3. Hence, for each bore-hole there
is a blind zone which cannot be sampled.

Bore hole Ground level

by certain geophysical surveys, notably those using elec-
trical resistivity and seismic methods. The former
measures the potential drop between electrodes, and the
latter the time taken by seismic waves (generated by a
small explosion) to travel through the ground and return
to the surface after reflection or refraction by buried
surfaces, Both kinds of survey are conducted along lines
laid out at ground level. From the measurements
obtained certain deductions can be made concerning the
nature of the sub-surface geology and approximate geo-
logical sections can be produced. A tabulation of the
geophysical methods that can be used is given in Table
10.3.

Geology that is too deep to view in trenches can be seen
with the aid of adits, and if these are sufficiently large to
accommodate drilling equipment they can be used for
making further investigations. Trenches and adits,
though valuable, can nevertheless be subject to the effects
of stress relief and other disturbances which loosen the
ground, and care should be taken when tests are made in
them. Attention is also drawn to the support and con-
struction of such excavations (see British Standard Code
of Practice, BS 6031:1981 'Earthworks').

Horizontal areas are usually those seen at ground level,
either from natural exposures or from sections where the
top soil has been removed. They reveal horizontal varia-
tions in the ground, and when used in conjunction with
trenches and bore-holes can provide a three-dimensional
picture of a site. Air photograph interpretation and geo-
logical mapping are the techniques most commonly used
here, although gravity and magnetic surveys can also be
employed (Table 10.3). The interpretation of geology
from air photographs, although not strictly an insitu
method, is a skilled operation that can be very useful in
an investigation.

(iii) Volumetric investigations
These are primarily concerned with determining the 3-
dimensional characters of the geology, thereby differing
from investigations which study either a local area, or a
large area as described above. Many of the large insitu
tests fall within this group, e.g. blasting tests, pumping
tests, load bearing tests, shear strength tests. The volume
of ground involved is an important factor and ideally it
should be related to both the geological fabric and the
size of the proposed engineering structure.

The ground to be explored can be considered as either
a continuous or discontinuous material, depending on the
volume that is tested. Many authorities consider that the
optimum volume of ground to be tested is that above
which an increase in size has no appreciable effect on the
results obtained. This can sometimes mean testing ex-
ceedingly large samples, particularly in rock masses that
have a coarse fabric, e.g. widely spaced joints and bedding
surfaces. A more practical procedure, which carries test-
ing to the point where no improvement in test results can
be expected by increasing the volume of the samples, can
sometimes be adopted. Bieniawski (1969) describes how
insitu compression tests on 1 \ metre cubes were adequate

Set of
geological
surfaces
e.g. bedding

Set of joints

Fig. 10.3 Intersection of geological surfaces by bore-holes.
Number of surfaces of a given 'set intersected —n — L Jna/c/
and ranges from L/d for a = 90° to zero for a^0° (Terzaghi.
1965.)

(ii) Areal investigations
These include most geophysical reconnaissance tech-
niques (except radiometric and single bore-hole logging
techniques), all geological mapping and terrain evalua-
tion. They provide a two-dimensional study of the ground
and its geological make-up. The areas involved may be
exposed on either vertical or horizontal surfaces.

Vertical surfaces can be seen in trenches and pits and
are valuable in showing geological variations which occur
both laterally and vertically. They are normally a part of
any study of near-surface geology, are easily recorded
and likely to reveal more information per unit cost than
any bore-hole taken to the same depth,

A vertical area of a rather different nature is revealed



Table 10.3 Geophysical methods (after Dunning, 1970 and Griffiths et. al.. 1969.) Magnetic, Gravity and Radiometric
Surveys measure natural forces and are susceptible to such features as buried pipelines, old mine shafts, industrial waste and
the like. In built-up areas these can severely interfere with a survey. (See also British Standard BS 5930:1981.)

Method

Seismic

Electrical and
Electromagnetic

Radar

Gravity

Magnetic

Radiometric

Bore-hole Log-
ging

Field Operations

Reflection and refrac-
tion surveys using,
on land, several trucks
with seismic energy
sources, detectors, and
recording equipment;
at sea. one or two
ships. Data-processing
equipment in central
office. Two-man refrac-
tion team using a
sledgehammer energy
source.

Ground self-potential
and resistivity surveys,
ground and airborne
electro-magnetic surv-
eys, induced polariza-
tion surveys.

Ground survey 2-man.
Portable micro-wave
source.

Land surveys using
gravity meters; marine
surveys gravity or sub-
mersible meters.

Airborne and marine
magnetic surveys, using
magnetometers.
Ground magnetic surv-
eys.

Ground and air sur-
veys using scintillation
counters and gamma-
ray spectrometers; gei-
ger counter ground
surveys.

Seismic, gravity, mag-
netic, electrical and
radiometric measure-
ments using special
equipment lowered
into bore-hole.

Quantities Measured

Time for seismic waves
to return to surface after
reflection or refraction
by sub-surface forma-
tions.

Natural potentials, po-
tential drop between
electrodes, induced
electromagnetic fields.

Induced reflections
from surfaces in
ground.

Variations in strength of
Earth's gravity field.

Variations in strength of
Earth's magnetic field.

Natural radioactivity
levels in rocks and mi-
nerals; induced radio-
activity.

Speed of seismic
waves, vertical varia-
tions in gravity and
magnetic fields; appar-
ent resistivities, self-
potentials.

Computed Results

Depths to reflecting or
refracting formations,
speed of seismic waves,
seismic contour maps.

Anomaly maps and pro-
files, position of ore-
bodies, depths to rock
layers.

Depths to reflecting
surfaces.

Bougner anomaly and
residual gravity maps;
depths to rocks of con-
trasting density.

Aero- or marine mag-
netic maps or profiles;
depth to magnetic mi-
nerals.

Iso-rad maps, radiome-
tric anomalies, location
of mineral deposits.

Continuous velocity
logs; resistivity & thick-
ness of beds; density;
gas and oil, and K, Th,
U content. Salinity of
water.

Applications

Exploration for oil and
gas, regional geological
studies.

Superficial deposit sur-
veys, site investigation
for engineering pro-
jects, boundaries,
material types and
elastic moduli.

Exploration for miner-
als; site investigations.

Shallow engineering
projects: frozen ground
at depth.

Reconnaissance for oil
and gas; detailed geo-
logical studies.

Reconnaissance for oil
and gas, search for mi-
neral deposits; geolog-
ical studies at sites.

Exploration for metals
used in atomic energy
plant.

Discovery of oil, gas,
and water supplies;
regional geological
studies by bore-hole
correlation. Applicable
to site investigations.



for designing mine pillars that were several times
bigger.

The size of the test having been decided, its orientation
in relation to the engineering structure should then be
considered. Most rock masses are anisotropic and their
performance will vary according to the direction in which
they are tested. This is most marked when the anisotropy
is regular, as in a well-bedded or cleaved rock mass. It is
usual to apply loads, promote drainage or initiate dis-
placements in the direction which the proposed structure
is likely to load, drain, or displace the ground. Finally it
should be remembered that tests are best conducted in
ground that has not been disturbed.

The scale of linear, areal and volumetric investigations
should be compatible with the scale of the project and
characters of the ground. For example, the investigation
for a tunnel in rock containing joints spaced at distances
greater than the tunnel diameter, will differ from that
required for the same tunnel when penetrating intensely
broken rock.

Construction records

These record the geology exposed during excavation and
usually consist of maps and plans, at a scale of about
1:200, and scaled photographs. From these records mod-
els can be simply constructed to elucide the site geology;
a cardboard model is illustrated in Fig. 10.4, An example
of a construction record is shown in Fig. 10.5, and
the basic information that should be recorded is as
follows:

Table 10.4 Elements of a description of soil

Trial Pit
evidence

Fig. 10.4 A simple 3-D model made from card. The end of
each section and each intersection represents the location of
a bore-hole and shows the geology encountered within it.
The cards can be cut to further model topography.

(/) rock and soil types; to ensure consistent descriptions
standard terms should be used: see Tables 10.4 and 10.5.
Samples may be collected for later reference and their
location recorded (see Figs 10.5 and 10.6).

(U) boundaries; an indistinct boundary between rock
or soil types can be recorded by a broken line; see Figs
10.5 and 10.6.

(Ui) structure; the direction and amount of dip of geo-
logical surfaces should be recorded (see Fig. 8.1 and
Chapter 12). If possible distinguish bedding from cleav-
age and fractures such as faults and joints (Fig. 10.6).

COLOUR
BEDDING

GRAIN SIZE
(see Tables 6.2

&6.3)

DENSITY

STRENGTH

CONDITION
(see Fig. 9.22)

NAME&
CLASSIFICATION:

Use a colour chart (e.g. Munsell Color Co. Inc. So/7 Color Charts. Baltimore)
Distance between bedding surfaces: > 2 m Massive or v thick bedding

2 m "I 2000-600 mm thick bedding
I 600-200 mm medium „
f Bedded 200-60 mm thin

20mmJ 60-20 mm v. thin
<20mm Laminated

Boulder > 200 mm ̂
Cobble 200-60 \ n , . ,
Pebble 6 0 - 4 L Can be seen with
Granule 4-2 ^na.ded eye.
Sand 2-0.06 J
Silt 0.06-0.002 Gritty on tongue.
Clay <0.002 No grit on tongue.

Loose: can be penetrated with a pencil.
Firm: v. slight penetration with a pencil.
Dense: no penetration: may break pencil.

Soft: can be moulded easily in fingers
Firm: difficult to mould

Like butter Liquid limit
Like window putty... Plastic limit

Stiff: can only be dented by fingers
Hard: cannot be dented by fingers

Like cheese Between Plastic & Shrinkage limits
Like chocolate Drier than Shrinkage limit

Use one of the recognized systems of
classification, e.g. British Standard, or Unified Soil
Classification, (for example see Fig 11.14).



Sand
(Sample A).

Sand
(Sample B)

Clay
(Sample C)

Sheet pile

Fault ?
(see photo 4)

Foundation

Fig. 10.5 Example of geological details recorded in a foun-
dation excavation. £> = bedding surface. «<-=direction of dip.
/=sets of vertical fissures.

(iv) water; springs and similar issues of ground-water
should be noted (Fig. 10.6).

Two practical aids for making such records are a po-
laroid camera, the pictures from which can be annotated
on site, and a pro-forma record sheet. The latter is parti-
cularly useful when records of exposed geology are re-
quired with every shift of work, e.g. as when tunnelling,
Fig. 10.7.

Construction records have three important uses:
(i) Contractors, who construct the engineering struc-

ture, have to price their work prior to construction and
must assess the geology of a site from the data provided
by the ground investigation. If geological conditions en-
countered during construction differ significantly from
those anticipated the contractor will seek extra payment
for any additional costs incurred in coping with the unex-
pected ground. A record of the geology encountered is
therefore a valuable document of reference.

(I'O Many engineering structures require the ground
beneath or around them to be improved by treatment
(Chapter 17) and such an exercise is greatly assisted by
accurate records of ground conditions, particularly when
the ground has been concealed by the first phase of foun-
dation construction or tunnel lining.

Shift details:
Date,
chainage etc.

Face record:

Rock types
Basic boundaries
Water seepage
Rock strength
№ joint sets
Character of
joint surfaces
etc.

Sketch of
tunnel profile

(to scale)

General notes: e.g. General
stability, inflow of water etc.

Fig. 10.7 Example of pro-forma for use when tunnelling:
details recorded to suit site and contract. See roof and wall
logs: Fig. 16.20. In this example W= areas where water flowed
from the face.

(Hi) Most large scale constructions, e.g. roads, dams,
require their own source of construction material from
quarries developed for this purpose. An accurate daily
record of the geology exposed, described with the aid of
index tests to separate suitable from unsuitable material,
will enable control to be exerted on the quality of the rock
or soil used.

Methods

When selecting methods of investigation it is necessary to
consider those aspects of bore-hole drilling and in-situ
testing that may affect the ground adversely or damage
any samples recovered.

feathered zone

Broken zone fault
dip 30° at N 072

Clay gouge, see
bag sample

(24-5)

Dip30°atlM040

Water

Water
seepage

Dolerite
see spec. A1-24-2

Exposure at grid loc. 036/432 Date 24-1-82 Looking in direction N 351

Fig. 10.6 Field sketch of the geology
exposed in the vertical face of an exca-
vation.



Table 10.5 Elements of a description of rock

COLOUR
BEDDING
>2m
2m-2Om
<20mm

STRENGTH

WEATHERING

GRAIN SIZE
>2.0mm
2.0-0.06 mm

<0.06mm

MINERALS

NAME&
CLASSIFICATION

Use a colour chart (e.g. Geological Society of America. Rock-color Chart)
Sedimentary
Massive
Bedded
Laminated

Volcanic
Massively banded
Banded
Finely banded

Weak: can be scratched with a knife.
Strong: breaks with one or two hammer blows.
V. strong: difficult to break.

Complete: no unaltered rock remains and the rock is weak.
Partial: some fresh or discoloured rock is present.
On joints only: with slight alteration of adjacent rock.
Fresh.

Igneous & Metamorphic
Coarse ^
Medium }See Tables 5.2 & 7.2
Fine J

Sedimentary

V See Tables 10.4.

Metamorphic
Massively foliated
Foliated
Finely foliated

6.2 & 6.3.

Identify first the dominant minerals, then the subordinate, (cf. The Rock-forming minerals:
Chapter 4)

For Igneous rocks see
For Sedimentary rocks see
For Metamorphic rocks see

Fig. 5.17 & Table 5.1
Tables 6.2 &6.5
Table 7.3

Bore-hole drilling. The common techniques for producing
a bore-hole are shown in Table 10.6. A good hole will be
drilled and samples recovered with only the minimum of
disturbance when an experienced driller is employed to
use a drilling machine that is free from vibration. When
good core recovery is required the core barrels used
should have an internal diameter of between 50 mm and
100 mm, and contain an inner tube (double core barrel)
that is linked to the drill-stem by a swivel, to prevent its
rotation against the core, Fig. 10.8. Triple-tube core bar-
rels may be required for recovering very weak rock. Core
recovery is also enhanced by the correct choice of drilling
fluid, which clears the bit of rock debris, lifts the drill
cuttings out of the bore-hole, and if correctly chosen will
prevent the core from being unduly disturbed. Bore-holes
in which in-situ tests are later to be performed or water
pressures monitored, should be cleaned of any drilling
fluid that may influence the tests or the water pressures.

Despite all precautions it is neither possible to drill a
hole into the ground where pressure is greater than at-
mospheric pressure, without disturbing the ground
around it, nor feasible to recover a core and bring it to
ground level without affecting it in some way.

Disturbance to the walls and immediate vicinity of the
hole normally results from the relief of stresses that follow
the removal of a column of ground; it may be associated

Table 10.6 Basic methods for drilling holes.

Drilling method Application Samples

AUGER Soil Disturbed
PERCUSSION Soil (mainly) & Disturbed to
(or cable-toot) rock damaged
ROTARY Rock (mainly) & Little damage to
(or core-drill) soil disturbed

with processes such as desiccation, oxidation, and with
the degree of geological stress at depth. The overall effect
is to open existing fractures and possibly to generate new
ones, so generally loosening the ground.

Core
barrel

Bore
hole

Core

Drill
bit

Inner
(double)
tube

Barrel

Paths
for
drilling
fluid

Fig. 10.8 Double-tube core barrel to prevent drilling fluid
from unnecessary contact with core whilst in the core barrel.

A certain amount of'bedding in' or 'settling down' can
be expected in the initial stages of in-situ tests carried out
in holes that have been affected in this way; care should
be taken when the results are interpreted, especially when
using visual aids such as bore-hole cameras and peri-
scopes, as it is natural to assume that what is actually seen
also represents the condition of the unseen ground.

The disturbance of cored samples can vary from skin
effects which are restricted to the outer edge of the core
to total disarrangement. Helpful guidelines for sampling
delicate ground are suggested by Hvorslev (1948). Cores
can also be disturbed by stress relief, and shales are notor-
ious in this respect; the intensity of fracturing seen in



Borehole

Binder
Over-coring

Small co-axial hole

Grout tube

Grout
Integral sample

packer is then deflated, brought out of the hole and
its pressure-sensitive skin removed so that the trace of
fractures upon it may be studied.
Core logging. The description of core is important and
can be of great assistance to both the design engineer and
the contractor: it should therefore be completed on site
by an experienced geologist. Useful logs are not easily
produced by inexperienced personnel and there is much
to recommend the adoption of methods set out in the
report on the logging of rock-cores (Geological Society
of London). This report covers the general requirements
of a bore-hole log, the factors that determine logging
methods, the handling, labelling and preservation of rock
cores, and the information to be recorded on the log,
including core recovery, descriptive geology and rock
grade classification. (See also Stimpson et al.9 1970.)

Core logs are most easily made using a scaled proforma
of the type shown in Fig. 10.10, supplemented
with colour photographs of the cores in their box. The
strength of the core at the time of recovery should always
be noted, and natural fractures such as joints, should be
distinguished from those produced either by drilling or
by changes that have occurred later, e.g. through stress
relief or desiccation. Three other parameters are normally
calculated, namely:

Total core recovery = total core recovered expressed as a
percentage of length of hole from which it came.
Example: drilled length = 127 cm

core recovered = 101.6 cm
total core recovery = 80%

Rock Quality Designation (or RQD) = summed length of
core sticks greater than 10 cm in length expressed as a
percentage of the drilled length.

Fig. 10.9 Integral sampling (after Rocha. 1971).

cores of shale is often much greater than that found in-
situ. A useful, but expensive method for recovering weak
and broken rock, called integral sampling, is described by
Rocha (1971) and is shown in Fig. 10.9. A hole is drilled
to just above the level from which a sample has to be
collected. A small hole, coaxial to the first, is then ad-
vanced into the sampling area. It is generally recom-
mended that the ratio Did should be about 3.0. A perfor-
ated hollow reinforcing bar of diameter approximately
5 mm less than that of the smaller hole, is next inserted
into the smaller hole and bonded to the rock by the
injection of grout through its hollow centre. The sample
area is then over-cored, using low drilling pressures, and
the sample retrieved. Thin-walled bits are recommended
in small diameter holes, and double-tube core barrels in
weak ground. This method produces beautiful samples
because the grout strengthens the weak rock and infills
voids, so that the separation between fissure surfaces can
be observed. A less expensive alternative involves lower-
ing an inflatable tube (packer), sheathed in a pressure-
sensitive skin of plastic, into a bore hole and expanding
it so as to force an impression of the fractures intersected
by the hole onto its sides: an impression packer. The

Details of drilling
method and equipment,

Site location
and elevation

Drilling
progress

Water levels
Water returns
etc. and
location of
samples

In situ tests -
etc.

Graphic
log
(to scale)

Analysis of core: '
recovery; RQD, fracture index etc.

Fig. 10.10 Example of pro-forma for the logging of core:
see Geological Socity of London 1970. RQD = rock quality
designation (see above).

BH42

Descriptive
log

Key and notes



Example: drilled length = 127 cm
summed length of core
sticks greater than 10 cm
long = 68.58 cm
RQD = 54%

Fracture index = number of fractures per metre length of
core.

Rock quality designation and fracture index are best ap-
plied to massive and bedded sedimentary rocks and their
igneous, and metamorphic equivalent (see Table 10.5);
their application to laminated, finely-banded and foliated
rocks such as shale or slate, can produce meaningless
values. The formulae for calculating RQD can be written
in other ways to suit different geological conditions such
as laminated rock, and particular logging requirements
(Priest and Hudson, 1976).

After the cores have been described they should be
carefully stored in a shed in a manner that will protect
them from damage by changes in temperature, moisture
content and general rough handling.

A bore-hole provides access to ground at depth and
may itself be logged by the techniques listed in Table 10.7.

Table 10.7 Basic-bore hole logs (see also Int. Soc. Rock
Mechanics. 1981).

Log. type

1 FRACTURE

2 GEO-DYNAMIC
3 HYDRO-DYNAMIC

4 GEOPHYSICAL

Information revealed

Strata boundaries & bedding, joints
& other fractures (faults)
Elastic modulus & strength
Strata & fractures containing
flowing fluid, fluid temperature &
composition, fluid pressure.
Porosity, lithology, density, seismic
velocity.

Geological mapping

This is described in Chapter 12. Such surveys are greatly
assisted by trenches to provide additional exposure in
areas where it is critical to obtain information: an example
is shown in Fig. 10.11. Geophysical surveys may be used
to augment this data and Fig. 10.12 shows a bridge cross-
ing where geophysical surveys were used to define the best
position for the bridge foundations and to locate the

Trench

Fig. 10.11 Investigation of faulting (F) across a proposed
foundation

Line of geophysical
investigation Bore

hole

Proposed
bridge

Fig. 10.12 The combined use of geophysical and bore-hole
surveys to define the position of a proposed bridge.

bore-holes that were drilled to confirm the geology of the
site.

Measurement of stress

Two components of in-situ stress often have to be
measured, namely the total stress (cr) and the fluid pres-
sure (u) in the ground: these are combined to reveal the
value of in-situ effective stress (a — u): see p 161.

Total stress
This can be measured by inserting into the ground a
'stress meter', located in the base of a bore-hole approxi-
mately 30 mm in diameter and measuring the strains that
occur within it when over-cored by a larger (e.g. 100 mm)
core barrel, Fig. 10.13. The in-situ stress required to cause
the strains measured may be calculated, but values for the
elastic moduli in-situ must either be known or assumed

Fig. 10.13 A technique for measuring in-situ stress, (a) An
initial hole is drilled to the required location (b) A co-axial
hole is used for housing the deformation meter, (c) Over-
coning releases the stresses around the meter which measures
the resulting deformations
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Fig. 10.15 Two examples of a stand-pipe piezometer,
(a) Can be driven into the ground and need not require a
bore-hole; (b) is an installation in a bore-hole. The fluid pres-
sure = unit weight of water xh.

pressure registered by them being that in the ground at
some previous date. This phenomenon is called time-lag
and is overcome by using a piezometer that does not
require pore fluid to enter it. These operate as stress
gauges: pore water pressure causes them to deform and
the hydraulic pressure that has to be provided inside the
piezometer to nullify the deformation is a measure of the
pore pressure in the ground.

Measurement of deformability

To calculate deformability a static or dynamic load must
be applied to the ground and a measurement made of the
resulting strain. It is customary to interpret the results on
the basis of the theory of elasticity and assign values for
Young's Modulus and Poisson's ratio to the ground.
Tests which operate within the linear, elastic portion of
the stress-strain curve for the ground are those usually
chosen for analysis.

Static tests
In these a static load is normally applied in one of three
ways: over the area of a rigid plate, over the area of a
tunnel, and over the area of a bore-hole. This load is
increased in increments, the load in each being main-
tained at a constant value: a new increment commences
when deformation under the previous load has ceased.

In plate bearing tests the load is applied to a flat surface,
usually by an hydraulic jack, and the deformations are
recorded. General arrangements are illustrated in Fig.
10.16 In theory the size of loaded area should be related
to the rock fabric, but in practice an economic compro-
mise is made and an area 1 m2 is often used. This is nearly
the smallest area desirable for testing most rock masses.
The loading pad should be well mated to the test surface.

In tunnel tests part of a circular tunnel is radially
loaded by closely spaced sets of jacks. Changes in dia-
meter resulting from this uniformly distributed radial
loading are used to define the modulus of elasticity. The
volume of rock tested is larger than in a plate bearing test,
and more representative values are usually obtained.

Fig. 10.14 The Camkometer this instrument bores from the
base of a bore-hole into the soil beneath and its flexible
membrane may be expanded to deform the surrounding
ground (after Wroth eta/., 1973).

for the calculation to be completed. This method was
designed for use in rock.

An alternative method that does not require a prior
knowedge of elastic parameters, cuts into the ground a
long slot (l-3m) which closes slightly under the in-situ
stress. A thin hydraulic jack, called a. flat-jack, is inserted
into the slot and pressurized to expand and force the slot
open. The pressure required to return the slot to its di-
mensions when cut is taken as a measure of in-situ stress:
see Hoskins (1966).

A third method injects fluid into a bore-hole, gradually
increasing its pressure until the walls of the bore-hole
crack, this pressure being a measure of in-situ stress. The
method can be used in deep bore-holes (Haimson, 1978).

Methods designed for use in soils mainly utilize load
cells in which the deformation that occurs under in-situ
stress is nullified by an applied load whose magnitude is
taken as a measure of the in-situ stress. Cells fashioned as
lances and blades can be pushed into soft soils. The
Camkometer is a development of such tools, being able to
bore itself into the soil, measure in-situ stress and expand
further to deform the soil and obtain a measure of its
strength (Fig. 10.14).

Fluid pressure
Instruments for measuring fluid pressure are called piez-
ometers: they are divided into two categories, namely
those that require a movement of water and those that do
not. The simplest example of the former is a stand-pipe
that operates as a manometer, Fig. 10.15. It is suitable for
use in permeable ground such as sand, gravel and frac-
tured rock where water can move easily from the ground
into the instrument during periods of rising water pres-
sure and the reverse when pressures fall. Such instruments
require too great a period of time to respond to changes
in pore water pressure that occur in impermeable
materials such as clay and their accuracy suffers, the
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Dynamic tests
These employ the propagation of compressive and shear
waves through the ground, their velocity being a function
of the elastic moduli of the rock and soil through which
they travel. The moduli calculated from them are
generally greater than that measured by static tests as the
latter often generate non-elastic deformations when pores
and fractures close beneath the applied load. Dynamic
moduli can be calculated from seismic geophysical surv-
eys conducted at an early stage in a ground investigation
and enable differences in the deformability of a large site
to be defined, Fig. 10.18 and Meigh (1977).

Dynamic tests can also be used below ground level, in
excavations and bore-holes (Bieniawski, 1978). Volumes
of ground at depth can be examined by placing the instru-
ments which emit seismic waves in one bore-hole and
those which receive the waves in another, the transmission
velocity of the waves from bore-hole to bore-hole being
a measure of the moduli in the ground between them.

Fig. 10.16 Plate bearing tests performed (a) at ground
level, (b) underground, (c) from ground level but on ground
at depth, e.g. at the level of a future foundation J=jack.
LC = load cell. Drawings are not to scale.

Both plate bearing and pressure-tunnel methods are de-
scribed by Rocha (1955) and Int. Soc. Rock Mechanics
(1978).

Because of the cost of such tests smaller, cheaper
methods using hydraulic jacks have been developed for
radially loading sections of bore-hole (Fig. 10.17). Many
investigators believe that these instruments are best suited
for obtaining an index of rock mass deformability, as the
technique can induce complicated states of stress and
make the analysis of results difficult. AU the tests are
affected by the disturbance the ground suffers prior to the
actual test: see American Society for Testing and
Materials (1969).

Proposed works

Existing
ground
level

Sand
Clay

Bedrock

Fig. 10.18 Seismic investigation of ground beneath a pro-
posed power station. A seismic source at a emits shock waves
whose direct and reflected accelerations (solid lines and bro-
ken lines in the figure) are detected by geophones located
along a line from b to bn. The dynamic characters of the
overburden and bedrock may be deduced from the velocity
of the waves, and those returned by bedrock and other sur-
faces including the boundaries of the buried valley filled with
clay, reveal the stratigraphy and structure of the site (p. 176).

Other uses
The geophysical techniques employed to measure dy-
namic moduli are similar to those needed in certain fields
such as blast control and earthquake engineering, where
it is necessary to know the speed with which shock waves
are propagated through the ground, and the extent to
which they will be attenuated. Seismic techniques can be
employed to investigate this, and such work is normally
conducted by geophysicists. A source of waves is pro-
vided at a point on or in the ground by a mechanical
device such as a hammer or a vibrator, or by an explosion.
Geophones are placed at intervals from this source and
record the arrival of waves so produced. For an intro-
duction to the subject see Ambraseys and Hendron
(1968); and for a fuller coverage Clarke (1970).

Young's
modulus

Limiting
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D
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Fig. 10.17 A bore-hole deformation cell for measuring E
and strength with examples of the values obtained for these
parameters at different depths in a bore-hole (see also Fig.
10.14).



The dynamic behaviour of ground can often be related
to physical characters which are of interest to other fields
of engineering; e.g. its quality can be assessed. Compres-
sional waves are generated during investigations that use
seismic techniques and radiate out from their source, at
a velocity (Vf) that is governed by the ground conditions,
especially by the amount of fissuring. The effect of dis-
continuities in the ground can then be estimated by com-
paring the field velocity (V/) with the velocity of similar
waves through an intact core sample of the same rock
(Vc) subjected to stress equal to that in-situ and with a
similar moisture content. The ratio of the two velocities
(Vf/Vc) will approach unity as the rock approaches an
unfissured state. Knill (1970) has used this method for
studying the grout-take of dam foundations (p. 273).

Seismic velocities have also been correlated to the ease
with which ground can be excavated, as described in
Chapter 16.

Measurement of shear strength

Three methods are commonly used to measure shear
strength in-situ.

Shear tests
Shear tests reproduce on a large scale the shearing
arrangement used in a laboratory shear box (Fig. 11.9).
Figure 10.19 illustrates such a test for use underground,

beneath the plate. This provides a value called the bearing
capacity of the soil, which is used to assess the maximum
load that can be carried by a foundation bearing on the
ground.

Other tests
An indication of the relative shear strength of layered soil
horizons may be obtained from the resistance they offer
to penetration by a rod. A number of simple investigation
methods are based on this principle.
Probes are rods used to locate boulders in soft clay and
bedrock at depth.
Standard penetration test measures the penetration of a
conical probe when it is hammered into the ground with
a standard percussive force.
Cone penetrometers are sophisticated and delicate probes
which are gently and smoothy forced into the ground;
Fig. 10.20 illustrates a Dutch cone penetrometer. They

Resistance (Nm )

Rods

Penetrometer
probe

Line of shear

Fig. 10.20 Cone penetrometer and example of continuous
log obtained for the soil profile on the left, namely made
ground at the top, sand, peat clay and gravel at the bottom.
Pore water pressure may also be measured by some cones
(namely piezocones)

may be used in layered sequences containing peat, clay,
silt, sand and fine gravel.

These methods have been reviewed by de Mello (1971),
Sanglerat (1972), Rodin etal. (1974), and de Ruiter
(1981). Because of their similarity to pile driving they are
often used to investigate soil profiles at sites where driven
piles are likely to be used later in construction.

Measurement of hydraulic properties

The two properties most commonly required are the
permeability of the ground and its storage; both may be
calculated from a pumping test.

Pumping test
In this test a well is sunk into the ground and surrounded
by observation holes of smaller diameter, which are
spaced along lines radiating from the well. Two observa-
tion holes are generally held to be a minimum
requirement, as in Fig. 10.21. Pumping from the well

Fig. 10.19 Direct shear test: arrangement for use in adit.
Displacement gauges not shown. LC = load cell. Area of shear
approximately 1 m2.

and Figs 9.24 to 9.26, the form of results such a test would
obtain. The test arrangement can be modified for use at
ground surface.

Vane tests
These are used in soil. A vane of four thin rectangular
blades usually two to four times as long as they are wide,
is pressed into the soil and twisted at a uniform rate of
about 0.1 degree per second. A cylindrical surface of
failure develops at a certain torque the value of which is
measured and used to calculate shear strength.

Plate bearing tests
These utilize the test arrangements illustrated in Fig.
10.16a and b to load the ground until shear failure occurs
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Fig. 10.21 Pumping test with obser-
vation holes. WT = Water table:
WL=Water level.

lowers the water level in it and in the surrounding ground,
so that a cone of depression results. By using values for
the discharge from the well at given times, and the draw-
down measured in the holes at those times, and the known
distances of the holes from the centre of the well, the
permeability and storage of the ground can be calculated.
Values for permeability only can be found from the rise
in water levels which occurs when pumping stops: this is
called the recovery method. A great variety of tests can
be conducted, all of which are based on this fundamental
procedure; they are described by Kruseman and de Rid-
der (1983).

Care should be exercised in choosing the test for a
particular site because the value of permeability obtained
will depend on the direction of flow from or to the test
hole. Different values for permeability will be found in
different directions in anisotropic ground, and a test sys-
tem and orientation should be chosen to simulate as
closely as possible the flow regime that will operate when
the final engineering structure is complete.

Water engineers use a standard pumping test because
the flow around the well when in production will be
similar to that in the test. Ground-water lowering and
de-watering schemes might use such a test if they consist
of series of pumped wells. However, it is unlikely that the
permeability derived from the dominantly horizontal and
radial flow of these tests would apply to vertical seepage
problems beneath large dams or to the flow towards
tunnels.

Other tests
Permeability alone may be measured by less expensive
tests, using either packers or piezometers, in existing
bore-holes that may have been drilled for other ground
investigations. Figure 10.22 illustrates such an applica-
tion: relevant calculations are given by Cedegren (1967).

Packer tests
A packer is an inflatable tube, 1 or 2 m long, that can be
lowered into a bore-hole and expanded radially to isolate
the length of bore-hole beneath it from that above. Two
packers may be used to isolate a section of bore-hole from

that beneath and that above. During a packer test water
is injected into a section of bore-hole isolated by packers
and from this discharge the permeability of the ground in
the section can be calculated.

Piezometer tests
When water is injected into piezometers of the type illus-
trated in Fig. 10.15, it will flow from their tip into the
ground. From this flow the permeability of the ground
may be assessed.

Ground level

Bore
hole

Proposed
excavation

Fig. 10.22 Use of single-hole permeability tests in the in-
vestigation bore-holes drilled to study the geology associated
with an excavation. Sections tested are indicated.
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11
Laboratory Investigations

Laboratory investigations are normally requested when
(0 the suitability of a rock or soil for a particular use must
be assessed and (U) their composition evaluated.

(/) Considerable quantities of rock and soil are used as
aggregate and bulk-fill in large engineering schemes, such
as in the construction of dams, roads, new towns, etc.
The suitability of the natural materials used must be
constantly tested during construction and for this a
purpose-built laboratory is usually provided as part of
the offices on site.

(H) Tests for composition are routine procedure in the
commercial extraction of minerals. Miners of metallifer-
ous and non-metalliferous minerals must constantly
measure the quality of the ore or stone produced from the
mines and quarries. Coal, gas and petroleum engineers
are concerned with the calorific value of the fuel won
from the ground and water engineers constantly monitor
the quality of the ground-water abstracted by water wells.

Soil and rock used for engineering construction is al-
ways classified by laboratory tests and this requires the

general composition of these materials to be assessed.
Their composition is only evaluated in detail when the
presence of unstable minerals is suspected. For example,
a shale containing the mineral pyrite (p. 84), which oxi-
dizes on exposure, may be unsuitable for use in an em-
bankment, or a basalt that contains the mineral olivine
(p. 72), which becomes unstable in the presence of Port-
land Cement, would be unsuitable as a concrete aggre-
gate. In both these examples the unstable mineral would
cause the strength of the rock to decrease with time. Some
clay minerals expand, when wetted, especially those of
the montmorillonite groupe, and their increase in volume
may create unexpected stress and strain in the ground.

Samples and sampling

Care must be taken when sampling soil and rock to ensure
that the sample is representative of the particular material
to be investigated, and that its disturbance during sam-
pling will not adversely affect the results of the tests to be

Table 11.1 A guide to sample requirements

Material

1. Chemical composition
Clays & silts
Sands
Gravels
Rocks
Ground-water

Bulk or block
sample

0.75-1.Okg
0.75-1 .Okg
3.0 kg
0.5 kg
2 litres

2. Comprehensive examination
Clays & silts
Sands
Gravels
Rocks
Ground-water

100 kg
100 kg
150 kg
100 kg
10 litres

Core or tube
sample (mm)
(dia) (length)

100 x 300
100 x 300
100x400
4Ox 80

100 x 600
100x600
100 x 800
92 x 500

3. Strength and deformability including consolidation
Clays and silts
Sands
Gravels
Rocks (weathered)
Rocks (unweathered)

(0.3 m)3

(0.3 m)3

(0.5 m)3

2 off (0.3 m)3

1 off (0.3 m)3

100 x 300
100x300
100 x 400
92x240
54x120

Material

4. Hydraulic characters
Clays & silts
Sands
Gravels
Rocks
(coarse grained)
(fine grained)

Bulk or block
sample

(0.2 m)3

(0.2 m)3

(1.0m)3

(0.3 m)3

(0.3 m)3

Core or tube
sample (mm)
(dia) (length)

100 x 100
100 x 200
100x400

92 x 90
54 x 50

5. Structural characters and classification
Clays & silts
Sands
Gravels
Rocks

2.0 kg
3.0 kg
30.0 kg
(0.2 m)3

100x300
100x300
100 x 400
54x120



performed upon it (see Brorns, 1980 and Amer. Soc.
Testing Materials, 1970). No sample can be collected
without it being disturbed in some way, for the reasons
explained in Chapter 9,

In practice two categories of sample may be obtained:

(0 Routine sample, i.e. one slightly disturbed but col-
lected with reasonable care by experienced staff who
should ensure that it suffers no avoidable change in mois-
ture content, does not lose any of its constituents (e.g.
fine sand from mixed gravel) and is not deformed by
careless handling if its strength or permeability are to be
measured. Routine samples must be correctly stored and
adequately labelled. Table 11.1 provides a guide to sam-
ple requirements.

(U) Research sample, i.e. one collected with the great-
est care possible, often using expensive procedures to
reduce disturbance: such a sample cannot be economic-
ally provided by commercial routine sampling.

The difficulties of obtaining routine samples using con-
ventional methods of commercial sampling are illustrated
by Kallstenius (1963) and Rowe (1972).

Guidelines

The following guidelines should be observed when pos-
sible and considered the minimum standard required for
routine sampling.

Selection of samples
Figure 11.1 illustrates a 20 m deep bore-hole sunk to
investigate the ground beneath a foundation 10 m x 10 m
square. If samples are taken at 2 m intervals, as in the
figure, the volume sampled will be about 1/250 000th of
the ground subject to loading. This example demonstrates
the care required when selecting samples for testing.
Weak strata and zones of weakness in soil and rock
should always be tested. Specimens to be tested in a
laboratory normally have dimensions which prevent
them from containing major surfaces of weakness, such
as joints and fissures, and laboratory tests usually over-

estimate in-situ shear strength. Unavoidable deformation
of the specimen that occurs when it is being recovered
from the ground and prepared for testing, results in most
laboratory tests under-estimating in-situ moduli: (see
Marsland, 1975; and Lessons from Failure, p. 170).

Collection of samples
Changes in moisture content, either by wetting or
drying, can be avoided by sealing the sample with an
impermeable material such as paraffin wax or polythene
(see Stimpson et ai, 1970). This should be done as soon
as possible after the specimen has been collected; samples
should not be collected from areas where the natural
moisture content of the ground has been changed by
wetting or drying.

Loss of material is a hazard in sands, gravels, and
similar deposits which have little or no cohesion and
should be avoided. Comparatively undisturbed samples
of moist sand may be taken from natural exposures,
excavations, and borings, above the water table, by gently
forcing a sampling tube into the ground. Samples are less
easily obtained below the water table, and if they are to
be taken from a bore-hole, the water level in the hole
should be kept higher than that in the adjacent ground.
The flow of water outward from the bore-hole will then
tend to prevent the loss of finer particles which would
otherwise be flushed from its sides by inflow of water
from the surrounding ground. Having obtained a sample,
loss of material from it should be avoided during its
transport to the laboratory. These problems are less
severe when dealing with rocks than with weak materials
and drilling fines, which should be handled with special
care.

Local over-stressing often occurs with the trimming
and transport of soft materials such as soils. Disturbance
from trimming is affected by the sampling and cutting
tools that are used, and cutting edges should be sharp so
as to cut smoothly and cleanly. They should also be thin
so that they cause little displacement when passing
through the soil. This is important in the design of tubes
that are pushed into the ground to collect a sample; an
area ratio of the form

\ Da2- Db2I

[-5ST-] xI00%

should be observed, where Da is the outside diameter of
the cutting edge, and Db its inside diameter. The above
represents the area of ground displaced by the sampler in
proportion to the area of sample. Severe disturbance is
likely to occur on the margins of a sample if the ratio is
greater than 25%, as illustrated in Fig. 11.2.

Disturbance can also occur during the extrusion of
samples either from sample tubes or core barrels, and
care should be taken that the friction between the sample
and sampler wall is kept as low as possible, and that
excessive pressure is avoided during extrusion. Harder
materials such as rocks can be sampled by coring, as
described in Chapter 9. Hand specimens of rocks should
be at least (8 cm)3 to (10 cm.)3 and representative of the

Future foundation Ground !eve!

Borehole with
100mm dia x
200 mm samples
every 2 m

Stressed ground

Fig. 11,1 Some limitations with sampling. The total volume
of samples is approximately 1/250000th of the stressed
ground. See also Fig. 10.1.



Fig. 11.2 Distortion of bedding by a tube sampler
(a) Smooth penetration with correct sampler, (b) Jerky
penetration with correct sampler, (c) Smooth penetration
with incorrect sampler.

formation sampled. Ground-water samples can be col-
lected in either glass or polythene screw-cap beakers, the
choice depending upon the future analysis that is re-
quired.

Table 11.1 indicates the size of samples needed for most

Table 11.2 A guide to sampling methods

of the standard tests made with conventional laboratory
apparatus, and Table 11.2 the methods that are normally
used for their recovery.

Storage of samples
Certain necessary precautions should be observed when
handling and storing samples, particularly those of soils
and soft rock. Adequate containers should be provided
that will protect them from any further disturbance after
collection, At least two large durable labels giving the
location and depth from which the samples were taken,
their date of collection and serial number should be writ-
ten for every sample. One label is placed inside the con-
tainer, the other attached to the outside of it and the
sample numbers recorded in a diary. The labels should be
written in indelible ink and be able to withstand the wear
and tear of site work. It is usually desirable to test soil
samples within two weeks of their collection, during
which interval they are best stored in a cool room of
controlled humidity.

Samples of hard rock are less delicate but still require
reasonably careful handling. Individual samples should
be labelled securely. This can be done by painting a serial
number on the samples. Those which have to be trans-
ported should be individually wrapped (newspaper is
ideal) and crated in stout boxes. A list of the serial
numbers of the specimens should be included in the crate

Method

Open drive samplers

Piston samplers

Foil samplers

Rotary core drilling

Augers

Hand trimming

Mechanical and manual
excavations

Comments

Thin walled open tubes from 50 mm to 100 mm diameter
(the U 100 sampler in Britain) which are pressed into the ground
Disturbance is common and accepted Unsuitable for cohesionless
materials, hard clays and soft rocks

Thin walled tubes from 50 mm to 100 mm.
diameter, but can be larger Contains a piston which is withdrawn
when sample is collected Generally less disturbance caused than with
a-n open drive sampler. Normally used for cohesive soils but can cope
with granular materials Special designs are required for the collection
of fine sands (Bishop sampler).

Special case of piston sampler that protects the sample in a
sheath. Gives little disturbance and collects long samples
Can be used in soft sensitive clays and expansive soils.
Cannot be used for coarse granular soils but will collect sand samples
from above the water table, if moist. Delft sampler is of similar design
and capability.

For all hard rocks with diameter to suit purpose. Difficult to
collect coarse granular soils. Becoming a popular method for
sampling stiff clays. Improved sampling obtained using double-tube
samplers.

Will provide disturbed samples of most soils Extremely cheap.

Least disturbance of all methods In soft and cohesionless materials

For all bulk sampling, either disturbed or undisturbed.

References

Hvorslev (1948)

Serota and Jennings
(1958)

Kallstenius(1963)

Bishop (1948)

Kjellman,
Kallstenius and
Wager (1950)

Begemann (1966)

British Standard.
4019 (1974)

Earth Manual (1974)

Earth Manual (1974)

Earth Manual (1974)

Earth Manual (1974)



and recorded in the site diary. Cores are normally stored
and transported in core boxes, which should be clearly
labelled with the bore-hole number and site, and the levels
from which the cores have come. Further information on
the sampling and handling of soils and rocks is given by
British Standard 5930 (1981), by Hvorslev (1948), and the
Earth Manual (U.S. Bur. Reclamation, 1974).

Laboratory tests

The laboratory tests commonly conducted on rock and
soil samples are now described: they have been grouped
into five categories.

Tests for composition

Analyses for the composition of substances such as coal,
petroleum products, ores, fluxes, lime and ground-water,
should normally follow prescribed standards. As men-
tioned earlier, it is occasionally necessary to analyse the
composition of other rocks and of soils to solve particular
problems when using these materials for construction. In
all cases contamination and loss of constituents should
be avoided and the standard precautions for chemical
analyses observed.
Tests for composition are of three types:

Physical tests: these relate the physical properties of
minerals in rock and soil, to their chemistry, as outlined
in Table 11.3 (and see Zussman, 1967).

Chemical tests: these include conventional wet methods
and dry combustion, and are normally used to determine
organic content, sulphates and chlorides. Simple methods
that give a qualitative indication of composition are listed
in Table 11.4.

Table 11.3 Physical tests

SOLID PHASE
Hand lens
Binocular microscope

Scratch: hardness
Colour: streak, lustre
Density: specific
gravity, bulk, unit
weight

Activity (involving
particle size
determination and
Atterberg Limits)

Thin section and
petrological
microscope

Electron microscope

FLUID PHASE
Water and gas content

Visual assessment of mineralogy
and basic composition (F)
Assessment of mineralogy (see
Chapter 4, and Tables 4.3, 4.9),
weight balance (F)

Relationship between plasticity
and mineralogy: also indicates
clay mineralogy (see Fig. 11.13)
(F)
Particular mineral assessment
(see Chapter 4)

For assessment of minute
characters of particles and
crystals

Normally by weight loss on
drying or vacuation (F)

(F) =can usually be conducted in a site laboratory

Table 11.4 Chemical tests

(F) =can be undertaken in the field or in the site laboratory

Physico-chemical tests: these employ specialist tech-
niques to measure certain properties of minerals and pro-
vide information of diagnostic value. They include elec-
trical conductance, spectroscopy, differential thermal
analysis (DTA) and X-ray diffraction (Table 11.5).

Table 11.5 Physico-chemical tests

Odour and taste

10% HCI
Staining with
dyes
Combustion

Can be extremely characteristic, e.g. for
bitumen and rock salt (F)
Reveals carbonates by effervescence (F)
Can selectively identify particular organic
and inorganic compounds (F)
Reveals presence of organic material (F)

SOLID PHASE
Electrical
conductance
Differential thermal
analysis (DTA)

Spectroscopy

X-ray diffraction

Non-specific assessment of conductive
minerals in a sample (F)
Exothermic and endothermic reactions
obtained from a powdered mineral and
used for identification
Methods that produce emission spectra
of measurable radiations that are
diagnostic (see text-books of Physical
Chemistry) (F*)
Atomic structure diffraction patterns for
mineral identification

FLUID PHASE
In addition to conductance and spectroscopy (above) the
following tests can be made:
pH and Eh

Colorimeter

Chromatography

Measurement of ability of fluid to
accept or release protons (pH) or
electrons (Eh) (F)
Colour produced on reaction with
known reagents (often in tablet form)
for indication of the concentration of
selected elements and compounds (F)
Analysis of all substances that can be
vaporized before separation, for
identification of elements

(F) = can usually be conducted in well equipped site
laboratory
(F*) special facilities required

Tests for structure

Undisturbed samples that have retained the relative posi-
tion of grains and hence the shape and size of grain
contacts and intervening voids, are required for two of
the three tests described here, but are difficult to achieve.

Whole fabric
Whole fabric studies require an undisturbed sample
which preserves the shape and distribution of all the
voids. Thin sections are commonly used for most rocks



(see p. 66). Weaker materials, such as clays and other soft
sediments, can be strengthened by impregnation with a
wax or an epoxy resin; delicate fabrics can then be
observed (Morgenstern and Tchalenko, 1967). A stereo-
scanning microscope can be used for small fabrics. Indi-
rect assessments of fabric, usually from its porosity, can
be obtained from laboratory measurements of the electri-
cal resistivity of samples. Sonic velocities are also used
for this purpose. Both methods are affected by the com-
position of the sample and by the presence of water in its
voids.

Porosity
The structure of voids in a sample is most easily studied
by determining the total volume of voids rather than their
individual volumes or shape. The latter can be obtained
from thin sections as described above (p. 66), but the
method is limited to sampling in one plane at a time and
is difficult to use for investigating the fine textures found
in silts and clays. The volume of voids in rocks is usually
assessed either from values of bulk and dry density,

Porosity = 1 - \ JL |
UgJ

where (y) is bulk density and (yg) is the average density
of the grains, or from the relative weights of the sample
in a saturated and a dry state. The results are expressed
as a void ratio (see Chapter 6, p. 112) or as a porosity.
These tests require undisturbed samples.

Particle size distribution
Descriptions of the solid part of a fabric are usually
restricted to the shape and size of the solids. Particle
shape is often considered in classifications for concrete
aggregates where it usually applies to the shape of crushed
stone rather than to natural aggregates: see for example
British Standard, 812 (1975). Grain size is more com-
monly determined, and for rocks can be obtained from
thin sections. In uncemented granular material such as
sands, gravels, and clays, it is found either by sieving or

by sedimentation methods. In sieving the granular sample
is passed through a stack of graded sieves, the largest
aperture size being at the top of the stack. The weight of
sample retained on any sieve is measured, and expressed
as a percentage of the whole sample passing that sieve.
The weights retained on successive sieves are then plotted
as a cumulative curve against the sieve sizes, as shown in
Fig 11.3. This method is employed for grains down to
about 0.1 mm diameter, i.e. from cobbles to fine sands.
Finer materials such as silt and clay are normally deter-
mined by a sedimentation technique: a suspension in
water is placed in a cylinder and allowed to settle out,
each particle settling at a rate according to its size and
specific gravity. The grain size distribution in the suspen-
sion can be calculated by taking small samples from the
suspension at a given level in the cylinder, over a period
of time. Both these techniques, together with a third using
an hydrometer, are described in British Standard, 1377
(1975) and by the American Society for Testing and
Materials.

The shape of the particle size distribution curves can
be expressed approximately by a uniformity coefficient,
defined as the ration D6JD10, where D60 and D10 are the
particle sizes corresponding to the cumulative percent-
ages 60 and 10 respectively. The uniformity coefficient for
the wind blown sand shown in Fig 11.3 is 1.0, that for the
sandy alluvium is 9.0. Samples for grain size analysis need
not be undisturbed but they should be uncontaminated
and complete, i.e. with no fraction of the deposit missing
from the sample.

Tests for strength

The strength of specimens tested in a laboratory is
affected by the following factors:

(0 Specimen age. Samples should be tested soon after
they have been taken from the ground to avoid unneces-
sary losses of strength associated with the relief of stress
within them, and unknown gains in strength from a re-
duction in their moisture content (see Chapter 9).
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Fig. 11.3 Grading curves for some
granular materials: (a) marine clay;
(b) loess; (c) wind blown sand;
(d) sandy alluvium; (e) boulder clay;
(f) gravelly alluvium.
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(i"0 Specimen size. Large specimens will contain a
greater number of surfaces than smaller samples and
exhibit a lower strength (Fig 11.4).

(«0 Speed of testing. Loads developed during testing
create within a specimen a change in pore water pressure,
as described in Chapter 9. The strength of a rock or soil
will be affected by these changes which may differ in

Ground level

Sand and
gravel

Soft clay

Stiff clay

Fig. 11.4 Measurements of undrained shear strength (Su).
A = range as measured using bore-hole Penetrometer (cf. Fig.
10.20). B = range from 38 mm dia and 98 mm dia. triaxial
samples (cf. Fig. 9.11). C = results from 865mm bore-hole
Plate Bearing Test (cf. Fig. 10.16) (Marsland, 1971).

magnitude between specimens of the same sample, giving
each a different strength. The most useful tests are those
conducted at a speed which permits pore pressure changes
occurring within the sample to be measured.

(iv) Specimen structure. Surfaces within a sample, such
as bedding and cleavage, will affect its strength, as illus-
trated in Fig. 11.5.

The loads applied to a specimen should reproduce
those expected in the ground, and tests in which the loads
are gradually increased reproduce conditions applicable

to most engineering work. Tests to measure soil and rock
strength under dynamic conditions experienced during
earthquakes or marine loading by waves, must load the
specimens in cycles of appropriate periodicity. To
measure the creep strength of soil and rock it is necessary
to maintain a constant load for long periods.

Elastic moduli
These can be obtained from statically loading cylinders
of soil or rock and noting the resulting strains in direc-
tions normal and parallel to the direction of applied load.
The Modulus of Elasticity and Poisson's Ratio can then
be determined. The slope of the initial stress-strain curve
in many specimens is less than that of curves obtained in
subsequent tests; this is generally attributed to the closing
of voids and fissures which have opened during the collec-
tion of the sample. It is normal to use the curves from
second and subsequent loading cycles for analysis. The
elastic constants, under dynamic conditions, can be indi-
rectly determined by measuring the velocity of propaga-
tion of compressional and shear waves through the
material. (Amer. Soc. Testing Materials, 1975). Undis-
turbed samples should be used in all these tests.

Consolidation characters
The characters normally required are the coefficient of
compressibility, which is the change in unit volume that
occurs with a change in pressure (used for calculating the
magnitude of settlements), and the coefficient of consoli-
dation, which is proportional to the ratio of the coeffi-
cients of permeability and compressibility (used for cal-
culating the rate of settlement: see Chapter 9). In the two
laboratory methods generally used, a sample is com-
pressed with a known load and the resulting changes in
its volume with respect to time are measured. The simplest
apparatus is an oedometer (Fig. 11.6). In this equipment
a sample is axially loaded in a cylindrical container that
allows consolidation in one direction only, i.e. vertically.
Larger samples can be tested in a Rowe Cell (Fig 11.7).
Consolidation in three dimensions can be obtained using
triaxial apparatus (Fig 11.8), where a jacketed cylindrical
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Dial gauge

Loading platten

Consolidation ceil

Inclination of anisotropy(^)

Loading beam with
adjustment weight

Counter weight

Fig. 11.5 Influence of amsotropy on strength (Donath,
1961)

Fig. 11.6 An oedometer Pore pressure in the sample cannot
be measured (see Fig. 11.7),



Dial gauge
mount

Top plate

Body

Bottom
plate

SAMPLE

Rubber
membrane

Filter

Fig. 11.7 Rudiments of a Rowe Cell (Rowe and Bardon,
1966) The sample is loaded by hydraulic pressure P1 and
consolidated by drainage via P3 Pore pressures can be
measured at both ends of sample via P2 and P3. Dial-gauge
measures change in sample thickness

sample can discharge pore water from its upper and lower
ends. It is subjected to all-round pressures by pressurizing
the fluid in the test cell, so that ax ̂ ay^az in Fig 11.8.
Drainage facilities allow the pore water to escape from
the sample, so that its volume decreases and consolidation
occurs. Undisturbed samples are normally required.

Tensile strength
This can be measured in two ways. The simpler method
loads test cylinders in tension until failure occurs, and a
standard tensile testing rig is used. The second method
loads test discs in compression along a diameter, so in-
ducing tensile failure on a diametral surface. This is some-
times referred to as a Brazilian test. The apparent sim-
plicity of these tests is illusive and results can vary with the
specimen preparation, test procedure, and equipment
used (Mellor and Hawkes, 1971), Undisturbed samples
are required.

Uniaxial (or unconf ined) compressive
strength
This is normally determined by statically loading a cylin-
der of rock to failure, the load being applied across the
upper and lower faces of the sample. The results obtained
are in part a function of the length-breadth ratio of the
sample and of the rate of loading. The simplicity of the
test is somewhat deceptive (Hawkes and Mellor, 1970).
Samples should be undisturbed.

Triaxial compressive strength
A cylindrical sample is placed on a pedestal within the
vessel and jacketed with an impermeable membrane. This
isolates the sample from the pressurizing fluid which is to
surround it (see Fig 9.11). A loading platten is placed on
top of the sample. A ram which passes through the roof
of the vessel bears agamst this platten and transmits an
axial load from a loading frame to the sample. The load
on the sides of the sample is supplied by the pressurized
fluid. Figure 11.8 illustrates a simple triaxial apparatus.
Hoek and Franklin (1968) describe such a cell for testing
rocks. Bishop and Henkel (1962) describe the equipment
used for testing soils. In the test a confining load is applied
to the sample (ax = ay - az, in Fig 11.8) and then the axial
load is increased until failure occurs. Tests can be con-
ducted with or without control of pore pressures, depend-
ing upon the sophistication of the equipment. Typical
results are shown in Chapter 9 and in Fig 9.19 are illus-
trated the three tests that have been described above.

Shear strength
Tests of triaxial compressive strength provide a measure
of the angle of shearing resistance for soil and rock (Chap-
ter 9). Small versions of the field vane described in Chap-
ter 10 (p. 184) may also be used in the laboratory to
obtain a value for soil shear strength. The shear strength
of soil and rock surfaces is best evaluated in the
laboratory by using a shear box (Fig. 11.9). This houses
a normally loaded rectangular sample whose upper and
lower halves can be subject to shear displacement about
the centrally placed horizontal surface. Typical results are
shown in Figs 9.24 to 9.26.
Residual strength. The large displacements requirement
to obtain the residual strength of soil (p. 169) can be
achieved in a ring-shear apparatus (Fig. 11.10). An an-
nular sample is sheared horizontally into two discs, or
rings, and the decrease in frictional resistance that occurs,

Triaxial
cell

Load cell

Jack

*O*-ring seal

Impermeable
membrane

Sample

Fig. 11.8 Rudiments of a triaxial cell for soil and weak rock.
a = lines for pore fluids, b = line for cell pressure and volume
(see also Fig. 9.11).

Swelling characters
The pressure required to prevent the expansion of a speci-
men may be determined using a oedometer. By this
method the swelling pressure generated by the hydration
of certain clay minerals (p. 81), or by the hydration of
anhydrite to gypsum, or when water in a soil converts to
ice (as in permafrost, p. 35) may be measured.
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on top cap Upper

box

Mechanical
drive

Water bath
and lower box

Test bed

Weights
Fig. 11.9 Rudiments of direct shear box. PR = Proving Ring:
measures the shear load in the sample (Figs 9.24 and 9.25).

Yolk bears on
top plate

a- Supply
b-Constant head

reservoir
c- Manometer
d-Discharge

Permeameter

Drive

Test bed

Scale Fig. 11.11 A constant head permeameter for measuring the
permeability of granular soils.

This equation is known as Darcy's Law, but being
empirical it is not strictly a law. The value of permeability
obtained from a test is a function of both the character of
the fluid, i.e. its specific weight and viscosity, and the
nature of the pore spaces in the solid. Hence the permea-
bility for a sample varies with the character of the fluid
used. This limitation can be overcome by considering the
fluid characters in a more specific formula and calculating
an intrinsic permeability, which is a constant for the solid
skeleton of the sample. Once calculated it can be used for
finding the relationship between Q and i for any fluid
passing through the sample, e.g. oil, seawater, fresh water,
industrial effluent, etc. Similar tests can be used to find
the flow characters of gases through rocks and soils; gas
permeameters are used. A theoretical consideration of
permeability is provided by Muskat (1937) and test
methods are described by Lovelock (1970). The relation-
ship between permeability and stress in rocks can be
studied in the laboratory, using the techniques described
by Bernaix (1969). That for soils has been discussed by
Bishop and Al-Dhahir (1969). In all cases, undisturbed
samples are required.

A similar test measures the thermal conductivity of rock
and soil, i.e. the amount of heat that will flow through
them for a given thermal gradient. Such information is
needed to calculate the likely temperature in deep mines.
Clay-rich materials are poor thermal conductors whereas
clay-free materials are good thermal conductors.

Specific yield
This is the volume of fluid released from a porous or
fissured material, expressed as a percentage of the total
volume of the sample. It need not equal total porosity (p.
112) as not all pores need be interconnected: those which

Weights

Fig. 11.10 Rudiments of ring shear apparatus, (a) Section.
Sample turret confines sample between top and bottom plates
(WB = Waterbath). (b) Plan. Shear load measured by Proving
Ring (PR) and displacement by scale. (See Bishop eta/.,
1971.)

as one disc is rotated relative to the other, can be related
to their total displacement.

Tests for hydraulic properties

These measure the conductivity of a soil or rock and the
volume of fluid they release by drainage. Field tests give
more representative values than laboratory tests (p. 185).

Permeability
Permeability is a measure of the velocity of fluid flow
through a porous sample under the hydraulic head oper-
ating within the sample; the sample is housed in a per-
meameter. That shown in Fig. 11.11 is typical of many
used for testing sands; silts and clays require slightly
different apparatus. Permeability is normally calculated
from the following relationship:

K= QIiA

where Q = the discharge, /=the hydraulic gradient =
Ah)1L, A = cross sectional area of the sample measured at
90° to the general direction of flow, AT=coefficient of
permeability.



are not can neither release nor receive fluid. A saturated
specimen, often that for which permeability has just been
tested, is drained either naturally by the force of gravity
or by other means. In one method water is forced out of
a cylindrical sample by jacketing its walls and blowing air
through it from one end. The volume of fluid so released
is used to calculate the specific yield of the sample (p.
222).

Effective porosity
This is the volume of fluid accepted by a porous or fis-
sured sample. It need not equal specific yield as capillary
tension may retain some of the fluid stored. The difference
is called specific retention. Thus specific yield 4-specific
retention = effective porosity. Effective porosity is
measured by comparing the weight of a sample in its
saturated and dried states, the weight difference being
expressed as a volume, 1 g H2O = (I Cm)3H2O, and this
as a percentage of the total volume of the sample.

Index tests
These tests are simple and provide a quick index that may
be correlated with design parameters, such as strength
and deformation, which must be determined by conven-
tional methods of testing. Index tests do not provide
design parameters.

Rock indices
Many indices exist but the following are commonly used.

Point load. This measures the force required to break
a piece of rock between converging conical points (Fig.
11.12). The index obtained correlates well with the uniax-
ial compressive strength of the rock: (Brock and Franklin
1972).

is related to the swelling and shrinkage properties of the
rock (Int. Soc. Rock Mechanics, 19776).

Soil indices
The indices commonly used for soil relate some aspect of
soil strength to its moisture content.

Atterberg Limits. Atterberg designed two tests which
reflect the influence of water content, grain size and
mineral composition upon the mechanical behaviour of
clays and silts: they are the Liquid and Plastic Limit tests
(Fig. 9.22). In the Liquid Limit test, the clayey sample is
mixed with water to a creamy paste and placed in a
shallow brass dish. A V-groove is then cut through the
sample and the dish tapped on its base until the sides of
the groove just close. A sample of clay is then taken and
its water content measured. The remaining clay is remixed
to a new water content and the test repeated. This can be
done for a number of values of water content. Water
content is plotted against the number of blows; the Liquid
Limit is the water content at which the groove is closed
on the 25th blow. This, as defined by Atterberg, is the
water content above which the remoulded material be-
haves as a viscous fluid and below which it acts as a plastic
solid. An alternative method uses the penetration of a
cone, the water content corresponding to a penetration
of 20 mm after 5 s being the Liquid Limit. The method is
extremely quick.

The Plastic Limit is the water content below which the
remoulded sample ceases to behave as a plastic material
and becomes friable and crumbly. Atterberg's test con-
sists of finding the water content at which it is no longer
possible to roll the clay into an unbroken thread of about
3 mm diameter.

These tests have a definite relationship to mechanical
behaviour, they are used for classifying soils for engineer-
ing purposes (British Standard, 1377; 1975).

Liquidity Index links the Atterberg Limits of a soil to
its natural water content in the ground, i.e.

Liquidity in-situ water content - Plastic Limit
Index ~ Plasticity Index

where the Plasticity Index is the difference between the
Plastic and Liquid Limits (see Fig 9.22). The Liquidity
Index may be:

(/) greater than 1.0; i.e. the in-situ water content is
greater than the Liquid Limit of the soil, which is
thus extremely weak.

(U) between 1.0 and zero; i.e. the in-situ water content is
at or below the Liquid Limit.

(Ui) less than zero; i.e. negative when the in-situ water
content is less than the Plastic Limit and the soil is
like a brittle solid.

Activity is the Plasticity Index of a soil, divided by the
percentage, by weight, of soil particles within it that are
less than 2/mi in size (1 fim = 0.001 mm). Particles of this
size are usually clay and Activity provides an index of
their plasticity and mineralogy (Fig. 11.13).

Pressure gauge

Scale
Hand pump

Fig. 11.12 Point load tester. J=jack which closes op-
posing 60° cones across specimen of rock core. Closure prior
to failure measured on scale.

Schmidt Hammer. This instrument measures the re-
bound of a spring loaded metal piston that is struck
against a rock surface. The rebound is an index of the
compressive strength of the surface and hence its strength
in shear (Int. Soc. Rock Mechanics, 1977a). It is also used
in tests which assess rock hardness and abrasiveness for
drilling purposes.

Slake Durability. In this test a rock is subject to mech-
anical abrasion, wetting and drying. The index obtained
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Fig. 11.13 Relationship between plasticity index and pro-
portion of clay fraction in a sample. A= Activity of sample
(Skempton, 1950).

Shrinkage measures the reduction in dimensions of a
soil specimen with loss of water, and indicates the water
content of the Shrinkage Limit (Fig 9.22). Linear and
volumetric shrinkage may be measured (Soil Mechanics
for Road Engineers, 1952).

Descriptions and classifications
The description and classification of geological materials
are related but separate tasks.

If there is only time for one task to be carried out
during a site visit then it should be to make a description
of the rock or soil present. This will be passed to others to
form their own opinion of the site and errors, such as a
confusion between silt and clay (see p. 122) can result
in serious misconceptions about the performance of a
material.

Correct description is so important that strict guide-

lines for it have been adopted by many countries: see for
example British Standard, 5930 (1981). The elements of
soil and rock descriptions are given in Tables 10.4 and
10.5.

Few of the descriptive parameters available are used in
soil and rock classification but those used are augmented
by laboratory measurements of selected mechanical prop-
erties. This combination of descriptive and determinative
procedures allows a prediction of the likely behaviour of
the material to be made; it can also be a link with practical
experience in other sites involving soils and rocks that
have been similarly classified.

Soil classification

The basic components of a soil classification are shown
in Table 11.6. Sub-groups based upon the grading of

Table 11.6 Basis for soil classification (from British
Standard. 5930)

Category Soil groups Sub-groups Lab. test

INORGANIC Coarse Gravel I Grain Size
Sand > (Fig. 11.3)

— 35% fine!
Fine Silt >

— 65%fine (Atterberg
[Limits

C l a v J(Fi9. 11.15)
ORGANIC Peat, coal, Botanical and

lignite Petrological

particle sizes describe the various mixtures that can occur
in sediments, e.g. silty clay (precise limits and symbols are
shown in Fig. 11.14). Silt and clay are further divided by
their plasticity, as in Fig. 11.15. Here Plasticity Index is
plotted against Liquid Limit. Silts plot at the bottom and
right-hand part of the diagram and clays in the top and
left. Also, the products of similar geological processes,
e.g. marine sedimentation, or glacial deposition, plot as
a diagonal distribution from botton left to top right (Fig.

Symbol

Main term GRAVEL G
SAND 5

Qualifying term Well graded W
Poorly graded P

Main term FINESOIL F-MorC
SILT M
CLAY C

Qualifying term Low Plasticity L
Upper Plasticity U

Note U incorporates Intermediate (/)
High (H) and V High (V) values of Plasticity

Gravel Sand

SAND
SIZE

GRAVEL
SIZE

Coarse Soils

Fine Soils

FINE SOIL

100% FINES

Fig. 11.14 British system for description of soils finer than 60 mm. GF=v. clayey or silty GRAVEL; /rG = gravelly FINE SOIL;
SF=v. clayey or silty SAND; FS = sandy FINE SOIL.
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Fig. 11.15 Casagrande's Plasticity Chart. C=clay, /W = SiIt
(see Fig. 1114 for symbols).

11.16). Casagrande (1948) was impressed by this distri-
bution and suggested drawing a line on the graph that
separated clays from silts, the ,4-line: it defines the Plas-
ticity Index as 0.73 (Liquid Limit —20) and has been
adopted ever since.

Uniaxial compressive strength MN m 2

Fig. 11.17 Tendencies of certain rock types. 1. Strong fine
grained rocks, e.g. dolerite and limestone. 2. Quartz rich
rocks, e.g. granite, gneiss, quartzite. 3. Sandstones. 4. Clay
and mica rich rocks, e.g. shale, schist.

depth will the mechanical characters of a body of rock
approach those of the rock itself. Figure 11.17 illustrates
a simple classification for rocks based upon the Young's
modulus and uniaxial compressive strength of the rock
material (Deere, 1968).
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Fig. 11.16 Relationship between plasticity and sediment
type (after Boulton and Paul. 1976).

Rock classification

Rock has no classification equivalent to that for soil.
Bedding, faulting and jointing in rock create surfaces
about which the rock may separate and these have a
considerable influence upon its behaviour. For example,
open fractures can turn an impermeable shale into an
aquifer and a strong granite into a compressible bedrock.
Only when such features are closed under pressure at

Glacial till

10% clay
/Mine



12
Geological Maps

Geological maps record a distribution of features on the
ground as if they had been observed from above. Some
of the features shown on geological maps may be con-
cealed, e.g. by a cover of vegetation or drift. The maps
become less particular in such areas, and this should be
borne in mind when reading them; however, it is usually
a matter of local detail and the general accuracy of the
maps is rarely in question. This is because a distinction is
made, on geological maps, between the features which
have been seen and those which have been inferred. For
example, the known position of a boundary is normally
shown by a solid line, whereas a broken line is used for its
inferred position.

It is therefore important to read the symbols that have
been used on a map before studying it; they are usually
found in the margin, together with a stratigraphical col-
umn and other information concerning the geology of the
area represented. References may also be given to an
explanatory report or memoir in which geological details
noted in the field, such as thickness, anisotropy, grading
of materials and so on, may be recorded. Maps cannot be
interpreted fully without these reports. The colours or
symbols shown on standard geological maps, for exam-
ple, need not necessarily indicate material of uniform
character, as such codes are normally used to define strati-
graphical boundaries rather than physical characters.
Valley deposits are often shown by one colour or one
symbol, but reference to a memoir may reveal that they
contain a variety of materials, e.g. sands, gravels, clays,
and organic matter.

Published geological maps vary in scale and the most
detailed map normally produced has a scale of about
1:10000. In the British Isles the nearest maps to this are
1:10 560 (six inches to one mile and are commonly called
the six inch maps), but the 1:10 000 series is now replacing
them. These are the base maps that are normally used
for detailed field mapping, and the geological maps pro-
duced on them should be consulted by engineers when-
ever possible; many of the smaller scale maps are simply
reductions and hence simplifications of these larger scale
records. Base maps having a scale that is greater than
1.10 000 are normally used only when it is necessary to
map a small area in considerable detail, e.g. a particular
foundation or cutting.

The next smaller scale is around 1:50000. These are
useful for assessing the general geology of a region and
should be consulted to appreciate the regional setting of
an area; this is important in the fields of mining and
ground-water. The maps can also be of great assistance

to the location of mineral reserves and construction
materials.

Maps on scales which are appreciably smaller than
1:50 000 are normally of little use to most engineers. There
are three smaller scales which are commonly employed
for geological maps, namely 1:200000, 1:500000, and
1:1 000000. These maps illustrate regional tectonic pat-
terns (of interest to engineering seismology) and general
geology.

Frequently-used maps

Maps which show the distribution of the various rocks
and soils that occur close to the surface of the ground,
are most useful for civil engineering work and may be
available in 'Solid* and 'Drift' editions. Maps of subsur-
face geology are needed by mining engineers and others
whose engineering work is located at depth.

Solid and Drift editions

The Drift edition is strictly a map of surface geology
because it shows the position, and the general character,
of all geological materials that occur at ground level.
These will include not only the harder rocks, but also
such materials as alluvium, glacial drift, mud flows, sand
dunes, etc., which conceal the more solid rocks beneath
them. It is because these materials have been transported,
or drifted, to their present position that the maps which
record them are called Drift edition maps.

Not all drift at ground level is thick, indeed much of it
can be quite thin, and so it is often easy to construct a
map which records the geology beneath the drift, as if the
drift had been physically removed. When no drift is
shown on a map, only the solid geology, it is called a
Solid edition map.

Thus the geology of an area can be studied using two
maps, one showing the drift and the solid geology be-
tween areas of drift, and another showing only the solid
geology as it occurs between, and as it is thought to occur
beneath the areas of drift. It is important to check the title
of a map, where the edition either Solid or Drift is stated.
There is so little drift in some of the areas that the boun-
daries of both solid and drift geology can be clearly shown
on one map which is then called a 'Solid and Drift'
edition.



Exposure and outcrop
Rocks are said to be exposed when they occur at ground
level. An exposure should be distinguished from an out-
crop which is the geographical position of a geological
unit, regardless of whether or not it is exposed. Figure
12.1 illustrates the two terms and shows that every expo-

neer driving a horizontal tunnel through the same strata
would measure its thickness as being th. Geologists
usually speak only of stratigraphic thickness by which
they mean the thickness measured at 90° to the bedding
surfaces, /, in Fig. 12.2a. Knowing the stratigraphic thick-
ness and the dip of the strata it is possible to calculate the
'thickness' in any other direction by using the following
formula:

tx = ts. sec a (see Fig 12.26)

where tx — the distance required through the stratigraphi-
cal unit in a direction x; this need not be the
direction of true dip,

ts = the stratigraphic thickness of the unit,
a = the angle between the direction in which ts is

measured, and the line tx.

The vertical thickness (/„), which is encountered in verti-
cal bore-holes and commonly recorded in site investiga-
tion reports, is related to the stratigraphical thickness by
the formula:

tv = ts sec a

where a = the angle of dip in the plane containing tv and
r5, Fig. 12.26).

The thickness of a stratum may also be estimated from
its width of outcrop (see Fig. 12.19).

Maps of subsurface geology

The thickness and underground distribution of rock and
soil are shown on maps of subsurface geology. These are
based upon predictions made from a study of outcrops
and of information from bore-holes, well bores, tunnels,
mines and geophysical surveys. The maps most frequently
used are described below.

lsochore maps
Isochores are lines joining points of equal vertical thick-
ness, so isochore maps record the vertical thickness of
geological units. The maps are readily produced using the

Exposure

Sandstone

Limestone

Shale
Metres

Fig. 12.1 A geological map of exposures and estimated
outcrop boundaries (broken lines).

sure is part of an outcrop. By studying the geographical
distribution of outcrops at ground level, as is shown by a
map of surface geology, it is often possible to determine
the overall geological structure of the area represented.

Thickness of strata
Unfortunately the meaning of the word 'thickness' varies
with its usage. For example, a mining engineer sinking a
vertical shaft through the strata shown in Fig. 12.2a
would reckon its thickness as tv, whereas the same engi-

Ground level

Fig. 12.2 (a) Thickness, ^ v e r t i c a l ;
th = horizontal; ?s = stratigraphic. (b) Re-
lationship between ts and thickness in
other directions.



data obtained from vertical bore-holes which have fully
penetrated the units being studied. These maps are often
used to illustrate such features as the depth of overburden
above some deposit, or the areal variations in the vertical
thickness of some concealed unit such as a confined aqui-
fer, a mineral deposit or a zone of weak rock (Fig. 123).

ts = tv COS OL

where a = the true angle of dip (see Fig. 12.2).
Obviously vertical thickness will decrease as dip de-

creases and will eventually become equal to the strati-
graphical thickness when the true dip is zero: Isopachytes
then become synonymous with Isochores.

Horizontal-plane maps
These record the geology, as it occurs on a horizontal
plane at some level below the surface. The sub-outcrops
shown on the maps are influenced by dip and thickness
alone, and so dips must be recorded as they cannot be
deduced from the sub-outcrop pattern, as with maps of
surface geology (see Map interpretation, p. 206). Hori-
zontal plane maps are useful to engineers involved in
underground excavations (Fig. 12.4).

Outcrop

Ground level

Fig. 12.3 lschore map for thickness of overburden above a
deposit of sand and vertical cross-section.

lsopachyte maps
Isopachyte lines join points of equal stratigraphical thick-
ness and are used to produce maps which are usually of
greater interest to the geologist than the engineer. The
maps cannot be interpreted as quickly as those of iso-
chores even though the stratigraphic thickness of an hor-
izon can be related to its vertical thickness by the formula

Fig. 12.5 A map showing structural contours (in metres
above datum) for the upper surface of a dyke shown in vertical
section on the right.

Ground level

Drift

Datum

Fault

Fig. 12.4 Horizontal plane map for a surface 15m above datum (on right) showing an antiform truncated by a fault; note
symbol for downthrow side of fault.



Structural contour maps
These record the shape of structural surfaces such as
faults, unconformities and the bedding surfaces of folded
strata, below ground level. Often they are produced with
the aid of bore-hole data. The spacing between the con-
tours is a function of the dip of the surface being illus-
trated, the contours being closest in those areas where the
dip is greatest. The angle of dip can be assessed thus:
contour spacing divided by the contour interval = cot d,
where d is the dip in the direction in which the contour
spacing is measured. These maps are normally used when
it is necessary to know the position of a definite structural
surface below ground level (Fig. 12.5).

Geophysical maps
The geophysical methods described in Chapter 10 are
frequently used to assess subsurface geology and the in-
formation obtained from them is often well displayed as
a map showing either the physical values obtained, e.g.
electrical resistivity, gravitational acceleration, etc., or an
interpretation of them. Table 12.1 indicates how seismic
velocity may be interpreted. A detailed interpretation of

Table 12.1 Typical seismic velocities air and water may
fill pores, joints and other voids

Material Seismic velocity (ms~1)
Compressional Shear

Air 330 Zero
Water 1450 Zero
Poor rock 1500 700
Low quality rock <3000 < 1500
Fairly good rock > 3000 > 3000
Good rock > 5000 > 2500

seismic velocity requires prior knowledge of the rock
types present: this may be obtained from outcrops and
bore-holes. From this data seismic velocity may be cor-
related with the distribution of rock types and their qual-
ity.

Figure 12.6 is a map of ground resistivity, high resistiv-
ity correlating with poor quality ground and low resistiv-
ity (i.e. high conductivity) correlating with better quality

Fig. 12.6 lso resistivity map showing four traverse lines
along which values for the apparent resistivity of the ground
were measured values in ohm metres High resistivity indi
cates poor rock (Oliveira era/. 1 974.)

ground. By contrast, Fig. 12.7 is an example of a map
where the geophysical values are not shown, but an inter-
pretation of them. Each column (1 to 6) represents a
particular stratigraphic sequence.

Fig. 12.7 Stratigraphic successions (1 -6) exist where shown on the geographical map ci^clay; p = peat; ch.d = channel
deposits; s = sand. (Simplified from a map of the Netherlands, Scale 1.50000.) (Netherlands Geological Survey.)



Field mapping

Equipment

Normal equipment for mapping includes a topographical
map of the area, a map case, soft pencils, compass, cli-
nometer, pocket binoculars and hammer. A hammer head
weighing about 0.5 kg is usually sufficient and is made
from forged steel so as not to splinter when breaking hard
rock (suitable geological hammers can be purchased).
The clinometer is used for measuring the dip of surfaces
such as bedding and cleavage; it may be a separate instru-
ment, as shown in Fig. 12.8, or incorporated in the com-
pass (as in a Brunton compass). In its simplest form it

air photographs are available, especially when the area to
be covered is large, they give a comprehensive view of the
ground and are a valuable adjunct. But the geology has
to be inspected and mapped on the ground itself.

Mapping

Making the map is usually a painstaking operation, and
if it is to be detailed the geologist will walk over the whole
area and record every exposure, large or small. When
enough information has been obtained it is possible to
sketch in the position of geological boundaries, as shown
in Fig. 12.1. The map not only records the position of the
various rock types, but also the dip of any surfaces ex-
posed. The shape of exposures seen in the field should be
represented as closely as possible on the map. All pencil
lines and notes are normally inked in each day with a
waterproof ink.

The way in which the geologist covers the ground de-
pends on the geology and on the individual. In a compli-
cated area it is often helpful to walk along predetermined
traverse lines, noting all that is seen along them, filling in
the gaps later whenever appropriate. Such traverse lines
are usually taken at right angles to the general strike,
when this can be recognized, so that they cross the geo-
logical grain of the area. In simpler situations it may be
possible to follow a particular geological feature, e.g. a
prominent limestone ridge. The exposures seen in the bed
and banks of many streams are useful and stream sections
are usually studied early in a survey.

Traverse survey
Figure 12.9 is a record of geological features noted by an
engineer during a surface traverse along the line of a
proposed tunnel. It records the presence of water in the
limestone; that rocks of different hardness will have to be
excavated; that the dip of the strata changes, indicating
that the tunnel will cross either a fault or a fold and that
the northern portal may pass through a clay landslide.
Such a record is valuable to design engineers when it is
available at an early stage in their work.

Local dip

Average dip

Fig. 12.8 Clinometer (a) with base plate (b) for 'averaging'
dips.

consists of a plummet which hangs vertically against a
scale, and can be made by mounting a protractor on to a
thin plate of material such as plywood or perspex sheet-
ing, with a plum-bob hung from the centre of the pro-
tractor circle. The compass is needed for measuring direc-
tions of dip or strike; many geologists use a prismatic
compass because it also allows the accurate sighting of
distant objects, as needed for orienting the map. Other
useful equipment includes a surveyor's notebook
(although some notes can be written on the map), a
straight edge or scale, a pocket lens or magnifier (x 5 is a
useful magnification for field work) and a haversack. If

Village well Limestone Red sandstone
(v. hard)

Red sandstone
Old
landslide

Wet and marshy

Ground level

Red clay
(sample C)

Tunnel line

S. PORTAL

Fig. 12.9 Engineer's record from a surface traverse survey for a tunnel: sketch map, and sketch section below.



Measurement of dip and strike

The true dip of a surface is its maximum angle of incli-
nation from the horizontal. This angle lies in the direction
of greatest gradient and dips in any other direction are
called apparent dips (Fig. 12.10).

Fig. 12.10 Relationship between true dip and apparent dip.
True dip of the shaded surface is /? at N 210°. /?a is an apparent
dip. Note that tan p cos a = tan pa.

Dip
Dip is measured with a clinometer (Fig. 12.8), and read
to 1° only (West, 1979). The direction of dip is recorded
as a compass bearing, e.g. a surface dipping at 60° to the
NW, would be recorded in the note book as a dip of 60°
at N 315° and shown on the map as an arrow pointing in
the direction 315° from North, and having the angle 60°
written next to it, as in Fig. 12.1. The true dip of a surface
may be used to predict its position at depth (Fig. 12.11).

Fig. 12.12 Use of apparent dips for calculation of true dip
(see text).

vertical quarry faces, and the inclination of its trace on
one face differs from that on the other; the direction of
true dip, and hence the angle of true dip, are unknown.
At least one of the dips seen on the quarry face must be
an apparent dip and it is prudent to assume that both are
because the angle and direction of true dip can be calcu-
lated from two apparent dips.

Consider the example shown in Fig. 12.12a when re-
drawn as a geometrical model in Fig. 12.126. To construct
this model it is only necessary to measure the two
apparent dips, 32° and 43°, and the direction of the sur-
faces on which they have been measured, namely N 016°
and N 094°. Points A' and B are both a vertical distance
V above some horizontal datum, so making the line, AB
a contour for the dipping geological surface. Because the
true dip lies in the direction of greatest gradient, lines at
90° to A'B will define that direction; CC is one such line.

Fig. 12.11 Predicted height above datum for a surface 70 m
horizontally from its exposure at 107 m, in a down-dip direc-
tion.

Because of the difficulties involved in measuring the
true dip of an inaccessible or irregular geological surfaces
it is often advisable to use the larger lengths of surface
that may be exposed in the sides of pits, quarries, and
other excavations; a typical example is illustrated in Fig.
12.12a. In the figure an inclined surface intersects two



The true dip, or inclination of CC to the horizontal, is
conveniently found by making a two-dimensional plan,
Fig. 12.12c. This diagram can be drawn directly from
field data using the following steps:

1 Draw a line to represent the direction of magnetic
North.

2 Select a point on this line to represent C.
3 From C draw two lines CA' and CE so that they are

correctly oriented to North. It is then necessary to
locate the points A and E on these lines.

[One of the commonest mistakes made with this construc-
tion is to draw the lines A'C and B'C on the wrong side of
the N-S line. The direction of faces A and B in Fig. 12.12a
could equally well have been recorded in the field as
N 196° and N 274° respectively. These directions, plotted
directly in plan, would have put the triangle AEC (to be
constructed) on the west side of the N-S line. The angle
of dip calculated would be the same as before, but the
direction of dip, if measured in the C-C direction, would
be in error by 180°. The construction triangle should
point in the same direction as the field exposure.]

4 From Fig. 12.126 it can be seen that AC=AAcOt 32°,
and BC=BE cot 43°. Because AA = BE= V, the ac-
tual length of V is immaterial to the construction and
can be conveniently taken as unity. The point A is
located a distance equal to cot 32° from C along the
line CA, and the point E a distance equal to cot 43°
along the line Ci?', to some suitable scale.

5 A line drawn at 90° to AE, i.e. CC, will lie in the
direction of true dip, and this direction can be
measured directly from the plan, i.e. N 250° in this
example.

The angle of true dip is C CD in Fig. 12.126. The length
DC = DC x cot CCD, because DC = V= 1, the equation
reduces to DC=cot CCD. Fig. 12.12c. Hence the angle
of true dip is that angle whose cotangent is equal to the
length CC, i.e. 46° in this example.

This graphical method is usually referred to as the
cotangent construction, and it can be used to interpret
the inclined surfaces exposed in trial pits, tenches, adits,
and similar excavations. Other methods are described by
Phillips (1971).

Strike
The strike of a surface is the direction of a horizontal line
drawn at 90° to the direction of true dip. The direction
N 120° (or N 300°) is the strike of the surface shown in
Fig. 12.10 as is the direction of the line AE in Fig. 12.126.
Because of its horizontality a line drawn in the direction
of strike is equivalent to an elevation contour for the
surface. Figure 12.13 illustrates how the strike directions
of a planar surface can be extended to produce strike lines
which are also contours for the surface and are called
structural contours. However, the majority of geological
surfaces are not planar and the unlimited extension of
strike lines away from the points at which dip and strike
are measured can result in incorrect predictions.

Fig. 12.13 Coastal exposure illustrating that strike lines at
chosen elevations can be extended to produce structural con-
tours for a surface.

Constructions for dipping strata

The two constructions described here may be used to
predict the likely position of a concealed boundary.

Construction from outcrop

Figure 12.14 illustrates two small valleys between which
a hillside exposure reveals the junction of sandstone (dot-
ted) with underlying shales. The dip of this junction at the
exposure is 40° at N 160°. In order to predict the approxi-
mate position of the junction in the area around the
exposure the following construction is used.

Fig. 12.14 Location of concealed boundary as defined
using stratum contours (see text).



A line is drawn on the map in the direction of true dip
from the point at which the dip was measured; any lines
drawn at 90° to this line will be strike lines for the
sandstone-shale junction. The strike line drawn through
the point at which the dip was measured will have a value
equal to the elevation of the point, in this example 405 m
above sea level. By drawing this line it is assumed that the
junction between the sandstone and the shale, where
present along the line, is 405 m above sea level. It therefore
follows that the junction represented by that line will only
occur at ground level at points where the strike line inter-
sects the 405 m topographic contour; such a point is
shown at location A in Fig. 12.14.

It is then necessary to calculate the position of other
strike lines and these are usually chosen so that they have
the same value as the topographic contours on the base
map, i.e. in this example, 400 m, 390 m, 380 m, etc. The
separation of the strike lines is calculated from the angle
of true dip and the horizontal scale of the map. In this
example a dip of 40° is equivalent to a gradient of 1 in
1.19, i.e. 1 m vertical drop in the elevation of the junction
occurs in every 1.19 m, measured horizontally in the direc-
tion of true dip (see Fig. 12.11); this would be along the
bearing N 160°. Hence a drop of 5 m occurs in 5.95 m.

Thus the 400 m strike line can be drawn as a line parallel
to the 405 m strike line but separated from it by a hori-
zontal distance equivalent to 5.95 m on the map. Points
of outcrop along the 400 m strike line can then be located
along the 400 m contour. This construction is continued
until the position of the boundary in the area in question
is completely predicted. Boundaries which have been
located in this manner are usually shown on a map by a
broken line to distinguish them from those positions
where the boundary was actually seen.

This construction assumes any surface to be planar
within the area of the map, because the strike lines are
shown parallel and the dip is constant. This rarely occurs
in practice and the construction should be restricted to

small areas. As the predicted position of boundaries
should agree with their actual position and hence it is
advisable to use all known exposures and dips for the
construction.

3-point construction

Figure 12.15a shows the position of five 50 m deep bore-
holes and Fig. 12.15Z? their representation on a map to-
gether with the elevation each penetrated the same
stratum, i.e. 15m above sea level, 37,42, 26 and 7 m. The
dip of the strata may be calculated from this information.

The points are joined by straight lines to produce a
pattern of triangles (Fig. 12.15c), the elevation of the
stratum being known at the corner of each: e.g. triangle
ABC intersects the stratum at 15, 37 and 7 m above sea
level. It is assumed that the difference in these values is
uniform and from this the gradient of the stratum may be
found.

For example, the difference in the elevation of the
surface in bore-holes A and B is 22 m, and the horizontal
distance separating the bore-holes is 170 m, hence a uni-
form distribution of this difference along the side AB
would give a 10 m drop in every 77.3 m, as shown. This
process is repeated for each side of every triangle. Con-
tours are then drawn between points of similar elevation
on the sides of the triangles, so producing a general con-
tour map of the buried surface.

Having obtained these contours it is possible to calcu-
late the general angle of dip in any direction along the
surface, for example along a-b-c Fig. 12.15t\ Note that
the angle of true dip lies in the direction of greatest
gradient, i.e. at 90° to the structural contours. The bearing
of both true dip, and hence strike, can be measured
directly from a correctly orientated map. Obviously the
accuracy of any prediction based on this construction
is closely related to the number of bore-holes that are
used.

Fig. 12.15 The 3-point construction, (a) The solid geometry analysed; (b) a map of the bore-hole positions; (c) the
completed analyses (see text), Broken lines are stratum contours that can be drawn between points of equal elevation Small
arrows = direction of dip Gradient along a-c = 1 in 20 (2° a-b. 4° b--c).



Map interpretation

The interpretation of a geological map may be made in
two stages:

(i) identify the relative ages of the rocks (is strata bolder
or younger than strata F?), and

(I'O ascertain their structural relationship (is strata X
above or below Yl).

Age relationships

The relative ages of strata shown on a map is given by the
list of formations or by the stratigraphic column for the
area; this information is normally printed in the margin
of the map to a uniform vertical scale. An example of
each is illustrated in Fig. 12.16. The divisions in a column

are normally based on stratigraphy and lithology, and are
arranged so that the oldest strata are always at the base
of the column. The thicknesses of lithological formations
shown in a column are usually the average stratigraphical
thicknesses in the area of the map. Marked local varia-
tions are recorded by tapering bands in the column, Fig.
12.16a. If there are significant variations in the thickness
of formations, over the area of the map, it may be neces-
sary to give more than one stratigraphical column. Strati-
graphic columns should not be confused with vertical
sections because the latter are obtained from bore-holes,
well bores, cliff sections and similar exposures, and the
thickness of the strata shown on them is the actual thick-
ness of the strata penetrated at a particular location: the
stratigraphic column simply represents the stratigraphical
position of all the horizons shown on the map. Vertical
sections which reveal gaps in the stratigraphic column
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Fig. 12.16 (a) Stratigraphic column
applicable to an area represented on a
map. (b) Vertical column recording the
strata encountered in a bore-hole: depth
below ground level on left, thickness on
right. Unconformity represented by wavy
line.



indicate the presence of either unconformities or faults.
A typical vertical section is illustrated in Fig. 12.166. In
these sections it is customary to write the vertical thick-
ness of the strata on one side of the column and the depth
below ground level on the other. The positions of rec-
ognizable unconformities (e.g. as shown in Fig. 2.2) are
usually emphasized by wavy lines.

The relative ages of strata may also be deduced directly
from the map by applying the principle of superposition
(see Chapter 2). Younger strata will always rest on older
strata unless the succession of strata has been inverted by
folding. Similarly strata intersected by faults and dykes
must be older than these structures: examples of this are
shown in Fig. 12.17 where the sequence of events recorded
is as follows:

1 Deposition of succession from dolomite (oldest) to tuff.
2 Folding of strata, faulting (Fault 2) and dyke intrusion.
3 Uplift, erosion and deposition of conglomerate.
4 Faulting (Fault 1), the latest geological event that can

be deduced from the map.

Unconformities
An uncomfortable surface is a discordance which separ-
ates an underlying rock group from an overlying group
and represents a period of uplift and erosion (see Chapter
2). When seen on a map an unconformity often appears
as a stratigraphical boundary whose course is usually
unrelated to the outcrop of the geological structures be-
neath it. The conglomerate in Fig. 12.17 lies unconform-
ably on the folded rocks beneath and the limit of the
conglomerate marks the outcrop of the unconformable
surface at ground level. Because unconformities can be
considered as surfaces it is possible to determine whether
they are either horizontal or inclined. That shown in Fig.
12.17 is horizontal because its outcrop is parallel to the
topographic contours; had it been inclined it would V in
the direction of dip when crossing valleys and other top-
ographic depressions, such as road cuttings (see Fig. 8.3).

Outliers and inliers
An outlier is an outcrop which is completely surrounded
(in plan) by rocks of a greater age. The conglomerate
within the limits of boundary B in Fig. 12.17 is an outlier.
As noted in Chapter 8, outliers are usually found close to
escarpments (Fig. 8.2). An inlier is an outcrop which is
completely surrounded by younger rocks. As the dolo-
mite in Fig. 12.17 is older than the surrounding mudstone
its outcrop forms a faulted inlier in the core of the anti-
form. Inliers are sometimes developed in valleys where
streams have cut down and locally exposed, in the valley
floor, rocks which are older than those forming the sides
of the valleys.

Structural relationships

The structure of an area may be deduced from (i) the
shape of outcrop boundaries, (H) the width of outcrops,
(Hi) the dip of strata, and (iv) faults.

Conglomerate

Tuff
Quartzite

Sandstone

Limestone
Shale
Mudstone
Dolomite

P = Plunge

Unconformity

Synform

Antiform

Displacement
of dyke

Fig. 12.17 Examples of outcrop patterns commonly seen
on maps of surface geology, and sketch of the structural units
shown. There are two folds: an antiform and a synform. They
have been cut by Fault 2 and intruded by a dyke before being
exposed by erosion and covered unconformably by conglom-
erate P = plunge of the fold.

Shape of outcrop boundaries
Certain structural characters are easily distinguished; for
example, vertical surfaces such as the sides of the dyke in
Fig. 12.7 have an outcrop that is unaffected by topogra-
phy whereas horizontal surfaces, such as boundary 2?,
always outcrop parallel to the topographic countours.
Vertical and horizontal surfaces can therefore be located
by simple inspection.

Many geological surfaces are inclined; the boundary



shown dipping at 40° in Fig. 12.14 is typical. The outcrop
pattern of this boundary, as it crosses the valleys, points
in the direction of dip. (Check this by looking at the strike
line values and the direction of dip as shown by the dip
arrow.) This V-ing is characteristic of the outcrop of
inclined surfaces intersecting topographic depressions.
Fault 2 in Fig. 12.17, is another example. Inclined sur-
faces and the direction of their inclination can thus be
readily seen.

Observations of this kind form the basis for any inter-
pretation of geological structure because once the dip
directions are known it is possible to suggest structures
that will account for them. For example, at C in Fig.
12.17 the dip of the northern outcrop of sandstone is
towards the south, whereas at Z), it is to the north. This
sandstone outcrop is part of an east-west trending syn-
form. Similarly the boundary to the outcrop of shale dips
to the north-north-east at E and to the south-south-east
at F, and is part of an antiform which is plunging towards
the east. Hence if the directions of dip can be deduced
from a map the presence and shape of fold structures
becomes apparent. Note that isoclinal folds have limbs
which dip in the same direction (Fig. 12.18).

Fig. 12.19 (a) Outcrop width as a function of both dip and
stratigraphical thickness, (b) Outcrop width (d) as a function
of geological dip (/?) and slope of ground (a).
(/) c/=rs.cosec ( 0 - a ) , cos a. (//') d=ts,cosecp.
(///) d=ts.cosec (/? + a) .cosa.

crop on the fold limbs. The width of the sandstone out-
crop on the limbs of the synform in Fig. 12.17 is fairly
constant and it follows that if the sandstone has a uniform
stratigraphic thickness the synform must be upright and
nearly symmetrical. In contrast, the outcrop of the sand-
stone on the southern limb of the antiform is considerably
wider than on its northern limb, suggesting that the fold
is asymmetrical and that its axial surface dips towards the
south.

This is a simple and quick way of assessing the fold
structures of an area, but there are two possible sources
of error, namely excessive variations in topography and
stratigraphical thickness.

Considering topography, it is evident from Fig. 12.1%
that the outcrop of strata of uniform stratigraphical
thickness and dip can vary as a function of the shape of
the ground surface. Care should therefore be taken when
considering the outcrop of geological units whose strati-
graphic thickness is appreciably smaller than the varia-
tions of topography. Compare this situation with that of
the limestone shown in Fig. 12.19a. Here the stratigraphi-
cal thickness of the limestone is larger than the variation
of the topography on its outcrop and outcrop widths (a)
and (b) can be used as an indication of relative dips.
The sandstone horizon in Fig. 12.19a illustrates the effect
of variations in stratigraphic thickness. Here the greater
outcrop (x) occurs on the steeper limb of the fold. Signi-
ficant variations of stratigraphical thickness are usually
noted in the stratigraphic column for the map.

Faults
Two faults are shown in Fig. 12.17. Faults, as already
discussed in Chapter 8, are surfaces or zones about which
some displacement has occurred, and the outcrops on
either side of a fault are usually shifted relative to one
another. This is shown in Fig. 12.17 by the sandstone

Fig. 12.18 Isoclinal folds in plan (a) and section (b).

Width of outcrop
From Fig. 12.19a it is apparent that outcrop width is in
some measure a function of the dip of the strata, the wider
outcrops occurring in the areas of smaller dip, as is the
case with the limestone. If the stratigraphical thickness of
the strata is fairly uniform the symmetry of a fold can
often be postulated by comparing the widths of the out-



outcrop in the synform and the faulted unconformity in
the region of the antiform; other examples arc illustrated
in Chapter 8.

Every normal or reverse fault has two characters which
should, if possible, be determined, namely its dip and its
downthrow side; sometimes both can be assessed from a
map. The outcrop of an inclined fault surface will V in
the direction of dip when crossing valleys. Strike lines can
be sketched, as in Fig. 12.14, and used to confirm both
the direction and dip of the fault surface. Two such lines
are shown in Fig. 12.17. The outcrop of vertical faults
will be unaffected by topography whereas that of hori-
zontal, or low dipping faults (i.e. thrusts) will run parallel
or almost parallel to the topographic contours.

When the movement on a fault displaces strata, rocks
of one age are brought adjacent to those which are older
or younger. Reference to the fault diagrams in Chapter 8
will confirm that the younger rocks of a series are always
found on the downthrow side of a fault which cuts unin-
verted strata and has a vertical component of movement,
i.e. a normal or reverse fault

The fault displacement, e.g. the components of throw
and heave and strike slip, can often be calculated by
measuring the distance between points which were co-
incident prior to faulting.

(?^1?5!^L??^^^ _„
Although a considerable amount can be inferred from
maps of surface geology it should be remembered that
they are only two dimensional plans and give limited
information about the geological variations which occur
below the surface. One way of partially overcoming this
problem is to construct a number of maps to record the
geology which exists at different levels below ground level
and to stack them one above the other so as to produce a
layered model. Such models are commonly used by min-
ing geologists to assess the size and shape of mineral
lodes. A less informative, but much easier method of
illustrating subsurface geology consists of drawing one or

more geological sections: Figs 8 4 and 10-4 are typical
examples

Drawing a section

The first step in drawing a section is to obtain the ground
profile along the line of section; this is done by laying a
sheet of section paper along the line of section on the map
and marking on its upper edge the separation of the
various topographic contours (Fig. 12.20a). These points
are then plotted on the section paper against a suitable
vertical scale and joined by a smooth line which will
represent ground level (Fig. 12.20£). It may be necessary
to extrapolate between these points in order to accom-
modate local variations in topography which may occur
between the contour intervals recorded.

The section paper is then re-positioned on the map as
before (Fig. 12.20c) and the geological boundaries
marked on its edge, with due regard being paid to the
direction in which the boundaries are dipping. These
positions are then transferred onto the topographic pro-
file and the boundaries extrapolated downwards so pro-
ducing a sketch of the geological structure as it probably
occurs below ground level (Fig. 12.2Od). The accuracy of
such sections can be greatly improved if bore-hole logs
and similar data from shafts and well bores can be incor-
porated.

Special care should be taken with two features when
either constructing or interpreting geological sections:
(0 the orientation of the section with respect to the direc-
tion of true dip at any point, and (II) the scale of the
section. It is common practice to orientate a line of section
so that it shows the geology that would be exposed on a
vertical planar surface which lies in the direction of true
dip. However, it is often necessary to draw sections in
other directions and in these cases they will display
apparent dips. True and apparent dips which occur on
vertical planar surfaces are related to each other accord-
ing to the formula given in Fig. 12.10.

The angles of dip shown on sections will also be a
function of the horizontal and vertical scales that are

Fig. 12.20 Drawing a geological section: topographic contours not shown in stage (c). See text.



used. It is customary to make the horizontal scale of a
section the same as the horizontal scale of the map from
which it was constructed; in this way a comparison be-
tween the two is facilitated. However, in order to illustrate
details such as variations in the thickness of the strata, it
is often necessary to make the vertical scale larger than
the horizontal. Dips shown on such sections are not those
which exist in the ground; they can be calculated by
converting the gradient of any surface shown on the
section into an equivalent angle. A further consequence
of having one scale greater than the other is the converg-
ence or divergence, on the section, of the upper and lower
boundaries of geological horizons. This effect varies with
the angle the geological horizon makes with the axis of
exaggerated scale, as shown in Fig. 12.21.

Fig. 12.21 Effect of exaggeration of vertical scale on sec-
tion. (Here vertical scale = 3 x horizontal scale.) Note apparent
change in thickness of a stratum from the position where it is
vertical.

Geotechnical sections
Measurements for geotechnical calculations, such as for
slope stability, ground treatment, foundation settlement,
and volumes of material, are best made on larger sections
drawn with the horizontal scale equal to the vertical scale.
In this way errors of dip, direction and length arising
from scale distortion are avoided.

Thematic maps

A thematic map limits the information presented so that
its implications for the particular interests of users are
expressed in a form they can appreciate. Thus instead of
providing town planners with maps of solid and drift
geology, they could be given a map showing where stable
ground suitable for conventional foundations, and un-
stable ground, are situated.

Thematic maps used in geology are of two types:
(0 those that select some aspect of the geology, this being
described as an 'original attribute' (Varnes, 1974),
(//) those that show some combination of the original
attributes, the characteristic resulting from this summa-
tion being called a 'derived attribute'.

The production of thematic maps has been greatly
assisted by the use of air surveys, including those from
satellites. Sensitive electronic equipment on board these

craft detect and measure the various spectra of electro-
magnetic radiation being naturally emitted from and re-
flected by the Earth. These can be correlated with such
features as rock and soil type and moisture content. The
equipment also converts the measurements of each spec-
tra into digits whose numerical combination permits dif-
ferent parts of separate spectra to be added. In this way
portions of the great range of spectra measured may be
summed to give the most diagnostic value for a particular
character of the ground. This has been clearly illustrated
by Beaumont (1979) with reference to the search for
construction materials. When these values are plotted as
a map they produce an image of the ground characteristic
of interest. Many thematic maps have been prepared in
this way. For detailed work aircraft imagery and photog-
raphy should be at scales of 1:40 000 or larger, preferably
at least 1:25 000 (Colwell, 1983).

Maps of resources

These show the distribution of particular minerals, rocks
and soils: maps of oil and gas reservoirs and of ground-
water supplies are also maps of resources. The earliest
example of such a map is that published in 1815 by the
engineer and surveyor, William Smith. Smith was com-
missioned to construct canals in England and to seal these
structures he lined them with clay which could be trodden
to an impermeable state: this was called puddle-clay.
Smith surveyed the neighbouring countryside for clay of
this quality and produced a map of its outcrop. From this
beginning and from similar mapping elsewhere to supply
other commodities, especially limestone, William Smith
was eventually able to publish a complete map of the
strata of England and Wales.

Modern maps of resources may show the location of
rock suitable for crushing and use as aggregate, of sup-
plies of natural aggregate such as sand and gravel, of
laterite for road building and of soil for bulk fill. Eco-
nomic reserves of valuable metalliferous and non-metal-
liferous rocks will also be mapped. In addition to showing
the location of these reserves the maps may also record
the quality and quantity of the materials, the thickness of
the ground that covers them and has to be penetrated by
shafts or removed by stripping to recover them, and their
position in relation to ground-water level.

Maps of resources illustrate one of the problems asso-
ciated with the use of thematic maps, namely that the-
matic maps are unsuitable for purposes other than those
for which they were produced. For example a civil admin-
istration may wish to keep areas containing valuable re-
sources of sand and gravel, free from urban development.
A thematic map showing the location of these resources
is unlikely to reveal that the pits excavated to extract the
ballast will require side slopes of 30°, so placing their
boundaries beyond the economic limits of the reserve,
shown on the map, or that extraction will lower the levels
of water in the surrounding ground. The administration
requires additional thematic maps.



Derived maps

The development of these maps has been largely inspired
by engineering for military purposes. When assessing the
strategic and tactical qualities of an area it is necessary to
know the response of the ground to vehicle loads, exca-
vation, bombardment and so forth. These, and other
qualities, must be derived from a knowledge of the ori-
ginal attributes of the ground, e.g. its strength and perme-
ability. Figure 12.22 illustrates how maps of such derived
attributes are compiled.

In this example a map is required that delineates wet
weak ground from dry strong ground (Fig. 12.22a). A
matrix of the characteristics wet, dry, weak and strong
shows that six combinations are possible in theory: two
are mutually exclusive, two are not required (namely wet
strong ground and dry weak ground) and two are those
required (Fig. 12.22&). A map that illustrates the distri-
bution of these combinations is produced by superimpos-
ing one diagram on another (Fig. 12.22c): this may be
simplified, if desirable, to give the two classes required
plus areas not included in the two clases (Fig. 12.22c/).

Derived maps may be separated by many stages of
compilation from the primary geological data on which
they have been based and major engineering decisions
should not be taken on derivative maps alone: the geolog-
ical data should always be consulted.

Two types of derived map commonly used in engineer-
ing are: (/) geomorphological maps and (H) geotechnical
maps.

Plateau Scarp

Ravine

Slide

Fans Fluvial
terraces

Fig. 12.23 A geomorphological map: contours omitted for
clarity.

phological processes (i.e. topography) or as a map of the
processes that formed the topography (i.e. weathering,
erosion and deposition) (see Fig. 10.26). Figure 12.23 is
a map for an area across which a road is proposed,
directed from south-west to north-east. It shows the
topography, the location of active erosion and slope in-
stability and features of the river catchment especially its
liability to flooding. Geomorphological mapping is one
of a group of studies collectively described as terrain
evaluation; Mitchell (1973), Geological Society of Lon-
don (1982).

A = WET I = STRONG

B=DRY H=WEAK
WET

DRY

WEAK
STRONG

Fig. 12.22 (a) Two maps each showing original attributes of an area, (b) Contact matrix of characteristics, (c) Superposition
of the two maps, (d) Final transformation. (Varnes, 1974.)

Geomorphological maps
Geomorphology is the study of land surfaces and the
process that formed them (see Chapter 3): it is a subject
that is relevant to much engineering construction (see
Doornkampef a/., 1979).

The International Geographical Union has recom-
mended that aspects of geomorphology should be de-
scribed on maps under four headings: land appearance,
its dimensions and angles, its origin, and its age (see Fig.
10.2c). In practice these are usually combined in one of
two ways: either as a map of the products or geomor-

Geotechnical maps
This large group includes maps that predict likely condi-
tions and those that record existing conditions. Recom-
mendations for their preparations are given by the Geo-
logical Society of London (1972) and UNESCO (1976).
The purpose of such maps is to present the geology of the
area in terms that will help in the selection of construction
techniques, of ground treatment, and in the prediction of
the interaction between an engineering structure and the
ground (Dearman and Fookes, 1974).

In the plan shown in Fig. 12.24 five characteristics of



Fig. 12.24 Geotechnical plan of dam foundation
(DS = downstream boundary; US — upstream boundary)
Grades: ll = bedded solid rock with some shales. 111 = thinly
bedded with some shales. IV = blocky rock with frequent
seams of shale and clay-silt, some open joints. V = broken
faulted rock. Vl=special category poor quality rock. Details
from Knill and Jones (Fig 19) (1965)

the site rocks were considered; namely their state of
weathering, compactness, frequency and direction of
fractures, cleanness of fractures, and relative proportion
of shales. With a procedure of this kind the boundaries
drawn on the plan may bear little relationship to those

Grade

Grade
IV Grade H

Grade V
Grade VI

printed on conventional geological maps. For example, a
sequence of clays may be subdivided on a geological map
according to their age, whereas their Assuring and stiff-
ness may be so similar that they are grouped as one unit
on a geotechnical map.
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13
Ground water

Hydrological cycle
Ground-water is the fluid most commonly encountered
in engineering construction. It is derived from many
sources but most now comes from rainfall and melting
snow and is termed meteoric ground-water. The passage
of water through the surface of the ground is called infil-
tration and its downward movement to the saturated zone
at depth is described as percolation. Water in the zone of
saturated ground moves towards rivers, lakes and the
seas, a process known as ground-water flow, where it is
evaporated and returned to the land as clouds of water
vapour which may precipitate as rain or snow. Thus a
cycle of events exists, namely precipitation on land, infil-
tration and percolation, ground-water flow to open
water, evaporation and thence precipitation, so starting
another cycle. This circulation of water is termed the
hydrological cycle (Fig. 13.1). The seas and oceans contain
approximately 97% of all the water presently involved in
the cycle, a little more than 2% is in the form of snow and
ice and less than 0.1% is water vapour. The remaining
0.9% is distributed in lakes, rivers and ground-water.

around landslides (Fig. 14.7). The superficial deposits
that mantle most areas (Fig. 3.1) also permit infiltration
through their pores. Deposits of gravel and sand, and
screes are able to infiltrate water without difficulty
whereas clay-rich mantles retard the ingress of water and
characteristically remain wet after periods of rainfall
Vegetation protects the delicate porous structure of many
superficial deposits, especially the crumb-structure of
top-soil, and ground covered by vegetation has more
uniform infiltration than bare ground. In the absence of
such protection the impact of raindrops during periods
of intense rainfall may disturb the soil structure and ren-
der the surface impermeable.

Infiltration ceases once the voids within the ground are
full of water, thus if the rate at which water is supplied to
the surface exceeds the rate at which it can percolate the
volume that can infiltrate will gradually diminish. Horton
(1933) defined the maximum rate at which rain can be
absorbed by the soil as its infiltration capacity and rain
falling at a rate that exceeds the infiltration capacity can
result in flooding.

Percolation

Once water has penetrated the surface it may commence
on a downward journey towards the water table. To do

INPUT Magmatic water
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Fig. 13,1 The hydrological cycle

Infiltration

Infiltration most readily occurs through open fractures
such as joints in exposed rock (Fig. 8.15) and the gaping
cracks that may develop in zones of tensile strain flanking
areas of mining subsidence (Figs 9.28 and 13.13) and

Fig. 13.2 Conditions in pore spaces above the water table
(see also Fig 9 23). (After Meyboom, 1967)



this the water must first satisfy the capillary requirements
of the soil profile and these will depend upon the dryness
of the mineral surfaces surrounding the voids. A measure
of these requirements is the moisture potential which is
expressed either as the vacuum necessary to balance soil
suction or the logarithm of the head of water (in cm)
equivalent to the pressure difference between this vacuum
and atmospheric pressure (Fig. 13.2). Fine-grained
materials such as clays can develop high potentials when
dry which are satisfied only by considerable quantities of
water. When no more water can be held by the soil against
the pull of gravity, the soil is said to have reached its field
capacity, the moisture potential is then 2.7 (Fig. 13.2).

Once a profile has reached its field capacity further
supplies of water from infiltration drain to deeper levels
and this water is described as gravity water to distinguish
it from the capillary water held on the surface of the soil
grains. A wetting front thus moves down through the
ground. This water will continue to move down after the
cessation of infiltration until the pull of gravity of the
pore water is once again balanced by the surface tension
on the film of water around the individual soil surfaces,
i.e. until the soil is restored to its field capacity.

Capillary fringe and water table

Percolating water may eventually arrive at a depth where
all the voids are full of water. A hole drilled to just below
this level would not encounter a water-level though its
sides would be moist. This is because there still remains
in the ground unsatisfied capillary forces. Water would
drain from the side of the hole to its base and re-enter the
ground. By deepening the hole a level will be reached
where water covers its base. This is the water table and
the pressure of pore water at this level is atmospheric: the
moisture potential of the ground is zero (Fig. 13.2). The
zone of saturation above the water table is called the
capillary fringe. The mechanisms involved in percolation
are reviewed by Wellings and Bell (1982). A water table
that receives water from percolation is said to be re-
charged.

The height to which the capillary fringe rises above the
water table depends upon the size of the voids in the
ground and the dryness and temperature of the atmo-
sphere. In hot, arid areas the capillary fringe may extend
many metres and can reach ground level in low-lying
ground. In such areas ground-water is lifted from the
water table to the surface and its dissolved constituents
precipitated there to form a mineral crust and to fill the
pores near ground level with mineral cement.

Ground-water flow

Water moves at various speeds through the ground de-
pending upon its flow path. Near surface flows (described
as 'local' in Fig. 13.3) move the fastest and normally
supply most of the water that discharges at springs. A
spring-line is defined by the intersection of the water table

Local
flows

Intermediate
flows

Regional flows

Fig. 13.3 Theoretical distribution of flow (afterToth, 1 963):
illustrating the relatively rapid circulation of ground-water
near surface (local flows), deeper, slower circulation and the
very slow circulation of regional flows at great depth.

with ground level (Fig. 13.4): as the water table moves so
the spring-line moves, migrating up a topographic slope
in response to periods of recharge in wet weather and
receding down the slope in periods of dry weather (Fig.
13.20a). The headwaters of rivers fed by springs which
migrate, will move up and down the valley. Such streams
have been called bournes: strictly the spring is a bourne
and its stream a bourne-flow.

The velocity with which water circulates in the ground
gradually decreases with depth and the movement of deep
ground-water may be extremely slow (Fig. 13.3). Some of
the water resident in deeply buried sediments (i.e. depths
exceeding 4 km) of Mesozoic and Cenozoic age (Table
2.1) may be the relic of that in which the sediment ac-
cumulated and is called connate water, i.e. congenital with
the sediment.

Aquiclude

Sea level

Fig. 13.4 Geological structures commonly associated with
springs. S1 = stratum spring between an aquifer and an aqui-
clude; S2 = fault spring; S3 = valley spring; S4=overflow spring;
S5 = artesian spring associated with a fault; S6 = submarine
springs. See also Figs. 1 3.9, 1 3.11, 1 3.1 6 and 1 3.25, and the
representation of springs on maps. Fig. 1 3.23.



All water originated from liquids and gases vented
through the solidifying crust of the primeval Earth to
form the atmosphere. Fluids released this way are de-
scribed as magmatic (Chapter 5) and small quantities of
magmatic water continue to enter the hydrological cycle
usually in association with volcanic activity (Figs. 13.1
and 5.1).

Character of ground-water

Chemical characters

The water molecule H2O is strongly polar and thus is a
powerful solvent. Ground-water therefore adopts the

chemistry of the rock or soil in which it resides and may
be described as a solution of H2O with its dissociated
ions, H + and OH ", and ions derived from the dissolution
of organic and inorganic solids. Also present are gases,
colloidal suspensions, suspended particles, and some-
times viruses and other living organisms which may be
dangerous to public health (Fig. 13.5).

Total dissolved solids (TDS)
The concentration of dissolved constituents may be used
to classify ground-water, as in Table 13.1. Ionic concen-
tration may be expressed as TDS and measured in parts
per million (ppm) = (grams of solute) -r- (grams of solu-

Table 13.1 A simple classification of ground-water based
upon the concentration of total dissolved solids (TDS): see
text, ppm = parts per millionSand Silt Clay

Bacteria Viruses

Fine grained oxyhydroxides
of A l , Fe , Mn

Humic acids True solution

Fissures

TDS (ppm)

T o
Fresh water

I 1000
Brackish

I 10000

Saline

I 100000
Brine> 100000

i

Normal limits
(ppm)

500 Drinking water
700 Irrigation

7000 Farmstock

30000 \ Sea
40000 (water

>

Electrical
conductivity
(/xmhos)

1000

2000

10000

50000

100000
100000

Igneous
Acid
Basic

Sedimentary
Arenaceous
Argillaceous
Limestone
Dolomite

Metamorphic
Quartzite
Marble
Slate
Schist
Gneiss

Drift
Igneous
Sedimentary

SiO2

37.0
41.0
20.0

23.0
27.0
13.0
14.0

10.0
10.0
16.0
16.0
33.0

39.0
19.0

Al

0.11
0.1
0.05

0.1
0.8
0.1
0.2

0.07
0.15
0.02
0.02
0.1

0.00
0.00

Fe

0.3
0.6
0.1

0.5
1.6
0.4
0.4

0.7
0.1
0.5
0.5
0.5

0.2
0.2

Mn

0.02
0.06
0.01

0.04
0.06
0.05
0.07

0.10
0.03
0.10
0.10
0.07

0.01
0.00

Ca

28.0
26.0
27.0

49.0
110.0
71.0
62.0

33.0
52.0
39.0
39.0
39.0

18.0
62.0

Likely ionic concentration

Mg

6.1
14.3

3.1

17.7
51.2 '
19.1
43.7

12.4
10.0

6.0
6.0

24.2

6.2
20.4

Na K

11.6 2.3
7.7 3.1
6.1 1.6

19.1 2.8
179.0 5.7
12.9 2.2
13.7 1.1

6.5 3.3
3.0 1.2

14.7 3.3
14.7 3.3
29.5 2.5

25.7 3.7
53.2 3.9

HCO3

142.0
202.0

66.0

252.0
330.0
228.0
272.0

119.0
192.0
143.0
143.0
219.0

220.0
269.0

CO3

0.0
0.0
0.0

2.0
2.8
0.0
0.7

0.0
0.0
0.0
0.0
0.0

0.0
0.6

SO4

15.7
12.1
31.1

69.0
96.6

8.8
35.0

37.5
10.7
40.1
40.1
34.3

74.1
71.1

Cl

5.0
22.6

4.4

9.8
121.0

9.7
6.9

5.9
4.7
7.8
7.8

34.5

32.6
22.4

F

0.2
0.2
0.1

0.4
0.6
0.2
0.5

0.2
0.1
0.3
0.3
0.9

0.4
0.2

NO3

3.8
6.5
2.4

8.6
4.1
8.9
6.3

1.7
0.05
4.7
4.7
5.8

5.4
8.6

PO4

0.10
0.03
0.03

0.02
0.02
0.02
0.00

0.02
0.00
0.03
0.03
0.00

0.00
0.00

Min

6.3
5.6
7.2

6.2
4.0
7.0
7.4

6.5
7.6
5.2
5.2
5.8

6.1
7.4

PH

Av

7.2
7.5
7.5

7.3
6.7
7.5
7.7

7.1
7.7
7.1
7.1
7.1

7.2
7.8

Max

7.7
8.2
7.7

9.2
8.6
8.2
8.2

7.4
7.9
8.0
8.0
8.1

7.9
8.4

Fig. 13.5 Representative sizes of sediments and the dimen-
sions of solutes and suspended particles in ground-water.
Also shown are the dimensions for fissures and pores, and
their associated permeability. (From Edmunds. 1981.)

Poreb

Colloidal solution

Table 13.2 Composition of typical ground-waters (all values in parts per million)



tion x 106). Because ground-water is an ionic (i.e. electro-
lyte) solution, its electrical conductivity reflects ionic con-
centration (see Table 13.1). The composition of typical
ground-waters is indicated in Table 13.2.

The quality of ground-water is affected by the period
of its contact with the ground. Connate water which may
have been in the ground for many millions of years has a
high TDS and is often described as a brine (Table 13.1).
Water circulating closer to ground-level (see Fig. 13.3)
moves more quickly, that in fissures travelling much faster
than the water in pores (Fig. 13.6) and is generally fresh.

Ground level

Water unstable :

Oxidized to O2

Water
stable

typical
forg-w

Water reduced
to Ho

Fig. 13.7 Stability field for water in terms of Eh and pH.
(g-w=ground-water) (see Cloke, 1966).

pumped from mines and draining from dumps of indus-
trial waste, have the pH of an acid because of their re-
action with the ore.

An illustration of the changes that can occur is given in
(Fig. 13.8). Recent meteoric water infiltrating through the
outcrop has mixed with older saline, perhaps connate
water down dip. Note the abruptness of the Eh change.
Cores taken from the aquifer at various locations revealed
the intimate relationship between rock and water chem-
istry. Near outcrop the limestone is yellow with occa-
sional grey patches: the yellow represents oxidized lime-
stone, the grey reduced limestone. Cores from locations
further east, down dip, revealed limestone that was pro-
gressively greyer, the yellow oxidation being restricted to
narrow zones that bounded the fractures. The fractures
are transmitting the fresher water richer in oxygen.

Cation exchange
Ions in ground-water may be exchanged for others sit-
uated either on the surface or within the lattice of clay

Fig. 13.6 Reaction of ground-water chemistry to host rock
environment. Slow moving water in rock pores (velocity Vp,
chemical concentration Cp) and fast moving water in fissures
(Vf) of composition (Cf). V f> Vp and Cp>Cf.

Eh and pH
The ability of water to react with the ground depends
upon its power to supply or receive protons (pH) and
supply or receive electrons (Eh). Normal conditions are
shown in Fig. 13.7. Infiltrating water rich in O2 raises the
Eh causing dissolved iron to be precipitated as an oxide
(often seen as rust-coloured staining on joint surfaces
near ground level) and other reactions. Many waters

CaCO3 saturation of g-w Sulphate reduction
and ion exchange

Mixing with
connate g-w

Sea level

Lincolnshire limestone

Clay-shale

Clay

Eh barrier

O2 reduces to zero

Fig. 13.8 Change in the chemistry of ground-water with distance from its point of infiltration at outcrop: see text for details.
Eh measured in millivolts. (From Edmunds, 1973,1977.)

H2S present



minerals. For example, ground-water from limestone,
rich in calcium (Table 13.2) and described as 'hard', can
be 'softened' if-it later comes in contact with clays that
attract the calcium and release sodium in exchange. Many
clay minerals (p. 80), zeolites (p. 80), peat, humus and
roots have high exchange capacities.

Dissolved gases
Most ground-water contains gas in solution. Gases com-
monly derived from the atmosphere are O2, N2 and CO2,
the latter being abundant in water that has been in contact
with limestone (CaCO3). Methane (CH4), H2S and N2O
are produced by the decay of organic matter. Dissolved
gases come out of solution when the pressure of ground-
water approaches atmospheric pressure and such gas
often accumulates in mines, shafts, wells and other poorly
ventilated excavations. Their presence may reduce the
concentration of O2 to injurious or even fatal levels. CH4
is also explosive.

Isotopes
Hydrogen has three naturally-occurring isotopes; 1H
(proteum) and 2H (deuterium) are stable and have rela-
tive abundances of 99.84% and 0.016% respectively. The
third isotope is 3H (tritium) and occurs approximately
once in every 10~J 5H atoms. It is unstable, has a half-life
of 12.4 years and permits the age of water to be dated,
and its rate of movement through the ground to be cal-
culated. For comparison 14C has a half-life of 5730 years.

Oxygen has three naturally-occurring isotopes, 16O,
17O and 18O; all are stable. Their relative abundance is
99.76%, 0.04% and 0.20% respectively. Stable isotopes
enable the history of water to be studied for evaporation
preferentially lifts the lighter 16O into the vapour phase
thus concentrating 18O in the remaining water. Ratios of
18O:16O (normally about 0.002) and 180:2H (normally
6.25:1.0) provide the water molecule with an isotopic
signature that can be used to identify, in the ground,
water of different histories. Isotope chemistry has permit-
ted the age and stratification of ground-water to be
recognized.

Physical characters

Unit weight
The unit weight of fresh ground-water may be taken as
9.81 kNm~3 at 200C and its specific gravity as 1.0. The
weight of ground-water increases with TDS, that of sea
water being 1.025 times (or l/40th) greater than fresh
water, i.e. 10.05 kNm"3. Fresh water floats on saline
water, a point of significance in coastal regions (Fig. 13.9).
The unit weight decreases with an increase in tempera-
ture, being approximately 9.6kNm"3 at 600C. Unit
weight is the force that drives most naturally-occurring
flows of ground-water.

Viscosity
The dynamic viscosity of water at 20°C is LOx 10"3

Nsm~2 (or 1.0 x 10"3 Pas). It is temperature dependent,

Submarine
springs

Fresh
Water

SL = Sea level

WT = Water table

Sea Water

Quattara
MEDN

Fresh Water

Basement Saline Water

Fig. 13.9 Two examples of the relationship between sea-
water and fresh-water at a coast, (a) Sea-water supports
fresh-water that has a strong coastal discharge; fresh-water-
seawater boundary is usually transitional because of diffusion
and tidal fluctuations (see Cooper, 1964). (b) Section
through Egypt: note extensive zone of diffusion (brackish).
MedN = Mediterranean (from Shata, 1982).

rising to 1.3 x 10~3Nsm~2 at 10°C, to greater than
103 Nsm~2 as it freezes, being approximately 108 Nsm 2

when ice. It reduces to 0.3 x 10~3Nsm~2 at 600C. Vis-
cosity contributes to the resistance of water to flow; the
lower the viscosity of water the less is its resistance to
flow through the ground.

Compressibility
The compressibility of water is low and taken as 4.6 x
10" lom2 N"1 at 200C, varying between 5.0xl0~
1 0In2N-1 at 00C and 4.4 x 10" ^ m 2 N " 1 at 600C, i.e. it
is almost constant. Compressibility influences the mass of
water stored in the ground for a given pressure and tem-
perature.

Specific heat
Water has the highest value of specific heat of all common
liquids and is 4180JlCg"1 degree Kelvin"1 (or 1 calorie
gram ~ * per degree 0C). Flowing ground-water is thus an
important agent for the transfer of heat as witnessed by
permafrost phenomena (p. 35) and by its use in geother-
mal power plants.



Aquifers and aquicludes

Rocks and soils that transmit water with ease through
their pores and fractures are called aquifers and those that
do so with difficulty are aquicludes. Typical aquifers are
gravel, sand, sandstone, limestone and fractured igneous
and metamorphic rocks. Typical aquicludes are clay,
mudstone, shale, evaporite and unfractured igneous and
metamorphic rock. Table 13.3 lists the void size that may

Table 13.3 Typical void sizes for granular, fractured and
other materials, and associated permeabilities.

Material Void size Permeability
(m) (ms-1)

Clay <10- 6 t o10- 5 <10" 8

Silt 10- 5 to10- 4 10- 8 to10- 6

Sand 10- 4 to10- 3 10~6 to10-2

Gravel 10~3+ 10-2to10°
Fracture 10-3 to10~2 10"3 to100

Karst 10-2+ 10° +
Tunnels 10°+ 106+
Caves 101+ infinite

be expected in these materials and their likely permeabil-
ity. Soluble strata such as limestone and evaporite may
have voids created or enlarged by dissolution to form
caves and tunnels (Fig. 3.3) and in volcanic rocks lava
tunnels may exist (Fig. 5.5). The majority of soils transmit
water through their pores (Figs 6.1 to 6.3) whereas trans-
mission through most rocks is by pores and fractures
(Figs 5.2, 6.9 to 6.11 and 7.6). Fractures normally trans-
mit more water than pores (Fig. 13.6) as illustrated by the
following values for the Chalk of S.E. England, a major
aquifer:

Fractures Pores

Void space as < 2% 25-45%
Permeability >100md"1 - l x l O ~ 4 m d " 1

The size of pathways provided by pores and fractures will
reduce if applied loads cause them to close (Fig. 15.13).
Shrinkage due to desiccation can open cracks in clays and
dissolution can widen voids in soluble materials.

Confinement

Aquifers may be either particular strata (Fig 13.10a) or
fracture zones (Fig. 13.10Z?). Stratiform aquifers are de-
scribed as being confined if they are buried and unconfined
if they are exposed (Fig. 13.11). The replenishment of
most aquifers by infiltration (a process known as re-
charge, p. 213) occurs over their exposed outcrop and it
is within this unconfined portion of an aquifer that the
greatest circulation of ground-water occurs.

Aquiclude
Aquifer

Impermeable
granite

Permeable
faults

Fig. 13.10 Characteristic aquifers: (a) as strata, (b) as
zones associated with faulting, and tensile fracturing on fold
crests.

I sot ropy and anisotropy

Igneous, sedimentary and metamorphic rocks, and most
soils, are rarely so uniform that their thickness, degree of
fracturing, porosity and permeability are the same
throughout. Usually these properties vary from place to
place, and with direction (see for examples Figs 2.2, 3.1
and 3.36). An important source of variation in sediments
is bedding, where the hydraulic properties in the direction
parallel to bedding differ from those orthogonal to it. In
these respects most aquifers and many aquicludes are
anisotropic and calculations to predict ground-water flow
must use values of permeability that are appropriate for
the direction of flow in the ground.

Hydrogeological boundaries

Geological boundaries define the volume of an aquifer
and hydrological boundaries, especially the water table,
define the volume of water stored within it. Commonly
encountered geological boundaries are stratification of
aquifers and of aquifers against aquicludes (Fig. 13.11),
the termination of aquifers by faults (Fig. 13.10), uncon-
formities (Fig. 2.2) and igneous intrusions (Figs 5.6, 5.7
and 5.9).

Not every geological boundary need function as a hy-
drogeological boundary: there must be a noticeable dif-

Confined Unconfined

Aquiclude
Spring line

Aquifer

Fig. 13.11 Unconfined outcrop of scarpface with dip-slope
confined beneath aquiclude.

Well Well Fault



Fig. 13.12 A map of faults that are operating as hydrogeo-
logical boundaries and revealed by their interruption of sal-
inity contours. Fault controlled salinity distribution (after Daly
eta/.. 1980) " " " " W fault acting as barrier. fault not
acting as barrier. 3» ground-water salinity (mg h1).

ference in either the transmissive or storage characters of
the ground, or in the chemistry of the ground-water on
either side of the boundary. Hydrogeological boundaries
are therefore usually revealed by there being across them
a change either in water levels, or in the gradient of water
levels, or in water quality (Fig. 13.12).

Geological boundaries tend not to change with time,
however mining can seriously disrupt the ground (Fig.
13.13). Fractures may open in the zone of tensile strain
above a mine (Fig. 9.28), and permit a rapid flow of
ground-water in this area. The zone of tensile strain mig-
rates with the mine and is a dynamic geological boundary.
Ground broken this way never recovers its original hy-
draulic characters.

Hydrological boundaries include the water table and
spring line (Fig. 13.11), coastal and shore lines (Fig. 13.9),
rivers, lakes and reservoirs (Fig. 15.5). Such boundaries
usually fluctuate in elevation and are dynamic. The spring
line is an important boundary that marks the intersection
of the water table with ground level. Ground-water dis-
charges from ground below the spring line (Figs 13.4 and
13.20) thus preventing infiltration from occurring over
this area.

Water levels

The various water levels that may be encountered in
bore-holes are illustrated in Fig. 13.14. Bore-hole A
is unlined and penetrates an impersistent zone of satura-
tion supported on an impermeable zone of limited extent:
(a) is a perched water table. Bore-holes Bl to B4, which
are cased only in their upper portion, enter the main zone
of saturation and (b) is the main water-table. Thus a water
table is the level of water encountered in a bore-hole that
is either unlined, paritally lined, or lined with perforated
casing. Bore-hole C penetrates the confined aquifer where
ground-water pressure is sufficient to support a column
of water in the hole. Unlike the other bores, this hole is
lined with casing to its base so that the column of water
in it balances the pressure of water in the ground at C:
the level C is called a piezometric (or pressure) level for
the confined aquifer.

Ground level
Tensile zone

Subsidence
aquifer

aquiclude
roof

seam floor

Fig. 13.13 Geological boundary moving above a mined
area. Note that the increased fracturing greatly increases
permeability.

BHA BHB1

Fault

BHB2 BHC

Ground level
BHB3

River BHB4

LIMESTONE

MUDSTONEClay

Fig. 13.14 A major sandstone aquifer containing clay lenses, is faulted against a limestone aquifer that is confined by clay
and underlain by mudstone. Note: water tables can exist in aquicludes, as shown in the clay and mudstone.



Bores drilled into an aquifier that has its piezometric
level above ground-level, will overflow, and are termed
artesian bores after the French province of Artois where
overflowing wells were first recorded. The London Basin
(Fig. 2.17a) was formerly an artesian basin because water
levels in the Chalk outcrop north and south of London
were higher than ground level in central London where
wells drilled through the confining London Clay and into
the Chalk, would overflow. Pumping has since reduced
the piezometric level to below ground level. The Great
Artesian Basin, m Queensland, Australia, is a famous
example of such a structure, extending 1.56 x 106km2

west of its outcrop along the Great Divide, and supplying
water, via deep wells, to the arid country of central
Queensland. Piezometric levels that are above the top of
the aquifer supporting them, but do not reach ground
level, are described as sub-artesian.

Fluctuation of water levels

Water levels are rarely static for when the rate of recharge
to ground-water exceeds its rate of discharge to rivers,
lakes and the sea, water levels will rise, and vice versa.
Other factors may also cause water levels to change and
Fig. 13.15 illustrates the fluctuations that may happen
and their common causes.

A uniform distribution of rain rarely occurs thus some
areas receive more recharge than others; further, a uni-

form distribution of rain rarely results in uniform infiltra-
tion. Thus a rise in water level will usually be greater in
some places than in others. Fluctuations will also vary
with proximity of the observation hole in which they are
measured to local centres of discharge, such as springs,
rivers and engineering works that pump water from the
ground. The volume of infiltrated water that can be stored
depends upon the volume of voids in the ground: thus
ground with little storage may be rapidly filled with and
drained of water, and register marked changes in water
level in contrast to ground of considerable storage capa-
city where much water can be stored for little change in
water level.

For these reasons, the water level fluctuations
measured in one observation hole are rarely those which
occur over a large area. Thus such fluctuations should be
studied in many holes and the data presented as maps of
water level change (Davis & de Weist, 1966).

G round-water flow

The movement of ground-water and its dissolved consti-
tuents may be considered the result of two mechanisms:
(1) the physical movement of molecules together with
their associated solutes, called advectiveflow, and (2) the
chemical movement of solutes, called diffusive flow. When
rates of advective flow are extremely slow, diffusion be-
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comes the dominant form of mass transfer in response to
chemical gradients in the ground. Ground-water that
moves sufficiently fast to be of concern to most engineer-
ing work is predominantly advective, and may be quan-
tified with reference to the mechanical forms of potential
and kinetic energy of the water. These have been defined
by Bernoulli and may be termed elevation and pressure
head, both of which are illustrated in Fig. 13.16, and
velocity head: the latter is usually so small a component
that it can be ignored in most assessments of ground-
water flow. Elevation plus pressure head equal total head
(Fig. 13.16) and flow is always from high to low total
head (or water level).

Bore-hole acting
as a piezometer

A = area at 90° to flow

Fig. 13.17. The elementary components of discharge
through gravel of permeability (K) (see Fig. 11.11).

Permeability
From the above, it is obvious that permeability is best
measured in the field (p. 185) but that small samples may
be determined in the laboratory (p. 194). Table 13.3 in-
dicates the range of permeabilities commonly associated
with porous materials and Fig. 13.18 illustrates the range
of values that can operate in fractured rock.

Permeability is rarely the same in all directions and the
appropriate value to use is that in the direction of
ground-water flow. The greatest value of permeability in
sediments and sedimentary rocks is usually in the direc-
tion of bedding. If ground contains horizons of different
permeability an overall value is required and obtained
from permeability tests conducted in situ (p. 185).

Spring

Transmissive
fault

DATUM

Fig. 13.16 Total head at bore-hole (BH) = 17 + 23 = 40.
Total head at spring = 31 +0 = 31. Flow of ground-water is
from high to low total head (or water level). He = elevation
head, Hp = pressure head: all measurements are in metres.

As mentioned earlier, water levels rise when the rate of
ground-water flow into a volume of ground exceeds its
rate of outflow, and vice versa. Under these circum-
stances, flow is non-steady and the mass balance to de-
scribe it is:

inflow = outflow + change in storage

Fig. 13.15 shows that non-steady flow is the normal flow
of natural systems. Only when the rate of change of
storage equals zero is flow steady and under these circum-
stances water levels do not change with time.

Transmission

The discharge of ground-water Q (dimensions L3T"1)
through the aquifer illustrated in Fig. 13.17, of area A
(dimensions L2) at 90° to the direction of flow, is given by
the relationship:

Q = KfA

where Ah[L is the loss in total head per unit length of flow
(i.e. the hydraulic gradient: dimensionless LL"l) and K,
called the coefficient of permeability, is the empirically-
derived quantity that equates the hydraulic gradient to
the discharge per unit area Q/A. Permeability thus has
the dimensions of velocity (i.e. LT" l).
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Fig. 13.18 Fracture permeability depends upon both the
number of fractures (e.g. joints) and also their openness (e).
(From Hoek& Bray, 1977.)

Transmissivity
Water-supply engineers commonly combine the overall
value of in-situ permeability of strata (K) with its satu-
rated thickness (b: dimensions L) to produce a value
called transmissivity = Kb (dimensions L2T"1). As water
levels rise and fall so the value for saturated thickness (b)
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ness (b) will vary (Fig. 13.19). It is also common to find
that the value for overall permeability decreases with
depth; a most common occurrence in fractured rock.
Thus an aquifer may have a range of values for the
product Kb depending upon its level of saturation.

Fig. 13.19 (a) Transmissivity = Kb, varies between summer
and winter, as b varies, (b) Stratification increases variation
of transmissivity with variations in b. V = water table.
K=permeability, b = saturated thickness.

Velocity of flow
Permeability and hydraulic gradient govern the apparent
velocity of flow (v):

Q KJh
—- = V =

AL
Thus when the hydraulic gradient is zero, there is no flow,
regardless of how permeable the ground may be. The
velocity calculated is said to be apparent because the real
velocity of flow through the pores and fractures will be
larger, as these voids represent only a fraction of the area
(A) at 90° to flow (see Fig. 13.17). Absolute measurements
of flow velocity can be obtained from the travel time of
stable tracers injected into the ground-water.

Seepage force
The loss in total head (Ah) per unit length of flow (L)
reflects the transfer of potential/row the ground-water to
the soil or rock through which it flows, where it exists as
a body force called the seepage force. Its magnitude is:

— x unit weight of water
Li

The force operates in the direction of flow and can cause
ground failure (Figs. 14.8 and 16.8).

Storage

Pores, fractures and other voids in the ground provide
the storage space for ground-water and the amount of
water that can be stored may be assessed by observing the
volume of water accepted or released from the ground for
a given rise or fall in water level.

Specific yield
Figure 13.20 illustrates an unconfined aquifer whose
stored ground-water is discharging to a river valley and

Capillary water
Mineral grain

Fig. 13.20 (a) River discharge maintained during dry
weather by discharge of ground-water from storage as
ground-water levels drop from 1 to 2. (b) Storage under
water table conditions: note that air is present between grains
(magnified).

sustaining river flow during periods of dry weather. The
water table lowers from a to b and during the period over
which this occurs the river flow is measured so that the
volume of ground-water discharged per unit change in
water level may be calculated. The specific yield for the
aquifer is:

Volume of water released

Change in water table x area of water table change

The voids in the aquifer drain and are occupied by air.
Typical values for specific yield are in excess of 1% and
may be as large as 20%.

Coefficient of storage
Figure 13.21 illustrates a confined aquifer containing
water under sufficient pressure to support a sub-artesian

Mineral grain

Fig. 13.21 Storage under piezometric conditions with
schematic illustration of a granular aquifer; on right, water
expansion and compression. (/) Level falls from a to b: water
expands and the aquifer also compresses thus expelling
water. (//) Level rises from b to a. water compresses and the
aquifer also expands but only very slightly.

River

WinterWinter

Summer Summer



piezometric level (see Fig. 13.14). When water pressures in
the aquifer are reduced, as when a well pumps from a
confined aquifer, the piezometric level falls from a to b.
The aquifer remains fully saturated but the reduction in
water pressure from hay w to hby w (where y w = unit weight
of water) is associated with a slight expansion of the water
(compressibility 4.6 x 10"10 m2N~ *) and compression of
the aquifer (compressibility usually less than 10"7 m2N"
2). Both reactions result in the expulsion of water from
the aquifer. The relationship between water level change
and change in storage is expressed as a co-
efficient of storage which equals:

Volume of water released

Change in piezometric level x area of piezometric change

Typical values are less than 0.1%; often much less. The
compression of geological materials that accompanies a
reduction in fluid pressure has been described in Chapter
9. Clays and other highly compressible materials that are
interbedded with aquifers suffer irreversible compaction
when their water pressure is reduced, and result in con-
solidation (p. 162) and settlement of ground level (Poland
and Davis, 1969; Poland, 1972).

Barometric and tidal efficiency
The interaction of aquifer and water compressibility may
also be observed in aquifers that are subjected to a change
in applied load. Figure 13.22 illustrates two commonly-
occurring conditions. The change in fluid pressure that
occurs per unit change in applied stress is the efficiency of
the system. Wells, shafts and bores should not be entered
during periods of falling barometric pressure without first
ensuring that the excavation is well ventilated since water

tables at depth will be rising and driving air deficient in
oxygen towards ground level via the excavation.

Calculations of storage
Both the storage coefficient and specific yield are dimen-
sionless quantities thus the volume of water that may be
obtained from an aquifer in which there is a water table
is (saturated volume x specific yield).

The change in the volume of water stored in an aquifer
is either (change in water table x area over which the
change applies x specific yield), or (change in sub-artesian
or artesian piezometric level x area over which the change
applies x coefficient of storage).

These relationships will also provide the change in
water level that will accompany any volume of recharge
to ground-water or discharge.

Hydrogeological investigations

The hydrogeological investigations that enable predic-
tions to be made either of the influence of ground-water
upon engineering works, or its potential as a source for
water supply, should be designed to assess the following:

(0 the location and thickness of aquifer horizons and
zones, their confinement and their hydrogeological
boundaries;

(if) the levels of water in the ground, their variation over
an area and their fluctuation with time;

(Hi) the storage and transmissive characters of the
ground; and

(iv) the quality of the ground-water.

To obtain this information investigations must be con-
ducted at the surface and below ground level.

Surface investigations

Normally there are three objectives for surveys that are
conducted at ground level:

(0 To make a hydrogeological map of the area so as to
show the distribution of aquifers, of geological boun-
daries, especially those created by stratigraphy and
faulting, and of hydrological boundaries such as
rivers, lakes and spring lines. Water levels, where
known, may also be included (Fig. 13.23). Ground
of exceptional permeability may be located at the
intersection of faults, or of faults with the axis of an
antiform (Fig. 12.17). The mapping of large areas, as
needed for large water supply, or hydro-power or
irrigation schemes, can be helped greatly by the use
of conventional air-photographs and various forms
of remote sensing that reveal the presence of water
and water-bearing strata (p. 210).

(«0 To draw one or more vertical sections across the area
to illustrate geological structure, the thickness and
confinement of aquifers, and the dip of hydrogeolog-
ical boundaries (see Figs 13.11, 13.14, 13.20a and

High tide

Aquiclude Low tide

Atmospheric
pressure

Fig. 13.22 (a) Piezometric level 1 at low tide, rises to level
2 at high tide as the weight of sea-water compresses the
underlying aquifer, (b) Piezometric level 1 rises to level 2 as
atmospheric pressure decreases allowing the pressure of
water in the aquifer to force water into and up the bore-hole
(BH A). (See Fig. 13.15.) Water level in unconfined aquifer
(BH B) shows no change.

BH B



Fig. 13.23 Hydrogeological map. A limestone aquifer lies
between two aquicludes: shale below and clay above. The
strata dip N. Rivers issue from springs (see UNESCO, 1970).
The direction of ground-water flow may be deduced from
flow lines drawn orthogonal to the water level contours

,' — water level in limestone. 6Om = height above datum to
which water in limestone will rise in a bore. = alluvium.
O =spring. ->=f low line for ground-water.

13.22). Special attention should be given to faults
and similar fracture zones that may be important
transmitters of water (Figs 13.10 and 13.16). The
axes of antiforms are also significant as they tend to
be more fractured, and hence more permeable, than
the surrounding rocks (Fig. 13.10).

(iii) To reconstruct the geological history of the area,
particularly for the last 2 my, when sea level has
fluctuated in relation to the land (pp. 28 and 39) and
ground-water levels were different from those at
present. Many rivers have buried valleys (p. 42) in
which the alluvium acts as a ribbon-aquifer. Karstic
conditions in soluble strata developed at depths that
were related to a previous level of the water table,
and rising water levels have now flooded the karstic
ground (Fig. 13.24). Such areas of palaeo-karst (or

'fossil' karst) provide valuable aquifers for water
supply.

To complete the surface investigations all these data are
collated and from them predictions made of the probable
location and movement of ground-water (Fig. 13.25).
Conceptual models of this nature help identify the type
of sub-surface investigation that is needed to provide an
adequate hydrogeological study.

Fig. 13.25 Two models of possible ground-water flow
based on available information, viz. a geological cross section,
a spring line on both sides of the valley (sp) and a river with
dry weather flow (Fig. 13.20). (a) No recharge from the west
side of the fault, (b) Recharge from the west. The measure-
ment of hydraulic head at A would define which system ex-
isted.

Sub-surface investigations

These are required to confirm:

(0 the level of water in the ground (Fig. 13.14);
0*0 the depth, thickness and lateral extent of aquifers

and aquicludes;
(Ui) the permeability of these zones and the storage of

aquifers;
(iv) the chemistry of the aquifers and their contained

water, and their temperature, if required.

The observation and interpretation of water-levels is one
of the most important tasks in these investigations. Much
may be learnt from the levels of water encountered whilst
drilling a bore-hole; Fig. 13.26 illustrates common situa-
tions. (1) The level of water in a bore-hole that penetrates
an aquifer in which there is no vertical component of
ground-water flow, will not change as the bore-hole pro-
gresses. (2) When there is a downward component to in-
situ flow water levels in a bore-hole will lower as the hole
progresses: the opposite will happen when there is an
upward component to flow (3). (4) A confined aquifer
may support a water level that rises up the hole as it

Fig. 13.24 The control of hydrogeological characters by
geological history, (a) Karst conditions developed during a
previous period of low water level, (b) Present conditions.
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Fig. 13.26 Interpretation of water levels (W/L) during drill-
ing. Compare the depth to water level in a bore-hole with the
depth of drilled hole. E.g. (4): W/L encountered at 2.8 m, and
rose up the hole as drilling progressed. At 8.5 m the rise in W/
L became more rapid as a confined aquifer was penetrated.
If the hole is not fully cased the W/L recorded is not an
accurate measure of pressure head as water may drain from
the hole (as in cases 3 and 4) or towards the hole (as in cases
1 and 2).

approaches the aquifer: ths water is either artesian or
sub-artesian {q. t\).

A piezometer may be installed into a bore-hole to pro-
vide an accurate measure of pressure head at its location
in the ground (Fig. 10.15) and enable variations in total
head ( = water level) to be measured over a period (Fig.
13.15). Figure 13.27 illustrates how such instruments may
be used to monitor hydraulic conditions around a tunnel.

The geophysical logging of boreholes provides valuable
information that helps to identify permeable zones and
to indicate the quality of water in the ground (Table 13.4).
Electrical resistivity, caliper and flow logging techniques
are popular. Such logging greatly assists engineers inves-
tigating the ground for water supplies, shafts, tunnels and
large underground storage caverns, and in the task of
correlating strata between bore-holes, as each horizon
has its own geophysical signature. Beds of similar charac-
ter may thus be recognized and aquifers and aquicludes
delineated.

In-situ assessments of transmissivity (or permeability)

Fig. 13.27 Piezometric levels. h = pressure head;
e = elevation head; x-y = datum from which head is measured
(Fig. 13.16). A drainage tunnel, T, in clay overlying gravel
depresses the water table, (WT). A-B is line of equal potential,
i.e. the total hydraulic head at all points along it is equal,
velocity head being ignored. Piezometers 1 and 2 register this
equipotential. The water levels encountered during drilling
would be a and b respectively falling to S1 and b2 once the
piezometers were installed (see also Fig. 13.26). Bore-hole
3 enters the gravel. Its water level falls from c to C3, the
piezometric level for the gravel, once its piezometer is in-
stalled. The pressure of water at a piezometer tip is = hyw

where yw = unit weight of water.

and storage are frequently required and may be obtained
using the techniques described in Chapter 10 (p. 185).

Samples of water may have to be retrieved for analyses
and must be collected with care (see Edmunds, 1981 for
guidance). Figure 13.28 illustrates the change in condi-
tions that can occur when sampling at the time of drilling
did not represent the quality of ground-water under
operational conditions.

Table 13.4 Geophysical methods suitable for most bore-
holes and commonly used in hydrogeology. (See Keys &
McCary, 1971.)

Logs for defining condition of strata
B.H. diameter

Electrical-potential

Radiation

Visual

CALIPERS; reveals fractures, cavities,
strata boundaries.
SELF POTENTIAL: for boundaries and
type of strata.
RESISTIVITY: for strata types and boun-
daries.
NEUTRON: for porosity
GAMMA: for density
TELEVISION: for inspection

Logs for defining fluid conditions
Temperature

Flow
Electrical-potential

reveals permeable horizons intersected
by bore-hole,
as for temperature.
CONDUCTIVITY: for fluid composition:
salinity.



Fig. 13.28 (a) Ground-water conditions at time of drilling
well, (b) Conditions when well is supplying water.
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Slope Stability

All slopes have a tendency to move, some more than
others. Such movements can vary in origin and magni-
tude, and range from near-surface disturbances of weath-
ered zones to deep-seated displacements of large rock
masses. They occur when the strength of the slope is
somewhere exceeded by the stresses within it. Movements
that are restricted to surface layers are often controlled
by stresses derived from surface or near-surface environ-
ments, e.g. precipitation and temperature, whereas move-
ments at depth indicate the presence of adverse stresses at
depth. The movements that occur may extend from those
small and slow displacements associated with creep (p.
160) to the rapid and large displacements of catastrophic
slides. Those commonly responsible for engineering prob-
lems are illustrated in Fig. 14.1: all are the response to
gravity-produced stresses which exist in every slope.

The stability of slopes is thus an important considera-
tion in the design of man-made excavations such as those
for an open-cast mine, a quarry, a road cutting, a large
foundation or a deep trench. Natural slopes become un-
stable as a normal phase in slope erosion (Fig. 3.11) and
the stability of slopes forming coastal and river cliffs,
valley sides, especially where forming reservoir margins,
and dam abutments, may have to be assessed if their
movement endangers the public or engineering structures.

Slope failure

Slope movement and failure can occur in four ways which
may operate either separately or together, as follows:

(0 by detachment of rock as rockfalls and topples (Fig.
14.1a and 6);

(ii) by shear failure on existing large scale geological
surfaces (Fig. 14.1c);

(Ui) by shear failure of rock and soil material, often util-
izing weak horizons (Fig. 14.1, d, ^,/and g);

(iv) by gradual adjustments on a microscopic scale as in
creep (Fig. 14.U).

An elementary classification of such movements is
presented in Table 14.1.

Progressive failure

Failure is usually a gradual event initiated locally at
points near the base of the slope. Terzaghi (1950) noted
this tendency in clay slopes and termed it progressive
failure to indicate:

'the spreading of the failure over a potential surface of
sliding from a point or line towards the boundaries of
the surface. While the stresses in the clay near the
periphery of this surface approach the peak value, the
shearing resistance of the clay at the area where the
failure started is already approaching a much smaller
ultimate value' (see Fig. 9.24).

Such failure is suspected to involve the degradation of
soil and rock strength by the agents of weathering (Chap-
ter 3) and by creep. A well documented record of pro-
gressive failure is that of a slope in N. London (Skempton,
1964): see Fig. 9.27. The slope and its retaining wall, in
brown fissured London Clay, were completed in 1912.
Movements were at first small and at a fairly constant
rate, but gradually increased and eventually culminated
in failure; a behaviour typical of slope instability. The
slope had taken 29 years to 'fair and demonstrates that
the long-term strength of soils is much lower than their
instantaneous strength: a point to remember if designing
with values obtained from 'quick' tests. The same is true
for rocks (see Radbruck-Hall, 1978).

Because the stability of slopes is time-dependent it is
common to consider their stability in the long and the
short term, where short term usually means 'for the dur-
ation of a contract' and long term 'for the engineering life
of the scheme'.

Factor of safety

Analyses for slope stability can determine:

(0 the conditions under which movement will com-
mence, and

(ii") the amount of deformation that occurs under given
conditions.

Analyses for the latter utilize finite element solutions that
normally require a much greater knowledge of slope geol-
ogy and of the non-linear stress-strain behaviour of the
materials from which the slope is composed, than is
usually available. For these reasons most routine analyses
of slope stability concentrate on defining the conditions
under which failure will occur.

The commencement of movement can be predicted
using Limit Equilibrium analyses, where a mechanism,
e.g. translation, rotation or toppling (Table 14.1), is pos-
tulated to occur about specified surfaces. The resistance
required on these surfaces to just prevent failure occurring
is then calculated and compared with the available



Horizon of weak material

Fig. 14.1 Some common slope movements: S = sliding surface, W=weathered zone (see also Table 14.1 and text).

(/) Sevenoaks slip in Weald Clay, an example of failure of a man-made slope (reproduced by permission of the Chief
Engineer, British Rail).

Table 14.1 An elementary classification of slope failure and movement (see Varnes, 1978)

A. FEATURESATTIMEOFFAILURE

Geometry

Blocks &
columns

Slabs

Sectors

Mechanism

Fall &
topple

Slide by translation

Slide by rotation

Illustration

Fig. 14.1a
Fig. 14.16. 14.4
Fig. 14.1c, d.e. 14.3,
14.14,14.16
Fig. 14.1/,/, 14.2,
14.19

B. MOVEMENT AFTER FAILURE

Rolling & turning of blocks & columns
Sliding of masses: by translation

by rotation
Flow as a viscous fluid

Fig. 14.1a, b
Fig. 14.1c. d.e
Fig. 14.1/; /
Fig. 14.1flr. 14.11



strength as assessed from laboratory or field tests, or
better, the analyses of previous failures in similar
materials (p. 171). This comparison defines the Factor of
Safety, which is the factor by which strength may be
reduced to bring the slope to limiting equilibrium (M or-
genstern and Sangrey, 1978). When a slope fails the Fac-
tor of Safety is 1.0.

Major geological factors

The rocks and soils of which a slope is composed, their
geological structure, the influence that ground-water may
have upon their strength and upon the forces that operate
on them, and the magnitude of stress in-situ are factors
that influence the stability of a slope.

Types of rock and soil

The strength of rock and soil depends upon its mineralogy
and fabric. In Chapter 4 the common minerals are de-
scribed and in Chapters 5 to 7 their association in rocks
and soils are explained and illustrated. It need only be
noted here that the clay minerals (p. 80) tend to be the
weakest of all.

The smallest fabric commonly of engineering signific-
ance to slope stability is that produced by minerals. An
example of such a microscopic structure is the delicate
flocculated fabric of a Norwegian quick clay (Fig. 6.3c):
this is most sensitive to strain and capable of rapid col-
lapse which quickly reduces the strength of the clay. Such
a clay is sensitive (p. 122) and because the remoulding of
a quick clay can convert the sediment to a viscous fluid,
slopes in such material are liable to flow (Fig. 14.Ig).
Crawford and Eden (1967) describe two such movements
in the Leda Clay of the St Lawrence Lowlands of E.
Canada; this sediment has an open flocculated structure.
One flow covered an area of 283 x 103 m2 to a depth of
5 m and the other involved 25 000 m3 of clay. Both flows
occurred on natural slopes. Similar movements have been
described by Aas (1981) and Gregersen (1981) from the
quick clays of Norway.

Such movements do not have to be associated with
saturated ground. Some very large flow-movements have
been recorded for materials that were essentially dry at
the time of failure; one such slide, in loess at Kansu is
described later, in connection with seismic events.

Mineral fabrics that are anisotropic, such as those of
slates, schists and laminated clays, will be weakest in the
direction parallel to the fabric, and a careless choice of
samples for testing, or of the orientation of specimens
tested, can result in an incorrect assessment being made
of the strength of the rocks or soils in a slope (Fig. 14.2).
Mineral fabrics can occur at different scales: some may
exist throughout the slope, as in cleaved rock, whilst
others are restricted to shear zones. Thin zones, only a
centimetre or so wide, can be crucial to slope stability if
they act as surfaces of sliding for large volumes of
material (Fig. 14.1c).

Bedding

Rotational failure
as in Fig 14.1 ( i )

Strength of specimen
with axis 9 0 ° to bedding

Fig. 14.2 Influences of anisotropy upon strength of a slope
(after Skempton & Hutchinson, 1 969). See also Fig. 11.5.

Geological structure

Surfaces such as bedding, schistocity, cleavage, faults,
joints and fissures in over-consolidated clay, can have a
profound influence upon the stability of slopes if their
inclination facilitates downhill movement of the slope in
which they occur. Examples of this influence are illus-
trated in Fig. 14.Id, c and/ . In addition to this, the
strength of joints and other geological surfaces is usually
less than that of the intact rock they bound; often they
are the weakest component of slope geology.

Figure 14.3 illustrates the influence of a simple geolog-
ical structure upon the stability of slopes in a cutting. The
vertical section (a) is drawn in the direction of dip of
bedding and in the plane of joint set 2: the N slope of the
cutting is controlled by bedding and the S slope by joint
set 1. A map of the rock mass is shown in (b). The cutting
shown in (a) is oriented parallel to the strike of bedding
(Fig. 8.1) and different orientations, as shown in (b) result
in slopes of different overall angle of stability, as illus-
trated by the sections CD and EF.

The manner in which structure can dictate the shape of
individual blocks of rock within a slope can be seen in
Fig. 14.3, and when these are so proportioned that their
centre of gravity is beyond their base, they will topple, as
shown in Figs 14.4 and 14.16. Considerable volumes of
rock may be moved by toppling (de Freitas and Watters,
1973), and geological structure can be crucial to stability
(Goodman et al, 1976; 1982).

Geological structure that permits the agents of weath-
ering (Tables 3.1 and 3.2) to detach rock from the face of
a slope will facilitate rockfalls (Fig. 14.1a). These some-
times involve large quantities of material and may pose



Fig. 14.3 Effect of structure on slope stability, (a) In section: j=jointing, b = bedding, (b) In plan: dip of bedding = 300S: dip
of JoJm1 = BO0N; joint2 = vertical; m = blocks sliding into the cutting.

Zone B

Zone A
Zone D

Zone C

/3 (degrees)

Fig. 14.4 General fields of stability for toppling and translation. 0 = angle of friction; taken as 35° in this figure. /? = dip of
basal plane, (a) Zone A: b/h>tan /?; /?<</>: a stable zone. Zone B: b/h>\an ft. fi><t>. sliding only. Zone C: b/h<tan p; toppling
only. Zone D: b/h<\an /?; pxp: sliding and toppling can occur, (b) Relevant dimensions for analysis of toppling. (From Ashby.
1971.)

serious engineering problems (Bjerrum and Jorstad,
1968).

Folding, which tilts beds (as in Fig. 14.3), may greatly
reduce the shear strength of weaker horizons, for as noted
in Chapter 8, certain folds develop by the shearing move-
ment of adjacent layers (Fig. 8.14). This shearing may so
re-orient the minerals in the zone of movement that the
strength of the surface between adjacent layers is reduced
to a residual value (Figs 9.24 to 9.26): such surfaces are
often slickensided (Morgenstern and Tchalenko, 1967).
A series of surfaces of low shear strength in the folded
Siwalik Series of India caused considerable problems in
the stability of excavations at the Mangla Dam site, Pak-
istan (Henkel, 1966). The deformation which occurs in

fault zones is similar and often identical in end result.
Zones of reduced shear strength are common in the folded
strata of coal basins (Fig. 6.19) and represent a wide-
spread and easily overlooked hazard in the stability of
slopes in open-pit mines (Stimpson and Walton, 1970).

G round-water

The self-weight of a dry slope generates stresses that can
be modified by the presence and movement of ground-
water which can affect slope stability in the following
ways:

(0 by changing the effective stress (p. 161) and thus the
resistance to shear stress,



OO by generating seepage forces (p. 222 from ground-
water flow towards the slope face, which augment
those forces tending to destabilize a slope,

(Ui) by operating as an agent of weathering and erosion
to promote dissolution in soluble rocks, swelling in
expansive clays and erosion of fine particles from
weakly cemented deposits.

The only natural character of a slope that can be changed
economically, and on a scale large enough to improve
slope stability, is ground-water, because it can be drained
by gravity. The alternatives to drainage are expensive
regrading of a slope to reduce the gravity induced shear
stresses within it, or equally expensive support measures
to increase the resistance of the slope to these stresses.
Hence the drainage of ground-water is a common com-
ponent of slope design (Fig. 14.5).

Veder (1981) describes how drainage of ground-water

Horizontal
drams

Embankment

Road

Fig. 14.6 Three fans of horizontal drains to discharge
ground-water from the slope to collector wells. Surface drains
(not shown) are also present (After Veder, 1981.)

Fig. 14.5 Dewatering of ground
around a surface excavation for
the construction of an inclined
access tunnel to a mine at
depth, WP = WeII points into sand
and gravel overlying bedrock.
DW = deep wells into bedrock.

from an unstable soil slope stabilized the ground suffi-
ciently for a road embankment to be founded on it (Fig.
14.6). Lane (1969) describes the stability of walls in a
power house built at the base of a 76 m cliff of rock on
the side of a valley. The rock contained near vertical
joints oriented parallel to the valley side. These permitted
the drainage of water from a canal at the top of the gorge
to the power station area, where drainage holes had been
drilled into the rear wall of the house to provide an exit
for the water. The power house was built in 1910 and the
drainage system worked successfully for 45 years, but in
1955 it was decided to stop the seepage and the drainage
holes were grouted. The cliff collapsed shortly after.

The hydraulic forces created by ground-water that fills
a tension crack at the rear of a slope and discharges via a
surface of potential sliding are illustrated in Fig. 14.7.

Movement of water through a rock slope creates seep-
age forces, as illustrated in Fig. 14.8. The unbalanced
force produced by the pressure head difference (Ah) acts
on each block. Slopes of porous materials such as sands
and clays are similarly influenced by seepage forces.

Tension crack

Sliding
surface

Fig. 14.7 Forces produced by water confined in a tension
crack and along a planar sliding surface.
V = ̂ y ̂ x Zw2 where yw = unit weight of water.
U = hw x Zw (H - Z ) x Cosec 0.



In-situ stresses

The stresses within a slope are generated by its self-
weight, the presence and movement of ground-water, and
the geological history of the rock or soil from which the
slope is composed: occasionally a slope may also be
stressed by accelerations produced from earthquakes.

Stresses produced by the geological history of a rock
or soil (p. 159) are embodied in the materials themselves,
remaining there after the stimulus which generated them
has been removed: for this reason they are called residual
stresses. The part abnormally high horizontal stress plays
in initiating landslides in over-consolidated clay (Fig. 9.6)
is an example of their influence (see Bjerrum, 1967). Such
residuals decrease in magnitude with time and most of
those found in slopes are relics of stress which has been
incompletely released by unloading when the slopes were
formed. The strain that accompanies the relaxation of
such stress is described in Chapter 16 (see for example
Fig. 16.12); it augments those strains induced by the
self-weight of the slope and with them results in an up-
ward and outward movement of the base of the slope.
Hollingworth et al. (1944) reported updoming of the floor
of clay valleys (Fig. 14.10), stating that:

\ . . it appears that the clay has reacted . . . , to differ-
ential unloading resulting from the erosion of overlying
rocks. As the downcutting of streams proceeded, the
excess load on either side of the valley could cause a
squeezing out of the clay towards the area of minimum
load, with consequent forcing up of the rocks in the
valley bottom.'

The updoming is called valley bulging and has since been
recorded at many other localities (Fig. 8.17).

Spring

Fig. 14.8 Some water pressures In slopes (after Muller,
1964). PL = piezometric level of water in joint BC which rises
as a water level to points a and b in joints 1 and 2. The thrust
on joint 1 is greater than that opposing it on joint 2 by an
amount=y^J/?, wherey lv = unit weight of water.

Sometimes ground-water flow can be sufficient to dis-
lodge mineral grains from poorly cemented materials
such as silts, and wash them out of the ground; a process
called internal erosion. When this occurs the overlying
layers collapse and promote a slope failure. An example
is described by Ward (1948) and illustrated in Fig. 14.9.
The drainage of surface water from a road into a confined
layer of fine sand caused internal erosion and slope fail-
ure. Remedial measures included the drainage of road
run-off and protection of the seaward exposure of sand
with a graded filter of granular material through which
the fine sand could not be carried by flowing water.

Road

Clay

Thanet Sand

Clay
Sand

Pond

Slide debris
on beach

Chalk

Fig. 14.9 General section through
Castle Hill. Newhaven.

Glacial deposit Northampton Sand Great Oolite Limestone

Silts and clays
Upper Lias Clay

Fig. 14.10 Section across
the bulged valley of Slipton in
Northamptonshire (after Hol-
lingworth, et al., 1944). See
also Horswill & Horton, 1976.



Seismic disturbances

The release of energy from earthquakes results in seismic
waves travelling through the ground, which is accelerated
by them. Such dynamic loading increases the shear
stresses in a slope and decreases the volume of voids
within the material of the slope leading to an increase in
the pressure of fluids in pores and fractures. Thus shear
forces increase and the frictional forces to resist them
decrease. The factors which affect the response of a slope
are (i) the magnitude of the seismic accelerations, (U) their
duration, (Hi) the dynamic strength of the materials
affected and (iv) the dimensions of the slope.

Seed (1967) describes the coastal landslides that oc-
curred at Turnagain Heights, Anchorage, Alaska. These
are composed of outwash sands and gravels overlying
30 m to 50 m of marine Bootlegger Cove clay, a mixture
of stiff clay and soft sensitive clay which contains seams
of silt and sand. These coastal slopes had withstood
earlier earthquakes up to 7.5 intensity (revised Richter
Scale). The earthquake of March 27,1964 was of intensity
8.5 and lasted at least 4 minutes, an unusually long time.
After withstanding the movement for 1.5 minutes, the
slopes collapsed, in places carrying their seaward edge
600 m into the bay. Landsliding continued for some time
after the 'quake. Subsequent tests made on the sediments
revealed that the sand lenses within the clay could liquefy
within 45 seconds when loaded by vibrations similar to
those of the earthquake: the clay itself failed after 1.5

minutes. It is therefore thought that the sand lenses lique-
fied soon after the 'quake began, their loss of strength
promoting eventual failure of the clay. A possible
sequence of events is illustrated in Fig. 14.11.

Failure at Turnagain Heights was associated with
liquid pore pressures. Air pore pressures can have the
same effect, as illustrated by the landslides in Kansu
Province, China, in 1922. Here, thick deposits of loess lay
on bedrock: gentle valleys terraced by farming crossed
the area. On December 16 an earthquake occurred, pro-
ducing violent jerking movements, the main period of
movement lasting 0.5 minute. The valley sides collapsed
and flowed downhill, burying many villages and affecting
an area of 272 x 240 km. Close and McCormick (1922)
recorded that

\ . . the earth . . . had shaken loose . . . grain from grain,
and then cascaded like water, forming vortices, swirls
and all the convolutions into which a torrent might
shape itself.

The earthquake had initiated a series of enormous dry
flow movements.

Slope history

Natural slopes in which modern landslides occur nor-
mally have a geological history of instability, the modern
landslide, as in Fig. 14.12, being the latest movement
associated with slope erosion. Important aspects of slope
history are the previous conditions that affected the slope,
and its history of weathering and erosion.

Pre-1965 slope

Slope IOOOOyrs ago

Present slope Slide debris

Fig. 14.12 Slope history for Johnson Peak, British Col-
umbia (after Mathews & McTaggart, 1978). Slide debris con-
sists of material from 1965 fall lying stratigraphically above
that of a pre-historic slide. (See also Fig. 9.29.)

Previous conditions

Much slope movement that occurred under past perigla-
cial conditions is not immediately apparent at ground
level and its presence must be sought with the aid of

Fig. 14.11 Failure of Turnagain Heights cliffs, Alaska, (a)-
(e). as developed in model tests; ( f ) final situation as
observed in the field (after Seed, 1967). S = sands and gravel;
BC = Bootlegger Clay.



careful sub-surface investigations (Chapter 10). A num-
ber of engineering problems have arisen when excavated
slopes cut into the gently and apparently landslide-free
sides of valleys, have failed on the buried surfaces of
former landslides. Trial pits dug to investigate the ground
revealed the presence of ancient mud-flows (Fig. 3.7). Soil
testing showed that the angle of residual shearing resist-
ance {(j>'r) for the surfaces on which these flows moved,
may be greater than the present angle of topographic
slope. Table 14.2 presents data from over-consolidated,
fissured, Cretaceous and Eocene clays in S. England.

Field measurements indicate that in fissured clay a
slope of angle greater than approximately </>'T/2 will
ultimately fail, but as seen from Table 14.2, slopes of
smaller topographic angle than this may contain surfaces
on which sliding has occurred. Obviously the strength of
the material has at some time been reduced and as such a
condition does not exist at present it must have happened
in the past, most probably when the ground was weak-
ened by periglacial conditions during the Pleistocene.
Slope movements of this age have been found in many
countries (see Fig. 3.8).

Table 14.2 Strength values for ancient slip surfaces (from
Weeks, 1969)

Approx. angle of <f>' Depth of surface below
topographic slope (degrees) existing ground level
(degrees) (metres)

7 15 3.9(1)
4 15.6 1.8
4 16 1.8 and 3.0
7 12.4 1.6 and 4.5
3 12.7 1.2 to 2.25
5 14 1.3
3 i 14 1.6

(1) dated (by 14C) at approximately 10 200 B.C. Trial pits
revealed that in some localities a series of mud-flows had
moved one over the other, the oldest being at the base. Some
flows were associated with soil horizons which were later
buried by succeeding flows. The soil horizons contain car-
bonaceous material from which absolute dates can be
obtained.

Weathering

The rate at which chemical changes occur may range from
a few days to many years, and can affect both the short
term and long term stability of slopes. Soft sediments are
most readily involved in these changes as are the soft
fillings found in rock fractures, such as the gouge in some
fault zones. Hard rocks and those composed of chemi-
cally stable minerals are less susceptible to change (see
Chemical weathering, p. 31).

Chandler (1969) noted that the weathering of marl
increased its liquid limit and natural moisture content
and decreased its bulk density, permeability and shear
strength (c', </>' and 0'residuai)- Another example is

reported by Drouhin et al. (1948) from a slope in Algeria
where calcareous rocks overlie a glauconitic marl. Cal-
cium, from ground-water percolating through the calcar-
eous strata, was taken by base exchange into the structure
of the clay mineral glauconite, which in turn released
potassium. The pH of the ground-water increased as its
calcium content decreased, causing the marl to defloccu-
late to a colloidal gel. Slope failure occurs if this process
continues until the strength of the marl can no longer
support the weight of overlying strata. The mineral glau-
conite has been found in the lower levels of other large
slides, e.g. at Dunedin, New Zealand (Benson, 1946), and
at Folkestone Warren, England (p. 238).

Matsuo (1957) describes the influence of exchangeable
calcium upon the stability of a railway cutting at Kashio,
Japan, which failed after being 'stable' for 10 years. Slid-
ing occurred in a series of clayey sands, clays and gravels,
and ground-water issuing from the toe of the slide (at
rates between 1.3 and 50Cm3S"1) was found to have a
greater free carbonate content than the rain water infil-
trating the slope (2.44mg I"1 and 0.039mg I"1 respec-
tively). It was evident that calcium was being removed
from the ground and laboratory tests confirmed that such
leaching reduced the strength of the sediments in which
the slope was cut.

Chemical changes which can occur rapidly in geologi-
cal materials are the expansion of anhydrite on hydration
and the decay of iron sulphide (pyrite and marcasite) on
oxidation. Both changes can occur over short periods
(Brune, 1965; Steward et al., 1983). The addition of water
may also cause swelling and compressive stress, and its
subtraction, shrinkage and tensile stress: mechanical and
chemical weathering often coexist (Fig. 3.8).

Erosion

Naturally-eroded slopes are created by the movement of
ice, surface water and the sea. Glacial erosion produces
U-shaped valleys (Fig. 3.41) whose over-steepened sides
became over-stressed when the glaciers melt and the lat-
eral support to them provided by the glaciers is gradually
removed. Such slopes eventually fail. Glacial erosion is
facilitated by the generation of joint sets a small distance
below the base of a glacier: similar joints develop in the
rock adjacent to the sides of a glacier. These joints are an
addition to those existing prior to glaciation and by
stress-relief of the valley sides occurring after glaciation
(see Fig. 14.14£), and are thought to be produced by the
drag of ice against the rock walls and base of a valley. It
is common for them to be filled with rock-flour (p. 55)
and clay; in this condition they have a low shear strength
and are often the surfaces on which slope failure may
commence. The lower slopes of many glaciated valleys
are covered by glacial deposits which conceal such sur-
faces (Fig. 3.41) and cut slopes of excavations into the
bedrock, these can fail on clay filled joints, causing slope
instability that may extend over a large area.

In cold regions, erosion by alternating cycles of freezing
and thawing is common and produces rock-falls. Bjerrum



(1968) describes the occurrence of rock-falls in Norway
(Fig. 14.13). Most occur during the spring thaw in April
and the period of maximum precipitation in October.
During very wet years, unstable slopes are cleaned off by
rock-falls and larger slides, and it may be many years
before sufficient material is weakened for further large
scale slope instability to develop. The periodicity of slope
instability is illustrated in (c); the period 1720-60 was
exceptionally cold and wet, the incidence of landsliding
being 10 times that of the following 50 years. Periodic
behaviour of this kind is typical of slope instability.

Erosion of valley slopes by rivers is reviewed in Chapter
3. Unlike glaciers, the level of rivers is related to sea-level
and buried valleys are the common legacy of former lower
sea-levels (p. 42). Landslides which occurred in the valieys
at times of lower sea-level may now be buried by alluvium,
but can be re-activated if exposed by engineering exca-
vations.

Coastal erosion is also considered in Chapter 3. Many
coastal areas have raised beaches with the old cliffs form-
ing an inland escarpment whose stability is deteriorating.

Examples of failure

Geological processes rarely work in isolation; most large
slope movements result from several processes collectively
producing an overall condition of critical stability. To
illustrate this point three case histories are now described:
the Vajont slide at a reservoir; the Turtle Mountain slide,
above a mine; and the Folkestone Warren landslide,
along a natural coastline.

The Vajont slide

October 9, 1963. (References: Muller, 1964b; Kiersch,
1964; Jaeger, 1969, 1979; Brioli, 1967.)

The river Vajont flows in a steep gorge which cuts
through the Alpine folds of north Italy. The broad struc-
ture of the valley is a syncline, thought to have been
formed in Tertiary times (Fig. 14.14a). The rocks involved
in the folding are essentially calcareous sediments of Jur-
assic and Cretaceous age: folding mobilized the shear
strength of the weaker clay seams, so that they were at
their residual strength when folding ended (see Fig. 8.14).

Pleistocene glaciation removed a considerable volume
of rock and scoured out the glacial valley along the axis
of the syncline (Fig. 14.146). This unloading of the valley
sides promoted the development of stress relief features
parallel to the valley itself; in some places new joints were
developed, in others conveniently oriented bedding sur-
faces were opened. Landslides occurred and may have
dammed the valley until they were overtopped and eroded
away. One slide had actually crossed the valley and its
leading edge lay on the glacial sands and gravels which
locally cap the bedrock. By the time the glaciers had
retreated the valley was sufficiently elevated above sea
level for its river to cut a gorge some 195 m to 300 m deep
in the valley floor.

A hydro-electric scheme for the valley had been
planned, and by September 1961 a thin arch concrete
dam was constructed. Geological investigations of the
valley sides (as distinct from the dam foundations) had
been in progress at intervals since 1928 but were intensi-
fied in October 1960, when accelerated movement into
the reservoir area occurred on the south slope of the
valley within 390 m of the dam. The movement was
accompanied by a large M-shaped tension gash which
extended along the south slope (Fig. 14.14c 'I960 scar'):
approximately 200 x 106 m3 of rock and was moving on
a zone of sliding-surfaces situated about 198 m below
ground level (Fig. 14.14a). The front of the slide moved
at 8-10 cm per day and the remainder at 3-5 cm per day:
the movement as a whole suggested that progressive fail-
ure and creep were occurring.

The volume of the moving mass precluded all remedial
measures other than those which would reduce the pres-
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Fig. 14.13 (a) 'Rockfalls' (a mixture of falls, topples and
small translations, see Fig. 14.1) in E. Norway in relation to
altitude, time of fall and temperature, a = average date when
the mean daily temperature passes freezing point; b = average
last day of frost; c = average first day of frost, (b) Number of
rockfalls in the years 1951-55 and their montly distribution,
(c) Number of rockfalls and rock slides in fjords.
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Fig. 14.14 The Vajont Slide, (a)
General elevation of the geology in
metres above sea level, (b) Sketch of the
gorge, a=joints associated with old gla-
cial valley; b = opening associated with
bedding planes; c=joints associated
with younger river valley, (c) Map of Va-
jont reservoir. A = 1960 slide; B = 1963
slide. Both slides moved North, into the
reservoir.

sure of water within the slide. It was decided to drain the
slope by adits and to lower the level of water in the
reservoir. The rate of lowering was such that excess water
pressures would not develop in the slide, however, the
reservoir level rose a further 10 m to 89% of the final
height before this drainage programme could begin. On
November 4, 7 x 105 m3 of material slid from the toe of
the slide into the reservoir in 10 minutes, and is known as
the 1960 slip (Fig. 14.14c). The stability of the slope was
evidently closely related to the reservoir level. This was

demonstrated throughout 1961, 1962 and 1963 when
slope movements accompanying a rise in reservoir level
could be halted by a fall in reservoir level (Fig. 14.15). In
April 1963 it was considered safe to raise the reservoir
level. Slope movement began, slow at first, but increasing:
lowering of the reservoir level commenced at the end of
September with the intention, based on earlier experience,
of bringing the creep to a standstill. Lowering was carried
out at a slow rate (15 m per week) and by October 9 the
water level had dropped to where it had stood in Nov-
ember 1962 and June 1963 (Fig. 14.15).

That night at 23.38 G.M.T. there was a violent failure
that lasted a full minute. The whole of the disturbed
mountain-side slid downhill with such momentum that it
crossed the river gorge (99 m wide) and rode 135 m up the
farther side of the valley (Fig. 14.14a). More than 250 x
106m3 had moved, at a speed of about 24 ms"1. This
sliding lasted for 20 seconds, produced seismic shocks
that were recorded throughout Europe, and sent a huge
wave over the dam which, however, survived. The wave
levelled five villages in the valley below and killed more
than 1500 people.

In his analysis of the failure Jaeger simplifies the slide
geometry to that given in Fig. 14.16 and shows that the
factor of safety for a creeping system of this character
decreases with a decrease in the ratio of the angles of
friction (4>2/<t>i) whatever the values for the ratios W1JWx

and (X2Za1. The value (j>2 must have been low to permit the
observed deformations in zone A, hence ^1 , the friction
on the 'seat' of the slide became critical to the overall
stability. Increase in the uplift forces (U) which occurred
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Fig. 14.15 Relationship between movement on the Vajont
slope and reservoir level. (Int. Commission on Large Dams,
1979.)



Failure
surface

Fig. 14.16 (a) General character of the slide (after Muller);
arrows show relative velocities of movement, (b) Section
analysed by Jaeger (1969); W=weight of rock and reservoir
water above rock; u = uplift pressures; </> = angle of friction;
a=dip of sliding surface.

each time the reservoir level was raised, would decrease
(J)1 and the periodic movements related to rises in reser-
voir level indicate that the factor of safety must have been
hovering between 1.0 and some value above 1.0. The
process continued until cohesive forces on the flatter
lower section of the slide had been so reduced that rock
there failed by rapid fracture. Investigations made after
the failure support this theory.

The Turtle Mountain slide

April 29,1903. (References: McConnell and Brock, 1904;
Daly et ah, 1912; Cruden and Krahn, 1978.)

Turtle Mountain is a long, narrow, wedge-shaped ridge
cut into an anticline that forms part of the front range of
the Canadian Rocky Mountains in South Alberta. Its
peak rises 945 m above the valley of the Old Man River,
and its eastern face overshadows the mining town of
Frank. This face has a talus slope at 30 degrees which

extends to 245 m above the valley floor where it ends
against a precipitous upper cliff. The mountain is com-
posed of Devonian and Carboniferous limestones which
have been thrust east over Cretaceous shales, sandstones,
and coals (Fig. 14.17). The limestones are an alternating
sequence of contrasting beds, some massive and coherent,
others flaggy. Bedding plane movement during folding
(called flexural slip) has striated the bedding surfaces
parallel to the dip direction (Fig. 8.14). Two thrust zones
exist, bounding a thickness of contorted strata (T in Fig.
14.17).

Three features of the geological structure are of note:

(0 The crest of the anticline, with its propensity for
open tensile fractures (see Fig. 8.27) coincides with
the mountain crest,

(ii) Bedding and jointing dip do wnslope at angles greater
than their angle of friction.

(iii) The base of the slope contains sheared and weak
rock.

Thus in many ways Turtle Mountain was potentially
unstable, and it was surprising that no slide resulted from
the severe earthquake in 1901 that was centred in the
Aleutian Islands.

Beneath this slope a drift mine was opened in 1901 in
the nearly vertical coal seam at the foot of the mountain.
From the mouth of the mine, 9 m above river level, a level
gangway was driven for 1.6 km along the strike of the
coal. A second level was then dug, 9 m below the first, for
drainage and ventilation. Large chambers were opened
up from the first gangway, each chamber being some 40 m
long and 4 m wide and separated from its neighbour by
pillars 12 m long; these pillars contained man ways 1.5 m
square. Most of the coal was stoped down into the cham-
bers, where it was drawn off at chutes.

In October 1902 the miners noticed that the chambers
were beginning to squeeze with noticeable severity, parti-
cularly between 1 a.m. and 3 a.m. Gangways were being
continually re-timbered and manways, driven up to the
outcrop, which could not be kept timbered, were aban-
doned. Early in 1903 coal was being mined with unusual

Sliding surface
joints (dip~60°)

and
bedding (dip~50°)

Mine Boundary of
slide debris

Angles of friction
for joints = 14° to 32°
for bedding = 16° to 25°

Coal seam with mine

Railway

River

Fig. 14.17 Turtle Mountain slide, (a) Sketch map: f=tension fractures, S = slide. (b) Section (metres above sea level).
T=Thrustzone. (After Cruden & Krahn. 1978.)



ease, and was mining itself over a 457 m length of the
working, bringing with it parts of the hanging wall. By
April 1903 the mined chambers were up to 122 m high;
187 x 103m3 of coal had been removed, with extraction
continuing at about 1000 Mg per day.

Above ground level, the countryside was enjoying a
warm spell of weather with temperatures up to 23°C, and
April 28 in particular was a very warm day. However it
was followed by a cold night with heavy frost.

At 4 a.m. on April 29 miners underground noticed that
coal was breaking and running down the manways. The
men took to the ladders to escape and, continually bat-
tered by falling coal, eventually reached the main level. A
few minutes later the driver of a shunting engine on the
surface heard the cracking of rocks on the mountainside.
This was followed suddenly by a sound like an explosion,
and 9OxIO6 Mg of limestone fell 762 m from the peak of
the mountain. The fall of rock hit the ground with a heavy
thud that shook the valley, and was deflected into the air
by a sandstone ridge just uphill of the coal outcrop,
sending it over the outcrop and downwards into the Old
Man River. But it did not stop. Instead, it scoured its way
through the river and then slid for more than 1.5 km over
the rolling hills to the east, making a noise that resembled
steam escaping under high pressure. It came to rest
abruptly after climbing 120 m up the opposite side of the
valley, having covered in its wake an area of over 2.6 km2.
From eye-witness accounts it appears that the whole
event took no longer than 100 seconds. The slide killed
70 people as it travelled through Frank.

The behaviour of the slipped mass after its detachment
from the mountain is worth noting. Its great speed was
assessed at 144-176 km h"1, yet the slide was carrying
blocks of limestone 6-12 m long over hummocky ground,
and it eventually climbed 120m. Its character was that of
a fluidized sheet of rock debris. These and other points
have been studied by Shreve (1968) who concludes that
the slide was a highly lubricated moving mass; he puts
forward other evidence from similar slides elsewhere, to
suggest that the lubricant was nothing more than a layer

of compressed air trapped beneath the debris. According
to this theory a mass detaches itself, descends a slope, is
launched into the air by some topographic feature, and
traps on its descent a layer of air on which it rides at high
speeds. Voight and Faust (1982) have further demon-
strated that frictional heat generated on the sliding sur-
face of an accelerating landslide, is sufficient to cause an
expansion of pore fluids. The consequent and rapid loss
of the frictional strength of a moving mass may convert
sliding at moderate rates to a rapid descent.

The Folkestone Warren slides

(References: Hutchinson, 1969; Hutchinson, etal., 1980.)

Folkestone Warren is a 3.2 km stretch of naturally un-
stable coastline between the old ports of Folkestone and
Dover in south-east England (see Fig. 8.11). It is an area
where landsliding is common and has been in progress
for centuries (Fig. 14.18).

Some geological details of the Warren are shown in
Fig. 14.19. The High Cliff is composed of Cretaceous
limestone (the Chalk), with an impervious horizon, the
Chalk Marl at its base. The latter lies above 3 m of glau-
conitic sandy marl known as the 'Chloride' Marl. Below
this is the over-consolidated, fissured and jointed Gault
clay, 43-49 m thick. Beneath the Gault lies the Lower
Greensand, a coarse yellow sand, highly permeable, con-
taining calcareous and glauconitic horizons.

Three types of movement (Fig. 14.19) are termed by
Hutchinson:
(0 M-slides: movements in multiple rotational landslips
of the undercliff resulting in large seaward displacements;
these movements seem to occur on non-circular surfaces.
(H) R-slides: smaller features which are rotational and
involve movement only in slipped masses close to the sea
cliff.
(Hi) Chalk falls: large masses of Chalk, which are com-
monly preceded by downward movements known as
'sets'; these have been associated with subsidence of up to

Fig. 14.18 Folkestone Warren
landslip looking east (Crown copy-
right).
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Fig. 14.19 Section through the landslides of Folkestone Warren. CM = Chloritic Marl. (After Hutchinson, 1969; 1980.)

1.5 m at the cliff top and can affect the Chalk for 18m
from the edge of High Cliff.

Hutchinson suggests that the main controls promoting
the above movements are the intensity of marine erosion
along the toe of the slides and the influence of pore water
pressure at potential slip surfaces: there being a recurring
relationship between high ground-water levels and slope
movement.

Large movements involve failure of the Gault whose
effective residual angle of friction (</>'r) ranges between 7°
and 15° depending upon fabric and mineralogy, both of
which vary through the deposit. The value of (</>'r) for the
Chalk ranges from 19° to 35°. The cliffs are therefore
composed of contrasting materials, and the following
mechanism has been suggested by Hutchinson to explain
the retrogression of the slips which has gone on for many
years. Considering first the geological setting, the cliffs at
Folkestone Warren lie on the northern limb of the Weal-
den anticline (Fig. 8.11), a structure of Oligocene or early
Miocene age. Geological evidence suggests that the upper
Gault was consolidated under an effective pressure of
some 3.7 to 4.3 MNm"2. Erosion since the formation of
the anticline has left the Gault in an over-consolidated
state, the present effective pressure on its upper surface
being about 2.6MNm"2. Under such conditions the ret-
rogression of the rear scarp of the landslip could have
occurred in the following manner.

The over-consolidated Gault, with its content of active
clay minerals and their strong diagenetic bonding will,
during the unloading by erosion, have released little of
the strain energy it accumulated during consolidation. If
therefore, as is likely, an expansion potential exists in the
Gault, its seaward portion (where marine erosion has
removed lateral support) could undergo expansion with
the resulting development of a shear surface at or near
the base of the formation. This surface would progress
inland as erosion ate further into the slipped masses. The
overlying Chalk could be put into tension as a result of
the seaward movement of the Gault, and vertical joints
opened up. The local load on the Gault is thus increased,
and with reduced lateral support to seaward the clay will
fail and the slope subside. After such subsidence, re-en-
gagement of the Chalk could occur and might be suffi-

cient to temporarily stop further movement. Final col-
lapse would coincide with the next M-type slide, which
would allow the cycle of regression to be repeated.

These and other examples cited in this Chapter illus-
trate the crucial role of geology in defining the nature and
occurrence of slope movement.

Investigations

It is usually necessary to employ surface and sub-surface
investigations to define the stability of a slope. Common
techniques for use in these studies are described in Chap-
ters 10 and 11.

Such investigations may commence with an assessment
of the shape and geological structure of the slope. Surface
mapping and the construction of vertical cross-sections
are required (see Chapter 12). The rocks and soils of the
slope, together with the dip and strike of surfaces on
which movement may occur such as those of bedding,
jointing, cleavage and faulting, should be recorded on the
map. More than one vertical cross-section may be desir-
able, each drawn without vertical exaggeration so that the
dip of surfaces in the plane of section is correctly exhi-
bited.

With these data it should be possible to determine
whether the slope has failed before and is thus a slope
that contains the remains of a former landslide rather
than one in undisturbed ground. Existing failure surfaces
may have little shear strength and be easily re-activated
by engineering work (Fig. 14.20). It should also be pos-
sible to identify either the type of failure that has occurred
or is likely to occur, in particular whether movement is
translational or rotational (Table 14.1).

Hence the first phase of investigation requires a ground
reconnaissance survey and study of air photographs of
the slope. Surface geophysical surveys are especially help-
ful in revealing sub-surface geological structure and
ground disturbed by previous movement. Properly sup-
ported pits and trenches will expose sliding surfaces close
to ground level and may also reveal sufficient recent strati-
graphy to permit the history of the slope to be recon-
structed (see Fig. 9.29).
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Fig. 14.20 The weight of a new embankment causes move-
ment on a previous failure surface.

The second phase of investigation considers the likely
strength of the slope, either by an analysis of a previous
slope failure in similar material (see Chapter 9) or from
laboratory tests performed on samples collected from the
slope. Analyses of previous slides provide values of shear-
ing resistance at failure, because these may be taken to
equal the shear forces at failure which can be calculated
from the dimensions of the slope and knowledge of the
shape of the sliding surface. For such a calculation to be
completed it is necessary to know the magnitude of water
pressures and seepage forces in the slope. The hydrogeol-
ogy of the slope must therefore be studied. Aquifers that
supply water to a slope and those that drain the slope
must be located together with aquicludes which prevent
such movement of ground-water. Areas of infiltration
and spring seepage should also be identified. Piezometric
levels (q.v.) should be monitored especially in the vicinity
of potential or existing failure surfaces.

The second phase of investigation is therefore con-
ducted to greater depths than the first and normally neces-
sitates the drilling of bore-holes to confirm the internal
structure of the slope, and to locate weak zones within it.

Into these bore-holes may be installed piezometers to
measure ground-water pressure within the slope and dev-
ices for monitoring slope failure (e.g. by acoustic emis-
sions) and movement.

In addition to the investigations described above,
further studies will be needed in seismic areas to assess
the magnitude and frequency of seismic events. This may
require a search of historical evidence and extensive field
surveys. Many examples of slope failures have been re-
corded for reference in the Proceedings of the Inter-
national Symposium on Landslides, Toronto (1984).
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Reservoirs and Dams

Reservoirs of water may be stored successfully in valleys
whose floor and sides will not permit leakage from such
artificially created lakes. A dam is required to impound
the water, and its design and construction must be cap-
able of preventing the uncontrollable leakage of reservoir
water around and beneath its structure. Reservoirs may
also be created underground, either by utilizing the
natural storage space of pores and fractures in rock, or
by excavating caverns of adequate volume for the storage
required. The influence of geology upon these schemes is
the subject of this chapter.

Surface reservoirs

The volume of a reservoir is reduced by deposition within
it of river sediment and landslide debris.

Sedimentation

The work of rivers is described in Chapter 3. Sub-aerial
erosion transports debris to river channels, where it is
carried as alluvium to lakes and the sea. A dam interrupts
this natural sequence of events by preventing alluvium
from travelling downstream. Sediment therefore accumu-
lates behind the dam and reduces the volume available
for the storage of water. The Sanmenxia reservoir in
China was completed in 1960: by 1962 there had accumu-
lated within it 1500xl06t of sediment, increasing to
440Ox 106t by 1964 (Quian Ning, 1982). The Laoying
reservoir, also in China, was completely filled with sedi-
ment during a flood, before the dam was completed.

Sediment will also accumulate as deltas at the margins
of a reservoir, where rivers discharge into the lake (Fig.
3.20). Around the lake a shoreline develops from the
action of waves, generated by wind blowing across the
lake. These waves erode the topsoil and underlying profile
of superficial deposits, and weathered rock. This erosion
contributes sediment to the reservoir.

The rate of denudation within catchments may be cal-
culated from a study of sediment within reservoirs. Nu-
merical models that incorporate the effect of geology,
geomorphology, pedology and hydrology of a catchment,
have been developed to predict the likely sediment yield
of a catchment (Thornes, 1979; Walling, 1983).

In practice, it is important to observe the natural pro-
cesses of weathering and erosion that are operating within
a catchment that is to contain a reservoir (Chee, 1972;
U.S. Dept. Agriculture, 1973). A carefully produced map

of solid and drift geology, that records the outcrop and
exposure of easily eroded strata, is often of considerable
aid to the prediction of likely problems arising from
sedimentation. It is also instructive to study the recent
deposits of alluvium, as they represent the materials being
transported by the rivers within a catchment. Such studies
complement measurements of the suspended load in riv-
ers and provide valuable information about the nature of
transported load when the rivers are in flood (p. 41 and
Fig. 3.48).

Landslides

All the types of slope movement described in Chapter 14
may occur on the margins of reservoirs. A record of 500
such movements is shown in Fig. 15.1; 49% accompanied
a major rise in the level of the reservoir and 30% followed
a major fall in the reservoir level. This case history and
others (e.g. Vajont, p. 236) demonstrate that large
changes of reservoir level are a significant source of inst-
ability in reservoir slopes.

The effect of a rise in reservoir level on the stability of
a slope has been likened to the behaviour, on submerg-
ence, of a mechanism composed of two blocks linked by
a freely pivoting rigid beam; Fig. 15.2 (Kenney, 1967).
The upper block, which sits on a surface inclined at its
angle of friction (a), represents that part of a slope which
tends to drive a landslide forward and the lower block
represents that part of the slope which generates most of
the resistance to such movement. The mechanism is stable:

Major filling Major drawdown Minor
fluctuation
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Fig. 15.1 Histogram of 500 slides from one reservoir illus-
trating their relationship with fluctuations in reservoir level
(from Lane, 1967).



i.e. its Factor of Safety is greater than 1.0 (p. 227) when
frictional resistance at the base of the lower block is
sufficient to hold the upper block in place.

A water level represents the level of the reservoir and is
initially lower than the base of the lower block. As this
water level rises the lower block is progressively sub-
merged and its weight (W1 dry) thereby reduced to its
submerged value. This is accompanied by a similar reduc-
tion in the frictional resistance it offers to sliding on its
base, the friction on this surface being proportional to the
load upon it. The reservoir level at which the Factor of
Safety of a slope is either at its lowest value above 1.0 or
at 1.0 is called the critical pool level (Lane, 1967). Once
the level of the reservoir is above this critical elevation
further rises in its level help to stabilize a slope, for as the
model shows (Fig. 15.2), submergence of the upper block
restores the stability of the mechanism to its original
value. The moments of a slope when totally submerged
are the same as those when it is completely dry.

The model also illustrates the effect of lowering a reser-
voir level, the sequence of events being in the reverse
order to that described above. In addition, the rapid
drawdown of a reservoir may leave, within the slopes of
its margins, water pressures that are related to its former
level (Fig. 15.3). These reduce the effective stress and

hence the frictional resistance of surfaces within a slope,
and contribute to its instability.

Geological surveys of reservoir slope stability are com-
missioned if it is feared that landslides into a reservoir
may either significantly reduce its volume available for
storage or produce a tidal wave that may over-top the
dam and cause flooding downstream. Reservoirs in
mountainous terrain are vulnerable to landslides acti-
vated by earthquakes. These slides may occur at a con-
siderable distance from the reservoir and travel to it as a
flow or avalanche, via a tributary valley (Voight, 1978).

Leakage

There are many recorded examples of reservoirs that have
almost uncontrollable leakage of water from their base
and sides (Int. Commission on Large Dams, 1973; 1979).
To avoid such losses the valleys selected as sites for reser-
voirs should have at least one of the following geological
characteristics; either a floor and margins that contain
formations of low permeability, or a natural water level
in the valley sides that is higher than the level proposed
for the reservoir.

The effect impermeable rocks may have upon restrain-
ing leakage is illustrated in Fig. 15.4. To be effective they
must create natural barriers that prevent the rapid loss of
water away from the sides and base of the reservoir.

W 2 = W 2 submerged

^ 1 = W j submerged
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Fig. 15.2 Variation of the mean frictional resistance of this
mechanism to sliding (</>m), with its level of submergence.
W=weight of the blocks at different levels of submergence.
Compare with Fig. 14.16 where resistance is described in
alternative terms of total rock weight and weight of water
above rock (when present) - the uplift pressure operating at
the base of the slide.

Fig. 15.4 Water-tight reservoir assured by sedimentary and
igneous aquicludes. a = original water level; b=water level
after impounding.

No such barriers are required to retain water in a
reservoir if the level of ground-water (i.e. its total head)
is greater than that of the proposed reservoir. This situa-
tion is illustrated in Fig. 15.5a; no leakage can occur
because the natural direction of ground-water flow is
from the ground to the reservoir (see also Fig. 13.20a).
Only when the head of the reservoir exceeds that of the
ground-water can leakage commence (Fig. 15.56).

Kennard and Knill (1969) demonstrated how the ac-
curate investigation of head in a valley side permitted a
large reservoir to be successfully filled even though the
valley contained cavernous limestone and unsealed aban-
doned mine workings.

Hydrogeological investigations of surrounding water
levels are essential to an assessment of likely reservoir
leakage. Care must be taken to accurately interpret the
significance of water levels encountered in bore-holes and
to distinguish perched water tables from the main water

Piezometer

Former reservoir level

Present level

Fig. 15.3 Ground-water pressure at A (h,yw) is related to the
former reservoir level and not that of the present level which
would give pressures of (h2?w). Vw = unit weight of water.



Ground-water
flow

Reservoir

Fig. 15.5 Water-tight and leaky reservoirs, (a) The total head
of water in the ground exceeds that in the reservoir and there
is no leakage of reservoir water, (b) The reverse situation,
resulting in leakage. WT = water table; TWL = top water level.

table, and other piezometric levels (see Fig. 13.14). Water
levels should therefore be monitored diligently during the
drilling of bore-holes (Fig. 13.26). Water levels vary (Fig.
13.15); at one time they may be sufficiently high to either
prevent or greatly retard reservoir leakage, but may later
fall to lower levels, during dry periods, and permit exces-
sive reservoir leakage at a time when the reservoir of
water is most needed. For this reason the fluctuation of
water levels should be recorded.

In arid regions, where water levels can be low, an
artificial impermeable barrier may be created by injecting
cement and clay mixtures into the ground so as to reduce
unacceptable reservoir leakage (Fig. 15.6). The cost of
such work prohibits its extensive use.

Accurate mapping of geological structure and rock
types is necessary to reveal the presence of zones and
horizons that may either prohibit or permit excessive
leakage from a reservoir. The vertical section of Fig. 15.7

illustrates the Dol-y-Gaer dam which was built on Car-
boniferous Limestone, whose extent could easily be
mapped and through which serious leakage later oc-
curred. Much of the lost water re-appeared downstream,
where it was brought to the surface by the presence of
relatively impermeable Devonian strata. Remedial
measures failed to control the leakage and the Pontsticill
dam was constructed downstream to impound much of
the water leaking from the upper reservoir.

The presence of a relatively impermeable layer in the
floor of a valley need be no guarantee against leakage
when the head of water in the strata beneath the layer is
lower than that of the reservoir. Seepage will eventually
reach these lower levels and may cause the sealing layer
to fail.

Special care should be taken to identify buried valleys
(p. 42) as their course need not coincide with that of
existing rivers. The map shown in Fig. 15.8 illustrates the

R. Bonne

Site of
St Pierre dam

Leakage from the
Sautet reservoir

R.Sezia

Ancient valley

Modern valley

Sautet dam
and reservoir

Fig. 15.8 A map of the valleys of the River Drac (from Ailleret
1951).

valley of the River Drac, in N. France, and its former,
now buried, valley along which serious leakage from the
Sautet reservoir occurred. The St Pierre dam was con-
structed only after extensive field tests had confirmed that
serious leakage could not occur from its reservoir to the
River Bonne.

Water leaking from a reservoir will come into chemical
equilibrium with the rocks through which it flows (p. 215)
and may dissolve them. Sediments containing the miner-
als halite (p. 85), gypsum (p. 87), anhydrite (p. 87) and
calcite (p. 86) are particularly susceptible to dissolution
by flowing ground-water. The failure of the Macmillan
reservoir in the U.S.A. was the result of water escaping
through a gypsum layer that had been dissolved by leak-

Cut-off

TWL

Reservoir

Fig. 15.6 Partially penetrating cut-off to reduce (but not
stop) reservoir leakage, shown by flow lines.

Pontsticill
dam

Dol-y-Gaer
dam

Devonian strata Fig. 15.7 Geological section to illustrate
leakage at the Taf Fechan reservoirs, S.
Wales.



age. Subramanian and Carter (1969) describe how the
dissolution of calcareous sandstones undermined the
Clubbiedean Dam in Scotland. Various formulas have
been proposed for assessing the solubility of rock in-situ
(see Goudie, 1970; Wigley, 1977; James and Kirkpatrick,
1980) although none is precise. Leakage can also erode
from joints, other fractures and the cavities of karstic
limestones, clayey material which be infilling these voids.

Seismicity

Regions apparently free from earthquakes have experi-
enced seismic activity subsequent to the creation within
them of a large reservoir. The term 'induced seismicity' is
used to describe these events as they are attributed to
changes in the ground-water conditions beneath and
around the reservoirs, and from the load of water held
within them. The earliest report of note was that of earth-
quakes associated with the filling of the Boulder Dam
reservoir (Carder, 1945) and since then many other
similar incidents have been recorded (Housner, 1970;
Lane, 1971; National Research Council, 1972; Ackerman
etal, 1973).

One of the major difficulties in assessing the cause of
induced seismicity is that the natural seismicity of most
reservoir sites is not known prior to impounding, hence
the level of background seismicity is rarely known for
many of the sites where induced seismicity is later reported
(UNESCO, 1974). Another difficulty is that much of the
small scale seismicity could be associated with the pro-
gressive failure of reservoir slopes, which may move as
the rising water approaches their critical pool level (p.
242). Unlike normal earthquakes, the more violent shocks
associated with impounding are preceded by numerous
fore-shocks which progressively increase with time: also,
seismic activity characteristically increases at the time of
first filling and reduces when the reservoir level is lowered
(Rothe, 1973).

Background seismicity and slope failure do not explain
the severe shocks which may accompany the filling of
deep reservoirs (100 m deep or more). The impounding
of the Koyna reservoir in the Deccan of India (p. 25) was
followed by a series of earthquakes that culminated in a
disastrous event of magnitude M = 6.7 (p. 5). Snow
(1982) suggests that large reservoirs may significantly
change ground-water pressures to depths of several kilo-
metres. The effect such changes may have upon the crust
in the region containing the reservoir can only be appre-
ciated when they are considered in conjunction with
former changes that accompanied the uplift and erosion
of the region (i.e. regional geological history, especially
that of the Cenozoic; Table 2.1).

Dams

The geology of a valley, and the available supplies of
suitable construction material, will influence the location

of a dam site and the type of dam that is constructed.
Beneath every dam is built a cut-off. This is a thin barrier
that extends into the foundation and either prevents or
reduces the leakage of reservoir water under the dam. The
cut-off reaches from one abutment to the other and often
extends some distance from the abutments into the side
slopes of the valley. The depth and lateral extent of a
cut-off is governed by the geology of the valley base and
sides.

Every dam must be protected against sudden influxes
of flood water into its reservoir, by an overflow structure
such as a spillway, or other outlet that discharges down-
stream of the dam. To construct a dam it is necessary to
divert the existing river and its flood waters either by re-
training it to the side of the valley or diverting it into a
tunnel that passes through the abutments and discharges
downstream of the dam site. The geology of sites for
appurtenance such as overflow structures and river di-
version works must be considered.

The magnitude of ground accelerations coming from
natural seismicity will influence the design of a dam and
its auxiliary structures (Instn. Civil Engineers, London,
1981; Oborn, 1979). Geological evidence of past earth-
quakes may be sought in regions where records are in-
adequate: see Sherard et al. (1974) and the use of strati-
graphy in dating events (Fig. 18.15).

Types of dam

There are three types of dam: (i) embankments made
from sediment and rock (earth-fill and rock-fill are the
terms used to describe suitable sedimentary material such
as clay and sand, and rock blocks that can be placed to
form a safe embankment), (//) concrete dams and their
forebears, the masonry dams, and (Hi) composite dams,
which are usually structures composed of more than one
type of concrete dam but are occasionally composites
that have concrete and embankment sections.

Embankment dams
These consist essentially of a core of impermeable
material, such as rolled clay or concrete, supported by
permeable shoulders of earth and rock fill. When a clay
core is used it is normally flanked by filters of permeable
material, such as sand, to protect the core from erosion
by the seepage of reservoir water through the dam (Fig.
15.9). Embankment dams, by virtue of the slopes required
for their stability, have a broad base and impose lower
stresses on the ground than concrete dams of similar
height. Their fill is plastic and can accommodate deforma-
tions, such as those associated with settlement, more
readily than rigid concrete dams. For this reason they can
be built in areas where foundation rocks of high strength
are not within easy reach of the surface; they are also the
safest of all dam types against the risk of damage by
earthquake. Their large volume requires copious supplies
of suitable materials for earth and rock fill.



Concrete dams
These assume one of three main designs; gravity, buttress
and arch (Fig. 15.10). All require strong foundations that
will deform little when loaded by the dam.

A gravity dam is a massive impermeable concrete
monolith of triangular cross-section, (Fig. 15.10a), hav-
ing dimensions that give it sufficient weight to resist the
load from the reservoir. They require ample supplies of
concrete aggregate and cement.

A buttress dam consists of a series of inclined watertight
slabs as its upstream face, supported by a series of but-
tresses which are triangular in vertical section (Fig. 15.10b
and c). It is less massive than a gravity dam and uses
smaller quantities of construction material. The strength
of the concrete is used to better effect than in a gravity
dam (where concrete weight is the prime factor), as the
pressure of water on the upstream face is exploited to
load the buttresses and assist the stability of the structure.
Foundation loads are high, but may be reduced by
widening the base of the buttress (see Fig. 15.14).

An arch dam is an impermeable concrete shell shaped
as an arch in plan: when curved in vertical section it forms
a cupola (Fig. 15.10c). Many gravity dams are arched in
plan but the characteristic of an arch dam is that it takes

advantage of the arching effect to reduce its cross-section:
arch dams are thin. They require the least volume of
construction materials of all designs yet their shape makes
them the strongest of all types against overtopping.

Composite dams
These are favoured at sites which are unsuitable for one
particular design. They may incorporate features of em-
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Fig. 15.9 Cross-section through an embankment dam. An impermeable core retains the reservoir and its underground
extension (the cut-off) prevents leakage that would otherwise occur beneath the dam. A slow flow of water occurs through
these dams and is collected by a filter downstream of their core, which protects the core from erosion (see text). This filter is
connected to a basal drainage blanket through which water may readily leave the structure. The blanket also drains water
issuing from the foundation strata downstream of the cut-off.
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Fig. 15.10 Typical cross-sections for concrete dams, (a) Gravity; (b) buttress (see Fig. 1 5.14); (c) arch.



bankment, gravity, buttress and arch dams as required by
the geology of the foundations, shape of the valley and
availability of materials. For example, a broad valley
containing reasonably good rock but with a centrally
placed zone of deep weathering, may be dammed using
gravity structures on its flanks which can support an arch
that will span the centre, as at the Stithians Dam in
Cornwall (Bainbridge, 1964). Many other examples exist,
one of the largest being Itaipu, on the River Parana (Fig.
15.11).

Dam Foundations

Good foundations are highly desirable, but where they
are questionable or poor, the location of a dam site be-
comes an exercise in locating areas where either the rocks
and soils can best be improved or the dam most easily
designed to compensate for the deficiencies of the ground.

Valleys exist because weathering and erosion have been
accentuated at their location; weathered, compressible
foundations, and unstable slopes, must be expected near
ground level. Stress relief is associated with uplift and
erosion (p. 160), and with the excavation of founda-
tions; it can markedly affect the frequency of jointing in
a rock valley and the aperture of such fractures (see
Grand Coulee Dam, p. 248). Valleys eroded at a time

when their rivers were draining to a sea level that was
lower than at present (p. 42) are likely to have become a
site of deposition following the recovery of sea level to its
present elevation. These buried valleys (q.v.) may contain
thick sequences of weak, compressible sediment such as
silt, peat and clay, interbedded with stronger deposits of
sand and gravel. Glaciated valleys may contain till be-
neath their more recent alluvium.

The geology of three sites is illustrated in Fig. 15.12,
from which it is apparent that the detailed geology of
large dam sites can only be revealed when the river has
been diverted and construction has commenced. Weak
ground not revealed by pre-construction ground in-
vestigations must be expected (Oliveira, 1979). The geol-
ogy of many other sites is described by Walters (1971),
Wahlstrom (1974), Knill (1974), and Legget and Karrow
(1983).

The principal attributes required of a dam foundation
are adequate strength, low compressibility and moderate
transmissivity.

Strength
The force on a dam foundation must not exceed the
strength of the ground (see Fig. 10.1). Those aspects of
rock and soil strength reviewed in Chapter 9, are relevant
to an assessment of foundation strength. In foundations
composed of sediments (Fig. 15.12c), compressible and
weak strata are either strengthened by drainage and con-
solidation (p. 274, or removed. Particular care is required
with sediments whose pore water cannot drain easily,
especially if they rapidly lose their strength when acceler-
ated by earthquake shocks, and liquify (Casagrande,
1971).

Weak and weathered rock is removed from rock foun-
dations and the strength assessed of all rock surfaces on
which movement of the foundation rocks could occur
(see p. 168). Clayey deposits and residues infilling joints,
faults and gaps between separated bedding surfaces, are
removed and replaced with cement if the rock is otherwise
sound.

Deformation
Every foundation settles beneath the load placed upon it
during construction. The ground will be strengthened if
this deformation is accompanied by the drainage of
ground-water from pores and fractures, and a general
increase in effective stress. Deformation should not be
excessive, especially for concrete dams which are rigid
structures and can tolerate only small differential move-
ment. The centre of many rocky valleys contains zones
that are significantly more compressible than their flanks,
either by reason of the greater stress relief at the valley
floor, with the associated separation of joints and acce-
lerated weathering, or by the presence of faults. Such
ground may have to be removed.

Foundations are also loaded by the weight of water the
dam retains: this tends to push a dam downstream. The
dam is loaded and unloaded as the reservoir level rises
and falls, and the deformation of its foundations must be
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Fig. 15.12 Sections from dam foundations, (a) Weir Wood
dam, Sussex. M = mudstone. Foundation strata deformed by
valley bulge, (b) Fernworthy dam, Devon. j = open joints
which yield water (after Kennard and Lee, 1947). (c) Derwent
dam, Northumberland and Durham. SS = sandy silt;
LC = laminated clay; VC = varved clay; S = SiIt; BC = boulder
clay; S and G=sand and gravel. Aquifers contained water
under artesian pressure (after Ruffle, 1970).



capable of safely transferring these loads to the ground
without overstressing the structure of the dam and dam-
aging its cut-off.

Transmissivity
A cut-off is used to control the leakage of reservoir water
through permeable zones beneath a dam and may be
extended to a depth where permeability is low, to create
a full cut-off (Fig. 15.9). This is not always possible, nor
desirable, for partial cut-offs may be used to permit some
water to leak downstream to maintain water supplies. In
these circumstances the cut-off is taken to a depth that
increases the flow path beneath the dam (Fig. 15.10)
sufficiently to reduce the hydraulic gradient under the
dam and the discharge. Most modern cut-offs are created
by drilling closely-spaced bore-holes to the required depth
and injecting into them grout which permeates the sur-
rounding ground to fill voids, pores and fractures (Figs
17.6 and 17.7).

The pressure head of water (p. 221) beneath a dam is
greatly reduced by a cut-off, but drains are often provided
to ensure that such head is completely dissipated. Un-
wanted ground-water pressures that may reduce the effec-
tive stress in the ground beneath the dam are thus avoided
(Figs 15.9 and 15.10). The founding strata for the Der-
went Dam are illustrated in Fig. 15.12c: the dam is an
embankment founded on valley fill. Water under artesian
pressure existed in the sand and gravel horizons and an
extensive system of vertical sand drains were installed to
reduce the pressure head within these horizons, and con-
solidate (and thus strengthen) the intervening layers of
laminated clay. Relief wells were also drilled downstream
of the dam to ensure that pressure head in the foundation
strata can not increase to a magnitude that endangers the
stability of the dam. Similar problems occurred at the
Selset Dam, where it was thought that the cut-off would
reduce pressure head in the foundations beneath the
downstream face of the embankment. The cut-off was
unable to do this adequately and relief wells were installed
downstream (Bishop et al, 1963).

Joints, and other fractures in rock, can be closed by the
load from a foundation, thus trapping within them water
which cannot easily drain away, and creating a zone of
low transmissivity. If drainage is not possible, undrained
conditions develop and the strength of the zone cannot
increase with increasing confining pressure. Failure of the
Malpasset Dam, in France, has been attributed to this
cause. The dam was a cupola, founded on severely broken
and faulted rock. It failed in 1967 after its left side had
moved two metres downstream. Tests subsequently con-
firmed that the permeability of the rock on which the dam
was founded could reduce to l/100th of its original value
under the loads imposed by the dam. Calculations sug-
gested that this could have created an impermeable
barrier (against which would have acted the full head of
reservoir water), and in addition could have retarded the
dissipation of ground-water pressure sufficiently for the
effective stress within the foundation to reduce to a value
that permitted local failure to commence. These condi-

Fig. 15.13 Drainage measures for an arch dam. Drainage
curtain: downstream (D) of grout (G) cut-off and upstream
of stressed zone. The closure of fractures in the stressed zone
in-situ reduces permeability and allows development of ex-
cessive ground-water pressure (after Londe, 1973).

The contact between a dam and the ground must be
protected from the adverse effects of excessive ground-
water flow. In many embankments the contact is pro-
tected by a filter (Fig. 15.9) which has the dual role of
dissipating excessive water pressures and preventing ero-
sion, both of the core and of sediment beneath the dam.
Joints and other fractures are usually cleaned and filled
with cement before they are covered by the earth fill of an
embankment, so that water cannot issue from them at a
velocity which can erode fine particles from the fill. Fail-
ure, in 1976, of the Teton Dam in Idaho, is suspected to
have been associated with erosion of its clay core by
seepage from unsealed fractures in the rock on which it
was founded; this was an intensely jointed rhyolite (p.
107): U.S. Dept. Interior (1983). Failure of the St Francis
gravity dam in California (1928) was attributed to erosion
of the foundation sediments: these were conglomerates
with some shales and sand which, when wetted, disinte-
grated to a gritty slurry from which the finer particles
could be removed by water flowing beneath the dam.
Seepage was observed when the reservoir was first filled
and the dam failed in the same month (Amer. Soc. civ.
Engrs, 1929).

Materials for dams

The location of suitable materials for construction is an
integral part of surveys for a dam, because the design of
a dam can be adapted to suit both the foundation condi-
tions and available supplies. Much additional expendi-
ture may be incurred if such supplies run out before the
dam and its ancillary works are completed.

Good quality rock aggregate is required in abundance
for concrete dams. It should have a tendency to break,

tions are thought to have gradually spread through the
left abutment (Londe, 1967; 1973). The drainage beneath
such dams must be place downstream of their cut-off and
upstream of their stressed ground (Fig. 15.13).
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when crushed, into the range of particle sizes required to
give the concrete good workability and adequate strength
on setting. River deposits within the site of the future
reservoir are often a source for the finer fractions of a
concrete mix. The aggregate must be sufficiently strong
to carry the loads imposed on the concrete and free from
all contaminates such as clay, shale, mica, pyrite and
other weak or reactive material. The aggregate must also
be sufficiently stable to withstand the repeated heating
and cooling, wetting and drying that the dam will experi-
ence during its life.

Embankments also require considerable quantities of
material but can be designed in zones, where each zone is
composed of a different material and allocated a volume
that can be satisfied by the quantities of material available
on site. The basic configuration is illustrated in Fig. 15.9
but can change to suit available supplies (see Sherard et
al., 1963). The zones have different functions and the
materials used in them must have certain characters.
Clayey, plastic sediment which can be compacted to a
density that gives it adequate strength and low permea-
bility, is required for the core. To achieve this the clay is
placed at a moisture content suitable for subsequent
compaction to generate the undrained shear strength
specified for the core. To prevent the core from being
eroded by water seeping through the embankment, it is
protected on its downstrean face by a filter of sand whose
grading and particle size prevents the migration of clay
particles through its pores (see filter rules in Vaughan &
Soares, 1982). Special care should be taken to avoid the
use of dispersive materials in a core. These are clays and
clay-sized fragments of other minerals whose com-
position and structure only provides their surfaces with
weak electrostatic forces. The lack of attractive forces
prevents these materials from possessing strong cohesion
between their particles, making them vulnerable to ero-
sion by flowing water.

Shoulders, whose primary function is to provide an
embankment with weight and stability, support the core
and its filter. A rip-rap of large armour stones protects
the upstream face of the embankment from wave attack
and a toe-drain of coarse material saves the downstream
face from degradation by wetting from water passing
through the dam (Fig. 15.9).

Other aspects of construction materials are considered
in Chapter 18.

Six examples

Embankment dam

Mangla Dam N. Pakistan. (Little et ai, 1963; Binnie,
1967; Proc. Instn. Civ. Engrs, London, 1967; 1968).
Length 3.4 km. Height 116 m. Constructed 1961 to 1967.

Mangla Dam, on the River Jhelum, is one of three
large embankments (Jari and Sukian being the other
two forming the Indus River Scheme. Foundation rocks

consisted of weak interbedded sandstones, siltstones and
stiff clays of the Miocene Siwalik Series, overlain by grav-
elly alluvium. The embankment was made from clay and
sandstone obtained from excavations for the spillways,
intake and tailrace structures, and gravel won from the
alluvium. Excavation for the main works was well ad-
vanced when ground investigation for the Jari embank-
ment revealed the presence of low strength shear zones in
the Siwalik clays: re-examination of the Mangla and Su-
kian sites revealed them to be present there also. The
foundations were thus weaker than expected. The up-
stream slope of the dam was therefore supported by a
toe-weight of additional fill, and drainage facilities incor-
porated in the intake works to reduce ground-water pres-
sures and maintain adequate levels of effective stress on
the low strength surfaces. These shear zones were attri-
buted to bedding plane slip during folding of the Siwalik
Series (p. 149): later movement may also have occurred
during uplift and erosion of the site, some 1870 m of
strata having been removed by erosion. Difficulties were
encountered forming the grout cut-off as moderate injec-
tion pressures fractured the rock (p. 272). This failure was
attributed to the weakness of the strata, although higher
than usual horizontal stresses in-situ could be expected
on a site that has had 1.8 km of overburden removed, and
such stresses would assist injection pressures to cause
fracture.

Concrete gravity dam

Grand Coulee Dam, Washington, U.S.A. (Berkey, 1935).
Length 1.27 km. Height 168 m. Constructed 1934 to 1942.

Situated in the valley of the Columbia River in the
Rocky Mountain range, the dam site consisted of granite
beneath a cover of glacial deposits which included river
silts and gravels. This cover varied in thickness from 27
to 100 m. Some of the bore-holes used for exploring the
site were 0.9 m in diameter, and geologists and engineers
could be lowered into the ground to inspect the founda-
tions in-situ. The granite was proved to be sound and
adequate for bearing a gravity dam. Considerable diffi-
culties were experienced in excavating the granite,
because horizontal sheet jointing (Fig. 8.28) was encoun-
tered which did not appear to diminish in frequency with
depth. It was eventually realized that these joints were
being formed by the release of in-situ stresses, following
the unloading consequent on excavation. At the sugges-
tion of the geologist, Dr CP. Berkey, excavation was
stopped and the dam built, thus replacing the load. The
ground was grouted to seal any other joints which may
have existed at depth, and the foundations have since
proved to be satisfactory. Aggregate for the concrete of
the dam was obtained from suitable glacial gravels si-
tuated 1.5 km from the site.



Masonry Gravity Dam

Vyrnwy Dam, N. Wales, U.K. (Deacon, 1896). Length
357 m. Height 44 m. Constructed 1887 to 1891.

The upper reaches of the Vyrnwy Valley had been the
site of an old glacial lake (p. 54) whose deposits of lacus-
trine clays, alluvium and peat covered the bedrock to an
unknown depth. The engineer put down nearly 200
bore-holes in order to investigate the character of the
buried rock surface. These revealed a rock bar at one
point across the valley at a depth of 13 m; upstream and
downstream of this bar the solid rock surface was deeper.
The bar probably represented the barrier of the former
glacial lake and the dam was sited at this point. The upper
2-3 m of bedrock were in bad condition and removed
from the dam foundations. The final surface was washed
with jets of water and scraped clean with wire brushes.
No springs issued from the exposed foundation rocks,
which were Ordovician slates that dipped upstream, but
it was felt desirable to build rubble filled drains into the
base of the dam. Building stone was quarried about 1.5
km from the site, and large quantities of stone were re-
jected because of their poor quarrying properties; more
than 700000 t was tipped to waste in order to obtain the
necessary rock for the masonry, so highlighting one in-
herent problem of true masonry structures, namely their
enormous demand for good quality dimension stone.

Buttress Dam

Haweswater Dam, Cumbria, U.K. (Davis, 1940; Taylor,
1951). Length 469 m. Height 38 m. Constructed 1934 to
1941.

Located on Ordovician andesites and rhyolites which
have in-situ seismic velocities in excess of 5484 ms" l and
unconfined compressive strengths of 103 MNm"2 (which
is 35 times greater than the maximum stress that the
buttresses impose on the ground), the site contained some
of the best foundation rocks in Britain. The position of
the dam was largely self-selecting, as the valley widens
upstream and downstream from the point chosen. Bed-
rock was covered on one side of the valley by glacial drift
to a maximum depth of 9 m and on the other side by a
mass of boulders. The bedrock surface was explored with
bore-holes and trenches. Natural exposures of rock were
penetrated with percussive drills to ensure that they were
not the upper surface of large glacially transported bould-
ers. All the superficial material was removed in a trench
to expose the bedrock for foundations; rock excavation
was confined, as far as possible, to the areas occupied by
the buttress units of the dam, the natural rock surface
being left undisturbed between them. The cut-off was
excavated 1.5 m deeper than the main excavation. A fault
zone striking diagonally across the foundations was en-
countered; it dipped at 60° and contained much broken
material but narrowed with depth. The fault was followed
down in the cut-off trench to 14 m where it had diminished

to a degree that was considered satisfactory. The foun-
dations accepted very little grout.

Arch Dam

Cambambe Dam, N.W. Angola (Sarmento et ai, 1964).
Length 300 m. Height 68 m. Constructed 1960 to 1963.

This double-curved arch dam is sited in a valley that
cuts through Precambrian sandstones and interbedded
clay shales. The strata is gently folded in two directions
but bedding is everywhere of low dip. Folding has caused
bedding plane slip between the sandstones and the shales
creating at their interface weak layers of comminuted
shale that has a clay-like consistency and variable thick-
ness. In addition, jointing is well developed, two sets
being near vertical and a third parallel to bedding. Fault-
ing has also occurred in two directions, one of which
produced displacements of 1.5-3.0 m about fault zones
filled with mylonite (p. 141) and clay.

Geophysical surveys revealed that the velocity of P-
waves through the site reduced during the excavation of
the foundations and this, together with additional evi-
dence from the exploration galleries, indicated that the
rock was sustaining severe relaxation. The opening of
vertical joints permitted horizontal relaxation of the val-
ley sides, and movement on the faults allowed the clay
layers between bedding to widen thus creating vertical
relaxation in the valley floor. Excavation of the founda-
tions proceeded with caution, the last 1.5 m of rock being
excavated by hand using crow-bars.

Appreciable ground improvement was required to ren-
der the foundation suitable for carrying the thrust of the
arch. An extensive programme of ground treatment was
conducted from galleries excavated downstream of the
dam and within its abutments: these galleries later served
as drainage adits for the rock mass downstream of the
grout curtain cut-off. Great care was taken to flush the
clay from all fractures intersected by the ground treat-
ment holes. Four faults were individually treated, their
myolinite and clay being removed by excavation to depths
of 15-20 m and replaced with concrete.

Geophysical surveys measured the P-wave velocity
through the ground between the galleries, and between
the galleries and ground level, to monitor the ground
improvement attained by the treatment. Instruments
within the dam later recorded very small deflections of
the dam under the reservoir load (1-2 mm) and confirmed
that the foundations had been improved to a satisfactory
state.

Composite Dam

Farahnaz Pahlavi Dam, N. Tehran, Iran (Knill and Jones,
1965; Scott et al., 1968). Length 450 m. Height 107 m.
Constructed 1962 to 1968.

Situated on the Jaj-e-Rud, the site was considered suit-
able for either a concrete or an embankment dam. The
site geology, which was progressively revealed during the



period of ground investigation (1960-61), confirmed the
feasibility of a concrete dam of buttress design to assist
resistance against earthquakes, the site being close to one
of the major seismic belts of the world (p. 4). The com-
plex foundation geology needed extensive exploration for
the final design to be completed and an assessment made
of the ground improvement required. Tunnels and adits
totalling 915 m, in conjunction with several shafts and
trenches and 110 bore-holes, were eventually used. Geo-
physical surveys were made at the surface and in the adits
and tunnels; in-situ shear strength, deformation and
permeability tests, together with grouting trials, were also
conducted. The geologists developed a classification
based on estimates of the various geological characters
which could together affect the engineering behaviour of
the rocks, and the foundation area was mapped in these
terms (a form of geotechnical zoning: see Fig. 12.24). As
the investigations progressed it became apparent that the
dam would have to be designed to cope with weak rock
and variable conditions in the foundations. Much of the
excavation was completed before any concrete was
placed, so that a final review of the foundations and
alignment could be made. The base of the buttresses was
widened to spread the load (Fig. 15.14) and two abutment
gravity blocks provided so creating a composite structure.

In addition, an extensive system of subsurface drainage
was installed to strengthen the rock by controlling
ground-water pressures. Drainage holes were drilled from

a concrete-lined drainage tunnel beneath the dam, sited
just downstream of a multiple upstream grout-curtain.
The left bank buttresses were placed on rock having a
seismic velocity in excess of 200 ms"1; the right bank
buttresses, which were founded on more deformable
material, were supported at their toe by a thrust-block
founded on stronger quartzite which outcropped imme-
diately downstream. The straight alignment of the dam
was changed so that the right bank buttress thrust into
the hillside, and consolidation grouting was used for seal-
ing and strengthening the foundations. Excavated rock
was only used for general fill, coarse and fine aggregate
being obtained from a limestone quarry opened on the
right bank. River gravels and sands were found to be
potentially alkali-reactive and were rejected as a source
for aggregate.

Underground reservoirs

Underground storage can be obtained either by utilizing
the reservoir of natural storage space provided by pores
and fractures in rocks underground, or by creating a
cavern.

Natural subsurface reservoirs

The geological factors that make a good underground
reservoir are similar to those that form a good aquifer.

Fig. 15.14 Concrete buttresses of the Farahnaz Pahlavi Dam. 1 Access to site. 2 Future top water level. 3 Buttresses. 4
Excavation for key into hillside. 5 Spread base for low bearing pressures. 6 River channel. (Photograph by Sir Alexander Gibb
and Partners.)



Storage (p. 222) must be sufficient for the volume needed,
permeability (p. 221) must permit the easy recharge and
discharge of the stored fluid to and from the reservoir,
and hydrogeological boundaries (p. 218) must provide
satisfactory containment of the stored fluid.

Unconfined reservoirs
These are used for the storage of ground-water in areas
where rainfall is infrequent and water stored in surface
reservoirs is rapidly returned to the atmosphere by eva-
poration. The reservoir is created by constructing a cut-
off to intercept the natural drainage of ground-water and
impound a useful volume of water (Fig. 15.15). The sys-
tem is best employed in narrow aquifers such as those
formed by valley fill. The cut-off requires little or no
maintenance and the impounded water is protected from
pollution, as all water enters the reservoir by percolation
and is thus filtered.

in an anticlinal trap is illustrated in Fig. 15.16. Difficulties
can arise when the injected products become contami-
nated by natural gas in the ground.

Fluids can only be injected into fully saturated confined
reservoirs when the total head at the injection wells ex-
ceeds that in the ground. Pressure head (p. 221) must
therefore be increased above the natural level and this
reduces the effective stress at depth. Such pressures must
be carefully controlled if ground failure is to be avoided
(see Fig. 18.13).

Chambers

The security offered by a chamber underground has made
this form of storage an attractive alternative to storage at
the surface, especially when storage is required in prox-
imity to urban areas where land may be required for other
uses. The chambers may be excavated in either permeable
or impermeable rock, as both can be used to store fluids.
The excavation must be stable; a topic considered more
fully in Chapter 16.

Impermeable chamber
This isolates the stored fluid from the surrounding ground
and may be excavated in permeable rock, and lined, or
excavated into impermeable rock.

Naturally impermeable rock has a porosity that retards
flow (as might be found in shale, rock salt, or unweath-
ered and non-porous igneous and metamorphic rocks)
and a lack of open fractures. Rock free from fractures is
rare close to ground level (p. 160) but exists in materials
which deform at low in-situ stress differences by ductile
flow rather than by brittle fracture (Fig. 9.12). Rock salt
(p. 85) is both non-porous and ductile, making it a most
favourable material in which to excavate impermeable
caverns. This sediment occurs as stratified deposits and

Well Well

Ground level

Relatively impermeable strata

Fig. 15.15 Vertical section illustrating the operation of an
underground dam. a = Original water level. b = Unchanged
water level downstream of dam. WT = level of water im-
pounded by the dam.

Confined reservoirs
These are normally used for the storage of gas, which is
forced through injection wells into aquifer horizons:
ethane, propane, methane and butane are commonly
stored in this way (Katze et ai., 1981). Each gas is injected
via separate wells into different parts of the aquifer and
saturates the rock in the immediate vicinity, the interven-
ing water saturated volumes of aquifer acting as barriers
separating the storage areas. These systems are elastic,
because when gas is withdrawn its volume is replaced by
ground-water. Between 70% and 80% of the injected
product is normally recoverable. The storage of one gas

Spill well

Clay

Clay Sand

Base of dome at 5 km
below ground level

Country rock containing
water under pressure

Cover
rock

Salt

Salt

Fig. 15.16 Geological section illustrating underground stor-
age in an anticlinal trap, a = limit of reservoir; w = injection and
recovery wells linked to supply lines. Compared this with a
naturally formed reservoir shown in Fig. 6.21s.

Fig. 15.17 General disposition of storage caverns in a salt
dome and (right) detail of problems arising from inclusions
of material other than salt (Lechler, 1971 and Hardy et ai.
1984). D = HiOSt disturbed zone (see also Fig. 6.21c).



salt-domes, and the latter, by reason of their upward
migration through, and displacement of, overlying strata,
can contain within their structure ribbons of country
rock, some of which may remain in hydraulic continuity
with the surrounding ground (Fig. 15.17). Caverns inter-
secting such inclusions will not be impermeable, neither
will they be entirely ductile, and may become unstable.

Impermeable caverns can also be excavated in brittle
rock that contains fractures, if the in-situ stresses around
the excavation are sufficient to cause the sides, roof and
floor of the chamber to move a small distance into the
excavation, sufficient to close any fractures that exist.
This effect is called 'arching' and will reduce the permea-
bility of the rock in the immediate vicinity of the excava-
tion if the rock is sufficiently strong to transmit, without
failing, the stress required to close its fractures (Fig.
15.18).

Fig. 15.19 Vertical section showing oil retained by ground-
water flow towards a chamber. Below the oil is a water sump.
RW = recharge well when required to create a lateral water
barrier. Broken line = original water table.

a neighbouring cavern, where the head may temporarily
be lower, hydraulic barriers are established between cav-
erns. These consist of water injection points which main-
tain between the caverns a head that exceeds the head in
the caverns (see Fig. 15.19).

Refrigerated chamber
Permeable and impermeable chambers are excellent for
storing oil, but difficulties arise when they are used for
storing gas. If the temperature of the gas is either at or
above 00C the product must be stored at a depth where
its vapour pressure is exceeded by either the strata pres-
sure or the pressure of ground-water. With permeable
chambers a downward flow of ground-water into the
store is also required to prevent the upward migration of
gas bubbles. These problems are greatly reduced by low-
ering the temperature of the gas so that it can be stored as
a liquid at atmospheric pressure. Such low temperatures
freeze the surrounding ground and form a refrigerated
chamber.

Rock shrinks when it cools. Existing fractures open
and new fractures are created as the rock fails in tension
under the thermally-induced stresses within it. Unlined
refrigerated chambers are therefore rarely impermeable
at very low temperatures. Liquid petroleum gas (LPG)
can be successfully stored at temperatures as low as
—400C, but liquefied natural gas (LNG), which contains
methane, requires temperatures as low as — 1000C and
this creates severe thermal overstressing in most rocks
(Jacobson, 1978).

The presence of ground-water is significant to the per-
formance of refrigerated chambers, as water in the vicin-
ity of the chamber will freeze and expand to seal pores
and fractures and make the rock impermeable. But as
temperatures continue to lower, ice itself begins to con-
tract and shrinkage cracks develop. Also, the high specific
heat of water enables flowing ground-water to retard the
growth of a refrigerated zone around such caverns. This
may be crucial to the operation of near-surface caverns,
where growth of the frozen zone can bring permafrost
conditions close to ground-level and affect the founda-
tions of surface structures.

Natural
flow

Oil
Recharge

Fig. 15.18 Underground cavern in gneiss, Scandinavia.
(Photograph by J. M. Byggnads och Fastigtighetsab, Stock-
holm.)

Permeable chamber
Unlined excavations into porous and fractured rock per-
mit liquid stored within them to migrate from the cham-
ber if the total head of the liquid is greater than that
of the surrounding ground-water. Conversely, ground-
water will migrate into the chamber when its total head is
greater than that of the stored liquid. The balance be-
tween the head of the two systems is used to confine a
liquid in permeable chambers, provided the liquid is im-
miscible with water and of lower unit weight (Fig. 15.19).

To prevent stored fluids flowing from their chamber to
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16
Excavations

The ease with which rock and soil may be excavated, and
the stability of the hole that is thereby created, will be
influenced by a number of factors including the following:
the strength of the ground and the magnitude of the
stresses within it; the geological structure of the ground;
the level of ground-water and magnitude of pressure head
at depth; the storage of the ground and its permeability.
In extremely deep excavations the temperature of the
rock and flow of heat through the crust will also be of
significance. A knowledge of the geology of ground to be
excavated is most desirable and should be considered
essential for ensuring the safety of personnel who will
work below ground level.

Excavation of rock and soil

The common methods used for creating a hole in the
ground are, drilling (for bore-holes and wells), augering
(for bores and piles), machine boring (for tunnels), blast-
ing (for excavating strong rock), scraping, ripping and
digging (for the surface excavation of soil and weak rock).
Each relies for its success on the ability of the method to
break and disaggregate rock and soil.

Drilling

The majority of drills are either percussive or rotary. In
percussive drilling a chisel-shaped bit is repeatedly struck
against the rock so as to form a hole. It pulverizes the
rock to a fine debris which can be flushed from the hole
by drilling fluid. In rotary drilling the ground is either cut
or crushed by tough blades or points which are rotated
against the rock under load (Fig. 10.8). The hardness of
the mineral constituents, the toughness of the rock, its
abrasiveness and geological structure affect the progress
of drilling.

Hardness describes the ability of one mineral to scratch
another. The Mohs' scale of hardness (p. 62) is based
on this criteria and Fig. 16.1 illustrates the relationship
between common rock-forming minerals and drilling
materials.

Toughness describes the resistance to fracture that
comes essentially from the tensile strength of rock. Many
drilling bits are designed to induce local tensile failure
within rock, as rock is much weaker in tension than it is
in compression (Fig. 9.19). Interlocking of mineral grains
and strong mineral cement affect toughness, and it is
common to find that mineral cleavage is also significant,

Mohs1 scale of hardness

Fig. 16.1 Relative hardness of drill bit materials and
minerals.

with coarse-grained rocks, such as gabbros (having large
grains and surfaces of cleavage; Fig. 5.19), drilling faster
than their finer-grained equivalents, e.g. dolerites (Fig.
5.20). Drilling bits for tough rock have strong shoulders
and small, closely-spaced points; those for weaker
materials are lighter and carry wider-spaced and pointed
teeth.

Abrasiveness describes the ability of rock fragments to
wear away the drill and polish its cutting edges (Table
16.1). Rocks composed essentially of quartz are very
abrasive.

Table 16.1 Rocks grouped by selected drilling characters
(after McGregor, 1967)

IGNEOUS:
Abrasive: Rhyolite, welded tuffs, granite, pegmatite.
Less abrasive: Basalt, dolerite, gabbro
Least abrasive: Weathered intrusive rocks and lavas

METAMORPHIC:
Abrasive (and Hard): Quartzite*, hornfels, gneiss
Less abrasive: Schist
Least abrasive: Phyllite, slate, marble.

SEDIMENTARY:
Abrasive (and Hard): Flint, chert, quartzite, sandstone,

quartz-conglomerate
Abrasive (less Hard): Siltstone, siliceous limestone, many

sandstones
Abrasive (least Hard): Friable sandstones and grits
Non-abrasive (Hard): Limestone, shale
Non-abrasive (least Hard): Mudstone, marl, coal, oolitic lime-

stone

* usually the most difficult of common rocks to drill.

Micas

Calcite
Evaporites

Pyroxenes
Amphiboles

Feldspar
. Quartz

Fe Oxides
Garnet

Olivine
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Structure Broken rock is much more difficult to drill
than its intact equivalent, as energy is wasted at every
discontinuity. The drilling bit is subjected to uneven and
variable loads that damage its cutting edges and cause it
to wander from the prescribed course. Some temporary
wall support, such as casing, is also required to prevent
loose fragments of rock from dropping down the hole
where they may jam behind the shoulder of the bit and
prevent it from being withdrawn to the surface.

The presence of joints and other discontinuities filled
with soft material can also be a source of delay if the
softer material binds the bit. Penetration is best in holes
which cross discontinuities at a steep angle. To cross them
at a low angle leads to deviation of the direction of the
hole, which may have to be back-filled and re-drilled on
the correct course (Fig. 16.2). Drilling down dip is more
difficult than drilling across dip, even though the latter
may mean coping with different rock types. Deviation
tends to be greater in angled holes than in vertical holes,
and tends to increase with distance from the rig. Impor-
tant holes should be surveyed (see Fig. 16.15).

Machine boring

Large diameter machines may be used to bore tunnels.
They are an extension of drilling technology and carry, at
their head, cutters capable of breaking and excavating the
ground (short teeth for sediments, picks for weak rock
and discs for strong rock). Although the cutters can be
replaced, severe difficulties develop when a machine that
is designed for excavating weak rock unexpectedly en-
counters strong rock. For example, a tunnel bored
through ground similar to that illustrated in Figs 5.7 and
5.9 would penetrate moderately strong sedimentary rocks
and extremely strong sills and dykes.

To these difficulties are added those of preventing the
ground from closing around the machine, or collapsing
into it. Machines designed to excavate sediments, such as
clay and sand, are enclosed along the length by an outer
tube, or shield, at the tail of which is erected the perma-
nent tunnel lining needed to support the ground. Stronger
materials, particularly sound rock, can often support
themselves for a period that is sufficient for the machine
to need only a hood above it to protect it from occasional
falls of rock from the tunnel roof. For these reasons, the
homogeneity of the ground affects the performance of
boring machines. Examples of ground suitable for tunnel
borers are illustrated in Figs 3.36, 6.11, 7.6b and 7.10.

Lateral jacks extend from the side of these machines
and press against the tunnel wall to generate the reaction
the machines require to thrust forward when boring. This
reaction can be difficult to obtain in deformable material
such as fault gouge.

Blasting

This is extensively used to create surface and under-
ground excavations in rock, and is part of a cycle that
includes drilling the holes to house the explosive and
clearing away the blasted debris (an activity termed
'mucking').

The structure of rock has a profound influence upon
the efficiency of blasting as bedding, jointing, cleavage
and other discontinuities reflect the shock waves radiating
from a blast and cause the rock to fail in tension. These
fractures are also opened by the expansion of gases lib-
erated by the blast, so that the combined effect of an
explosion is to break and loosen the rock mass (Fig. 16.3).
A ragged profile may thus be formed to the excavation
(see Fig. 1.6b) unless the blast holes are drilled sufficiently
close to each other for there to be created, on detonation,
an initial crack that links the holes and forms a boundary
that cannot be penetrated by later shock waves. This is
called 'smooth-blasting'. A boundary separating rocks of
contrasting seismic velocity can refract shock waves and
cause severe ground vibrations to be felt some distance
from the site of the blast (Fig. 16.4).

The strength of rock also influences the efficiency of
blasting. Considerable difficulties are presented by frag-
mental rocks containing hard and soft material. Agglom-
erates (p. 94), conglomerates (p. 118) and breccias (p. 118)

Ground level
Actual As

drilled

Actual-

Intended

Fig. 16.2 Error in interpretation of subsurface geology
created by deviation of drill hole.

Drilling fluids must be selected with care. Air, water,
mud, polymers and aerated emulsions (called 'foam') are
employed to clean the bit, lift cuttings from the hole,
support the sides of the hole, and balance moderate arte-
sian water pressures encountered at depth. Core recovery
from weak rocks, such as shale and poorly cemented
sandstones, can be severely reduced if the fluid chosen
causes the strata to disintegrate (p. 179).

Augering

An auger consists of a drag-bit cutting head connected to
a spiral conveyor, or flight. It is most efficient in soft
materials such as clay, and can produce holes with dia-
meters up to 1.5 m or more. Augers are frequently used
to drill through thick overburden prior to drilling the
rock beneath, for drilling weak rocks, and for excavating
large holes for cast piles and similar structures. Boulders
will severely hinder the penetration of augers if they are
greater than one-third the diameter of the tool.



are particularly difficult when their included fragments
are significantly stronger than the matrix which binds
them together. Examples of difficult ground are illus-
trated in Figs 3.4, 6.7 and 6.14.

Stresses within the ground affect the efficiency of a
blast. High stresses can increase the difficulty with which
fractures may be generated and opened. Tensile stresses
resulting from blasting can cause a rock, that is com-
pressed under high stress around a tunnel, to expand and
this may be sufficient to lock the rock mass and 'choke'
the blast. Hence, the blasting pattern used successfully in
an underground excavation, and the associated consump-
tion of explosive per cubic metre of rock excavated, may
not be suitable for a similar excavation in comparable
rock at a different location (see Hagan, 1983).

Fig. 16.3 A blast (Nobel's Explosives
Co. Ltd.).

weathered rock and top-soil. The machines employed
(scrapers, rippers, dozers, graders and excavators) work
best in ground that has a seismic velocity lower than 1000
m s~1. Figure 16.5 is a guide to machine capabilities.

Seismic velocity m/s x 1000

Labourer with pick and shovel
Tractor-scraper: no ripping etc.
Tractor-scraper: after ripping
Loading-shovel: no blasting
Bucket-chain excavator
Bucket-wheel excavator
Dragline (crawler) no blasting
Walking dragline: no blasting
Stripping shovels: no blasting

Possible

Marginal

Impossible

Seismic velocity f t /s x 1000

Fig. 16.5 Indication of excavation performance by machine.

A knowledge of the spacing of fractures and other
discontinuities, their continuity, and orientation, when
combined with a measure of the in-situ seismic velocity of
the ground (p. 176), can be used to indicate the ease with
which a rock or soil may be excavated (Weaver, 1975;
Minty and Kearns, 1983). The undrained strength of the
ground governs the type and size of machines required,
since they must be supported by the load-bearing capacity
of the deposit. Care should be taken in selecting equip-
ment for clearing weak material such as peat and recently
deposited organic-rich sediments. Many glacial, flood-
plain and coastal deposits contain soft horizons interbed-
ded with firmer strata (Fig. 10.20). The Plasticity Index
(p. 168) is a useful guide to plant mobility especially as

Ground level

Surface A

Stress waves

Fig. 16.4 Stress waves from blast in tunnel (T) are refracted
to ground level when they reach surface A.

Scraping, ripping and digging

These are the techniques commonly used for removing
soft and weak material such as clay, silt, sand, shale,



desiccation can convert a soft clay to a material as hard
as brick.

Control of ground-water

An excavation below the water table must either be pro-
tected against unacceptable inflows of water or be worked
by sub-aqueous techniques such as draglines and dredg-
ing. The most common reasons for controlling ground-
water are to effect a reduction in the flow to an excavation
and to lower the pressure of water around it. Commonly
occurring patterns of flow are illustrated in Fig. 16.6a,
and in Fig. 16.6b are shown situations where pressure
head causes failure. The greatest hazard from ground-
water to work underground is an encounter with unex-
pected water-bearing zones and water pressures. Geolog-
ical investigations are absolutely essential to avoid this
hazard and must include sub-surface investigations for
surface excavations and probing ahead from excavations
in progress underground (see Fig. 17.4).

that may be drained, the rate at which it will flow and the
pressure it will be under.

Volume of water
This is governed by the storage of the ground (p. 222)
and by its hydrogeological boundaries (p. 218). Ground-
water can flow from a distant source to an excavation and
it is therefore necessary to extend beyond the limits of
an excavation the ground investigation for relevant boun-
daries. This point is illustrated in Fig. 16.7 where, in (a)
both the canal and the sandstone are supplying water to
the excavation, and where in (b) the tunnel would be dry
were it not for a permeable fault in hydraulic continuity
with a distant aquifer (the karstic limestone).

Rate of flow
Ground-water discharge is a function of the permeability
of the ground and of the hydraulic gradient within it:
both parameters are described in Chapter 13. An assess-
ment of permeability is crucial to calculations of inflow
and should be obtained from tests conducted in-situ (Fig.

Floor
heave Grit

Bund

Sheet
pile wall

Permeable
fault

G/L = critical level
for flooding

Fig. 16.6 (a) Common form of inflow to (/) surface excavations, (//) tunnels, (/77) mines (HW= Hanging Wall, FW=FoOt
Wall), (/V) shafts. The flow patterns shown are for unsteady conditions where the water table (W/T) lowers with time, (b)
Failure induced by ground-water. (/) Floor heave once h> crit. level; (//) Overspill; (/77) Piping; (/V) Tunnel failure. P = pressure
of water= h x unit weight of water.

Ground-water flow

The mechanics of ground-water flow and the geological
factors that influence its rate and duration are described
in Chapter 13. To control the ground-water flowing into
an excavation it is necessary to know the volume of water

10.22). Rocks and soils are generally anisotropic and their
permeability varies with direction (p. 185). Care should
be taken to measure the permeability of the ground in the
direction of ground-water flow; e.g. in the vertical direc-
tion beneath the excavation illustrated in Fig. 16.7a and
in the horizontal direction at its sides. Inspection of the



Fig. 16.7 Excavations influenced by remote sources of
water.

flow patterns shown in Fig. 16.6 will demonstrate the care
required to obtain relevant measurements.

Pressure of water
This may be calculated from an accurate measure of
pressure head (p. 221 and will vary from place to place
within the ground (Fig. 13.27), and at any one location
may be expected to vary with time (Fig. 13.15). As shown
in Fig. 16.66, pressure head may be a formidable force to
control. Uncontrolled ground-water pressure around a
surface excavation can cause the floor of the excavation
to fail (see (/) in Fig. 16.66) and the excavation to flood
(U): it may also cause piping (Hi) and in underground
excavations, can cause failure (iv). Piping is a most serious
problem in non-cohesive soils such as silt and sand, and
occurs when the seepage force (p. 222) associated with
an upward flow of ground-water balances the downward
force of the sediment grains (i.e. their submerged weight)
(Fig. 16.8). Frictional resistance between the grains is

reduced to zero and the condition of the deposit converts
from that of a stable soil to a fluid. Excavations collapse
when this occurs.

Control of pressure

Ground-water pressure may be controlled by reducing
the pressure head with pumping: a form of de-watering.
With reference to Fig. 16.66; pressure head in the under-
lying deposit of example (i) could be reduced to below the
critical level at which floor heave commences in the
overlying clay. In example (H) the head of the confined
aquifer could be reduced to an elevation below that of
ground level, and in example (Hi)9 head, on the water
table side of the sheet pile wall, could be lowered so as to
reduce the hydraulic gradient beneath the wall and the
magnitude of seepage forces under the excavation. Pres-
sure head may also be isolated by the creation of an
artificial barrier such as a cut-off, or grout-curtain (q.v.).
The permeable fault in example (iv) of Fig. 16.66 and in
Fig. 16.76, could be grouted to isolate the ground near
the tunnel from the head of water in the overlying strata.
Grout is often injected into the ground immediately be-
hind a tunnel lining so as to create a water-tight barrier
that isolates the pressure of water in the ground.

Control of flow

Ground-water flow is sustained by the drainage of water
stored in the voids of the ground and from hydrogeolog-
ical boundaries that recharge water to the ground. Such
water may be intercepted before it reaches an excavation
and this may be achieved either by pumping water from
around the excavation (see Figs 17.2 and 17.4) or by
injecting grout to reduce the permeability of the ground
(see Fig. 17.8).

Boundaries
The influence of these structures can be gauged from Fig.
16.7 where the excavations shown are being supplied with
water from the following recharge boundaries; in (a),
from the junction between the sandstone and its overlying
deposit, and from the base and sides of the canal; and in
(6), from the unconformity and from the fault. Other
examples are illustrated in Figs 13.25 and 13.286.

Flooding of the gold mine at West Driefontein, in
South Africa, demonstrates the importance of boundar-
ies. At this mine, impermeable gold-bearing beds are
overlain by some 1260 m of cavernous, water-bearing
dolomites. Both the gold-bearing rocks and the dolomites
are cut by near vertical dykes that are spaced at about
200 m and divide the ground into a series of box-like
compartments. To reduce the likelihood of water draining
from the dolomite to the mine when fractures behind the
hanging wall of a stoped area meet others which connect
with the dolomite, the compartment in which the mine is
situated was dewatered. The neighbouring compartment
was not and a large difference in head existed across the
dyke that separated the two. Failure of a hanging wall

Canal

Sandstone

Ground level

Karst limestone

Unconformity
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Upward flow of water

Submerged weight
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Fig. 16.8 Representation of seepage force in an un-
cemented granular deposit such as sand or silt.



Fig. 16.9 Use of compressed air in a tunnel, (a) Hydrostatic
pressure at tunnel invert (Pi) balanced by air pressure in
tunnel, (b) In practice, air pressure is rarely permitted to ex-
ceed g to § Pi. Pi = h x unit weight of water.

near this dyke occurred in October 1968 and water poured
into the mine under the head which existed in the dolo-
mite. The incident is described by Cousens and Garrett
(1969).

Mines break the ground above them, changing the
natural boundaries which exist, and permanently altering
the storage and permeability of the ground, and its dis-
charge (Fig. 13.13). When these effects reach the surface
(Fig. 9.28), flow to the underground works can be directly
influenced by surface hydrology. Broken ground above
the hanging wall of the mine illustrated in example (Hi) of
Fig. 16.6a will create a zone of enhanced transmissivity
and storage immediately above the working area of the
mine. Rivers above such areas should be culverted, or
lined or diverted before they are able to recharge the
ground.

Boundaries also separate waters of different quality
and it is common for tunnels and mines in mountainous
regions, where geothermal gradients are greater than nor-
mal, to encounter hot water in faults and impounded
behind aquicludes. During the construction of the Great
Appenine Tunnel, ground temperature suddenly in-
creased in a clay shale from 27°C to 45°C and to excep-
tional temperatures around 63°C after an inrush of meth-
ane gas (Szechy, 1966). Temperatures of 65°C were
encountered in the Tecolote Tunnel through the Santa
Ynez Mountains, California (U.S. Bur. Rec, 1959), and
similar temperatures have been measured in tunnels into
the Andes.

Compressed air
This may be used in tunnels as an alternative to, or in
conjunction with, other forms of ground-water control

and ground treatment. The air in the tunnel is pressurized
to balance, in part, the pressure head of water in the
ground. This reduces the hydraulic gradient within the
ground and thus the flow of water to the excavation. The
method is illustrated in Fig. 16.9 and is only successful if
the geology of the ground above the tunnel and exposed
at its face, confines the air to prevent it escaping. The
permeability of most soils and rocks with respect to air is
approximately 70 times their permeability with respect to
water. Considerable caution is required to ensure that a
tunnel to be driven beneath a river does not unexpectedly
break into coarse and permeable deposits of a buried
valley (q.v.) as these materials will also allow air to escape,
and its pressure to suddenly drop. Water then floods the
tunnel and, depending on the air pressure used, some of
the workforce will be affected by too rapid a period of
decompression.

Surface excavations

Some surface excavations must be stable for long periods,
e.g. motorway cuttings and other permanent excavations,
whilst others, such as production faces in quarries and
many excavations for foundations, need only short term
stability. Excavations designed to be stable for short
periods may not retain their stability for long periods (see
Progressive Failure, p. 227). Of particular importance in
this regard is the choice of soil and rock strength values
to use in analyses of excavation stability (see Chapter 9),
and the change in ground-water pressure that will occur
during the lifetime of an excavation, (see p. 220).

Investigations

Ground investigations for a surface excavation must re-
veal the geology of the area to be excavated and assess
the strength, and permeability of the ground (see for
example Barton, 1982). Slopes are influenced by the geol-
ogy of the ground behind them and ground investigations
may therefore have to be extended beyond the proposed
boundary of the excavation (see Fig. 10.22). Investiga-
tions should also be made of the ground beneath the floor
of the proposed excavation, and example (/) in Fig. 16.6Z>
illustrates why this is necessary. Geophysical techniques
can be of considerable assistance in these investigations
(Table 10.3) especially as the seismic velocity of rocks and
soils is also an indication of the ease with which they may
be excavated.

Vertical geological sections should be constructed to
display the geology (Fig. 10.4) and maps drawn to illus-
trate the geology when seen in plan (Fig. 10.5). The vert-
ical sections will generally show weathered or weak
material overlying relatively stronger material; each may
have its own angle of stability in excavation (Fig. 16.10).
Typical profiles are shown in Figs 3.1, 3.4 and 3.10; the
special problems created by volcanic rocks are illustrated
in Fig. 5.5.

Most quarries are able to orient their excavated slopes
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in relation to bedding and jointing, but for many exca-
vations this is not possible and all the difficulties illus-
trated in Fig. 14.3 have to be predicted and assessed.
Excavation in a direction that is orthogonal to the strike
of bedding and sets of major fractures, creates a more
stable slope than that for faces advanced in other direc-
tions. The common problems of achieving a desired pro-
file in rock are shown in Fig. 16.11. Details of structural
geology should therefore be included in ground investiga-
tions for an excavation.

have upon this response are described by Lindner (1976)
and Nichols (1980).

A typical example is the rebound that occurred in an
excavation some 35 x 118 m and 38 m deep in Recent
sediments (Bara and Hill, 1967). The deposits consisted
of 38 m of alluvium, containing lenticles of sand, silt and
clay, above a lacustrine deposit of highly plastic mont-
morillonitic clay, some 12 m thick. Laboratory tests had
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Fig. 16.10 Typical vertical successions in surface excava-
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Fig. 16.12 Typical elements of rebound in glaciated valleys.
Gulleys lie parallel to the main valley (~60 m deep) and may
have depressions 3 m deep (after Matheson and Thomson,
1973): see also Fig. 3.41.

indicated that both the alluvium and the clay would re-
bound on unloading, and the site was therefore instru-
mented. Excavation was completed in 5 months and
heave developed as predicted, but there were no observed
fractures in the excavation surface due to the plastic na-
ture of the deposits.

In contrast to this behaviour, that of the floor of an ore
quarry, 300 x 600 m, in Canada, developed a crack 150 m
long. Within a few minutes the rock on either side of the
crack had risen 2.4 m producing an elongate dome
approximately 150 m long and 30 m wide. This upheaval
occurred when the quarry had only reached a depth of
15 m: the rock was a thickly-bedded Ordovician limestone
which overlay the Precambrian beds containing the ore.

Overhang Overbreak

Down
dip

Up dip

Stump

Fig. 16.11 Common problems in achieving a correct profile
in a rock excavation.

Deformation and failure

Ground pressures will usually change the shape of an
excavation and if deformation is excessive the slope, or
floor, of the excavation can fail (Brawner, 1982). An
indication of the ground response to be expected is pro-
vided by the structure of valleys, for these are the natural
excavations produced by the work of rivers and ice. The
deformation that can accompany valley erosion is shown
in Fig. 14.10, and such a response is seen at a preliminary
stage in recently glaciated valleys (Fig. 16.12).

Natural excavations therefore indicate that the slopes
of a man-made excavation will tend to move inward and
the floor, upward (a rebound termed 'heave'). The
amount of movement will reflect the ratio of horizontal
to vertical stress in-situ and Fig. 16.13 illustrates the dis-
placements which may occur in a homogeneous material.
Examples of the influence geological inhomogeneity may

Fig. 16.13 Displacement of excavation boundaries (from
Yu and Coates, 1979).

G round-water

Two problems, peculiar to surface excavations, must be
noted; namely the depletion of near surface aquifers and



ground-water pollution. Both may occur even though
ground-water on site is controlled and of no problem to
the site itself.

Excavations act as natural sinks and pumping water
out of deep excavations can gradually deplete local
ground-water reserves. The water discharged from the
excavation may be returned to the general water supply,
but the cost of its purification can be greater than that of
installing a cut-off to prevent the flow depleting local
resources.

Top soil and weathered horizons are important puri-
fiers of water infiltrating into the ground, because they
are host to microbiological species that can break down
dangerous substances to harmless by-products. The strip-
ping of these horizons precedes surface excavations and
once removed, ground-water below the site becomes vul-
nerable to pollution. Excavations situated above or close
to important aquifers should be protected by strict site
management, e.g. drains should be installed rather than
soak-aways, and special provision made for the storage
of petroleum products so that leaks and spills from these
products cannot enter the ground. Sand or rolled clay
may be placed as a temporary covering over floor areas
that are at their formation level.

Underground excavations

Common underground excavations are shafts and drifts
(or inclines) for access to underground works, mines for
mineral extraction, tunnels and large chambers.

Investigations

The difficulty of adequately predicting geological condi-
tions for such works from surface investigations requires
that working practices for underground excavations be
quickly adaptable to the actual conditions encountered.
Water-bearing zones and fractures are always potentially
dangerous. Limestones are particularly difficult materials
to investigate if they contain solution cavities. Water-

filled fissures and cavities do not have to be intersected by
an excavation to endanger it. If the thickness of rock
separating them from the excavation is insufficient to
withstand the pressure head of water within them, the
rock will fail (example (iv) in Fig. 16.66). Limestone cav-
ities in the South African dolomites have discharged their
content of liquefied mud into shafts, and occasionally this
has entrapped workmen. Tunnels present the difficulty of
vertical bore-holes intersecting only a small fraction of
their total length. Despite this, surface mapping can in-
dicate where bore-holes may best be sunk to provide
relevant information for undrilled areas (Fig. 16.14).
Shaft locations can be explored with reasonable success
by drill-holes sunk from ground level to the full depth of
the shaft (Fig. 16.15a). Long drill-holes for deep shafts
may wander off course and the geology of the shaft may
then be misinterpreted (Fig. 16.156). To compensate for
these shortcomings it is customary to probe the ground
ahead of an excavation (Fig. 16.15c and d).

In rock
When advancing a tunnel in hard rock, by blasting, it is
possible to create a series of benches if difficult ground
appears in the tunnel crown. Such drifts can also be
advanced, if needed, at the sides, or centre, or invert of
the tunnel. In this way difficult ground may be inspected
ahead of the main face and the need for support assessed.
In moderately hard to firm ground it may be necessary to
excavate pilot headings, especially if the ground is badly
faulted, or in need of treatment, or beneath a major
aquifer or body of water such as a large river. Excavation
in moderately hard ground may be influenced by subtle
changes in geology such as an increase in the amount of
quartz in a mudstone, or the presence of limestone
nodules in a shale.

The design of large excavations requires better geolog-
ical information than can normally be provided by bore-
holes drilled from ground level. Bore-holes, however, can
enable the feasibility of such an excavation to be assessed,
by confirming the presence of rock having adequate
mechanical properties, or the absence of unusually diffi-
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Fig. 16.14 Bore-hole investigation of geology for a tunnel: shaded areas, shown beneath the section, represent tunnel
lengths not covered by bore-holes. Area between BH 4 and 5 could have been covered by better positioning of BH 4. Note
the value of using inclined holes. Portals (P1 and P2) are the subject of separate investigation (see also Fig. 12.9).



Fig. 16.15 Idealized bore-hole investigation (a) for a shaft
and a real investigation (b). Note how bore-holes have been
deflected by dip and strike. Probing ahead (c) for a tunnel
and (d) for a shaft. Most countries have regulations which
define the forward distance that must be probed (see also
Fig. 17.4).

cult in-situ stresses and ground-water pressures. The
orientation of major structural characters in the rocks,
such as bedding, jointing and cleavage, may similarly be
established. Shafts and adits can then be excavated to
obtain the detailed geological data required for final de-
sign. These smaller, preliminary, excavations can be in-
corporated into the final excavation and are therefore not
wasted.

In sediment
Excavations in gravel, sand, silt and clay, generally need
support at all times (p. 279). Investigations are therefore
directed towards establishing the stratigraphy of the
ground to be excavated, especially the variety of sedi-
ments to be encountered. Underground excavations act
as drains for surrounding ground-water and can cause
consolidation of overlying sediment, and settlement at
ground level. All permeable horizons that could drain
water to the excavation should be identified. The strength
of the sediments must be determined and their in-situ
moisture content. Special note should be taken of silt
occurrences: with too little moisture, silt dries to a powder
of little strength, and with too much moisture it flows like
a slurry (and see p. 122). The greater Plasticity Index of
clays (Fig. 9.22) makes them much easier sediments to
excavate especially as they have a low permeability and

are less troubled by water flows than other sediments.
Shell-bands, and thin seams of limestone and sand, and
lenses of gravel, may occur in clay and provide a local
ingress of water to the excavation: this will soften the
surrounding clay. Organic sediments, such as peat, are
weak and often wet: they may also yield methane (see
gases).

Gases

Reference has already been made to the presence of gas
in the upper levels of the crust (see Figs 6.20, 6.21 and p.
217). Such gas can be lethal when encountered in the
enclosed space of an underground excavation. The fol-
lowing gases are of note.

Carbon dioxide (CO2) 1.53 times heavier than air and
accumulates in the bottom of excavations; normally pro-
duced by the slow oxidation of coal and sometimes by
dissolution of limestone.

Carbon monoxide (CO) 0.97 times the weight of air
and rises. Far more toxic than CO2, is commonly accom-
panied by methane and is associated with coal-bearing
rocks.

Methane (CH4) 0.55 times the weight of air and rises.
An extremely mobile gas that can contaminate strata
above its source zone or be carried downwards by water
draining to lower excavations. Forms a highly explosive
mixture with air and known as 'fire-damp' in coal mines
where it originates from the bitumens (Fig. 6.20). May
also be found in organic rich sediments where it is de-
scribed as 'marsh gas'.

Hydrogen sulphide (H2 S) 1.19 times the weight of air,
is highly toxic and forms an explosive mixture with air.
Arises from the decay of organic substances and is readily
absorbed by water.

Other gases Many other gases have been detected
underground, including sulphur dioxide, hydrogen, nitro-
gen and nitrous oxide.

Gas bursts
Most of the gas underground is stored in the pores of
sedimentary rocks and is under pressure. It therefore
expands when able to do so (1 cm3 of coal may liberate
0.25 cm3 or more of gas) and the sudden liberation of a
gas rich zone can result in a 'gas-burst' when many
hundreds of tonnes of coal can disintegrate into a coal-
dust laden cloud of methane. A description of such a
burst is provided by Stephenson (1962).

Tunnels above the water table
When water-levels, at depth, rise they drive the air above
them towards ground level. This air may be de-oxygen-
ated, the O2 having been consumed by minerals oxidizing
in the ground, and may concentrate in a tunnel that is
overlain by impermeable strata.

Stability
When rock or soil is excavated, the load that it formerly
carried is transferred to surrounding ground. The stresses
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in-situ therefore change with some increasing and others
decreasing in relation to their original value. Failure will
occur if the magnitude of the resulting stresses exceeds
that which the ground can sustain.

Rockfalls
Blocks of rock may fall or slide into an excavation by
moving along surfaces of bedding, jointing and cleavage,
when the strength of the surfaces is unable to hold the
blocks in place. Such instability readily occurs in an ex-
cavation when tension develops in the roof, or when
compressive stresses are so reduced that the friction be-
tween surfaces is unable to contribute the shear strength
they require, above that provided by their cohesion, to
maintain stability.

Geological conditions which aggravate this tendency
are illustrated in Fig. 16.16.

magnitude of these problems to be predicted (Richards et
al, 1972; Shi et al.9 1983). Overbreak in the Lochaber
Tunnel, cut through schists by drilling and blasting, was
small when crossing the strike of the steeply dipping
foliation, the cross-section being in good agreement with
the outer ring of drill-holes. When the tunnel was aligned
to the strike of the foliation considerable overbreak re-
sulted (Peach, 1929; Halcrow, 1930). The tunnel was con-
structed in the 1920s and since then considerable ad-
vances have been made in drilling and blasting practice,
which can greatly reduce the incidence of overbreak (p.
225).

Compressive failure
When the compressive stresses around an excavation are
high, the surrounding ground may fail in shear. This can
occur in shallow shafts and tunnels in soil, at moderate
depths in shafts and tunnels in weak rock and at great
depths in strong rock. The larger the excavation, the
greater will be the change in stress around it and even
strong rock can fail at moderate depths if loaded in this
way. Excavations in valleys, which are often required in
hydroelectric schemes, can be expected to encounter high
horizontal stresses originating from the response of the
valley to erosion (p. 260). In the excavations for the
Snowy Mountains Scheme in S.E. Australia, ratios of
horizontal to vertical in-situ stress of 1.2, 1.3 and 2.6 were
recorded, with the horizontal stresses being considerably
greater than that due to the weight of overlying rock
(Moye, 1964). The effect of such stresses on the stability
of an excavation is illustrated in Fig. 16.17.

Fig. 16.16 Relations between overbreak and structure: see
text for explanation.

(a) When the strike of surfaces is parallel to the axis of
an excavation, large and often continuous surfaces can
form much of the roof: instability may arise when their
dip (a) is less than 15° and more than 70°.
(b) When the strike of surfaces is orthogonal to the axis
of excavation, an uneven profile may develop in the roof
when (a) is less than 20°. When (a) is greater than 20°
severe falls may occur between weak layers, to produce
vaulting in the roof, as shown in (c).
(c) When the strike of surfaces is oblique to the axis of
excavation conditions will be between those described for
(a) and (b) above, depending upon the angles (a) and (/?).
Such departures from an intended excavation profile are
described as overbreak and may cause excessive amounts
of rock to be removed and the space so formed to be
back-filled. A survey of geological structure permits the

Overstressed
rock

Fig. 16.17 Overstressing capable of causing rock failure.
For relevant details see Hoek and Brown (1980).

Three forms of failure in compression are common:
(0 Squeezing ground describes the effect of overstressing
weak ground such as sand, silt, clay, shale and weathered
or crushed rock. These soon deform under the surround-
ing loads and squeeze into the excavation, which must be
lined to prevent its total closure. Sometimes the squeezing
may grip the shield of a tunnelling machine so securely,
that forward progress is prevented. Local swelling can
occur when expansive minerals are present, such as an-
hydrite (p. 87), which raised the floor of a tunnel through
the Alps by 25 cm a year (Proctor and White, 1946).
Expansive clay minerals, such as montmorillonite (p. 81)
can promote serious instability when they occur in thin



seams infilling the joints of strong rock (Brekke et al.,
1965).
(U) Gentle failure Rock that is not too brittle, with fail
gently, relative to that which explodes as a rock-burst (see
below). Cracks appear in the surface of an excavation
and the ground on either side of them moves into the
excavation, sometimes retaining a raised profile, but often
spalling to leave a scar (see Fig. 16.18).

Support

A correctly-supported excavation prevents the new con-
ditions of loading in the ground around it from causing
either excessive deformation of the excavated profile or
failure of the surrounding ground. The movement of
ground into an excavated space encourages an arching
effect, as illustrated in Fig. 16.19a. This strengthens the
ground in the vicinity of the excavation and in strong
rocks the natural arch may have strength enough to sup-
port the surrounding ground: a condition described as
'self-supporting'. This response requires time to occur
(Fig. 16.19a) which means that there is no unique value
for 'ground pressure', and that the response will happen
more quickly at some sites than at others, depending
upon the strength of the ground, the stresses within it and
the size, and shape of the excavation (Brown et al., 1983).

Strong rocks containing weak surfaces such as clay-
filled joints, weaker rocks, and all soils, require support
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Fig. 16.18 Partial closure of an originally horizontal main
road (courtesy of the National Coal Board. London).

(Hi) Rock bursts are the sudden and violent detachment
of masses of rock from the sides of an excavation.
Hundreds of tonnes of rock may be involved, producing
ground motions that can be detected at seismic stations
many kilometres away (see Fernandez et al., 1982). This
failure is a great problem to deep mines in hard, brittle
and very strong rock, as found in some of the gold mines
of South Africa, and of Canada, and the zinc mines of
Idaho in the U.S.A. Bursts are the result of excessive rock
stress and to lessen their frequency ground may be de-
stressed by local excavation prior to production mining
(Jaeger and Cook, 1979). Bumps are shocks that originate
from failure behind an excavated face, and may dislodge
material from the walls and roof of an excavation. The
shearing of overlying strata is thought to be a common
cause of bumps in coal mines.

Fig. 16.19 (a) Load on excavation boundary. From to->t f

a ground arch is forming. At tf the deformation is too great
and the ground arch begins to fail. A = support that is applied
too early, or is too stiff; B = proper support (Deere eta/., 1969).
(b) Roof sag and final failure recorded during an experimental
tunnel collapse (Ward, 1978). This behaviour agrees with the
general form of the curves proposed by Deere and shown in
(a) above.



because their natural arching is unable to provide long-
term stability. The uneveness of failure in these materials
is illustrated by the example shown in Fig. 16.196: the
walls of this excavation failed in 14 days but the roof
requires much longer. In very weak rock and many soils
not even short-term stability can be assured and support
must be provided quickly. The weakest materials, such as
crushed rock in faults, cohesionless sands and silts, may
require support before they are excavated and this is
provided by special excavation techniques, which drive
supports into the ground ahead of the excavation, and by
ground treatment to increase the strength of the weak
material.

The redistribution of load around an excavation can
result in a roof being in tension under certain circum-
stances (usually when the ratio of horizontal to vertical
stress in the ground is lower than normal as might occur
when the ground is being shaken by an earthquake).
Joints, in the roof rocks, open and rock blocks drop from
the roof so destroying any natural arch that may exist.

The calculation of support requirements for excava-
tions in soil and rock requires a knowledge of the mech-
anical properties of these materials, the magnitude of
total stress in the ground and of the ground-water pres-
sures that are expected around the excavation. The sup-
port of excavations in rock also requires a knowledge of
the jointing and other surfaces within the rock mass and
these details should be recorded daily in the form of a
simple log of the excavation (Fig. 16.20). An indication
of the support that will be wanted may be provided by
indices which can be calculated from an accurate descrip-
tion of a rock mass. Two indices that are constantly used
are those of Barton et al. (1974; 1976) and Bieniawski
(1974; 1976). These provide an assessment of the period
an excavation may remain unsupported (Fig. 16.21a), the
amount of support it may require (Fig. 16.216: note that
the schemes provide detailed guidance on the degree of
support that is required), and the likely problems asso-
ciated with creating a large excavation, as with a cavern,
in such ground (Fig. 16.21c). The subject is excellently
reviewed by Hoek and Brown (1980) and developments

with use of these indices has been reviewed by Barton
(1983) and Bieniawski (1983).

Bedrock
Shafts and tunnels commonly encounter the sub-surface
junction between soft ground and underlying hard
ground (the 'bedrock'). This junction is often difficult to
penetrate and may require careful support (Fig. 16.22).
Its position should be ascertained by exploratory drilling.
Unusual conditions may exist in volcanic terrain, with
soft horizons of weak ground overlain by harder, more
recent, lavas (Fig. 16.23).

Portals
These must usually pass through a surface zone of weath-
ered and weak material that can be of considerable thick-
ness in areas of tropical weathering. They may also have
to pass through old landslides on the surface of slopes
(Fig. 16.14). For these reasons, portals usually require
special support and protection against active forms of
slope instability, especially rock falls and avalanches.

Effects at ground level

Underground excavations that are not fully supported
invariably result in subsidence at ground level. The strains
involved usually have horizontal and vertical components
of movement (Fig. 16.24), and may damage buildings,
change the permeability of the ground and increase areas
liable to flooding adjacent to rivers (Institution of Civil
Engineers, 1977). Well stratified deposits of reasonable
strength may offer a certain amount of beam support
(Fig. 16.19^) which may contain the zone of broken rock,
but a dangerous situation can develop if strata separation
approaches ground level and interferes with the founda-
tions of buildings or the ground where buildings are to be
erected. When the ground continues to break under
stresses that are too great for it to carry, a front of broken
rock will travel up towards ground level. This is described
as 'caving' and can result in the sudden appearance of
holes at the surface. The drainage of ground-water to

Succession of rocks NORTH WALL

Conglomerate

Sandstone

Lava

ROOF

FLOOR

Strike

Dip
FLOOR Predicted position

of boundary

SOUTH WALL
ch. 1000 Scale MOO

Tunnel face
ch. 1010

Fig. 16.20 Example of a simple tunnel log. (ch = chainage) and prediction. Such plans can be cut out and the walls folded
down to make a simple 3-dimensional model of tunnel geology (see also Face Logs: Fig. 10.7).
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Fig. 16.21 Essential elements of classifications of rock
masses by (a) Bieniawski, (b) Barton et al. References cited
give details and support recommendations, (c) Approximate
relationships for large excavations: boundary stress = stress
on roof or walls or excavation (from Hoek, 1981).

excavations can result in the consolidation of compressi-
ble sediments and settlement, even though the sediments
may be a considerable distance above or away from the
excavation (de Freitas and Wolmarans, 1978).

When lateral boundaries, such as faults and dykes, do
not exist, the areal extent of subsidence becomes largely
controlled by the 'angle of draw' (Fig. 16.25) (National
Coal Board, 1975). In Coal Measure strata of Britain the

Fig. 16.24 Nature of settlements associated with tunnel-
ling. Prior to 'A' tunnel face is approaching the survey points.
At 'A' it is beneath them. After 'A' it is moving away from
them.

angle normally lies between 35° and 38°. In Holland,
where the Coal Measures are overlaid by weaker rocks
than found in Britain, the angle is around 45°. The 'angle
of break' defines a surface of break that joins areas of
maximum tensile strain: (Table 16.2).

Rock mass
rating



Ground strain: + ve compression: -ve tension

Original G/L

Subsided G/L

Worked area

Advancing face

rocks that break into blocks whose edges and corners
form resilient protrusions (Table 16.3). The ability of
broken ground to flow through chutes and hoppers is an
important property that has been investigated by Kvapil
(1965). Table 16.4 gives general values of relevance and
actual tests should be conducted where possible. The
tendency of some materials, particularly the weak rocks,
to chip and disintegrate with transport, results in a change
of their grading as they travel through the system. This
always increases the percentage of fines and generally
decreases the mobility of the mass; a point of particular
relevance to the efficiency of long conveyor systems (see
Kvapil, 1965; Savage et al., 1979).

Table 16.4 Likely angles of friction (from Kvapil, 1965)

Fig. 16.25 Typical subsidence resulting from the extraction
of a level seam. a = angle of draw (measured from the hori-
zontal in some countries); y — angle of break; H = maximum
subsidence. In the typical cycle of ground movement, tension
occurs behind the limiting surface and may be associated
with the opening of cracks at ground level (Fig. 9.28). Tensile
strain reaches a maximum at the surface of break (b). Later
the strains become compressive and close cracks. An exca-
vation advancing beneath point A would subject it first to
tension and then to compression.

Table 16.2 Typical values for angle of break

Angle of Break

Weak and generally loose strata 60°-40°
Cohesive materials of clay type 60°
Sands and sandy soils 45°
Shales of medium strength 60°
Hard sandstones and similar rocks 85°

Disposal of excavated material

Bulking

This is the increase in volume which occurs when a
material is broken and is additional to volume to be trans-
ported and disposed. The increase is usually more than
20% of the original volume, being greatest for the strong

Table 16.3 Swell as percentage of original volume

Topsoil 20-40
Unconsolidated sediments 10-50

Gravels 15
Sands 12
Silts and clays 10
Sands and gravels, with clay 20-50

Moderately consolidated sediments 20-40
Stiff clays 25
Fissured and hard clays 40

Sedimentary rocks 30-70
Limestone 60-70
Sandstone 40-70
Shale 30-40

Metamorphic and igneous rocks 25-80
Fresh and blocky 50-80
Weathered and blocky 25-40
Slate 30-40

Type of material

Limestone,
dolomite, marble

Granite, gneiss

Iron ores

Sandstone

Shale, mudstone

Wall
material

Steel
concrete
wood
steel
concrete
steel
concrete
wood
steel
concrete
steel
concrete

Angle of friction
along wall (<£w)

30-40°
33-43
37
31-42°
35-42
33-42°
36-43
40
32-42°
34-42
28-40°
29-42

Surface disposal

Waste material that cannot be stored below ground is
brought to the surface where its coarse fractions are
tipped (Fig. 16.26a). Fine material from the mills and
processing plant, is transported as a slurry to settling
ponds where it is sedimented: the ponds are retained by
tailings dams (Fig. 16.26/?). The design of both tips and
tailings dams must obey the principles of soil mechanics
because failure of these structures can release waste which
may liquefy and engulf all in its path (Klohn, 1980; Bar-
ton and Kjaernsli, 1981). Such structures must be
founded on ground that is sufficiently strong to carry
their weight without failing and should not be placed over
zones of natural ground-water discharge without
adequate provision being provided for the control and
drainage of ground-water (Bishop, 1973).

Two tragic examples of the consequences of foundation
failure beneath these structures are recorded by the re-
ports of the Aberfan and Mufulira disasters.

Aberfan (Anon, 1967:1969)
Aberfan is a small village in the Taff valley of the South
Wales coalfield. On its steep slopes, overlooking the vil-
lage, colliery waste had been tipped since 1914. In 1944
one of the tips slid a small distance downslope: another
partially failed in 1947 and 1951. In 1966, tip No. 7 failed,
and from it flowed a wave of liquefied tip material which



Foundation failure

(ii) tip 7 had previously failed in 1963 and that since
1963 the tip had been accumulating on ground un-
derlaid by a sliding surface in clay (see Fig. 16.26a);

(Ui) the toe of the tip had extended over a spring line;
(iv) the hydrogeology of the ground beneath the tips had

been disturbed by the effects of mining at depth.
The factors combined to cause the 1966 failure to occur
following a period of heavy rain. Since this disaster many
organizations have revised their codes of practice con-
trolling tipping (see National Coal Board, 1972); unfor-
tunately geology does not follow a code of practice.

Mufulira Mine (Sandy et a/., 1976)
At this mine a tailings dump was sited above an area that
was to be mined by sub-level caving. A caved zone of
broken ground extended to ground level and undermined
the tailings dump. Liquid tailings flooded into the void
and the mine, filling the western section of the workings
from the 1056 m level to the 495 m level; 89 miners were
killed.
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Fig. 16.26 (a) Simple tipping and associated danger of
foundation failure (see also Fig. 14.20). (b) Tailings dam and
appropriate drainage for controlling ground-water.

rapidly moved as a flow-slide down the hill into the vil-
lage, where it engulfed many buildings including a school
full of children. 144 people were killed and many others
injured.

The enquiry which followed revealed that:
(0 the tips had been placed directly on glacial clay that

overlies the bedrock;
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Ground Treatment and Support

Considerable economies can be achieved in the design
and construction of engineering works if the ground on
site can be improved, and supported where necessary.

The extent to which this is necessary should be assessed
by ground investigation. Normally it is the weakest
ground that is in need of greatest treatment or support
and the difficulty of recovering representative samples of
such material, especially when it is at depth, frequently
results in the nature of such ground being assessed in-
adequately. It is therefore important to ensure that pro-
grammes of bore-hole drilling and sampling report the
delays in the progress of work created by weaknesses in
the ground. Thus a record should be made of horizons
from which samples could not be recovered, or levels at
which the bore-hole collapsed, or depths at which the
fluid, used in drilling, drained from the hole. Such infor-
mation implies that the ground in these zones may be in
need of treatment and support.

The structure and mineralogy of rocks and soils im-
poses a limit upon the improvements that can be achieved
within them by ground treatment. These limits must be
assessed, often by using special tests. For example, an
injection test is required to assess the maximum rate at
which grout can be injected into the ground; further tests
are needed to reveal the maximum pressure that can be
used to accomplish this rate of injection, without causing
the surrounding ground to fail. Special tests may also be
necessary to assess the magnitude of support that is re-
quired at a site. One example of such tests is the special
survey that may be conducted in bore-holes to determine
the dip and strike of surfaces in rock not exposed for
mapping. The information from such a survey is used in
an assessment of the support required to ensure the sta-
bility of an excavation cut into the rock (see Fig. 14.3).

Treatment and support are frequently combined so
that a small amount of treatment, which may easily be
provided, enables economic support to achieve the overall
saving required in either design or construction.

TREATMENT
Dewatering

Ground-water may be controlled either by excluding it
from a site or by abstracting it from the ground within
and around a site. The techniques commonly employed
in these forms of ground treatment are listed in Table
17.1.

Table 17.1 A guide to the application of treatment tech-
niques for the control of ground-water. (1) = mainly chemical
grouts.

Method
of control

ABSTRACTION
Pumped wells
Well points
Electro-osmosis
Sumps and drains
Vertical drains

EXCLUSION
Grouting
Compressed air
Freezing

METHODOF
CONTROL

As listed
above

Granular deposits

Gravel Sand Silt Clay

' i, v

FRACTURED ROCK
See Fig. 13.18 for likely values
and use the above Table by equat-
ing Gravel to > 10° cms-1. Sand to
10° to 10-4 cms-1. Silt to 10~4 to
10-6cms-1 and Clay to <10-6

cms-1.

Dewatering describes the abstraction of water, either
to reduce the flow of ground-water, or to diminish its
pressure. The treatment is influenced by the permeability
of the ground, the proximity of hydrogeological boun-
daries, the storage coefficient of the ground, the pressure
head of ground-water to be abstracted and the natural
hydraulic gradient within the ground: all these factors are
described in Chapter 13.

Dewatering is normally undertaken to improve condi-
tions in surface excavations and to assist the construction
of structures founded at, or near ground level. It is not
usually employed in underground excavations for fear of
consolidating overlying sediments and damaging struc-
tures founded upon them (see for example, the drawdown
shown in Fig. 13.27). More often, steps are taken to
exclude water by grouting, ground freezing or the use of
compressed air. The drainage of mines, when required,
is achieved using drainage adits or drainage holes. Prac-
tical guidelines for the design of dewatering systems are
provided by Leonards (1961) and Powers (1981).

Sediments
Thick horizons of porous sediment that have not been
sufficiently consolidated to form fractured rock, occur in



abundance in strata of Cenozoic age (Table 2.1). Quater-
nary sediments of differing origin constitute much of the
transported material that forms the superficial cover of
drift above fractured bedrock. In these strata, clays, silts,
sands and gravels may be encountered, occurring as either
separate horizons of significant thickness or interbedded.
Sometimes these sediments cover a granular and porous
zone of weathering at the top of fractured bedrock: such
zones may often be treated in the same way as the sedi-
ments above them.

Wells may readily abstract water from permeable de-
posits of sand and gravel. The level of water in the well is
reduced, by pumping, below that in the ground thus
encouraging a radial flow of ground-water to the well
(Fig. 17.1). Sometimes the resulting cone of depression

current is passed through the ground between anodes and
cathodes, the latter being a metal well-point. The effi-
ciency of the method decreases with a decrease in the
moisture content of the sediment and an increase in the
quantity of free-electrolyte in the pore water. Clay min-
eral activity is also influential, the amount of water being
moved per hour per amp, being greatest in inactive clays.
For these reasons the method tends to work better in silts
than in clays.

Vertical drains achieve much the same effect as
electro-osmotic techniques, but for a fraction of the cost.
The simplest are bore-holes filled with sand or man-made
filter fabrics. They are particularly suitable for draining
ground containing horizontal, impersistent permeable
horizons, as often found in alluvial, deltaic and estuarine

Fig. 17.1 Excavation in de-
watered gravel. Pipes rising
from the excavation carry
water being lifted by submer-
sible pumps at depth, which
have created a cone of depres-
sion (Fig. 10.21) that is greater
than the dimensions of the ex-
cavation. The site is at Dunge-
ness, close to the sea (Fig.
3.27b). Excavation is by dig-
ging using drag-lines: a bucket
is visible in the bottom left-
hand corner. (Photograph by
Soil Mechanics Ltd.)

extends further than necessary and dewaters ground that
need not be drained; other times it may intersect a hydro-
geological boundary that recharges the ground and pre-
vents further drawdown (Fig. 13.28). Such a boundary
may be considered a source.

Well-points may be used in permeable deposits of silt
and sand and in thin deposits of gravel, when small cones
of depression are required. Each point sucks water from
the ground and has a limited sphere of influence, but
when used in banks (Fig. 17.2) it is possible to drain a
considerable thickness of strata, and restrict drawdown
to the vicinity of the excavation. This is because each
well-point acts as a hydrogeological boundary to its
neighbour. Such a boundary may be considered a sink.

Electro-osmosis is a phenomenon that causes some
sediments to expel their pore water when an electric
current is conducted through them. It is sometimes used as
a special technique for reducing ground-water pressures
in fine-grained sediment of low permeability. An electric

deposits (Fig. 17.3). By providing vertical paths of perme-
ability where only horizontal bands of permeable material
existed before, the drains permit layers of silt and sand to
drain interbedded clay. In this way the ground may be

Original
water level

Original
water level

Riser
pipe

Intake
section

Fig. 17.2 Dewatering point (HP = header pipe) and exam-
ple of staged excavation.



Proposed structure

Bedrock
Silts and clay

Sand

Fig. 17.3 Vertical drains, with detail illustrating how such
drains encourage permeable horizons of silt and sand (S) to
drain the less permeable material, clay (C).

consolidated and strengthened (see Nicholson and Jar-
dine, 1981).

When assessing the efficiency of a dewatering pro-
gramme in fine-grained deposits, special care must be
taken to correctly determine the in-situ permeability of
the sediment. Small scale laminae of silt in a clay may
have a considerable influence upon the speed with which
water may be abstracted from the ground and the water
pressures there-in reduced (Rowe, 1968; 1972).

Fractured rock
Open fractures provide rock with a permeability that
permits the drainage of water to ditches, wells, drainage
holes and adits. The hydraulic conductivity of fractures
is extremely sensitive to their aperture and open joints
can carry considerably more water than their neighbours,
which might be open by a slightly lesser amount. There-
fore it is the large fractures that should be sought because
they will drain the myriad of smaller fractures in hydraulic
continuity with them and effect an overall drainage of the
rock mass. This action can create an apparently hap-
hazard response to the performance of drainage holes
drilled out from underground excavations. Those for the
adit shown in Fig. 17.4 illustrate this behaviour. Drainage

hole No. 1 will intersect the fault before the other four
and will discharge water whilst the remaining four may
still have much smaller yields. To understand the signifi-
cance of flow from drainage holes, it is necessary to study
the geological structure of the ground, and in this example
probe holes had been drilled ahead of the drainage holes
to confirm the presence of a fault.

Joints are the most common type of fracture in rock
and commonly occur in sets (p. 155). Drainage holes that
intersect many sets are likely to yield more water than
those whose orientation parallels a major set (see Fig.
10.3). Some fractures may be filled with clay and similar
material which prevents them from conducting water
until such time as the filling is eroded by flowing water.
This can occur in ground surrounding a recently formed
excavation if the change in stress within it causes the
clay-filled fractures to open. Drainage holes that were
formerly dry, and fractured rock that previously
appeared to be impermeable, may then discharge water.

Adits may be driven to drain water from underground.
They are commonly used in mines to relieve the pressure
of water in adjacent aquifers. Sometimes they are used to
drain hillsides so as to stabilize an overlying slope. Drain-
age holes may be driven from adits to extend the influence
of these drainage measures.

Wells operate in the manner described on p. 270 and
the structures most commonly used from ground-level
to dewater a considerable thickness of fractured rock.

Ditches may successfully drain surface excavations
when the permeability of the fractured rock permits draw-
down to occur at a rate that does not hinder the advance
of the excavation (Fig. 17.5). The excavation should be
remote from a local source of recharge, such as a river or
lake. Aquifers beneath the excavation, containing water
under pressure (see Fig. 16.66, example (/)), may have to
be de watered by wells.

Boundary of excavation

Ditch Sump

Fig. 17.5 Lowering of water levels within and around
a surface excavation, by natural drainage to ditches,
a = intermediate position; b = final level.

Grouting
This process injects material of liquid consistency into
fractured rocks and porous sediments where it sets after
a period as a permanent inclusion in pores and fissures.

Drainage
holes

ADIT

Probe
hole

AQUIFER
4202 level

Fig. 17.4 Example of drainage measures used underground.
Probe holes shown by broken lines.



The materials used may be suspensions of cement or clay
or other fine particles, mixed with water; or combinations
of these materials; or emulsions such as bitumen in water;
or true solutions which form insoluble precipitates after
injection (the 'chemical' grouts). Grouting is normally
used either to reduce the permeability of the ground or to
increase its strength, and often consists of repeated injec-
tions of grout via holes specially drilled for the purpose:
examples are shown in Fig. 17.6. Initial injections are

Also, the hydraulic resistance of these voids defines the
viscosity a grout must possess to be easily injected, and
the stresses in-situ regulate the maximum pressure that
can be used to effect this injection. Migration of grout is
controlled by the permeability of the ground and re-
strained by boundaries separating ground of different
hydrogeological character. A knowledge of the geology
of the ground is thus an essential requirement for attain-
ing a successful result from grouting.

Sediments
Treatment of unconsolidated porous sediments such as
sand and gravel, requires the permeation of grout through
their delicate porous network. There is a limit to the size
of pore that can be invaded by suspensions of cement and
clay, and silts are usually beyond this limit: in these sedi-
ments, chemical grouts may have to be used (see example
described later, Fig. 17.21). Stratified deposits of sand
and gravel, interbedded with silt and clay, can be ex-
tremely difficult sequences to treat. If excessive injection
pressures are used in areas where the pore size of the
strata is small, the ground around the hole will fracture
and each fracture will be penetrated by a sheet-like intru-
sion of grout. When these intrusions set they will retard
the migration of grout from subsequent injections thereby
isolating volumes of ground from further treatment.

In weak sediments it is not possible to drill unlined
grout holes that will remain sufficiently stable to accept
repeated injections of grout. The holes must be supported
by a lining through which grout can pass. This lining
contains a series of perforated sections each surrounded
by a flexible sheath. Successive injections of grout are
achieved by lowering packers into the hole, to isolate a
length of section that bridges the stratum to be treated,
and injecting grout into the section. When the pressure of
grout in the section is sufficient to distend the flexible
sheath, grout will flow through the annulus between it
and the lining tube, and into the ground. The method is
known as 'tube-a-manchette' and is commonly used for
grouting alluvium (Fig. 17.6c).

Weak rock
Rock may be weak because it is a sediment that has not
been well cemented, or consolidated, (many limestones
and sandstones of Cretaceous and Tertiary age have this
character: Table 2.1), or because it is weathered (as in
almost completely weathered granite), or intensely frac-
tured (as in major fault zones). In most cases the domi-
nant voids will be small pores and fractures whose dimen-
sions resist the permeation of grout suspensions. They are
therefore difficult to treat. Excessive injection pressures
will fracture the material, as it is weak. This process
(termed 'claquage') can cause the ground to be veined by
a network of grout filled fractures that collectively reduce
its overall permeability. Unfortunately the weak rock
may possess sufficient brittleness for claquage to create
both large and small fractures. The large fractures can be
filled with grout but the smallest fractures may be too
small to accept a grout suspension. Incorrect injection

Packer

Stage

Fig. 17.6 Basic method of grouting for rock (a), (b). and
unconsolidated sediments (c). (a) An open hole is drilled to
the base of stage 1. grouted and then redrilled to the next
stage, and so on to the desired depth of treatment, (b) Grout
injection via packers where sections of hole can also be used
in stages and grouted, (c) Grout injection using the tube-a-
manchette technique.

made through primary holes spaced at regular intervals,
with this treatment being supplemented where necessary
by subsequent injections from secondary and tertiary
holes (Fig. 17.7). Reviews of grouting procedures are
presented by Glossop (1960), Little (1975), Scott (1975),
Skipp (1975) and Camberfort (1977).

Geology influences the choice of grouts to be used
because the size of pores and fractures to be filled limits
the size of particles that may be used in a suspension.

Grout holes

Weak zone

Fig. 17.7 Primary (1), secondary (2) and tertiary (3) grout
holes used to treat ground of variable quality. The weak zone,
in need of more treatment than the better ground on either
side, is grouted using a grid of more closely spaced injection
holes.



pressures can sometimes increase the permeability of
weak rock by creating too many ungrouted micro-frac-
tures.

Fractured strong rock
Ground containing non-porous, fractured strong rock is
normally the easiest of all types to grout. Rocks contain-
ing sets of large fractures and many smaller fractures, are
more difficult to treat. Significant reductions in perme-
ability can be achieved in these rocks by grouting only the
sets of large fractures, if by doing so the network of
smaller fractures is divided into isolated blocks, each of
which is bounded by a grouted fracture (Fig. 17.8). Grout
would have to penetrate the network of small fissures if
the deformability of the ground had to be improved.

Clay-filled fractures will not accept grout and must be
flushed with water until all erodable infilling is removed
(see Lane, 1963; and Cambambe Dam, p. 249).

Fig. 17.8 The interruption of water flow through small frac-
tures by grout injected into large fractures that are more easily
treated.

Investigations
Attention should be given to the character of the voids to
be filled and the geological structure of the ground to be
treated, prior to the design and commencement of a pro-
gramme of grouting. Rarely is it possible to predict with
any certainty the volume of grout that rocks and soils will
accept, but indications of likely quantities can be gained
by observing the following geological characters.
(0 The amount of water that can be discharged into the
ground from a bore-hole. In soils an in-situ test of perme-
ability will often provide the necessary indication, but in
rocks a special test may be used which measures the
volume of water absorbed per metre length of hole and
describes the result in units of Lugeon: 1 Lugeon is
approximately equivalent to a permeability of 1.0 x 10~5

cm s-1. The variety of responses that can be obtained
from such a test are illustrated in Fig. 17.9 and discussed
by Houlsby (1976). Injection creates a hydraulic gradient
that radiates from the hole and increases with increasing
pressure of injection. Fractured rock may respond to this
by permitting flow which behaves as if laminar conditions
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Fig. 17.9 Form of ground response to injection, as recorded
from a water absorption test: in each case the ordinate repre-
sents injection pressure and the abscissa, flow rate into the
ground: based on Houlsby (1976). The test is conducted over
a section of bore-hole isolated by a packer (m): see text.

operate (Fig. 17.9a); in others, it appears that turbulent
conditions develop with increasing pressure (b). When
pressures are too great, the rock fractures are forced apart
and the ground dilates (c). Weak material, infilling frac-
tures, may be eroded when the velocity of flow reaches a
certain value, so that the ground becomes more per-
meable than it was originally (d). Movement of erodable
material may block pores and fractures, sealing the
ground and making it difficult to permeate (e).
(ii) The amount of water drained from a hole: this is used
in underground excavations to assess the presence of
voids in need of treatment.
(Hi) The ratio between the seismic velocity of the rock
in-situ and of the intact material as measured on a sample
of the rock tested in the laboratory. This ratio reflects the
openness of the rock mass and has been used effectively
by Knill (1970) to indicate grout take. (Fig. 17.10.)
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Fig. 17.10 Relationship between grout take of grout cur-
tains in U.K. dams, and seismic velocity of the dam founda-
tions: Vf = velocity through rock mass in field, V,ab= velocity
through rock core from the rock mass (from Knill, 1970).



(iv) The length of core recovered from drill holes, ex-
pressed as a percentage of the length of hole drilled, the
RQD of the core and a log of its fractures (see Chapter
10).

Other features to note are the presence of large voids
such as solution cavities, lava tunnels (and underground
workings), that may require more than normal treatment
(Khan et ai, 1970), and ground strain that may have
opened joint sets; e.g. at the crest of a slope or above
mined areas. Many of the uncertainties associated with
predicting the response of rocks and soils to grouting,
especially with foreseeing the pressures that may be used,
can be removed by conducting a grout test (Little et al.,
1963).

Ground-water The natural rate of ground-water flow
should be studied as this may be sufficient to transport
unset grout away from areas of treatment. Zones of high
velocity flow may need special attention. The chemistry
of ground-water is also relevant as it affects the type of
grout that may be used, its viscosity and its setting time
(Glossop, 1960). The properties of many chemical grouts
are particularly sensitive to the quality of the ground-
water with which they mix.

Consolidation
This form of treatment is appropriate for strengthening
soft to firm lightly consolidated sediments and for reduc-
ing the settlement that will occur within them, when later
loaded by an engineering structure. The treatment of
these sediments seeks to continue the consolidation that
occurred during their deposition. At that time, the par-
ticles of sediment were progressively loaded by the weight
of grains settling above them and moved closer together,
provided water could escape from the intervening pore
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Fig. 17.11 Relationship between the void ratio of a sedi-
ment at depth (p') and the vertical effective stress within it
during gravitational consolidation accompanying burial from
depth P'T to p'2 (see also Fig. 6.4).

Stratigraphic history
The behaviour of the sediments under load may be stud-
ied in the laboratory and is illustrated in Fig. 17.12. An
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Fig. 17.12 The consolidation of a sediment and its response
to unloading, (a) with respect to effective stress and (b),with
respect to time (see also Fig. 9.8).

undisturbed sample of sediment is placed into an oed-
ometer (p. 192), loaded (see A in Fig. 17.12) and permitted
to consolidate (a-b), and then loaded again, in increments
(B, C, E, F) until the required magnitude of effective
stress within it has been attained. Initial consolidation is
usually non-linear (a-b-c in 17.12a). The reason for this
can be explained by observing the behaviour of the sam-
ple when it is unloaded (d-e): it expands, but does not
recover all the deformation it has sustained. Reloading
(e-f) returns the behaviour of the sample to the original
(virgin) curve. Hence the similar behaviour seen at (a-b-
c) may be taken to represent the return of the sample to
its virgin curve; i.e. it is a record of previous unloading.
The load represented by position b' is called the pre-
consolidation load to signify that a continuation of the
gravitational consolidation started by nature will only
occur once this magnitude of effective stress has been
exceeded.

To extend this behaviour to field practice, it is necessary
to increase the effective stress within a sedimentary de-
posit to a value that is greater than the pre-consolidation
load of the succession to promote a continuation of its
consolidation. This can be achieved by draining pore
water from the strata; a process that may take many
months to produce a widespread reduction in pore water
pressures, particularly in successions containing strata of
low permeability, such as clay. Consolidation can be ac-
celerated by loading the sediment with a surcharge placed
at ground level (for example, by building an embank-
ment, or stockpile above the area to be consolidated).
Vertical drains, as shown in Fig. 17.3, greatly assist the
drainage of water from horizontally-stratified successions
of sediment.



Shallow water sediments
Many of the deposits which are suitable for ground treat-
ment by consolidation, accumulated under shallow water
alluvial, estuarine and deltaic environments (Chapter 3),
and contain lateral and vertical variations of sediment
type (facies). Lenses of gravel can be interbedded with
clay and peat. The time required for a suitable amount of
consolidation to occur in these variable deposits can only
be assessed when the stratigraphy of the succession is
accurately known. Sediments most susceptible to im-
provement will have a moisture content that is between
the Liquid and Plastic Limit for the material (Fig. 9.22):
strata with a moisture content that is less than that for its
Plastic Limit, are unlikely to be much improved by this
form of treatment. Undisturbed samples of the compres-
sible layers should therefore be obtained and if the bore-
holes, from which these samples are taken, are later
logged using geophysical methods, it is possible to gain
an accurate record of the stratigraphy on site.

Peat Special care should be taken to identify deposits
of peat and similar organic material because they are
normally the most compressible of all the strata. Organic
deposits, by reason of their fibrous structure, have non-
linear consolidation characters, the general character of
which is illustrated in Fig. 17.13. The first phase of con-
solidation is controlled by the network of plant fibres, but
as time progresses, water within the fibres begins to be
expelled, giving the material a marked phase of secondary
consolidation (Berry, 1983).
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Fig. 17.14 Collapsing soils and their characters,
SG = specific gravity of soil grains (after Hall eta/., 1965).

micro-structure which can collapse when saturated. Such
deposits are described as 'collapsing soils' and are treated
by inundating them with water (Fig. 17.14).

Sandy sediments
The configuration of particles of sediment within a com-
pressible deposit, such as a lightly-consolidated clay, is
unstable (see Fig. 6.3 a-d)\ hence the deposit compresses
when the magnitude of effective stress within it is changed.
The packing of particles in sands and sandy sediments is
much more stable (Fig. 6.8). Such deposits are not easily
consolidated by inducing a drainage of their pore water,
especially if they exist above the water table. Methods for
compacting these materials use dynamic forces. They im-
part energy to the ground by dropping a weight onto its
surface (tamping), or by penetrating the thickness of the
deposit to be treated, with a large diameter vibrating
poker, often aided in its penetration by simultaneously
jetting water into the ground (vibroflotation) (see Charles
et a!., 1982; Institution of Civil Engineers, 1976).

Thermal treatment
Freezing
In northern latitudes, bordering the permafrost (p. 35) of
the Arctic circle, ground containing water freezes natur-
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Fig. 17.15 Examples of ground that has been frozen to
assist excavation (a) through, and (b) beneath weak and
saturated deposits of drift.

T
hi

ck
ne

ss
 (

H
)

PRIMARY
SECONDARY

Time

Fig. 17.13 Consolidation of peat. Primary consolidation
accompanies the gradual increase in effective stress as pore
pressures within the peat dissipate (represented in the figure
by the pressure head in manometers). Secondary consolida-
tion is that which can be seen to occur under an apparently
constant level of effective stress. The mechanisms responsible
for primary and secondary consolidation, overlap, with pri-
mary consolidation dominating the initial response to load.
Broken line = normal performance of a clay (see Figs 9.7, 9.8):
solid line = that for organic deposits.

Sub-aerial sediments
Not all compressible weak sediments accumulated under
water: for example, colluvial deposits and loess formed in
sub-aerial conditions, often in a dry climate. These sedi-
ments may possess a high void ratio and have a very open



ally during the winter and converts even the weakest
sediments to a condition that is hard and strong. Exca-
vations that must penetrate weak ground are completed
during the winter, when the sediments are frozen solid, so
saving the need to provide the excavations with drainage
facilities and temporary support.

The condition of freezing may be artificially produced
by pumping a refrigement, usually calcium chloride
('brine') but sometimes liquid nitrogen, through tubes
that have been inserted into the ground. When the tubes
are placed sufficiently close to each other for the columns
of frozen ground, which grow around them, to coalesce,
a continuous frozen zone may be formed (Fig. 17.15).
Relevant reviews and case histories are provided by Fri-
vik et a/. (1981) and Schmid (1981). Freezing is generally
a more expensive method of controlling ground-water
and of improving strength than either grouting or de-
watering. It is usually considered only if these methods are
thought to be unsuitable or have been used, and have
failed to provide the desired improvement. Unlike hy-
draulic conductivity (i.e. permeability), which may vary
over many orders of magnitude, the thermal conductivity
of most geological materials lies within the narrow range
of 0.1 to 10.0 Wm-1K. Thus, ground-freezing techniques,
when used in mixed strata, produce much more predict-
able results than those of either dewatering or grouting.

The gain in strength obtained by freezing is remark-
able, and is illustrated in Fig. 17.16. Voids, such as pores
and fractures, do not have to be saturated, but must
contain at least a film of water on their surfaces (see, for
example, Fig. 9.23).

tions. This is thought to result from the concentration of
ions in the pore water adjacent to the surface of the clay
minerals. Too great a concentration of ions prevents the
pore water from completely converting to a crystalline
form. Consequently, clays are often only partially frozen
and tend to creep under load.

Organic deposits Peat and other organic deposits, will
freeze, but the process damages the cells of the fibres and
on thawing the mechanical properties of the deposits may
be significantly different from their original values.

Frozen rocks
It is not usually necessary to freeze rocks, although water
in the joints and pores of rock may be frozen. Rocks are
much more brittle than soils and are badly affected by the
volumetric changes that accompany severe freezing.
Weak rocks can be seriously damaged by the expansion
of water in their pores and on thawing, may disaggregate
to a slurry.

The surfaces of fractures in strong rock may be weak-
ened by freezing, particularly if they are weathered, thus
reducing their shear strength once thawed. Strong rocks
containing fractures filled with clay and the fine-grained
products of weathering, may be even more substantially
altered by freezing. The material infilling the fractures
increases in porosity as its pore water expands, enabling
it to accept more water (which will be readily available
from the reservoir of surrounding fractures) when a thaw
commences, thus increasing its moisture content and de-
creasing its strength.

Volumetric changes
Sediments exhibit approximately 9% expansion when ar-
tificially frozen and sometimes heave can be observed in
treated ground. (Much greater expansion can occur when
ice lenses form and separate bedding. This is a common
feature of naturally-frozen ground: see Fig. 3.6). As tem-
peratures continue to drop, volumetric contraction de-
velops. Sediments shrink and form vertical columns,
often polygonal in cross section, separated from each
other by fine cracks. On thawing, these vertical cracks do
not properly heal and the vertical permeability of sedi-
ments is often found to have increased from its original
value (Chamberlain and Gow, 1978). Rocks may fracture
under the tensile stresses induced by contraction and it is
often discovered that their in-situ permeability has been
increased by ground freezing.

Investigations
The presence and movement of ground-water is of great-
est importance to the efficiency of artificial ground freez-
ing and should be investigated. Ground-water provides a
positive heat flux and flow rates exceeding 2.0 m day-1

can swamp the negative heat flux from the freezing tubes.
Under these conditions ground-water may not freeze.

The chemistry of ground-water is also relevant (p. 215)
as high salinities act as an antifreeze, but this rarely
creates a serious problem. Sea-water freezes at 3°C below
the temperature of fresh water and a saturated solution
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Fig. 17.16 Likely strength for frozen ground. The tempera-
ture for brines ranges from - 30° to - 500C and that for liquid
nitrogen is -1960C. (Data from British Oxygen Co., U.K.)

Frozen sediments
Gravel, sand and silt These sediments can be successfully
frozen: indeed, freezing is an excellent method for im-
proving the strength of silt, whose fine grain size renders
it difficult to dewater and almost impossible to permeate
without recourse to costly chemical solutions.

Clayey sediments Fine-grained argillaceous deposits
(Table 6.2) can be frozen but are the most difficult
materials in which to obtain completely frozen condi-



of NaCl, as might be found near a deposit of salt, will
freeze at —210C. Cryogenic fluids used for freezing can
lower temperatures considerably beyond these levels (see
Fig. 17.16).

The position and character of hydrogeological boun-
daries needs to be known, especially if a frozen zone is to
key into such a boundary (see Fig. 17.15). Fluctuations
of water level, to be expected outside the frozen zone,
should also be noted as they will influence the load that
must be carried by the frozen ground.

Heating
An improvement in the strength of weak sediments has
been attained by raising their temperature to 6000C and
higher. The treatment relies on the irreversible changes
that occur in clays when heated beyond 4000C: at 1000C
adsorbed water is driven off from clay surfaces and by
9000C certain clays begin to fuse to a brick-like material.
The technique requires liquid or gas fuels to be burnt
under pressure in a sealed bore-hole and is claimed, in
some circumstances, to compete economically with piled
foundations in thick sedimentary successions. It has been
extensively used for improving ground prior to construc-
tion and for stabilizing landslides. The method was de-
veloped, and is largely exploited, in E. Europe (Litvinov
etaL, 1961).

SUPPORT

Aspects of the support of underground excavations have
been described in Chapter 16, where the purpose of its
installation was explained: namely to prevent ground
around an excavation from becoming unstable. Support
may be provided by rods, in the form of dowels, bolts and
anchors; by arches and rings; by a complete lining of
metal or concrete; and by retaining walls (Fig. 17.17).
Ground treatment is frequently used in conjunction with
support; thus a rock slope may be supported by bolts and
drained by holes at its base. Sometimes more than one
support method is employed: a slender retaining wall may
be anchored into good ground some distance behind the

wall, when this combination is more economic than a
substantial retaining wall.

Most systems of support require the strength of the
ground to contribute to their effect. Bolts must react with
good ground at depth and arches must be supported by
the floor on which they stand. The interaction between
ground and its support is not a phenomenon that is
amenable to prediction by theory, especially in weak rock
and in ground where the variation of mechanical prop-
erties, from one location to another, cannot be predicted.
It is therefore prudent to install instruments that will
measure the response of the ground. Ward (1976)
measured the reaction of fissile mudstone to various
methods of tunnelling and types of support, and illustra-
tive results are shown in Fig. 17.18. The magnitude of the
response of the ground was influenced by both the
method of excavation used and the type of support pro-
vided: it also changed with time (see also Fig. 16.19). Drill
and blast methods of excavation, which can greatly dis-
turb the surrounding ground, resulted in a noticeably
different ground reaction from that associated with less
violent excavation bv machine bore.
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Fig. 17.18 Displacements measured in a rock tunnel (from
Ward et al.. 1976). Solid Mine = drill and blast excavations;
Broken line = machine excavation. Sprayed concrete =
shotcrete lining (see text).

Rods, bolts and anchors

The simplest form of rod support is a dowel, placed with
or without grout, in a hole drilled to accept it. Bolts have
their far end secured in rock and on their exposed length
is placed a face plate and nut. Anchors are long bolts or
cables which, once grouted into their hole, can carry
considerable load. Reviews of these systems, which are
illustrated in Fig. 17.17, are provided by Littlejohn et al.
(1977; 1980); Hobst et al (1983).

Rock bolts and anchors
The structural geology of the ground around an excava-
tion should be known to determine the inclination (6) of

Dowel

Lining
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Arch

Retaining
wall

Bolt

Fig. 17.17 Examples of commonly-used systems of ground
support: not to scale.
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Fig. 17.19 Rock supported by bolts (a) on a slope, (b)
within a tunnel (unstable ground is stippled). Rock roof (c)
suspended from stable, strong strata, and (d) compressed to
form a stable arch of rock.

bolts and anchors that provides the most desirable result-
ant force on the rock surfaces whose friction resistance
must be increased (Fig. 17.19a). The disposition of frac-
tures will also define the size of the blocks in need of
support (Fig. 17.196).

Rock strength limits the load that can be carried by the
ground around the anchored length of these supports and
beneath their face plate. Slow failure of rock will gradu-
ally lessen the support with which it was provided.

Rock strength and structure must be considered to-
gether to assess whether the desired support can be
obtained by suspending rock from firmer ground beyond
the excavation (Fig. 17.196 and c). If this is not possible,
the strength of the rock may have to be increased by using
bolts to create a zone of compression in which joints and
bedding are pressed together, so that the frictional resist-
ance of their surfaces is increased sufficiently to provide
stable conditions (Fig. \l.\9d).

Clay-filled joints, and fractures containing soft weath-
ered material, will deform under the load imposed by a
bolt or anchor. Such deformation slackens the tension
within these supports. Ground-water flow, capable of
eroding the infilling from joints and fractures, aggravates
this condition. Because water softens weak rock, espe-
cially lightly cement (friable) sandstones, and mudstones,
and erodes clay-filled fractures, its use as a drilling fluid
should be avoided when boring the holes to house bolts
and anchors in these materials.

Soil anchors
Anchors may be used in sediments when the deposits can
provide sufficient reaction to the loads carried by the
cable. The performance and installation of soil anchors is
much influenced by the stratigraphy of the sediment lying
above and around the anchor. When the sediment has an
undrained in-situ strength greater than 100 kNm~2, it is
usually possible to under-ream the hole so as to improve
the reaction of the anchorage (Fig. 17.20). Holes for
anchors should be drilled as quickly as possible and the
cables installed, and grouted immediately, because the
condition of the soil around the hole will deteriorate
rapidly and this can reduce the strength of the bond
between the anchor and the ground. Water softens sedi-
ments and should not be used as a drilling fluid.

Cable

Fig. 17.20 Anchorages for cables: (a) grouted bore-hole,
(b) bore-hole grouted under pressure to fill fractures in rock
and coarse permeable horizons in the overlying drift, (c)
under-reamed, (a) and (b) are suitable for use in soil and
rock, (c) is suitable for stiff to very stiff clays and weak rock.

Arches, rings and linings

Arches may be erected at regular intervals to produce
'sets' that are normally linked by horizontal bars to form
a supported corridor. The space between the arches and
the excavation must be packed, to prevent excessive de-
formation of the ground, and the roof and walls between
the arches may be lined with 'lagging' to prevent the
ingress of rock. The floor on which the arches are erected
must be able to carry the load transmitted to it by the
arch legs. When the floor is weak, as when crossing a fault
zone, it may be necessary to change the cross-section of
the excavation to a circle, and use a complete ring.

Squeezing ground
Arches and rings are particularly useful in ground that is
susceptible to severe deformation around an excavation:
a condition that is described as 'squeezing ground' (p.
263). Such deformation can be encountered in crushed
rock under stress, as in major and recently active fault
zones, and in weak and moderately strong rocks that are
severely overstressed by the excavation (as illustrated in
Fig. 16.18 where squeezing accompanies gentle failure).

Grout



The compressibility of arches and rings can be designed
to absorb strain energy at the rate it is being released by
the ground and can be deliberately designed to permit the
occurrence of large deformations in a moderately con-
trolled manner. In this way, stresses in excess of those
that could reasonably be restrained by linings, may be
safely relaxed.

Weak and variable ground
Tunnelling in consolidated sediments such as clay, sand
and gravel, and in soft sedimentary rocks, i.e. soft-ground
tunnelling, uses linings to provide support at all times.
The lining consists of pre-formed segments that are
locked together to form a complete circular section: voids
between the lining and the ground are filled with grout
(Fig. 17.21).

Fig. 17.21 Tunnelling in chemically grouted gravel. The
tunnel is circular in section, excavated with pneumatic spades
and supported by a complete lining of segments bolted to-
gether to form rings. Ahead of the lining is excavated gravel:
note its stability after treatment. A heading leads off into the
distance and was the pilot tunnel from which was undertaken
treatment of the surrounding ground. Treatment was accom-
plished by drilling grout holes radially from the walls of the
heading into the gravel. (Photograph by Soil Mechanics Ltd.)

Sho terete is a form of concrete that can be sprayed
onto the face of an excavation where it builds up to form
a lining, usually a few centimetres thick. It may be mixed
with fibres of metal or glass and thereby reinforced. The
method was developed in continental Europe and is the
basis of an excavation system described as the New Aus-
trian Tunnelling Method (or NATM). The speed and ease
with which shotcrete can be applied enables the surface
of an excavation to be protected and supported almost as
soon as it is exposed, if this is required. Such action
greatly reduces the deterioration that can rapidly occur
in weak and variable ground (see Fig. 17.18). Conse-
quently, large excavations have been opened in moder-
ately weak rock, using shotcrete linings (John, 1981).

Shotcrete is particularly useful for protecting argilla-
ceous rocks from absorbing moisture in the tunnel atmo-

sphere, and softening: much of their in-situ strength can
thus be retained. It also protects weak material, infilling
fractures, from erosion by ground-water flowing towards
the excavation: the sprayed lining provides a barrier to
such flow. By controlling the flow of ground-water, the
risk of settlement and collapse of ground level above the
excavation is also avoided.

Shotcrete permits the amount of support provided to
the roof and sides of an excavation, to vary with local
changes in conditions. A thick lining may be formed in
areas of weak ground and a thinner lining in stronger
areas. This if of great value in ground where conditions
cannot be predicted with accuracy, as in the weathering
zone of igneous rocks (especially of granites: p. 33), in
volcanic accumulations (Fig. 16.23) and in intensely-
folded strata.

Other forms of support may be used in conjunction
with shotcrete, such as metal meshes, rock bolts and
arches, when further support is required. In extremely
poor ground a conventional full concrete lining may be
necessary (Fig. 17.17).

Retaining walls

It is not possible to excavate stable vertical slopes in
sediments and weak rock. When such a profile is required,
it is customary to form a retaining wall in-situ, prior to
excavation, so that excavation can take place against this
boundary without causing the ground behind to become
unstable. The wall is normally built by driving a line of

Active

Passive

Fig. 17.22 Elements of earth pressure around a retaining
wall. Note that in the passive zone bedding is close to the
orientation of ^1 (and see Fig. 14.2).



sheet-piles, or by boring a line of secant piles, or by
excavating a slurry supported trench later to be filled with
concrete, to a predetermined depth that is greater than
the depth of the proposed excavation. The resulting struc-
ture forms a cantilever that retains the ground adjacent
to the excavation: it may be either free standing (Fig.
17.22) or supported also by anchors (Fig. 17.23).

Original G/L Top of wall

Front elevation

Section

CUT

Fig. 17.23 Retaining wall to bed-rock. D = anticipated
depth to bed-rock.

Earth pressures
Equilibrium relies upon the passive pressure in front of
the wall being sufficient to balance the active pressure
behind the wall (see Fig. 17.22). If such a wall were to
move forward, the horizontal stress in the ground behind
the wall would decrease. Ground failure would occur
when the difference in principal stresses reaches a mag-
nitude that cannot be sustained. Similarly, for the wall to
move forward the horizontal stress in the ground in front
of the wall must increase: too great an increase can result
in ground failure. The ratio of horizontal to vertical stress
when failure commences behind the wall, is called the
coefficient of active earth pressure (KA). The same ratio
when failure commences in front of the wall, is called the
coefficient of passive earth pressure (KP).

These coefficients are required for design, and can be
obtained from suitable tests of sediment strength. They
are not constants; their magnitude will change with
changing ground conditions. Hence ground investiga-
tions should carefully establish the correct values of effec-
tive stress that will operate on site. To do this, attention
must be given to ascertaining the value of the coefficient
of earth pressure at rest (K0), which is the ratio of hori-
zontal to vertical stress that naturally exists in the ground
prior to excavation (p. 161). Over-consolidated deposits
will have a higher ratio than normally consolidated sedi-
ments, and the ratio generally increases with increasing
over-consolidation. The top of the London Clay has a
horizontal effective stress that is 2.5 to 3.0 times the
vertical effective stress.

Investigations
The stratigraphy of the site should be established in some
detail and note taken of the stratification, and presence

of weak horizons, and laminae. Shallow-water sediments
and colluvium are liable to contain lateral variations in
their succession, so that the strata encountered in one
bore need not exist over the entire site. Ground in front
of the wall should therefore be investigated as well as the
ground behind the wall. Reference to Fig. 17.22 illustrates
that failure at the base of the wall will be much influenced
by horizontal displacements which are likely to be parallel
to bedding in sediments. Where the wall is to be founded
on rock at depth, the weathering at bedrock surface
should be investigated, especially if pockets of clay-rich
weathered debris are likely to exist there, buried beneath
more granular drift. Permeable, free-draining deposits,
such as sand and gravel, should be identified, together
with layers of low permeability in which changes of pore
pressure could not be expected to dissipate readily during
periods of deformation. The shear strength of the
materials should be measured in terms of effective stress.

Attention must also be given to existence of over-con-
solidated deposits and presence of fissures in cohesive
soils. Heavily over-consolidated clays (which include
those that have been frozen by permafrost, perhaps
during the last ice-age: see Fig. 3.8) contain fissures which
will tend to open in the zone of active pressure and change
the distribution of load against a wall. If rainfall fills these
fissures with water a wall can be subjected to hydrostatic
pressures. The content of expandable (or soluble) miner-
als should be determined in ground that has had a con-
siderable history of dryness, if excavation work is to
expose it to rainfall, or wetting from other sources.

Ground-water conditions must also be investigated,
for as shown in Fig. 16.6&, uncontrolled seepage can
undermine the stability of retaining walls. It is often pru-
dent to locate the depth of an impermeable horizon into
which the wall may be keyed so as to control such prob-
lems of ground-water.

In all these investigations it is helpful to note the resist-
ance the ground may offer to pile driving and pile for-
mation. The density of the ground, and the difficulty with
which borehole casing may be advanced during drilling,
are good indicators of likely problems to be encountered
during wall construction. Many glacial deposits of sand
and gravel are extremely difficult to penetrate. In tropical
and arid regions layers of iron-pan and other forms of
duricrust (p. 38) may exist, buring beneath weaker over-
lying sediments. Boulders should always be noted, when
present.

Ground investigation for retaining walls that are to be
founded on bedrock at depth, should reveal the topog-
raphy of the bedrock surface. This is often irregular and
differences must be expected between the predicted and
actual base of such walls (Fig. 17.23).
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Development and Redevelopment

The development of a community may be influenced by
many geological phenomena, for example, earthquakes
(Chapter 1), weathering and erosion (Chapter 3), volcan-
oes (Chapter 5), landslides and avalanches of rock and
soil (Chapter 14). To these obstacles may also be added
the problems of engineering with the materials and land-
scape created by geological processes, for example, the
difficulty of creating reservoirs (Chapter 15), and of ex-
cavating routes for communications (Chapter 14 and 16).
These, and other examples, are mentioned in previous
Chapters, as indicated.

In this Chapter we wish to describe those geological
factors that affect (/) the provision of an adequate supply
of water from underground sources; (//) the suitability of
minerals, sediments and rocks as materials for the con-
struction of engineering structures; (Hi) the design of
foundations that will safely transfer to the ground the
load of the structure they must carry, and (iv) the safe and
controlled disposal of waste, on land.

Water supplies

Most ground-water supplies tap local flows of circulating
meteoric water (p. 213 and Fig. 13.3) that exist within the
catchment over which rain has fallen.

Catchments
Two types of catchment must be recognized, namely sur-
face and underground.

Surface catchments are bounded by the highest ground
separating neighbouring drainage systems. This high
ground is called the surface-divide or watershed. Rain
falling on an impermeable catchment will drain over its
surface to the river within the catchment.

Underground catchments are defined by water levels, not
ground levels, and are bounded by a line that joins the
highest water levels beneath a surface catchment. This
line is called the ground-water divide. Often, the boundary
of the underground catchment lies almost vertically be-
neath that of the surface catchment, and rain percolating
to the water table will be carried by ground-water flow
towards the river draining the surface catchment (see Figs
13.20« and 13.23). When the position of the divides does
not coincide, rainwater which percolates to the water table
will be carried, by ground-water flow, beneath the divide
of the surface catchment in which it fell: this is called
underflow (Fig. 18.1).

Water table
River

River

Fig. 18.1 On the left a map of a catchment: solid
line = topographic divide; broken line = ground-water divide;
arrows indicate underflow. Two vertical cross-sections illus-
trate the geological structures that result in this underflow;
arrows indicate movement of ground-water. GS = gauging
station for measuring river flow.

Water budgets

If more water is taken from the ground than enters it
from recharge (p. 214), water levels will fall and, in theory,
the ground will eventually be drained. The water budget

Table 18.1 Examples of water budgets

Mass balance for a budget
INFLOW =OUTFLOW +CHANGE IN

STORAGE

For a catchment (simple budget)
Precipitation = Evaporation + ^

Transpiration+ \ +Infiltration
River run-off J

For a catchment (more complex budget)
'evaporation+ ^
transpiration +
River run-off+ r Infiltration+ ^

Precipitation+ ^ pumped net change in
+ ve underflow+^= J g r o u n d w a t e r + U J lake levels+ }
imports of water J ] _ v e under- I artificial

flow+ exports I recharge J
of

, water

For an aquifer
Recharge =Ground-water+ Changes in

discharge water level x
coef, of storage



of an underground reservoir must therefore be calculated,
and Table 18.1 shows how such a budget may be written.
Infiltration, inflow and outflow (i.e. ground-water flow)
and changes in storage are described in Chapter 13.

Precipitation is all forms of rainfall and snow, and is
measured by rain and snow gauges as a depth of water
failing over a unit area.

Evaporation is the return of water to the atmosphere, as
a vapour from the surface of bodies of water. The maxi-
mum rate of evaporation (i.e. potential evaporation) is
measured as a depth of water evaporated from an exposed
evaporating pan of unit area.

Transpiration is the return of water to the atmosphere by
plants, which draw water from the soil. In dry weather
this can produce a deficit in the soil moisture required for
percolation to occur, and the depth of rainfall that is
required to restore the ground to its field capacity (p. 214)
is called the soil moisture deficit.

Run-off is the river discharge measured at a gauging
station (Fig. 18.1). Rivers which flow during periods of
dry weather are sustained by the drainage of ground-
water from underground storage (Fig. 13.20). Those
which flow only in wet weather are usually carrying water
which has not infiltrated, but remained on the surface.
The typical behaviour of a river flowing through a catch-
ment that contains permeable rocks and soils near the
surface, is shown in Fig. \%2(a). Rain which falls at a rate
that exceeds the infiltration capacity of the ground (p.
213), will leave the catchment rapidly and produce a
'flash' of discharge (Fig. 18.2/?), commonly called a flood.

To complete a budget it is also necessary to calculate

the change in volume of reservoirs, lakes and other bodies
of water, the gains or losses from underflow, the amount
of water abstracted by wells and from rivers, and the
volume of this abstracted water that is returned to the
catchment. All the components are then summed to ob-
tain the net change in storage, which if negative indicates
that more water is leaving the ground than is entering.

Location of sources

Physical geology provides the most immediate informa-
tion of relevance to the location of sources. River patterns
indicate the relative permeability of the ground and the
controls exerted by structural geology and rock type upon
infiltration and the movement of ground-water (Figs 3.3
and 3.15). The shape of valleys records their history and
the likely presence of permeable, and saturated, deposits
overlying the concealed base of a valley, or stranded as
terraces above the valley floor (Figs 3.17 and 3.41). Levees
and flood plains (Fig. 3.17) are witness to the existence of
flashy run-off.

To these observations should also be added a study of
river hydrographs and in particular the river discharge
during dry weather, as this is supplied by ground-water.
Because dry-weather flow is sustained by water draining
from storage, its recession is characteristically exponen-
tial. Thus, when the hydrograph is plotted as a semi-log
graph, the linear portion of its tail may be taken to
represent the contribution from ground-water; called the
ground-water component of discharge. Typical trends are
illustrated in Fig. 18.3; low values for the slope of the
recession indicate the existence of substantial volumes of
ground-water somewhere upstream.
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Fig. 18.2 River run-off hydrographs. (a) For a river sus-
tained by ground-water flow from aquifers within the catch-
ment. Total run-off contains a surface water component (SW)
and a ground-water component, (b) Flash run-off from a
catchment that cannot absorb rainfall: in this case the re-
sponse of a river in a hot, arid climate is illustrated.

Fig. 18.3 Semi-log plot of the recession of a river. Three
components of recession can be recognized by their different
gradient. The number of components present is governed by
the hydrology of the catchment and the duration of the reces-
sion.

Having reviewed the general hydrology of the area, it
is necessary to focus attention on specific locations, to
search for a supply. In doing this, the hydrogeological
investigations described in Chapter 13 (p. 223-6) must be
completed, bearing in mind that the source should yield
a supply that is economic for the user. Thus, an aquifer
which satisfies the needs of a farmer may be quite in-
adequate for the needs of a township.

Time



The volume of supply required will indicate the size of
the aquifer sought (see calculation of storage, p. 223) and
the magnitude of the surplus that must be indicated by
the water budget. Sources close to ground level are
usually capable of yielding only small supplies, drained
from impersistent permeable horizons and perched (q.v.)
resources within the drift overlying bedrock (see for ex-
ample Figs 3.1, 3.4 and 3.10). More substantial supplies
usually came from larger geological structures such as the
extensive network of voids in porous, or fractured bed-
rock beneath the drift (Figs 3.1 and 3.10), and the wide-
spread system of fractures provided by many faults. Large
supplies may be associated with favourable hydrogeolog-
ical boundaries (p. 218). Impermeable barriers, such as
dykes (Fig. 5.7) can act as underground dams storing, on
their upstream side, large volumes of water. Permeable
boundaries, such as open faults, can cross the countryside
and act as drains for the aquifers they intersect (see for
example Fig. 12.17).

In arid regions (e.g. North Africa) suitable large
sources may only be found at great depth and consist of
water trapped in the ground since the wetter climates of
the ice age. These aquifers are not now being recharged
with fresh water, and the withdrawal of their supplies is
being balanced by the invasion of saline waters (brines
q.v.) from depth. Eventually the waters from these aqui-
fers will become badly contaminated.

Spring supplies
Supplies of ground-water may easily be obtained when
the level of the water table is sufficiently close to ground
level to have created a spring line (Fig 13.11). Shallow
pits excavated below the spring line will fill with water
and act as a cistern from which supplies can be tapped.
The concentrated and local discharge of ground-water
below the spring line, produces a spring. Springs may
occur at the heads of valleys where they result from the
convergence of ground-water flow paths (Fig 13.23).
Many dykes and vertical faults are hydrogeological boun-
daries (q.v.) and deflect ground-water along their length
towards their valley-side exposure, where it emerges as a
spring. Volcanic rocks (especially large flows of basalt,
much jointed by cooling) and limestones (especially when
karstic: Fig 3.2 and 3.3) are capable of providing substan-
tial supplies of spring water. Spring flow may increase in
wet weather and decrease in dry weather, and will cease
when the water table falls below ground level.

Well supplies

Most of the supplies that have to be raised from under-
ground are tapped by wells. The wells may range in dia-
meter from 100 cm to more than a metre and are bored
by well drilling machines. Hand-dug wells may be exca-
vated when machines are not available and when the
water table is within reasonable distance of ground level.

Wells The cone of depression created by a pumping well
is illustrated in Figs 10.21 and 17.1. The size of a cone of

depression created by pumping depends upon the size of
the well, the transmissivity and storage of the ground,
and the proximity of the hydrogeological boundaries.
Wells pumping from ground of low transmissivity and
storage will produce a steep cone of depression that does
not extend an appreciable distance into the surrounding
ground. A well will not yield water when its cone of
depression reaches the level of the pump intake, and must
be rested to recover its water level. Better aquifiers pro-
duce a shallow cone of depression of large diameter that
cannot be lowered to the level of the pump intake by
maximum pump discharge. The volume of water dis-
charged from a well divided by the drawdown of water
level in the well, describes the specific capacity of the well.

In porous and permeable sediments, such as gravelly
alluvium, the yield of a well can be proportional to its
depth. This is not the case with fractured-rock aquifers
where a large percentage of the yield may be supplied by
a limited number of water-bearing fractures. A well that
does not intersect these fractures will be dry; similarly,
the yield of a well will not be improved by extending the
well beyond the zone of fractures into unfractured ground
at depth. Fractured rocks are the most difficult of all
geological materials in which to locate a well supply,
particularly as a well is a vertical structure and not able

Shaft Tunnel

Sump

Fig. 18.4 (A) Well supply from fractured rock concealed by
superficial deposits: C = casing, GP = gravel pack. The well is
productive because it intersects water-bearing fractures: its
lower portion is unscreened. (B) A dry well in the same rock.
(C) Well supply from unconsolidated sediments above be-
drock. GP = gravel pack placed around the well screen to
prevent grains of sediment, below a certain size, from entering
the wall. Inset shows the pack separating the ground from the
well screen. Bottom right: a type of quanat developed from
shafts. These drawings are not at the same scale.



to intersect vertical fractures that do not lie on its line (see
Fig 10.3). Commonly encountered situations are illus-
trated in Fig 18.4.

Well screens are used to support the sides of a well in
ground that would collapse under the force of converging
radial flow towards the well, during pumping. The maxi-
mum aperture within a screen is defined by the size of
particle that must be retained in the ground. To design a
screen for use in unconsolidated sediment, it is necessary
to measure the range of particle size within the deposit
(p. 191) since too large an aperture will permit fine par-
ticles to be carried into the well, by the flow of water. This
may clog the well, damage the pump, put suspended
sediment into the supply, and cause settlement at ground
level around the well.

Well tests determine the drawdown that accompanies a
rate of discharge and period of pumping. Important wells
are often tested for many weeks. In areas where a large
fluctuation in water level is expected it may be necessary
to test either for months, or at intervals at different sea-
sons. The transmissivity and storage of many aquifers de-
creases with depth, so that a shallow cone of depression
may accompany a test when water levels are high. When
water levels are low, and the well must be supplied from
zones of low transmissivity and storage, the cone of de-
pression becomes steep and narrow, and the well may be
pumped dry. Well tests also permit the quality of the
water to be monitored for any deterioration in standard
(Fig 18.5).

it was originally. Pumping water from a well, surging
water up and down a well, and playing jets of water
against the walls of a well, are methods used to develop
wells.

Adit supplies

Adits (also called infiltration galleries) may be excavated
from the base of large diameter wells to tap additional
supplies of water. They are either horizontal or gently
inclined, and in fractured rock are oriented to intersect
the maximum number of water-bearing fractures per

Well

Fresh water

Salt water
intrusion

Saline
water

Sea

Fig. 18.5 A discharging well situated adjacent to a coast
will cause salt water intrusion that can eventually pollute the
well. A = the original position of the transition zone separating
fresh from saltwater (see also Figs. 1 3.9 and 1 3.28).

Well development The yield from most wells can be
improved by removing any fine-grained debris that may
have entered the pores and fractures of the aquifer during
drilling operations. Wells in limestone are often injected
with acid to purge their fractures. Screens in unconsoli-
dated aquifers should be designed to permit fine particles
of the deposit to pass through their aperture and into the
well where they may be removed. This leaves the sur-
rounding ground more porous and more permeable than

Fig. 18.6 Adit in chalk for water collection (photograph by
George Stow & Co. Ltd.)

metre of adit length (Fig 18.6). Many hand-dug wells
have been extended in this way to collect meagre supplies
that become perched above impermeable bedrock at
depth (Fig 18.4). Adits may also be excavated into hill-
sides to skim water from the top of the water table and
lead it towards the valley: this is the basis of the ancient
system of quanats used throughout the Middle East for
irrigation and supply.

Construction materials

Sand, gravel, clay, aggregate and dimension stone, are
examples of a wide range of materials that may be used in
their raw state for construction. When available close to
site they are normally much cheaper to use than a man-
ufactured alternative such as concrete, and as noted when
discussing the materials used in dams (p. 247), it is advan-



tageous to change the design of the structure so that
available materials may be utilized. This is common prac-
tice in the construction of large structures such as em-
bankments, roads and airstrips. To correctly assess the
potential of economically available raw materials it is
necessary to appreciate both their geological character
and their mode of formation.

Types of material

Unconsolidated sediments provide the most immediate
source of easily excavated gravel and sand. The form of
these deposits is described in Chapter 3 and their com-
position is reviewed in Chapter 6 (Tables 6.2,6.3 and 6.5).
Many of the deposits closest to the surface will be recent
drift and have a variable thickness, infilling valleys and
other depressions in the land surface. They will usually
be shallow water and sub-aerial deposits and are likely to
be extremely variable, requiring careful investigation
prior to exploitation. Surveys using trial pits, bore-holes
and geophysical methods are invaluable for this purpose.
Unwanted deposits such as peat, may be interbedded with
the sediments. Hard layers, where pores have been filled
with mineral cement, may also be encountered; iron-pan
may be found in areas that have been water-logged and
duricrusts (p. 38) in deposits exposed to weathering in
arid and semi-arid climates.

Consolidated sediments and sedimentary rocks that exist
as uplifted bodies of strata of appreciable thickness can
form a reliable and plentiful source of material. Their
characters are described in Chapter 6. They will have a
preferential weakness along bedding and tend to excavate
as tabular and slabby blocks if well stratified. Blocks of
argillaceous material (Table 6.2) may break down on
exposure and many sediments described as mudstone and
shale, will absorb water, expand and flake. Porous sedi-
ments may not be durable, particularly if composed of
weak minerals such as calcite, as repeated wetting and
drying, or freezing and thawing within their pores can
readily destroy their strength. Sandstones of a given po-
rosity therefore tend to be stronger and more durable
than limestones of similar porosity. Weak sediments, of
any composition, will disintegrate to a powder, or slurry
when disturbed. Special care must be taken with deposits
containing chemical sediments such as anhydrite, gyp-
sum, the evaporites. the coals and pyrite. These are un-
stable materials that may dissolve, burn, or ozidize to
release acid, and should be discarded as materials for use
in construction.

Igneous rocks, when fresh and composed of stable miner-
als, provide excellent sources of strong and durable
material. Ultrabasic rocks (Fig. 5.17) are usually avoided
because many of their minerals weather easily and are
much altered to clays. Granite, gabbro, basalt and doler-
ite are normally most suitable. AU but the latter occur as
large bodies sufficient for the needs of most sites and their
characters are described in Chapter 5. Dolerite forms as

a minor intrusion (Fig. 5.7) and can be impersistent, but
frequently occurs on a large enough scale for most re-
quirements. All igneous rocks preferentially weather
along joints (Fig. 3.4) and granitic intrusions may contain
zones much altered by mineralization and hydrothermal
processes.

Metamorphic rocks can be extremely strong but many are
adversely affected by foliation (Table 7.3). This causes
them to split into elongate fragments and to have
markedly anisotropic characters. Seams of mica com-
monly contaminate what would otherwise be excellent
rock, and large pods of micaceous material, some metres
long, may also occur. Metamorphic rocks tend to be
severely deformed and good rock may terminate at a
fault. Their basic characters are described in Chapter 7
and many forms of deformation which affect them are
illustrated in Chapter 8.

Volumes of material

When borrow pits and quarries are opened they often
reveal that the volume of suitable material available is
much smaller than was originally estimated to exist. To
ensure that the requirements for raw materials can be
supplied without interruption, it is prudent to locate a
volume that is one-third greater than that needed. Com-
monly occurring boundaries which limit the volumes
available are the base of the zone of weathering (or the
thickness of overburden), the water table and faulting.
The nature of weathering is described in Chapter 3, the
location and characters of the water table are illustrated
in Chapter 13, and the effects of faulting are explained in
Chapter 8. Surface excavations are discussed in Chapter
16. The example shown in Fig 18.7 illustrates a quarry
that contains less acceptable material than was antici-
pated because of the irregular base to the zone of weath-
ering. To obtain the required volume the quarry must
either extend towards the fault and create a high back
face, in which slope failure may occur and fill the quarry,
or deepen and excavate below the water table.

Fig. 18.7 Vertical section through a hillside and outline of
proposed quarry (broken line). The ground was investigated
using four bore-holes and bedrock was assumed to have a
surface that followed the general shape of ground level. See
text.



Aggregates
These are rock fragments which may be combined (or
aggregated) to produce a mixture that can be used in
construction. The mixture is usually based upon fragment
size, similar sizes being used when an open, porous aggre-
gate is required and a range of sizes when the voids
between fragments must be filled with smaller particles.
The aggregate may be bonded with cement or bitumen,
as in concrete and macadam, or used unbonded as in
embankment dams (p. 248). Sand and gravel are
naturally-deposited aggregates of sediment: they are ex-
tracted from pits and passed over screens which separate
their fragments into the range of particle sizes required.
Rocks are quarried, fragmented by crushers and then
screened. The very fine fractions screened from sands and
gravels, and from crushed rock, often contain an unac-
ceptable concentration of clay and mineral flour, and are
discarded: a process called scalping.

Trade names are descriptions adopted by users of aggre-
gate for groups of rocks of related origin. The British
trade names are quoted here as an example: selected
examples of rocks included within the groups are named
in brackets and described in Chapters 5, 6 and 7.

Artificial i.e. not natural, e.g. slag.
Basalt Group (inc. andesite and dolerite).
Flint Group (inc. chert).
Gabbro Group (inc. picrite, peridotite and diorite).
Granite Group (inc. syenite, pegmatite, granulite and

gneiss).
Gritstone Group (inc. sandstone and pyroclastics).
Hornfels Group (inc. all thermally metamorphosed rocks

with the exception of marble).
Limestone Group (inc. marble).
Porphyry Group (inc. rhyolite and aplite).
Quartzite Group (inc. ganister).
Schist Group (inc. phyllite and slate).

Suitability A material may be unsuitable for use as an
aggregate if the shape of its fragments are flaky and elon-
gate: slates and schists are often rejected for this reason
(Fig. 7.1). Deposits of sand and gravel will not be suitable
sources of aggregate when they contain contaminating
substances such as clay (either on the grains or as pellets),
mica, shells, and fragments of coal, lignite or peat, in
quantities that will adversely affect its performance.
Rocks that do not provide durable fragments which retain
their mass when exposed to a variety of conditions, will
not form a suitable source of aggregate and many weak
limestones and sandstones, and numerous argillaceous
rocks, fail to provide good aggregates for this reason.
Sand, gravel and rock which contain minerals that react
with cement paste are unsuitable for use as concrete ag-
gregate. The suitability of a material for use as an aggre-
gate is assessed under the following headings:

Grading for sands and gravels, and for rock when
crushed.

Shape and texture of particles; many smooth particles
of gravel, if lightly crushed, can be given a shape and
surface texture that provide an aggregate that has a large
angle of friction and good bonding with cement and
bitumen.
Specific gravity and bulk density of fragments and of
aggregates respectively.
Petrographic examination by viewing a thin section of
the rock with a petrological microscope. The following
materials are undesirable and rocks containing them in
concentrations greater than 0.5 to 1.0%, should not be
used as aggregates without further careful testing: organic
fragments, the evaporites (p. 127), hydrated Fe-oxides (p.
85), sulphides and sulphates (p. 84-7), opal and chalce-
dony (p. 78), many zeolites (p. 80) and olivine (p. 72).
Mechanical tests which determine the strength of the
rock (see Table 18.2) and of its aggregate, and include
such tests as 'aggregate impact value' and 'aggregate
crushing value', and measure the tendency of the rock to
shrink and swell with changes in its moisture content.

Table 18.2 Examples of the unconfined compressive
strength that may be expected from samples of fresh rock
taken from potential sources of aggregate; i.e. excluding
obviously weak and weathered material.

Unconfined strength (MN m-2)

Material Lowest Likely Highest

Granite 100 230 350
Gabbro 150 280 350
Dolerite 150 310 550
Basalt 130 300 500
Gneiss 100 230 350
Quartzite 150 200 310
Sandstone 75 150 350
Limestone 75 145 250
Hornfels 120 300 400

Durability tests which measure resistance to mechanical
abrasion (e.g. Los Angeles Abrasion Value, and the Pol-
ished Stone Value); break-down under repeated cycles of
wetting and drying using water and other solvents (e.g.
Slake Durability Index, Sulphate Soundness test and
other physico-chemical tests); and the content of organics,
chlorides and sulphates by chemical tests. The reaction
between rock fragments and cement is measured by
alkali-reactivity tests.

Standards which specify the physical and mineralogical
requirements of aggregates used for specific purposes,
have been defined by organizations such as the American
Society for Testing and Materials, the British Standards
Institution, and others. The standards vary in detail from
country to country and reflect the national sources of
aggregate and the weathering the aggregates must resist.
Aggregates used in high latitudes must withstand freezing
and thawing, and those in hot and low latitudes must
resist salt attack. Other standards specify the terminology



to be used when aggregates are described and the tests
required to assess their suitability.

Bound aggregates

Mineral-cement reactions
Cement is provided with free lime (CaO) which (/) reacts
with the CO2 of the atmosphere to precipitate CaCO3
around the cement crystals and protect them from at-
mospheric weathering, and (H) creates a level of alkalinity
that protects the reinforcing steel from corrosion. If the
alkalinity produced by the free lime induces the minerals
within the aggregate to liberate their Si (and associated
Al), new minerals will form within an alkali-silica gel that
develops as a reaction rim around the unstable aggregate
(Fig 18.8). The gel absorbes water from its immediate

with limestones. Once silica is locked into a crystal struc-
ture, even if it is a microcrystalline structure as in flint
(SiO2), it is stable and almost unreactive. Olivine is an
example of a mineral which, when formed in rapidly-
cooling lava, may contain an unbound silicate structure
(see Fig 4.20a) that is capable of responding to an alkaline
environment. A reaction zone of serpentine can form
around it, and cause a 50% expansion in volume.

Mineral-bitumen reactions
Bitumen has a slight negative charge and is attracted to
the positive charge of rock surfaces rich in ferromagne-
sian minerals. Basaltic and gabbroic aggregates therefore
bind well with bitumen; dolomite and bauxite behave in
a similar manner. Acid igneous rocks tend to be nega-
tively charged and aggregates containing considerable
amounts of feldspar and quartz in the form of large
crystals, do not bind well with bitumen. Flint and quart-
zite are particularly troublesome, even with tar, which
has slightly better binding qualities.

Unbound aggregates

These materials are conventionally used to construct the
pavements of highways and airfields and to provide filter
material, and ballast. The aggregates should be composed
of fragments of strong rock that will withstand crushing
and abrasion. This may exclude many of the weaker
sediments from consideration. Potential materials should
be tested under both wet and dry conditions, and should
also be exposed to an environment that is representative
of the conditions they will encounter in service. An
apparently strong aggregate (a coarse-grained gneiss)
from the Shai Hills, Nigeria, was used as armour stone to
protect marine works on the coast. Heavy blocks of the
rock began to break up after a short time due to a small
content of the mineral prehnite. Prehnite is a secondary
mineral (p. 79), sometimes classed with the zeolites: its
presence was detected in thin sections cut from the rock.
Although only present in small amounts, its rapid weath-
ering weakened the rock, resulting in lower resistance to
the impact forces which the armour stone had to with-
stand from the waves.

Weak rocks may decompose within a few years of being
exposed within a structure and should only be considered
when their performance over many years has been estab-
lished. The Balderhead Dam, in Yorkshire, is an embank-
ment composed of a clay core supported by shoulders of
compacted shale of Carboniferous age. Extensive tests
were conducted upon the shale to assess its suitability as
a construction material. Much valuable information con-
cerning the rate of weathering of the shale was also
obtained from field observations. A similar shale had
been used 25 years before, to build the Burnhope Dam,
and its condition was investigated by excavating a trial
pit into the downstream side of the dam: the shale was
found to be unaltered. Spoil tips from a tunnel driven
through the shale some 50 years earlier, were also exam-

Reactive
aggregate

Cement
paste

Reaction zone
1.5mm in this case

Fig. 18.8 Concrete viewed in thin section. A piece of re-
active aggregate (R), bound in cement, is surrounded by
healthy aggregate. Its original boundary (b) has been invaded
and destroyed (stippled zone) and around the boundary a
clear gel has developed. The graph (right) illustrates the re-
lative concentration of constituents (concentration increases
upwards) and their movement during reaction. (Reaction
boundary details from French, 1980.)

surroundings and swells, creating internal pressures that
can exceed the strength of the concrete. Micro-cracks are
formed which permit water to migrate into the concrete,
enabling the gel to expand even further. This water also
dilutes the alkalinity of the concrete and permits the
reinforcing bars to rust (another process involving expan-
sion). Repeated wetting and drying causes the gel to ex-
pand and contract and subjects the concrete to cyclic
loading which eventually destroys its structure. The rate
of destruction may vary: some structures are severely
damaged within 3 years and others show their first sign
of damage after 30 years.

Most alkali-reactions involve silicate minerals that
have a poorly-developed crystal structure, which releases
Si readily in an alkaline environment (and with it, asso-
ciated Al, Na and Ca). These minerals characteristically
contain amorphous silica. Opal and chalcedony are
examples: they may be found as a volcanic glass filling
vesicles in lavas such as rhyolite and andesite, and can
exist as fragments in sands derived from these sources.
Chert is another example, and is often found associated



ined and confirmed the very slow rate of alteration of the
shale. Many weak rocks, including many shales, are not
as suitable as this particular shale: see Kennard et al.
(1967).

Earthfill

This is often derived from unconsolidated sediment;
examples of its use are described on p. 247 (materials
for embankment dams). The permeability of placed fill
may be reduced by compaction, and its strength thereby
increased, as particles of sediment are forced into closer
contact with each other. Construction machinery passing
over placed fill may provide sufficient weight for the re-
quired compaction to be achieved, and when extra loads
are required, rollers and vibrators may be used. The den-
sity to which fill may be compacted varies with moisture
content, and by using a Proctor Test (Proctor, 1933 and
subsequent Standards) the optimum moisture content of a
sedimentary material may be defined, this being the mois-
ture content that permits a given compactive effort to
achieve a maximum dry unit weight, i.e. dry density (Fig.
18.9). The mineralogy of a sediment, the shape of its

tact separating their liquid and plastic limits (Fig. 9.22),
but the Sasumua clay had a much lower range than nor-
mal. It also had a higher angle of friction and a higher
permeability than most clays of similar liquid limit. This
behaviour was explained by the nature of the halloysite,
which forms as small tubes (0.5 x 10-6m in length) that
hold water, and combine as clusters to form porous grains
with rough surfaces. This structure has a low plasticity
index whilst having a high liquid limit, and accounts for
the higher than usual values of strength and permeability.
The material compacted well and the dam performs satis-
factorily, seepage losses being low. Investigations under-
taken at the same time, revealed that other dams had
been constructed from similar material and had worked
well: Tjipanoendjang Dam, 1927 (Java) and Silvan Dam,
1931 (Australia). The materials are described by Terzaghi
(1958) and Dixon etal. (1970).

Lateritic soils may develop when rocks are weathered and
leached by a tropical climate (p. 38). Bases are removed
first and followed by silica released from decomposing
silicate minerals, with the exception of quartz. The com-
bination of silica with alumina (also freed by weathering)
produces kaolinite. Iron oxides accumulate under the
conditions of rapid oxidation and the colour of lateritic
soils varies from dark red to yellow, depending upon their
content of iron and the state of its hydration. With pro-
longed weathering even the kaolinite begins to decom-
pose, releasing silica into solution and increasing the con-
centration of alumina within the weathering profile, to
produce a bauxitic soil. When the water table falls, iron
becomes oxidized and fixed as haematite or geothite.
Fluctuations in the water table cause this deposit to
gradually accumulate forming either a honeycombed and
cemented mass of laterite or layers of cemented nodules
known as laterite gravel.

Lateritic soils form a valuable source of construction
material that is extensively used in tropical countries. The
properties of the soils which are not self-hardening can
be improved, if inadequate, by mixing into them additives
such as lime (a process called soil stabilization and suitable
for use with many types of soil: Ingles and Metcalf, 1972).
Some materials (for which the word laterite was originally
used: p. 38) can be cut into bricks and other shapes, which
irreversibly harden on drying in the air. Laterites possess-
ing this property are now called plinthites, to distinguish
them from other lateritic materials. Cemented laterite
(e.g. laterite gravel) is frequently used as an unbound
aggregate for road construction.

Dimension stone

Strong, durable stone, cut to size and used as slabs, blocks
and columns, has been a building material for a greater
period than has concrete, and where the rock has been
correctly selected it has stood the test of time. The use of
dimension stone has now been superseded by concrete,
although it continues to be employed for facing and other
ornamental work, and for providing resistance to abra-
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Fig. 18.9 Variation of dry unit weight with compactive ef-
fort and quantity of moulding water. Best compaction, and
peak dry weight, occur at the optimum moisture content.

grains and the size of its particles (i.e. their grading: Fig.
11.3) influence the compaction of a granular material and
govern its optimum moisture content.

Residual soils (p. 1) will not have been subject to the
mechanical sorting that occurs when a sediment is trans-
ported by wind and by water. Consequently, residual soils
may contain a great variety of weathering products some
of which can have unusual properties.

At the Sasumua Dam site, in Kenya, lavas and tuffs
had been reduced to a residual soil, known as the Sasu-
mua Clay. The plasticity index of the clay (p. 168) varied
with the chemistry of the dispersing agent used in prepar-
ing specimens and further investigation revealed the re-
sidual soil to be composed of the clay minerals halloysite
(60%) and kaolinite (4%), in conjunction with geothite
(16%), quartz (6%) and other constituents.

Most clays have a considerable range of moisture con-



sion: Leary (1983) provides an excellent account of its use
in practice. Hard stone may often be used to protect the
base of bridge piers, the sills of hydraulic structures and
other parts of engineering works that will be exposed to
severe wear. Igneous and metamorphic rocks are
favoured, the finer-grained varieties being better than
those with coarse-grained structures. Sediments are
weakened by their porosity, which enables water and its
dissolved constituents to invade the stone and cause
decay. Such damage is evident in the stonework of most
cities where sulphurous acid reacts with the CaCO3 of the
rock to form CaSO4, which on hydration becomes
crystalline gypsum, occupying a greater volume. A sul-
phate skin forms on the surface of the stone and gradually
splits off and falls away, a process called exfoliation.
Sediments also suffer from the presence of bedding, which
if placed vertically (called 'face bedding') will spall off.
Sedimentary rocks should always be laid with their bed-
ding horizontal.

Foundations

The purpose of a foundation is to transfer the load of a
structure to the ground without causing the ground to
respond with uneven and excessive movement. Most
buildings are supported on one of four types of founda-
tion, viz. pads, strips, rafts and piles: these may be modi-
fied and combined to form a suitable foundation for the
ground conditions that exist. Examples of dam founda-
tions have been described in Chapter 15.

Bearing capacity

The intensity of loading that causes shear failure to occur
beneath a foundation is termed the bearing capacity of
the ground. This capacity is governed by the fabric of the
rocks and soils beneath a foundation and by the reaction
of this fabric to changes in effective stress. Such changes
will accompany periods of construction that change the
total stress on the ground and are described in Chapter 9.
Thus the behaviour of a soft to firm compressible clay
will not only be that of an inherently weak sediment but
also that of an undrained material: the clay will have a
low bearing capacity. A hard boulder clay will be stronger
and have a higher bearing capacity, but will also behave
as an undrained material. Dense deposits of sand and
gravel have their particles packed closely together yet
retain a permeability that is sufficient to readily dissipate
any increase in pore pressure that may accompany an
increase in total stress. These sediments can have a high
bearing capacity and behave as a drained material. Loose
sands and gravels have an open texture and a lower
bearing capacity than their denser varieties. Strong rocks
have a saturated strength that exceeds the safe working
stress of concrete (around 400OkNm-2) and are there-
fore not loaded to their bearing capacity. But even
strong rocks contain weak surfaces, such as joints and soft

horizons interbedded with stronger strata, and the load
from a large foundation can cause movement to occur
along these planes. The bearing capacity of weak rocks,
especially porous sedimentary rocks and weathered ig-
neous and metamorphic rocks, can be exceeded by foun-
dation loads from structures of moderate size.

Bearing capacity failure is avoided by ensuring that a
foundation never transmits an intensity of load that
causes the ground to exceed its range of elastic behaviour.

Later movements

Most foundations settle because rocks and soils respond
to loads placed upon them. The total settlement that
results normally consists of three components:

(0 a reversible settlement which occurs immediately the
net pressure on the ground is increased and is attri-
butable to the elastic deformation of the ground;

(II) an irreversible settlement attributable to consolida-
tion and occurring when the fluid pressures increased
by the increase in net foundation load, begin to dis-
sipate from pores and fractures;

(Ui) an irreversible settlement that occurs during the life
of the foundation and attributable to imperceptible
creep under conditions of constant effective stress.

Sometimes settlement results from other causes, such as
the collapse of unstable soils (p. 275) and of ground above
a concealed cavity (such as a solution hole, or a mine).
Many foundations rise because they are constructed on
soils and rocks which expand when wetted: some are lifted
by the growth of ice or the crystallization of gypsum, or the
hydration of anhydrite in the rocks on which they are
founded. Foundations located on landslides may move
laterally and vertically, usually at different speeds.

Investigations

Two types of investigation may be required: a general
survey which identifies the most suitable areas in which
to found buildings (see for example Price et al., 1969; and
Taylor, 1969) and a particular study of the geology be-
neath the site of proposed buildings: see Chapter 10.
Every investigation must establish the vertical sequence
of soil and rock, and its lateral variations. Measurements
of deformation, strength and in situ permeability are of
special relevance, as they permit the depth and type of
most suitable foundation to be assessed, and provide
values that may be used in an analysis of foundation
stability and settlement. Foundations for light buildings
are often designed using values obtained from index tests
conducted in the field (such as the standard penetration
tests and cone penetrometers, p. 184), and from lab-
oratory tests performed on samples retrieved from bore-
holes. Laboratory measurements of strength, con-
solidation and permeability are described in Chapter 11:
special note should be taken of the selection of samples
for testing and the description and classification of
untested samples.



Many foundations are constructed in excavations
which have to be designed so as to remain dry and stable
during the period of foundation construction. Relevant
aspects of the investigations required to assess the stabil-
ity and drainage of these excavations are described in
Chapters 14 and 16.

Six examples of vertical profiles illustrated in Fig. 18.10
and described in turn.

Six examples
(a) The sequence at Pisa is typical of recently-deposited
shallow water sediments and of thick successions of weak
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Fig. 18.10 Six vertical profiles, recording the geology beneath foundations and illustrating the variety of techniques that
may be used to describe the strength of the ground (see text).
(a) Results from in-situ vane tests (Mitchell eta/.. 1 977): arrow indicates level of suspected shear failure, (b) Results of point
load tests on cores (Dennis, 1 978). (c) Results from standard penetration tests, (d) Results from laboratory tests of strength
on samples taken from cores (Burland era/.. 1977). (e) Description of cores: W = weak, MW = moderately weak,
MS = moderately strong, S = strong (Geol. Soc. London, 1 970) and scale of strength implied by the use of these terms (Cole
era/,, 1 977). ( f ) Description of cores in terms of grades of weathering in Hong Kong (Vl=soil, V = completely decomposed,
IV = highly decomposed. III = moderately decomposed, Il = slightly decomposed, l=freshrock; see Ruxtonera/., 1 957) and rate
of drilling progress (mins per metre).



and compressible detritus which can overlie strata of
adequate strength.
(b) Coastal sediments often reveal variations in strength
that can be attributed to former changes in sea level. Such
a change was recorded at Umm Shaif, in the Arabian
Gulf. Here weak carbonate sands, silts and clays
( = marls) are interbedded with stronger horizons which
have gained their strength from the precipitation of mi-
neral cement in their pores during periods of brief expo-
sure after deposition. The mineral cement is believed to
have been carried upwards from underlying sediments,
by the evaporation of water from the exposed sediment.
Note that a hard caprock overlies weaker material:
similar situations can be encountered on continents where
duricrusts (p. 38), formed by cementation during weath-
ering, overlie weaker horizons from which their mineral
cement has been leached.
(c) Glacial drift can contain horizons of greatly differing
character if they have been formed by different processes
of deposition (p. 56). At the S. Wales site, palaeo-shear
surfaces existed in the soft clay as a relic of former slope
movements that had translated the overlying strata down
hill.
(d) Older and apparently uniform deposits, such as the
London Clay, may be more variable than they appear,
particularly if affected by the agents of weathering and
erosion. The behaviour of such sequences beneath a foun-
dation will be sensitive to the presence of pre-existing
fractures (e.g. fissures in the clay) and permeable laminae
of silt and sand.
(e) Sedimentary rocks characteristically exhibit stratifi-
cation which in this case consists of alternating layers of
sandstone, mudstone and siltstone. Considerable differ-
ences exist in the strength of the strata, and even within
the sandstones. Such a sequence will also contain pre-
existing fractures (joints). These surfaces, and weak layers
of sediment, permit heavy foundations to settle, and
sometimes allow bearing capacity to be exceeded.

(J) The in-situ weathering of igneous rock can produce
a complicated profile of hard and soft zones (see Fig. 3.4).
Acid igneous rocks, such as granite, often produce a
quartz rich residue that becomes progressively richer in
clay, with depth. Basic igneous rocks, such as basalt and
dolerite ( = diabase), convert readily to clay which can
expand on wetting and shrink on drying: see also Sasu-
mua clay (p. 289).

These examples demonstrate the prudence of investi-
gating to depths greater than-proposed foundation level.
Shallower investigations may suffice for light structures
and Sowers (1979) suggests that 2-3 m per storey (or
equivalent load) usually provides a satisfactory limit to
the depth of drilling, but this requires a knowledge of
local conditions (see below: special problems).

Mechanisms of failure
Vertical profiles permit the likely mode of failure to be
established of a foundation placed at a particular level
below the surface. A variety of such mechanisms is illus-
trated in Fig. 18.11.

The near-circular form of failure is normal for soils
loaded beyond their bearing capacity. A famous example
of this mechanism is the failure that tilted the tower of
Pisa: the failure surface is thought to extend into a weak
horizon at the top of the grey plastic clay (Fig. 18.10a).
The following characters may be taken as a guide to soil
behaviour:

Sands and gravels; when dense, have a high bearing capa-
city and low compressibility, but when loose they have a
low bearing capacity.

Glacial clays, if heavily over-consolidated, have a high
bearing capacity, but can contain weak and compressible
horizons (Fig. 18.10c) and varved clays (q.v.) which are
often troublesome. Water-bearing sands and gravels, and
large boulders, must also be expected (Fig. 3.42).

Fig. 18.11 Examples of failure mechanisms beneath foundations, (a) and (b) are typical of sedimentary formations,
(c) Illustrates movement of rock, (d) and (e) demonstrate the effect of overloading strong strata underlain by weak strata,
(f) Represents the problems that arise when boulders are mistaken for bedrock, (g) Shows the upward growth of cavities
that are not filled by bulking of the fallen debris, and ( f) records one of the difficulties of foundations on slopes.



Stiff clays, such as London Clay (Fig. \SA0d\ have a
reasonable bearing capacity and moderate compressibil-
ity, but are liable to soften when wetted.

Soft clays, as in Fig. 18.10a and carbonate muds (Fig.
18.106) are weak. The clays can be extremely sensitive
(q.v.). Their bearing capacity is low and their compressi-
bility is high.

Silts are usually soft and weak, especially when saturated,
and have a low bearing capacity.

Loess and other cemented, but porous sediments (as in
Fig. ISAOb) may have a high bearing capacity and low
compressibility, but be liable to collapse. Loess is suscep-
tible to collapse when saturated (Fig. 17.14).

Organic sediments have a high compressibility and low
strength often over-estimated by vane tests when the vane
becomes entwined in the organic fibres (see Fig. 18.10a).

Tropical soils Red sandy soils normally have a high
bearing capacity. Black soils (e.g. adobe) are extremely
hard materials when dry and appear as attractive found-
ing material, but when saturated they lose their strength
and often expand.

The failure mechanisms that can occur in rocks usually
depend upon movement along pre-existing surfaces, these
being the weakest part of many rocks masses. Problems
created by strong rock underlain by weak material are
illustrated in Fig. 18.11 (and see profiles b, c, e and/, Fig.
18.10).

Special problems

The problems arising from local conditions can often be
grouped under one of the following headings.

Swelling ground This can occur when ice lenses grow
between bedding, so jacking up the overlying strata (a
cold regions phenomenon: see Johnston, 1981). Heave
can also result when the moisture content of argillaceous
sediments is increased. Sometimes it is attributed to the
adsorption of water, but other times it may be due to the
conversion of sulphides to sulphates and the hydration of
anhydrite (p. 87) to gypsum (p. 87). Many argillaceous
soils expand when trees that were rooted in them, are
felled prior to construction. If the roots had dried the soil
then removal of the trees will permit soil moisture to
increase, and the ground to swell (Samuels etel., 1974).
Swelling clays are the source of much damage to foun-
dations throughout the world and regions badly affected
by their presence include W. Canada, Colorado, Texas
and Wyoming, India (where the black cotton soils exist
in abundance) and Nigeria, Israel, South Africa and to
some extent, S. Australia. California, Utah, Nebraska
and S. Dakota are also troubled by these materials (Chen,
1975).

Shrinking ground Expansive soils shrink when dried,
and the removal of soil moisture by vegetation and by
drought, can seriously damage shallow foundations
(Tomlinson et ai, 1978). Some foundations collapse
because they are on unstable soils (Fig. 17.14) or have
been built over cavernous ground. This is a severe prob-
lem in South Africa where lives have been lost when
complete structures collapsed into solution cavities. All
soluble strata is suspect, and areas where mining has
occurred should be treated with the same caution.

Ground-water The movement of water levels and the
chemistry of the ground-water are characteristics that
should be studied at every site. When water levels are
lowered consolidation may occur. The spectacular prob-
lems of settlement in Venice and Mexico City, caused by
the extraction of water from aquifers at depth, are well-
known examples of consolidation. Many other examples
are described by Holzer (1984). A shaft of an end-bearing
pile can be loaded to failure by the downward drag
against it of consolidating sediment. Uneven consolida-
tion beneath a building will result in differential settle-
ment and structural failure.

Some ground-waters have a concentration of sulphate
that is aggressive to concrete. The sulphate comes from
soluble sulphate minerals in the ground, and for this
reason the sulphate content of both soil and water should
be measured; it is useful to measure their pH at the same
time. Sulphates are common in deposits of clay, evaporite
and peat. Oxidation of pyrite can produce free sulphuric
acid and this occurrence is indicated by a low pH for the
soil (less than 4.3) and a high content of sulphate. Metal
piles can corrode in saline ground and the electrical con-
ductivity of the soil will indicate the severity of this effect.
Deposits which accumulate in salt-flats (p. 48) and sab-
khas (p. 49) can be very saline.

Waste disposal on land

March harmful waste degrades to harmless substances
that eventually enter the atmosphere, as a gas, or the
hydrosphere, as a solute in ground-water. Safe waste
disposal ensures that dangerous products cannot travel
far from their repository until they have degraded to a
safe condition. To predict the rate of migration of waste
products that have been buried in the ground, it is neces-
sary to study the geology of each disposal site. Special
attention must be directed to the movement of ground-
water. Some waste contains materials that do not degrade
and do not decay: cadmium and mercury are examples.
The disposal of these wastes on land may be achieved by
burying them beyond reach of the agents of weathering
and erosion. Underground disposal sites are thus an at-
tractive location for these materials. Chapters 10 and 11
outline the standard forms of investigation that will be
used to study the geology of disposal sites. Maps and
vertical sections, similar to those described in Chapter 12,
are valuable aids to understanding the likely movement



of a contaminant through the ground. Chapter 13 ex-
plains the principles which will govern most of the
ground-water flow that affects waste disposal sites.

Landfill

Much domestic and building waste, and certain industrial
wastes, degrade quite rapidly to safe by-products and can
be disposed of in surface excavations. Abandoned quar-
ries and pits offer favourable sites for this waste, which is
used to fill them in and restore ground level to its former
elevation. Waste stored in this manner is called landfill.
Rain that percolates through the waste whilst it is still
degrading, may emerge from the base of the fill as an
unpleasant leachate, rich in organic and inorganic consti-
tuents. Ground-water supplies in aquifers that extend
beneath a landfill site, would be contaminated if such a
leachate were to reach them. Some sites are lined to
contain the leachate and later covered to prevent the
ingress of rain. Other sites are not lined and in these it is
customary to ensure that a thickness of unsaturated, po-
rous granular ground separates the base of the fill from
the underlying water table. The quality of a leachate is
often improved by percolation through this unsaturated
zone, but not always by an adequate amount. Any im-
provement that does occur retards the migration of con-
stituents from the fill; a process called attenuation.
Carbon dioxide and methane, which are both usually
generated in landfill, are extremely difficult to retard.
Methane can be lethal if it accumulates in buildings
founded above landfill or is carried by ground-water to
areas where it may accumulate in wells and cisterns. Some

sediments, residual soils and weathering profiles, have
better attenuation characters than others and this is
thought to reflect their mineralogy and microscopic tex-
ture. Two of the processes which are considered to make
an important contribution to the improvement of leach-
ate quality during its migration through the ground are,
(0 buffering of the pH of the leachate, by calcareous
minerals and (U) removal of solutes from the leachate by
their adsorption onto the surface of clay minerals, and by
their exchange for ions within the lattice of the clay mi-
nerals. Slow rates of percolation favour better cleansing
of the leachate and the speed with which water may flow
through fractures usually makes jointed rock a poor re-
tarder of pollutants (see Figs 13.5 and 13.6).

It is common to find that sites do not behave in the
same manner. Leachate that becomes incorporated into
ground-water flow, is diluted by the ground-water and
dispersed by constant sub-division through the anasto-
mosing network of pores and fractures in the ground. A
plume of dilted leachate thus develops. The plume of
leachate emerging from beneath a disposal site, and the
attenuation of some of its constituents, are illustrated in
Fig. 18.12.

Injection

Liquid waste may easily enter aquifers and be transported
a considerable distance from the disposal site, possibly to
emerge in a public supply. To avoid this occurrence,
producers of large quantities of liquid waste have
attempted to inject the waste into ground at great depth.
At such depths, flows, if any, would be of a regional
nature and extremely slow (Fig. 13.3) and the waste would
be isolated from local flows that sustain water supplies.
Deep injection wells are used for this purpose.

One such well was sunk at Denver, Colorado: it was
3658 m deep and injected waste into rocks of Precambrian
age at a depth of 3642 m. The waste was mainly a concen-
trated solution of NaCl, having an average pH of 8.5.
Injection commenced in 1962 and was accompanied by a
spate of small earth tremors (Fig. 18.13): none had been
reported from the region before. Injection continued,
each period of operation being followed by local earth-
quakes. The focus of these 'quakes was calculated to be
at a depth of between 3220 m and 4830 m below ground
level: their epicentre, which was close to the well, was
gradually migrating away from the well. Injection ceased
in 1966 but the tremors continued for three more years
with events of magnitude 4.8, 5.1 and 5.8 occurring in
1967, by which time the epicentre had migrated 6 to 8 km
from the well. Various explanations for these events have
been forwarded (van Poolen and Hoover, 1970):

(0 Injection pressures had reduced the effective stress at
depth and caused slip to occur on a pre-existing fault.

(j'O Thermal stresses produced by the difference in tem-
perature between the waste and the rock had caused
rock failure (but unlikely to affect rock 6 to 8 km
away).

Lagoon

Fig. 18.12 Map of a landfill site in which liquid waste is
also disposed, forming a lagoon. A leaky, disused clay-pit
overlies unsaturated sands which are separated from bedrock
by another clay horizon. The main water table is in bedrock.
The concentration and distribution of total organic carbon
(in mgl~1) is illustrated in plan and section, and outlines a
plume of pollution. Ground-water that may occasionally flow
through the sand will tend to dilute and disperse the plume:
(based on Williams, 1984).



(«0 The chemistry of the waste weakened the ground. It
was calculated that 213Mg of rock had been dis-
solved and that Na-K exchange had involved
325 Mg of K-feldspar in the Precambrian rock.

These effects are illustrated in Fig. 18.13.

stances to form a boro-silicate glass, or a ceramic called
supercalcine, composed of crystalline phases, or a syn-
thetic igneous rock called synrock, which is also com-
posed of crystalline phases. Once in this form, the waste
is sealed into long-lasting containers and buried at great

Fig. 18.13 Injection and
earthquake history for the
Rocky Mountain Arsenal well,
Colorado (from Poolen and
Hoover, 1970). Top right:
Mohr circles for decreasing
effective stress with increasing
injection pressure (circle
A = original condition). Botom
right: effective stress increases
as injection pressure decreases
but shear strength reduces
with dissolution of the rock.
See text, and Figs 9.17 and
9.19.
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High pressure recharge wells often generate ground
movement. The failure of Baldwin Hills Reservoir,
approximately 13 km from Los Angeles, was attributed
to injection causing movement on a pre-existing fault.
The reservoir ruptured and water destroyed 277 homes in
Baldwin Hills (Hamilton and Mechan, 1971; and Castle
et al., 1973). Much smaller movements, of similar origin,
have been associated with fluid injection at depths of
2 km, for the extraction of geothermal energy from the
hot dry rock of the Carnmenellis Granite in Cornwall
(Fig. 2.22).

Nuclear waste

Radioactive waste may be divided into low, intermediate
and high level categories on the basis of its level of ac-
tivity. Low and intermediate wastes are mainly composed
of ordinary materials, such as paper and metal, which
have been contaminated by small amounts of radio-
activity. Low level waste may be diluted and dispersed
into the sea and air: it may also be buried in shallow
trenches. Intermediate waste is buried. The short-lived
intermediate wastes, which decay to very low levels of
activity over 200 to 300 years, are sealed in canisters and
buried in deep, concrete lined repositories that are exca-
vated into sediments of low permeability, such as over-
consolidated clays. The longer-lived intermediate wastes
are also sealed into containers but stored in specially
constructed underground cavities deep below ground
level: an example is illustrated in Fig. 18.14; for a reposi-
tory in bedded salt see Weart (1979).

High level waste contains spent fuel and generates heat.
It requires at least 600 years before it decays to safe levels
and about 106 years before its activity becomes compar-
able to that of the original uranium ore from which the
nuclear fuel was obtained. This waste must be contained
for thousands of years. It may be fused with other sub-

Fig. 18.14 Sketch section of the salt mine at Asse in W.
Germany. Nuclear waste could be lowered from the 700 level
to cavern storage at 750 level. Since 1967 experimental stor-
age has been monitored at the 511 level. Note shape of the
salt dome: see also Figs 6.21 c and 8.18.

depths. This process is designed to separate the high level
waste from man by three barriers: (i) that created by
immobilizing the waste in glass, or in the lattice or crystal-
line phases of ceramic or synthetic rock, (U) that created
by the container, and (Hi) that created by the geology of
the ground around the container.

Contributions from geology
Radioactive elements, glass and metal alloys are formed
by natural geological processes and those produced mil-
lions of years ago have been studied in the laboratory and
in the field to guide the design of disposal systems for
high level waste. For example, volcanic glass such as



obsidian and pitchstone (p. 107) of Tertiary age and older
(i.e. between 2 and 65 my: see Table 2.1) may be found in
many parts of the world and provides evidence that
glass-like substances have the durability required to re-
tain waste. Ringwood (1978) has presented much geolog-
ical and geochemical evidence to demonstrate that ra-
dioactive materials can be safely locked into the lattice of
minerals where they will reside for millions of years.

Lattices
All igneous rocks contain small amounts of radioactive
elements (e.g. U, Th, K, Sr, Cs, Rb) which have become
firmly incorporated into the lattice of the rock-forming
minerals. The biotite mica illustrated in Fig. 4.17 contains
two small crystals of zircon which were enveloped by the
growth of the mica crystal. The zircon contains uranium
and thorium which has radiated the mica lattice in its
immediate vicinity, creating a visible 'halo'. This pheno-
menon can be observed in the micas of most granites.
Sphene (Fig. 4.34) contains strontium. Such minerals may
be dated by their radioactivity and from this evidence it
is concluded their lattice can resist leaching over extensive
periods of geological time, and all other changes that may
cause them to release their radioactive elements. Zircon
crystals recovered from Proterozoic rocks which are over
2000 my old (Table 2.1) have retained the uranium in
their lattice despite the damage their lattice has sustained
by radiation. Caesium has been found in micas that are
millions of years old. Strontium and rubidium are known
to be immobilized in the lattice of feldspars for very long
periods. These and other natural examples demonstrate
that radioactive waste can be contained.

Radiation damage
Alpha particles emitted from actinide elements are the
principle cause of damage to the lattice of host minerals.
The crystal lattice becomes disordered and up to 10%
volumetric expansion may occur: crystals in this condi-
tion are described as being in a metamict state. Zircon is
most susceptible to radiation damage (see examples in
Fig. 4.34) and its volumetric expansion may exceed 10%
(this contributes to the halo seen in micas and mentioned
earlier). Zircon crystals that were 500 my old and in a
metamict state, have been subjected to prolonged periods
of heating and leaching in the laboratory but tenaciously
retained their uranium. Such treatment did remove, from
the crystals, lead that had been produced by the decay of
uranium, the lead not being incorporated into the lattice
of the zircon by reason of its incompatible ionic radius
and charge. Ringwood quotes other examples: crystals of
uraninite retrieved intact from conglomerates of the Wi t-
watersrand in S. Africa (2000 my old); thorianite derived
from weathered pegmatites, occurs in 500 my old deposits
of alluvial gravel, in Sri Lanka.

Geological barrier
The geology of the ground around a container of waste
provides the thickest and final barrier between the waste
and man. Ground-water is the most likely agent to trans-

port waste across this barrier and hence high level waste
will be stored in rocks of very low permeability and re-
mote from concentrated flows of ground-water, as may
be found in some faults. Thick deposits of rock salt and
argillaceous sediment are considered to be suitable in
many respects, and large intrusions of igneous rock, such
as granite, are also possible repositories for such waste.
The waste would be placed at a depth where ground
stresses have permitted only a few fractures to open (p.
160). Many rock-forming minerals are able to absorb
radioactive species from ground-water: clays and argil-
laceous sediments in general exhibit a remarkable capa-
city for such absorption (Fried, 1979). Similar geological
evidence from a variety of rocks and sediments supports
the conclusion that unfractured geological barriers are
able to prevent the rapid release of radioactive substances
from deep repositories.

By far the most spectacular example of such evidence
is the uranium deposit at OkIo in Gabon, W. Africa. This
deposit is of Precambrian age and is approximately
1800 my old (Table 2.1). It has been exposed by an open
pit mine that was developed to extract the uranium ore,
and the excavation has uncovered a fossil nuclear power
station. Several large bodies of uranium ore accumulated
and became a natural reactor which is calculated to have
released 100 x 109 kW h- 1 of energy. Like all reactors, it
produced plutonium which, like the uranium, has re-
tained its position and character so perfectly over this
immense passage of time, that reaction rates across the
surrounding formations can be interpreted in terms of
neutron physics (Int. Atomic Energy Agency, 1975).

Geological history
Waste disposal sites will be located in areas where the
geological record proves a long history of stability. A
region containing relatively undeformed rocks of Meso-
zoic age lying unconformably on folded Palaeozoic strata
records that for the past 65 to 248 my the area has been
dominated to gentle vertical movements (see Table 2.1
and Fig. 2.17a). Older examples are plentiful (Fig. 2.2).
In this way, stable areas can be identified. Most stable
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Fig. 18.15 Trial pit in Recent lacustrine sediments where
fault displacements record former earthquakes. Dates pro-
vided by C14 and given in years since present. The event that
broke layer A displaced it by 1700-740 mm, i.e. 960 mm; that
for B by 740-560mm (from Clark eta!.. 1972).



areas contain faults whose occasional movement can be
expected to produce earthquakes. A detailed reconstruc-
tion of past events is sometimes possible if stratigraphic
evidence is preserved. An example of the remarkable
record that may be obtained is illustrated in Fig. 18.15.
From these records the frequency and magnitude of
events may be determined for periods in excess of 2 my;
a far greater period than that covered by historic docu-
ments.

The safe disposal of nuclear waste will be one of the
most important technical achievements of the 21st cen-
tury. AU branches of geology are being used to support
the studies required for this task and no clearer example
could be provided of the importance of geology to society
and the engineer.
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SI Units

The International System of Units has seven standards of
measurement of which the following are commonly used
in geology and geotechnical engineering.

Fundamental mechanical units

Length

The standard of length is a metre (m): dimensions [L].
The following submultiple or multiple may be used:
millimetre (mm) = 0.001 m, and kilometre (km) = 1000 m

Conversions
Length [L]

lft = 0.3048 m Im = 3.2808 ft
lmile =1.6093 km lkm = 0.6214 mile

Area [L2]
lft2 =0.0929m2 Im2 = 10.7639ft2

lmile2 =2.5899 km2 l km 2 = 0.3861 mile2

Volume [L3]
lft3 = 0.0283 m3 Im3 = 35.3147 ft3

lyd3 =0.7646 m3 Im3 = 1.3079yd3

Fluid vol [L3]
IUK gal = 0.0045 m3 Im3 =219.9692 UK gal
IUS gal= 0.0038 m3 Im3 =264.1721 US gal

Note that 1 m3 = 1000 litres = 1 000 000 cm3

Mass

The standard of mass is the kilogram (kg), i.e. 1000 grams:
dimensions [M]. The following submultiple or multiple
may be used:

gram (g) = 0.001 kg, and megagram (Mg) = 1000 kg

Conversions
Mass [M]
lib mass =0.4536 kg lkg =2.2046 Ib mass
IUK ton =1.0160Mg IMg =0.9842UK ton
IUS ton =0.9072 Mg IMg =1.1023 US ton
Note that 1 Mg= 1 tonne

Mass density In SI units, mass density is quoted in
(kgm"3): dimensions [ML-3]. In geology and geotechn-
ical engineering it is common to measure in quantities of
1000kgnr3 = lMgm-3 .

Note that lMgm~3 = l tonnem~3= mass density of
fresh water.

Time

The SI standard of time is the second (s): dimensions [T].

Note that 1 hour = 3600 s, 1 day = 86400 s.

Fundamental Heat Units

The SI base unit of thermodynamic temperature is the
Kelvin (K) which has Absolute Zero as zero and the triple
point of water (i.e. the temperature at which ice, water
and water vapour are in equilibrium) as 273.15 K. The
Celsius scale uses this point as its zero and because its
scale divisions are the same as those of the Kelvin scale
(i.e. a change of 1 K is the same as 1°C), degrees Cel-
sius = temperature in Kelvin minus 273.15.

Note that 0C = 5(°F - 32) +• 9
0F=(0C x 9-5)4-32

Derived units

Commonly used multiples of the fundamental units, such
as are needed for force, pressure and stress, have been
given names. Two such derived units, which are com-
monly used in geology and geotechnical engineering,
are the Newton and the Pascal.

Force

Force is the product of mass x acceleration, as defined by
Newton in his first law of motion, and is given the derived
unit of the Newton (N): dimensions [MLT-2]. A force of
1 Newton will accelerate a mass of 1 kg by lms" 2 .

Weight is a force produced by the action of Earth's grav-
itational acceleration (g) upon mass. The natural varia-
tions that occur in the value of gravitational acceleration
over the surface of the globe, can be ignored for the
purposes of geotechnical engineering, and the standard



acceleration used, namely 9.806ms-2. Thus as mass of
1000 kg has a weight on Earth of 9806 N; usually stated
as 9.806 kN.

Note that 9.806ms"2 = 32.174fts"2.

Conversions
Weight [MLT"2]
llbf =4.4482 N IN = 0.2248 lbf
ltonf(UK) =9.9639kN lkN = 0.1004 tonf(UK)
ltonf(US) =8.8959 kN 1 kN = 0.1124 tonf (US)

Unit weight In SI units, unit weight is quoted in N m ~ 3

or in the following multiples, kNm"3, MNm"3.

Note that unit weight of fresh water =
62.43 lbf ft '3 = 9.806 kNm ~3

Pressure and stress
These are both measures of force per unit area and are
given the derived unit of the Pascal (Pa): dimensions
[ML-1T-2].

1 Pascal = 1 Newton m - 2

The following multiples may be used:

kilopascal (KPa) = 1000 Pa
Megapascal (MPa) = 1000 000 Pa

Conversions
Pressure and stress [ML-1T"2]:
llbf in ' 2 = 6.8948 kPa
IkPa = 0.1450 lbf in-2

llbf ft"2 = 0.0479 kPa
IkPa =20.8768 lbf ft-2

IUK tonf ft"2 =0.1073 MNm"2

IMNm"2 = 9.3197UKtonfft"2

1 US tonf ft" 2 = 0.0958 MNm"2

IMNm"2 =10.4384 US tonf ft"2

Other measures of pressure:

1 standard atmosphere = 101.325kPa= 1.01325bar
1 ft head of water = 2.989 kPa

Other quantities

From the standards and derived units described above,
measurements of the following quantities may be
obtained.

Elastic moduli [ML-1T-2], quoted in Pascals.
Coef. volume compressibility [L2/MLT~2], quoted
HiIIi2NeWtOn"1.
Coef. consolidation [L2 T ~ 1J, quoted in m2 s- *.
Coef. permeability [LT" 1J, quoted inms"1 .
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Addenda

Typical unit weights for various dry unweathered rocks and wet and dry soils (kNnrr3): min or max = unlikely to be less or
more than; mean = most frequently; N = no value can be recommended; —= unknown.

ROCKTYPE min common range mean max

Granite 237 25.1 to 27.6 2^8 2 9 l
Syenite 24.6 25.1 to 26.7 25.8 28.3
Diorite 26.7 26.7 to 28.3 26.8 29.8
Gabbro 26.7 28.9 to 29.8 29.5 30.1
Porphyry 23.1 23.4 to N 24.8 28.1
Dolerite 22.5 25.4 to 27.6 27.1 28.1
Rhyolite 19.5 N N 26.8
Andesite 19.5 21.7 to 22.5 N 26.8
Basalt 22.0 25.1 to 27.2 27.1 27.9
* " (vesicular) N 13.5 to 18.9 N N
•Agglomerate N 17.9 to 25.3 N N
•Tuff 11.9 13.3 to 14.9 N 27.5
•Sandstone 14.9 18.7 to 26.8 20.9 to 23.7 29.8
•Limestone 11.9 19.5 to 26.8 N 28.4
•Oolitic Lst. 17.9 20.1 to 23.6 N 26.5
•Chalk 14.6 18.2 to 22.5 19.5 26.1
•Shale 17.6 18.0 to 22.6 19.2 26.5
•Laterite 6.4 9.0 to 16.6 N 20.9
Gneiss 23.8 25.4 to 26.8 N 27.6
Schist 18.2 26.7 to 27.6 N 27.9
Slate 26.5 27.3 to 28.3 N N
Marble 23.9 26.7 to 27.6 26.8 28.4

SOILTYPE minf common range mean maxf

Quartz sand (dry) 11.9 13.0 to 19.7 N 21.7
" (sat.) 17.3 17.9 to 21.6 N 22.1

Coral sand (dry) 8.2 10.8 to 12.8 N 14.3
" (sat.) 15.0 16.7 to 17.9 N 18.9

Silt (dry) 11.3 12.6 to 18.5 16.9 20.9
" (sat.) 16.5 17.4 to 19.8 18.2 21.5

Sandy gravel (dry) 15.4 17.7 to 19.3 N 21.3
" (sat.) 19.2 20.4 to 21.6 N 22.4

Soft clay(sat) 12.6 13.9 to 18.4 16.5 19.6
Stiff clay (sat)" 13.2 17.4 to 21.6 20.1 23.5
Peat 7.8 8.3 to 10.7 9.3 to 10.2 12.7
Loess (dry) 13.7 14.5 to 16.4 15.5 17.7

" (sat.) 15.7 16.7 to 19.2 17,2 to 18.6 21.6

* These rocks can readily accept water and their weight will increase in accordance with their water content,
f Broadly correlates with loosest and densest state of compaction most likely to be expected.
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effects on slopes 233 
with reservoirs 244 

Echinoids 25 
Effective porosity 194 
Effective stress 161 
Eh of water 216 
Elastic moduli 168 

field tests of 182 
lab. tests of 192 

Electro-osmosis 270 
Elevation head 221 
Embankment dam 244 248 
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Emery 84 
Englacial material 55 
End moraine 55 
Enstatite 73 
Eocene 15 
Eolian sand 51 
Eon                    15 
Epeirogenic movement 16 
Epicentre 5 
Epidote 80 
Epoch 15 
Equigranular texture 99 
Era                            15 
Erosion 31 38 

by glaciers 54 
by rivers 38 
by the sea 44 
by wind 50 
and slope stability 234 

Erratics 56 
Escarpments 144 
Eskers 58 
Estuary 41 47 

deposits 130 

Euhedral texture 99 
Eustatic change 29 
Eutectic crystallization 106 
Evaporation 283 
Evaporites 127 
Excavations 254 
Exfoliation 35 
Exhalative deposits 131 
Exposure 199 
Extinction of minerals 69 
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Extrusive rocks 91 

F 
Fabric 134 166 190 286 
Facies 113 
Failure of rock and soil 167 
Farahnaz Pahlavi Dam 249 
Fat-clay 122 
Fault-breccia 119 169 
Faulting 151 

effect on outcrop 154 
effect on ground-water 219 
in dam foundations 246 249 
shown on maps 208 
strength of 168 

Fault spring 214 
Feldspars 75 
Feldspathoids 77 
Felsic minerals 101 
Felsite 106 
Ferruginous sediments 129 
Fibrous occurrence 62 
Field capacity 214 
Filiform mineral 61 
Fire clay 81 123 128 
Fish                    19 22 
Fissure eruptions 24 
Fissures in sediment 160 

in till                  59 
water bearing 216 221 232 257 271 284 

Flagstones 121 
Flandrian 27 
Flat-jack 181 
Flexible mineral 63 



332 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Flint 78 127 288 
Flocculation 43 
Flood 283 
Flood plain 42 
Flow folds 146 
Flow structure 99 
Fluorite 83 85 
Fluorspar 85 
Focus of earthquake 5 
Folds 145 
Fold symmetry 146 
Foliation 134 
Folkestone Warren slides 238 
Footwall 152 
Foraminifera 30 
Foreset beds 43 
Fore-shore 44 
Form of minerals 61 
Forsterite 137 
Fossils 1 19 

Older Palaeozic 19 
Newer Palaeozoic 21 
Mesozoic 25 
Cenozoic 29 
microscopic 30 

Foundations 290 
for dams 246 

Fracture index 180 
in minerals 62 
in rocks 151 

Freestone 121 
Freeze-thaw 35 

effect on slopes 235 

Freezing 275 
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Fresh water 215 
Frost heave 35 
Friction 164 267 
Fuels 131 
Fuller’s Earth 81 123 
Fumaroles 93 
Funafuti atoll 126 
Fusain 128 

G 
Gabbro 102 
Galena 83 84 
Ganges delta 43 
Gangue 88 
Ganister 122 128 
Garnet 79 
Gas bursts 262 

in ground-water 217 
in magma 91 93 
petroleum 131 
underground 262 

Gas storage in rock 251 
Gastropods 25 30 
Geochemical prospecting 89 
Geological maps 198 

mapping 181 
cross-sections of 209 

Geological time 13 
Geological structures 144 

folds                           145 
faults                             150 
joints                       155 

Geophysical investigations 176 
for ground-water 225 
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Geophysical investigations (Continued) 
maps                             201 
prospecting 89 

Geosyncline 16 
Geothermal gradient 3 
Geothermal water 94 259 
Geysers 93 
Giant’s Causeway 92 
Gibbsite 81 
Glaciers 54 
Glacial deposits 56 130 
Glacial erosion 55 
Glaciated surfaces 55 
Glaciation (Pleistocene) 28 
Glauconite 121 
Glassy texture 99 
Glen Dam 43 
Globigerina 30 
Gneiss 140 
Goethite 83 86 
Gold 83 
Gondwanaland 7 20 23 
Goniatite 22 
Gorges 40 
Gossan 89 
Graben 152 
Graded bedding 16 114 
Grainsize of sediment 116 119 191 
Grand Coulee Dam 248 
Granite 105 

composition 100 
series 108 

Granitization 108 
Granoblastic texture 134 
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Granodiorite 106 
Granophyre 106 
Granular occurrence 62 
Granulite 137 141 
Graphic (or runic) granite 105 
Graphite 83 84 
Graptolite 19 
Gravel 116 196 

river                             42 

Gravel pack 283 
Gravity dam 245 248 
Gravity folds 149 
Gravity survey 176 

water                          214 

Great Barrier Reef 49 125 
Great Glen Fault 10 29 139 
Great Salt Lake 60 127 
Greisen 138 
Greywack 114 121 
Grikes 32 
Grit                           116 119 
Ground anchors 277 
Ground freezing 275 
Ground heating 277 
Ground investigations 172 

for landslides 239 
for excavations 259 261 
for retaining walls 280 
for foundations 290 
for waste disposal 295 
for construction materials 285 
for water supply 282 

Ground support 277 
Ground treatment 269 
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Ground-water 60 213 
classification of 215 
flow                   213 214 220 
investigations for 223 
in slopes 230 
in reservoirs 242 251 
beneath dams 246 
in excavations 257 
in foundations 293 
control of 269 275 
supply 282 
and waste disposal 294 

Ground-water divide 282 
Grout curtain 272 
Grouting 271 

dam cut off 247 
dam foundation 249 
reservoir cut off 243 
rock and soil anchors 278 

Gypsum 83 87 127 

H 
Hade of fault 154 
Haematite 83 85 

ore                    129 

Halides 85 
Halite 83 85 127 
Halloysite 81 
Hanging valley 56 
Hanging wall 152 
Hardness of minerals 62 
Hawaii 93 
Haweswater Dam 249 
Head of water 221 
Heave 153 
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Heavy spar 87 
Hematite 83 85 
Hercynian orogeny 15 22 
Himalayas 15 25 
Hinge of fold 146 
Holocene 15 
Holocrystalline texture 99 
Hoover Dam 43 
Hornblende 74 
Hornfels 133 
Horst 152 
Hot springs 94 
Hyalocrystalline 99 
Hydration 31 
Hydraulic fracturing 

with burial 159 
stress measure 182 

Hydrocarbons 131 
Hydrogen sulphide 262 
Hydrogeological boundaries 218 258 

(and see ground-water) 

Hydrograph of 
river run-off 283 
water levels 220 

Hydrological cycle 213 
Hydrothermal processes 109 
Hypersthene 73 
Hypocrystalline texture 99 
Hypogene mineral 88 

I 
Ice ages 28 29 
Ice (erosion by) 54 
Ice lens 35 
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Ice sheets 54 
N. American 57 
British Isles 57 

Ice wedge 35 
Identification of minerals 72 
Idiomorphic crystals 73 99 
Idocrase 64 
Igneous rocks 1 91 

intrusive 95 
extrusive 91 
texture 99 
composition 100 
classification 101 
ores of 109 

Ignimbrite 94 
Illinoian ice age 28 
Illite 81 196 
Ilmenite 83 85 
Inclined folds 146 
Inclusions in quartz 78 

in igneous rocks 98 
in sediments 16 

Incompetent strata 146 
Index tests 195 
Infiltration 213 

capacity 213 

Injection wells 294 
Inlier 144 207 
Inorganic soil 196 
Inselberg 51 
in-situ investigations 172 

(and see Ground investigations) 

Insolation 35 
Integral sample 180 
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Interglacial periods 28 29 
Intermediate rocks 104 
Intrinsic permeability 195 
Intrusive rocks 95 
Iron hat 89 

pan                       286 
pyrites 83 84 
stone                       129 

Island arcs 11 14 
Isochore maps 199 
Isopachyte maps 200 
Isostacy 6 
Isotopes in ground-water 217 
Itaipu Dam 245 

J 
Jasper 127 
Joints 155 

beneath dams 246 
beneath foundations 292 
columnar 92 
in coal 128 
in slopes 229 
in excavations underground 263 
sealing with grout 272 
strength of 168 
water flow within 216 221 232 257 271 284 
with uplift 160 

Jurassic 15 23 

K 
Kame 58 
Kankar 36 
Kaolin 80 
Kaolinite 81 196 
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Kaolinitization 138 
Karst topography 32 
Kent coalfield 148 
Kerogen 131 
Keuper Marl 124 
Kidney iron-ore 85 
Kieserite 127 
Kilauea 93 
Kimberley diamonds 101 
Krakatoa 93 
Kyanite 79 

L 
L-wave 5 
Laboratory investigations 187 
Labradorite 76 
Laccolith 96 
Lacustrine clays 113 123 
Ladder vein 157 
Lakes, glacial 58 

ox bow 41 
pitch                       132 
playa                   60 
volcanic 93 

Lamellibranchs 25 30 
Laminated clay (see varves) 57 
Landslides 227 

in reservoirs 241 

Lapilli 91 
Laramide orogeny 15 23 28 
Lateral moraine 55 58 
Laterite 38 289 
Laurvikite 76 107 
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Lava 91 
acid                         107 
basic (basalt) 103 
intermediate (andesite) 104 
tunnel 94 

Leaching 31 
of mineral vein 89 

Lead-zinc mineralization 109 
Leakage from reservoirs 242 
Lean clay 122 
Leucoxene 85 
Leucite 77 
Levee 42 
Life on Earth 19 
Lignite 128 
Limonite 83 86 

ore                        129 

Limestone 124 
Lineation 134 
Liquid Limit 168 
Liquidity Index 195 
Lithosphere 3 
Littoral drift 46 
Loam 118 
Lochs (over deepened) 55 
Lode 109 
Loess 53 
London Basin 26 219 

Clay                        26 

Long-shore drift 46 
Lopolith 98 
Lugeon 273 
Lustre 61 
Luxullianite 137 
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M 
Mafic minerals 101 
Magma 72 91 
Magmatic concentrations 109 
Magnesian Limestone 126 
Magnetite 83 85 103 

deposits 109 

Magnetic survey 176 
Malachite 83 86 
Malleable mineral 63 
Malpasset Dam 247 
Mammals 19 25 
Manganese nodules 115 
Mangla Dam 248 
Mantle 3 6 10 
Maps 

geographical 174 
geological 174 198 
geomorphological 174 211 
geotechnical 211 
hydrogeological 219 224 
of resources 210 

Map of British Isles 27 
Map interpretation 206 
Mapping 202 
Marble 136 
Marcasite 84 
Marine bands 22 
Marine deposits 46 50 113 
Marl 124 
Marsh gas 131 262 
Masonry dam 249 
Massive deposit 110 
Mass transport 59 
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Master joints 156 
Materials for construction 131 

for dams 247 

Mauna Loa 93 
Meander 41 
Mesa 38 
Metamorphic rocks 1 133 

classification 134 
fabric 134 
types                   135 

Metamorphism 133 
Metasomatism 109 126 
Meteoric ground-water 213 
Methane 131 262 
Mesozoic 15 23 
Metallogenic province 88 

in Precambrian 17 
in Hercynian 23 
in Africa 88 

Micas 74 106 
Microcline 76 
Microliths 105 
Microscope 67 
Mid-Atlantic ridge 4 9 
Migmatite 106 141 
Millstone Grit 21 43 
Mines, rock failure in 219 262 
Mineral 61 

description of 61 
optical properties 65 
atomic structure 70 
rock forming types 72 
accumulations 87 109 131 
search for 88 
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Mineral (Continued) 
separation 63 

Mineralization 87 
in igneous rocks 109 
on ocean floors 110 
with metamorphism 142 
along geological structures 157 

Mining subsidence 219 265 
Minor joints 157 
Miocene 15 
Mississippi delta 43 
Mississippian 21 
Modulus of Elasticity 162 
Moho 6 
Mohs’ Scale of Hardness 62 
Moisture potential 214 
Moisture content 168 
Molybdenite 83 85 
Monazite 106 
Monocline 145 
Montmorillonite 81 196 
Mont Pelee 92 
Moraines 55 
Mountain building 16 
Mucking 267 
Mud-flats 48 

flows                   60 
rock                   124 

Mufulira Mine failure 268 
Muscovite 75 
Mylonite 141 
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N 
Nappes 148 149 153 
Native elements 84 
Natrolite 80 
Natural gas 131 
Neogene 15 
Nepheline 77 
Neve 54 
New Red Sandstone 21 
Niagara Falls 40 
Nickel deposits 109 
Nick point 39 
Nile Delta 43 
Nodular form 62 
Non-steady flow 221 
Norite 102 
Normal faulting 152 
Normally consolidated 113 

soil profile 161 

Nuees ardentes 92 
Nunataks 54 

O 
Oasis 51 
Oblique slip 153 
Obsidian 107 
Oceanic deposits 49 113 130 
Ocean floor 2 50 
Oceanic ridge 8 

mineralization at 110 

Oceans 2 
Octahedron 63 
Oedometer 192 
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Oil                  131 
shale                     128 
underground storage 251 

Old Faithful 93 
Old Red Sandstone 21 
Oligocene 15 
Oligoclase 76 
Olivine 72 
Oolite 125 
Ooze 49 115 

world map of 50 

Opal 78 
Opaque minerals 69 
Ophitic texture 103 
Optimum moisture content 289 
Ordovician 15 19 
Ore                              88 

mineral 87 
igneous 109 
sedimentary 131 

Organic soil 196 
Orogeny 16 
Orthoclase 75 
Outcrop 145 199 

on maps 207 

Outlier 144 207 
Outwash fan 58 
Over-consolidated 113 

soil profile 161 

Overbreak 263 
Ox-bow lake 41 
Oxidation 31 

of mineral vein 89 
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P 
P-wave 5 
Packer test 185 
Palaeocene 15 
Palaeogene 15 
Palaeomagnetism 9 
Palaeozoic 15 19 
Parana Basin 25 
Parallel folds 146 
Parasitic folds 148 
Paroxysmal eruptions 92 
Particle size of sediment 191 
Passive earth pressures 280 
Peak strength 163 169 
Peat                  128 275 
Pebbles 116 
Pebbly deposits 118 
Pedalfer 37 
Pedocal 37 
Pegmatite 106 
Pelagic sediments 49 
Pelite 134 
Pennite 80 
Pentlandite 85 
Pennsylvanian 21 
Perched water table 219 
Percolation 213 
Pericline 149 
Peridotite 101 
Period 15 
Permafrost 34 

British Isles 57 
N. American 57 
world map of 36 
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Permeability 194 221 
field tests 184 
of fractures 221 
of pores 218 

Permian 15 20 
Petroleum 131 
pH of water 216 
Phacolith 96 
Phaneritic texture 99 134 
Phanerozoic 15 18 
Phonolite 108 
Phosphates 87 
Phyllite 140 
Picrite 101 
Piezometer 182 
Piezometric water level 219 
Pingo 35 
Pipes (solution) 32 
Pisolite 125 
Pitch 132 
Pitchblende 13 
Pitchstone 107 
Placer deposits 88 131 
Plagioclase 76 
Plants 19 22 
Plastic Limit 168 
Plasticity chart 197 
Plasticity of soil 168 196 
Plasticity Index 168 
Plate bearing test 182 184 
Plate tectonics 10 
Plateau basalts 24 91 
Playa lake 60 
Pleochroism 69 
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Pleistocene 15 
glaciations 28 29 

Plinthite 289 
Pliocene 15 
Plunge of fold 147 
Pluton 97 
Plutonic rocks 99 
Pneumatolysis 109 133 137 
Point Load test 195 
Poisson’s ratio 168 
Polarization colours 68 
Polyhalite 127 
Pontsticill Dam 243 
Pore pressure parameters 168 
Pore-water 111 

changes in pressure 161 167 274 
measurement of 182 
with consolidation 113 270 274 

Porosity 112 191 
effective 195 

Porphyritic texture 99 
Porphyry 106 
Porphyroblasts 134 
Portals 265 
Post-glacial uplift 29 
Pot-hole 38 
Pozzolana 94 
Precambrian 15 17 
Precipitation 283 
Preconsolidation load 274 
Prehnite 288 
Pressure head 221 

control of 258 

Progressive failure 227 
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Propylite 105 
Prospecting 89 
Proterozoic 15 
Psammite 134 
Pseudomorph 80 
Pumice 92 107 
Pumping test 185 
Pyritohedron 63 84 
Pyrite 83 84 
Pyroclastic deposits 94 124 
Pyroxenes 73 
Pyroxenite 101 
Pyrrhotite 85 

Q 
Quality of ground-water 215 
Quanat 285 
Quartz 77 
Quartzite 120 136 
Quaternary 15 25 28 
Quattara Depression 51 
Queensland Artesian Basin 220 
Quick-clay 122 229 

R 
Radiating occurrence 62 
Radio-active dating 13 
Radiolarian 30 
Radiometric survey 176 
Rainfall 59 

erosion from 59 
for water supply 282 

Raised platforms 29 
Randkluft 55 
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Rank of coal 127 
Reactive aggregate 288 
Recession of river 283 
Recharge 214 
Recumbent folds 146 
Red clay 115 
Reduction 31 
Refractive index 66 
Regional metamorphism 138 
Regression 16 114 
Rejuvenation 39 
Reniform mineral 62 
Reptiles 19 
Reservoirs 241 

leakage from 242 
seismicity from 244 
underground 250 

Reservoir rock 132 
Residual soil 1 289 
Residual strength 169 
Residual stress 160 

in slopes 232 

Resistivity survey 176 
maps of 201 

Retaining walls 279 
Reticular occurrence 62 
Reverse fault 152 
Rhaetic 23 
Rhombohedron 64 
Rhum 96 
Rhyolite 107 
Rift Valley 4 

(and see Graben) 
Ring lining 278 
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Ring-shear apparatus 194 
Ring structures 96 
Ripping 256 
River 38 

capture 40 
patterns 40 
run-off 283 
deposits 41 59 

River valleys 38 
catchment 282 

Roadstone 288 
Roches moutonnees 55 
Rock 1 

classification 197 
description of 178 
igneous 91 
metamorphic 133 
sedimentary 111 

Rock anchor 277 
Rock basin 55 
Rock bolts 277 
Rock bursts 264 
Rock creep 60 
Rock crystal 77 
Rock-falls 263 
Rock flour 55 
Rock Quality Designation (RQD) 180 
Rocky Mountains 23 28 
Rods 277 
Roofing slate 133 139 
Rowe cell 193 
Run-off 283 
Rutile 136 
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S 
S-wave 5 
Sabkhas 49 
Saddle-reef 157 
Sahara 51 
Saline deposits 127 
Saline water 215 
Saltation 52 
Salt domes 131 151 
Salt flats 60 
Salt marsh 48 
Sampling 187 
San Andreas Fault 10 28 
Sand 116 119 196 
Sand dunes 51 
Sandstones 119 
Sanidine 75 
Sasumua clay 289 

Dam                  289 

Satin spar 87 
Sautet Dam 243 
Scalenohedron 65 
Schiller 76 
Schist 134 140 
Schistocity 134 
Schmidt hammer 195 
Schorl 79 137 
Scraping 256 
Scree 34 
Sea                          44 
Sea mount 2 
Sea stack 45 
Sea-urchins 25 
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Sea water 111 
intrusion 285 

Seat-earth 23 128 
Secondary minerals 79 

enrichment 89 

Sectile mineral 63 
Section drawing 209 
Sediment in reservoirs 241 
Sedimentary rocks 1 111 

associations 129 
classification 116 
deposition 113 
mineral deposits 131 
texture 112 

(and influence on strength) 166 
types                  115 

Sedimentary structures 14 42 49 53 114 
Seepage force 222 

in slopes 231 
in excavations 258 

Seismic survey 176 183 
for excavations 256 
for grouting 273 

Seismicity induced 244 
Seismograph 5 
Selenite 87 
Self supporting ground 264 
Selset Dam 247 
Sensitivity 122 166 
Sericite 75 
Serpentine 72 80 

marble 137 
rock                    101 

Settlement of structures 161 192 246 269 274 290 
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Shafts 261 
Shale 123 

oil                      128 

Shear box 194 
Shear strength 164 

field tests of 184 
lab. tests of 192 

Sheet joints 34 156 
Shelf sea 2 

sediments 113 

Shield 17 
Shore line 44 
Shotcrete 279 
Shrinkage joints 155 
Shrinkage limit 168 196 
Shrinking ground 292 
Siderite 83 86 
Sief dunes 52 
Sieve analysis 191 
Silcrete 38 
Silesian 21 
Silica, forms of 77 
Sillimanite 79 136 
Sills                      95 
Silt                                 116 122 196 262 292 
Silting of reservoirs 241 
Silurian 15 19 
Silvan Dam 289 
Silver 83 
Sinistral fault movement 153 
Sinter 94 
Site investigations 172 

for dams 244 
for excavations 259 261 



356 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Site investigations (Continued) 
for foundations 290 
for landslides 239 
for materials 247 285 
for retaining walls 280 
for reservoirs 242 
for waste disposal 293 

Slate 133 139 
Slaty cleavage 134 139 
Slickensides 149 

for dams 248 
influence of stability on slopes 230 

Slopes 227 
of valleys 39 

Slope instability 228 
in reservoirs 241 

Slump 114 
Soap stone 

(see serpentine rock) 101 
Soda-nitre 127 
Soil                         1 160 

profiles 32 161 
behaviour 163 
black earth 53 
collapsing 275 
creep                      70 
description 177 
erosion 51 
sampling 189 
world map of 37 

Solfataras 93 
Solid edition maps 198 
Solifluction 35 
Solution 31 32 
Source rock 131 
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Spalling 34 
Specific capacity of wells 284 
Specific gravity 63 
Specific heat of water 217 
Specific yield 194 222 
Specular iron ore 85 
Sphalerite 83 84 
Sphene 79 
Spilite 103 
Spodumene 106 
Springs 214 

supplies from 284 

Spit                           47 
Squeezing ground 263 
St Francis Dam 247 
St Pierre Dam 243 
Stability 170 

of open excavations 259 
of slopes 227 241 
of underground excavations 262 

Stack 45 
Stalactite 33 126 
Stalagmite 33 
Standard Penetration Test 184 
Stock 97 
Stoping 98 
Storage of aquifers 222 

of oil                        251 

Storm beach 44 
Stratigraphic column 14 

in map interpretation 206 
record of failure 171 

Stratum 14 
Steady flow 221 
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Streak 61 
Strength of rock and soil 159 

expected values 165 166 
field tests 182 
for aggregate 287 
influence of burial 159 
influence of uplift 160 
influence of water 167 
laboratory tests 191 
surfaces 168 

Stress and strain 163 
rates of 159 

Stress measurement 181 
Striae 55 
Strike 144 

measurement of 204 

Strike fault 154 
Strike lines 204 
Strike slip of fault 153 
Structural contours 200 
Sub-artesian water level 220 
Subduction 10 

associated metamorphism 142 

Submarine canyons 2 
Subsidence 170 219 228 246 265 274 

 290 
Subsoil 32 
Subsurface maps 199 
Sulphates 87 

in ground-water 293 

Sulphides 84 
Sulphide vein 89 
Sulphur 83 
Supergene mineral 88 
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Superposition 14 
Support 277 

underground 264 277 

Surface divide 282 
Surface excavations 259 
Swallow hole 32 
Swamps, coal 21 23 
Swell 267 
Swelling clay 81 

soil                         193 292 

Syenite 107 
Sylvite 127 
Syncline 145 
Synform 145 

T 
Tabular form 62 
Tachylite 103 
Taf-Fechan reservoirs 243 
Tailings dam 267 
Talc                  80 
Talik 35 
Talus 34 
Tamping 275 
Tear fault 153 
Tectonic processes 145 
Temperature gradient 3 259 
Tenacity 63 
Tenor 88 
Tension gashes 149 
Tension scar 170 228 231 236 237 239 
Terminal moraine 54 57 58 
Terrace, river 42 
Terrigenous sediments 49 
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Tertiary 15 25 
Tethys ocean 23 
Teton Dam 247 
Tetrahedron 63 84 

atomic structure 70 82 

Textures 99 112 134 177 196 
Thames Valley 42 
Thematic maps 210 
Thermal conductivity 194 
Thickness of strata 199 
Thin section 65 
Three-point construction 205 
Throw of fault 152 153 
Thrust 16 26 153 
Tidal efficiency 223 
Till                          56 
Tin stone 

(see Cassiterite) 86 
Tipping 267 
Tonalite 106 
Topaz 137 
Topset beds 43 
Torbanite 128 
Tors 33 
Total dissolved solids 215 
Total head 221 
Tourmaline 79 137 
Trachyte 107 
Transcurrent fault 10 

(see also wrench fault) 
Transgression 16 114 

Cenomanian 23 

Transmissivity 221 
beneath dams 247 
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Transmissivity (Continued) 
well supplies 284 

Transpiration 283 
Trapezohedron 63 79 
Trass 94 
Traverse survey 202 
Travertine 126 
Tremolite 74 
Trenches, oceanic 2 10 
Triassic 15 23 
Triaxial cell 163 194 
Tridymite 77 
Trilobites 19 
Troctolite 102 
Trough faulting 152 
True dip 203 
Tube-a-manchette 272 
Tube-wells (see well-points) 270 
Tufa 126 
Tuffs 94 
Tungstates 87 
Tunnel boring machine 255 
Tunnel excavations 255 

ground-water in 257 
investigation for 261 
stability of 262 
support of 264 

Tunnel log 179 265 
Tunnel test of deformability 182 
Turbidity current 2 
Turbidites 114 121 
Turnagain heights 233 
Turtle Mountain slide 237 
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Twin crystals 65 
feldspars 75 

Twinkling of calcite 86 

U 
U-shaped valley 55 
Ultimate strength 169 
Ultrabasic rocks 101 
Unbound aggregates 288 
Unconfined aquifer 218 
Unconformity 16 145 

on maps 207 

Underflow 282 
Underground catchment 282 
Uniaxial compressive strength 166 192 197 266 276 287 
Uniformitarianism 14 
Uniformity coefficient 191 
Unit weight 166 300 
Unloading 34 
Uplift pressure of water 162 231 236 242 247 257 

 269 
measurement of 182 

Upright folds 146 
Ural Mountains 19 
Uranium 13 

V 
V-shaped outcrop 145 
Vajont slide 235 
Valley, bulge 150 232 

buried 42 
glacial 55 
river                        38 
slopes 39 
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Valley, bulge (Continued) 
terrace 42 

Vane test 184 
Varves 57 
Vein 109 

associated with folds 157 

Velocity of flow 222 
Vertical drains 270 
Vertical stress 3 113 138 142 149 152 

 156 159 221 227 260 263 
 274 292 

Vesicular texture 99 
Vesuvius 93 
Vibroflotation 275 
Viscosity of water 217 
Vitrain 128 
Vitreous texture 100 
Voids ratio 112 274 
Volcanic deposits 92 94 124 
Volcanoes 91 

central eruptions 92 
fissure eruptions 24 91 
exhalative deposits 131 
mineralization 110 
rocks                           91 103 104 107 
sections through 93 

Vyrnwy Dam 249 

W 
Walstonian 28 
Waste tips 267 
Water budget 282 
Water content (or moisture content) 168 

influence on strength 161 167 
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Water content (or moisture content) (Continued) 
optimum value 289 

Water control 231 242 257 269 275 
Water fall 40 
Water, in excavations 257 

slopes 230 
waste disposal 293 

Water levels 219 
fluctuations in 220 
with drilling 225 

Water supplies 282 
Water table 214 219 
Wave-cut platform 44 
Waves 45 
Wealden anticline 148 
Weathering 31 

influence on slopes 234 
world map of 36 

Weight of water 217 
Well 270 285 

development 285 
supply 284 

Well-point 270 
Well screen 285 
Well test 285 
West Driefontein mine inrush 258 
Whin Sill 23 96 
Wind erosion 50 

deposits 52 

Wisconsin glaciation 28 
Witherite 83 
Wolframite 83 87 106 109 
Wollastonite 136 
Wrench fault 153 
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X 
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Xenomorphic texture 99 

Y 
Yardang 50 
Yarmouthian interglacial 27 
Young’s modulus 168 182 192 197 

Z 
Zeolite 80 
Zeugen 50 
Zinc-blende 84 109 157 
Zircon 79 
Zone of saturation 214 219 
Zoned crystals 77 




