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Preface

Engineering geology and soil mechanics are disciplines concerned with
the study and evaluation of environmental conditions at a pusposed site
where the designed structure is to be built and where its operating condi-
tions are affected by the surrounding geological features.

By virtue of their subject matter both engineering geology and soil
mechanics are general engineering disciplines. For college students
specializing in transport technology they may provide a theoretical basis
for such applied disciplines as road construction, construction of airfields,
and the construction of bridges and tunnels.

The textbook is divided into four parts. Part One deals with elementary
general geology. Part Two considers fundamentals of soil science for
engineers. Part Three introduces elementary soil mechanics and Part Four,
elementary engineering geology. This order of presentation mirrors the fact
that the scientific basis of engineering geology is soil engineering and soil
mechanics.

Both the theoretical and practical tasks faced by engineering geology
can be solved based on natural and historical analysis utilizing field and
laboratory investigations which, whenever possible, include physico-
mechanical methods along with calculation formulae encompassing soil
mechanics.

What makes the subject unique is that the physico-mechanical proper-
ties of soils and methods for their determination are studied from the view-
point of engineering geology. Such an approach is justified by the obvious
interconnection of these properties under particular natural conditions. It
is important to note that in actual construction work undertaken in this
country it is the engineering geological agencies that are fully responsible
for studying the above properties and evaluating various design indices.

It was deemed unnecessary to add to the present book the impressive
bulk of material of the last decade related to engineering geology and soil
mechanics. This would have rendered the present volume excessively large
and thus not expedient.

The ultimate goal of the author was to familiarize a beginning civil
engineer with methods for solving problems relating to soil mechanics and
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provide him with information that would be most likely to be of real use to
him at the early stages of his engineering career. With this objective in
mind the author made it a point to exclude all the data, conclusions and
recommendations not verified in practice or of dubious importance, such
as those which have not been proven by the nature of the phenomenon or
ones that have no appreciable use.

Actual construction work has shown that due to a revolution in
engineering methods young engineers should be taught a creative approach
to tackling a particular engineering task. Hence the author’s determination

" to make the book more than just a reference book covering a wide range of
problems. Instead, he has restricted himself to a presentation of the major
problems alone. For this reason, the author has endevoured to consider the
theoretical aspects of the disciplines as they relate to practical tasks.

It would be appropriate tO point out the great contribution made by
Soviet scientists in the development and propagation of concepts bearing
on engineering geology and soil mechanics. Credit must first be given to
Academician G.O. Graftio who was the first to use and advance the ideas
of engineering geology and soil mechanics resulting in the erection of unique
engineering structures. Mention should also be made of Academician
F.P. Savarensky whose activities did much to establish the Soviet school of
engineering geology, connected with such notable men of science as .M.
Gersevanov, M.N. Goldshtein, I.V. Popov, E.M. Sergeev, N.A. Tsytovich
and many more.

It is the author’s pleasure to emphasize the important role played by my
old co-worker, Assistant Professor and Candidate of Science (Geology and
Mineralogy) M.F. Kotov in furthering a number of concepts proposed in
the book. The author therefore extends sincere thanks to him. The author
is also much indebted to Professor M,N. Goldshtein for his advice,
assistance and courage in supporting a number of new procedures and
theories which have been proposed in the present work.

The staff of the Leningrad Construction Engineering Institute (LISI)
headed by Assistant Professor and Candidate of Science S.N. Sotnikov
who reviewed the manuscript of the book have provided many useful sug-
gestions and helped better arrange the material and elucidate some con-
cepts outlined in the book. The author is deeply grateful to all of them. He
also acknowledges the painstaking efforts undertaken by his constant assis-
tant, Candidate of Science (Geology and Mineralogy) Z.V. Maslova-
Pilgunova during the preparation of the manuscript for publication.

N.N. Maslov



Contents

Preface
Contents
Introduction

Part One
ELEMENTARY GENERAL GEOLOGY

Chapter 1. The Earth as a Cosmic Body, Tectonics
Sec. 1.1. General Facts on the Structure of the Globe
Sec. 1.2. The Structure of the Earth’s Crust
Sec. 1.3. The Role of Tectonic Phenomena in the Earth’s Life

Chapter 2. Tectonic Events
Sec. 2.1. Tectonic Hypotheses
Sec. 2.2. Tectonic Epochs
Sec. 2.3. Forms of Tectonic Movements

Chapter 3. Historical Geology in a Nutshell
Sec. 3.1. General Characteristics
Sec. 3.2. Geochronology
Sec. 3.3. Some Facts from Historical Geology

Part Two
ELEMENTARY ENGINEERING SOIL SCIENCE

Chapter 4. Igneous Rocks
Sec. 4.1. Rock-Forming Minerals
Sec. 4.2. Characteristics of Igneous Rocks

Chapter 5. Sedimentary Rocks
Sec. 5.1. Origin of Sedimentary Rocks
Sec. 5.2. Principal Types of Sedimentary Rocks

Chapter 6. Metamorphic Rocks
Sec. 6.1. Metamorphism
Sec. 6.2. Principal Metamorphic Rocks

Chapter 7. Areas of Distribution of Sedimentary Rocks
Sec. 7.1. Marine and Continental Deposits
Sec. 7.2. Thickness of Strata

W

42
42

54

55
63

63
65

72



8

Chapter 8.
Sec. 8.1,
Sec. 8.2.

Chapter 9.
Sec. 9.1.
Sec. 9.2.

Chapter 10.
Sec. 10.1.
Sec. 10.2.

Chapter 11.
Sec. 11.1.
Sec. 11.2.

Chapter 12.
Sec. 12.1.
Sec. 12.2,
Sec. 12.3.

Chapter 13.

Sec. 13.1.
Sec. 13.2.
Sec. 13.3.

Sec. 13.4.
Chapter 14.

Sec. 14.1.
Sec. 14.2,
Sec. 14.3.

Chapter 15.
Sec. 15.1.
Sec. 15.2.

Chapter 16.
Sec. 16.1.
Sec. 16.2.

Chapter 17.

Sec. 17.1.
Sec. 17.2.
Sec. 17.3.

Chapter 18.
Sec. 18.1.
Sec, 18.2,

Contents

Regular and Irregular Bedding of Sedimentary Rocks and Soils
Regular Bedding
Irregular Stratification

Jointing in Rocks
The Origins of Jointing
Principal Types of Joints

Groundwater
The Origin of Groundwater
The Level of Subsurface Waters

Coefficient of Permeability and Methods of Its Determination
A Coefficient of Permeability
Methods for Determination of the Coefficient of Permeability

Physical Properties and Characteristics of Rocks and Soils
Class One and Class Two Index Characteristics

Granulometric Rock (Soil) Composition. Classification Criteria
Other Class Two Rock Indices. The Methods of Determination

Shearing Resistance of Rocks and Seils. Indices and Methods of
Determination

Soil and Rock Strength

Shearing Resistance in Grained (Cohesionless) Soils

Shearing Resistance of Clayey Soils. General Characteristic. Methods
of Study and Index Characteristics

Strength and Shearing Resistance of Jointed Hard Rocks

Soil Compressibility, Its Origin and Characteristics. Methods of
Determination

Soil Consolidation Induced by a Load

Characteristics of Soil Compressibility

Methods of Determinations of Characteristics of Soil Compressibility

Determination of Index Characteristics of Soils
Basic Concepts .
Abridged Methods for Determining Design Characteristics

Part Three
BASIC SOIL MECHANICS

The Behaviour of Soils in a Soil Mass in a State of Stress
Fundamental Concepts
Forms of Expression of the State of Stress of the Soil Mass

Some Theoretical Facts Underlying Solutions of Problems Posed by
Soil Mechanics

The Strength of Soils

The Determination of Normal and Shearing Stresses in a Soil Mass
Special Cases of the State of Stress of the Soil Mass

Three Phases of the Behaviour of the Subsoils of a Structure
General Considerations
The Loss of Strength and Stability by the Foundation

75
75
76

79

81

87
87
91

96

97
100

102
106

119
119
125

138
149

153
153
155
163

170
170
17

176
176
181

183
183
185
194

195
195
198



Chapter 19.
Sec. 19.1.
Sec. 19.2.

Chapter 20.

Sec. 20.1.
Sec. 20.2.

Sec. 20.3.
Sec. 20.4.
Sec. 20.5.

Chapter 21.
Sec. 21.1.
Sec. 21.2.

Chapter 22.

Sec. 22.1.
Sec. 22.2.

Chapter 23.

Sec. 23.1.
Sec. 23.2.

Chapter 24.
Sec. 24.1.
Sec, 24.2.
Sec. 24.3.

Chapter 25.
Sec. 25.1.
Sec. 25.2.

Chapter 26.
Sec. 26.1.
Sec. 26.2.

Chapter 27.
Sec. 27.1.

Sec. 27.2.
Chapter 28.

Sec. 28.1.
Sec. 28.2.
Sec. 28.3.

Chapter 29.
Sec. 29.1.
Sec. 29.2.

Contents

Evaluation of the Strength of the Subsoil of a Structure Disregard-
ing Normal Stresses

General Considerations

A Safe Load

Evaluation of the Strength of the Subsoil of a Structure Taking into
Account Normal Stresses

Criterion of the Limit Strength of a Soil

Determination of the Angle of Maximum Inclination 8___ . Loose
Cohesionless Soils

Evaluation of the Weight of the Soil Mass

Lines of Simultaneous Rupture and Regions of Limit State of Stress
Critical Safe Dy and Permissible Load

Critical Load when the Total Stability of the Subsoil of a Structure
Must Be Ensured (Arching Phase)

Theoretical Solutions

Semiempirical Relationships

Increasing Strength of Clayey Seoils Induced by Consolidation with
Time Under the Own Weight of a Structure

Pore Pressure and Filtrational or Primary Consolidation of Soils
Consolidation Index n and Its Significance

The Initial Pressure Gradient. Its Role in Limiting Counsolidation of
Clayey Soils

Introduction

Theoretical Premises

The Hydrostatic and Hydrodynamic Effect

The Essence of the Phenomenon

The Hydraulic Gradient as a Means of Hydrodynamic Action
Conditions Resulting in Loss of Stability of Soils in Open Cuts

Settlement of Structures and Their Stability
Introduction
Differential Settlement and Its Results

Principal Theoretic Premices to Predict Structure Settiement
Introduction ‘
Useful Formulae

Normal Stresses in the Subsoil of a Structure and Methods of Their
Determination

Determination of Normal Stresses Under Conditions of a Plane Pro-
blem :

Determination of Normal Stresses in a Three-Dimensional Case

Methods of Predicting Settlement of Structures with a Consolidating
Foundation Soil

Method of Summation

Approximate Methods of Predicting Settlement of Structures

Some General Conclusions from the Theory of Settlement of Struc-
tures

Forecasts of Time-Dependent Settiements of Engineering Structures
Consolidation of a Uniform Soil Mass
Consolidation of a Stratified Soil Mass

199

201

203
203

205
207
210
214

221
221
223

231
231

243

245

248
248
249
251

254
254
256

262
262
265

272

272
282

285
285
295

299

301
301
304



10

Chapter 30.

Sec, 30.1.
Sec. 30.2.
Sec. 30.3.
Sec. 30.4.
Sec. 30.5.
Sec. 30.6.
Sec. 30.7.
Sec. 30.8.

Chapter 31.
Sec. 31.1.
Sec, 31.2,
Sec. 31.3.

Sec. 31.4.
Chapter 32.

Sec. 32.1.
Sec, 32.2.
Sec. 32.3.

Chapter 33.
Sec. 33.1.
Sec. 33.2.

Sec. 33.3.

Chapter 34.
Sec. 34.1.
Sec. 34.2.

Chapter 35.
Sec. 35.1.
Sec, 35.2.

Chapter 36,
Sec. 36.1.
Sec. 36.2.
Sec. 36.3.

Chapter 37.
Sec, 37.1.
Sec. 37.2.

Chapter 38.
Sec. 38.1.
Sec. 38.2.

Contents

Particular Cases of Forecasting Deformations of Foundations and
Settlement of Structures

The Effect of the Lowering of the Water Table

The Effect of Vibrations on a Sandy Subsoil -

Taking into Account the Anisotropy of the Subsoil

Taking into Account the Stratified Pattern of the Soil Mass
Taking into Account the Geological Features of the Subsoil
Forecast of the Tipping of a Monolith Tower Type Structure

The Behaviour of the Soil Under the Impact of a Rolling Wheel
Cyclic Loads

Rheological Phenomena. Their Role in the Bearing Capacity and
Time-Dependent Deformation of Clays
General Considerations

Main Features of the Physico-Technical Theory of Creep Properties

The Coefficient of Viscosity of Clays and Methods for Its Deter-
mination
Long-Term Stability of Clay Slopes

Rheological Phenomena. Their Role in Performance of Retaining
Structures

Classification Schemes

Rheological Properties of the Foundation Soil of Retaining Walls
Forecasting a Translational Slide of a Retaining Wall with Time

Rheological Events. Their Effect on Settlement of Structures
Introduction

A Particular Case of Forecasting Settlement of a Structure on Un-
saturated Soil

The General Case

Part Four
BASIC ENGINEERING GEOLOGY

Classification of Rocks and Soils
The Principle of Classification
Classification of Rocks and Soils

Swamp and Silty Deposits. Peat
Swamp and Silty Deposits (Muskeg Materials)
Peat and Peat Deposits

Loess and Loessian Soils. Seasonal Changes in Bearing Capacity
General Characteristics

Subsidence of Loess

The Principle of Forecasting Subsidence

Glacial Deposits
The Composition of Glacial Deposits
Glacial Deposits from the Viewpoint of Geotechnics

Permafrost. Soils in Permafrost
Introduction
Construction in Permafrost Areas

306

307
311
312
314

315

318
321

323
323
328

335
337

340

347
350

358
358

360
363

367
367
367

370
370
372

N
37
380
384

387
387
390

391
391
398



Chapter 39.
Sec. 39.1.

Sec. 39.2.
Sec. 39.3.
Sec. 39.4,

.Chapter 40.
Sec. 40.1.
Sec. 40.2.

Chapter 41.
Sec. 41.1.
Sec. 41.2.

Chapter 42.
Sec. 42.1.
Sec. 42.2.
Sec. 42.3.
Sec. 42.4.

Chapter 3.
Sec. 43.1.
Sec. 43.2,

Chapter 44.
Sec. 44.1.
Sec. 44.2.
Sec. 44.3.
Sec. 44.4.
Sec. 44.5.

Chapter 45.
Sec. 45.1.
Sec. 45.2.
Sec. 45.3.

Chapter 46.
Sec. 46.1.
Sec. 46.2.
Sec. 46.3.

Chapter 47.
Sec. 47.1.
Sec. 47.2.
Sec. 47.3.

Conclusion

Subject Index

Contents

Rock Weathering. Its Importance in Geotechnics

The Processes of Weathering. Eluvium and Its Geotechnical
Characteristics

Debris Formation. Talus Deposits and Their Role in Landslides
Wind Action

Soils. Formation of Soils

Mud Rock Flows
General Cdnsiderations
Protective Measures

Karst Phenomena
General Considerations
Conditions of Construction

Erosion. Its Effect on Road and Bridge Construction
Gully Erosion, or Gullying

Erosion in River Valleys

Formation of River Vallies

Alluvial Deposits

Abrasion and Its Effect in Modern Conditions
Shaping of Shores of Seas and Lakes
Transformation of Margins of Water Reservoirs

Landslides and Other Crustal Displacements
Introduction

Causes of Landslides

Possible Patterns of Disturbance of Slope Stability
Stability Computations for a Slope or Hill Side
Prevention of Landslides

Rheological Phenomena and Their Role in Creep Events
Conditions of Occurrence

The Evaluation of Long-Term Stability of a Slope or Hill Side
Prediction of the Intensity of Creep Deformation of a Sliding Slope

Seismic Events

General Characteristics

Construction Conditions in Seismic Areas
Seismic Stability of Saturated Sands

The Purpose and Types of Geotechnical Studies and Exploration
General Principles

Types of Geotechnical Exploration

Special Types of Geotechnical Studies

11

412
412
416

417
417
420

424
426

434
438

445

447
449
453
456
479
483
483
485
490
497
506
520
521
532

545
547



Introduction

"The unprecedented large-scale construction of transport facilities being
undertaken in this country poses most complicated engineering tasks to
the builders, especially with respect to utilization of the vast expanses_of
Siberia and the Soviet Far East. The putting through of major transport
engineering structures and highways in these areas, usually in most incle-
ment conditions, may be, as a rule, justified only on the condition of the
efficient and extensive use of findings of engineering geology and soil
mechanics.

. The proper feasibility study for erecting big structures on any rock such
as to rule out accidents is particularly important.

We use the historical method when dealing with natural phenomena.
This directly applies to scientific investigations in the field of engineering
geology and soil mechanics. Among these, to cite an example, is a theory of
successive phases of tectonic inactivity and orogenesis in the formation and
development of the earth’s crust.

Any structure to be erected, including a transport facility, must possess
proper stability and strength. Moreover, it should meet special defor-
mability requirements. A structure being designed must concurrently
satisfy the following conditions: it should be built at lowest possible costs
in terms of money, manpower and time.

In order to successfully deal with all these problems, when designing a
structure, it is necessary to determine and take into account the en-
vironmental conditions under which it will be constructed. These, notably,
should include soils and rocks that will support the structure; their com-
position, state and properties and also the mode of their occurrence,
thickness of individual layers, jointing of the hard rock mass etc.

The mode of occurrence of subsurface water and its regime in the soil
mass being explored are an important component of the problem in hand.
Yet the data on these separate items cannot aid in solving the entire prob-
lem. What proves of exceptional and sometimes crucial significance is the
behaviour of soils and rocks under the effect of the weight of the structure
being built, of the forces applied and the states of stress that appear in the
soil mass.
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In addition, a structure to be built may frequently be under the
deleterious effect of one or more natural geological processes or
phenomena known as geodynamic. These include, first and foremost,
seismic phenomena (earthquakes), landslides and landfalls, collapses in-
duced by the caving of the roofs of subterraneous voids etc.

The negative effect of the above phenomena on the structure in ques-
tion may be avoided or lessened by taking requisite protective measures
(active control). On the other hand it may prove in many cases better to ap-
ply simpler and cheaper methods of tackling the problem. For example, we
can site the centre line of a bridge at other than a hazardous section of the
bank of a river (passive control). Such a solution, however, can be effective
if the phenomena in hand have been studied in advance and their likely in-
fluence on the structure being designed has been established.

Engineering geology, as a science and an applied discipline, studies
general natural phenomena that must be taken into consideration when it is
desired to design, build and operate an engineering structure, and
geological processes and phenomena likely to affect adversely the structure
concerned and interfere with the normal conditions of its operation.

The subject of engineering geology as an applied discipline includes a
variety of problems most diversified in contents and important in essence.
The natural conditions that obtain at a given job can be fully understood
only after all the regularities of the particular geological processes and
features have been determined and investigated.

These regularities can be referred to four principal types.

The first regularity suggests that the engineering and geological condi-
tions of construction and operation of a structure are governed by the
nature of the soils and rocks involved, their properties, mode of occur-
rence, subsurface water regime and also by the pattern and conditions of
the likely effect of geodynamic processes and phénomena.

The second regularity suggests that the character and intensity of the
occurrence of one or another geological process and phenomenon is deter-
mined by the peculiar features of the structure of the earth as a cosmic
body. These primarily are: (1) the presence of a relatively thin hard outer
shell of the terrestrial globe called the crust made up of rocks; (2) the occur-
rence in the inner reaches of the earth of complex processes that are respon-
sible for the thermal and special physico-chemical regime of the earth’s in-
terior and for the processes that take place in the earth’s crust by virtue of
the latter’s comparatively small thickness; (3) the effect of the external proc-
esses and phenomena associated with the activity of the atmosphere and
surface waters on the crust-forming rocks and the earth’s relief.

The third regularity consists in that the engineering geological proper-
ties of soils and rocks are determined by their composition, state and their
structural and textural features.
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The fourth regularity suggests that the composition and state of the
rocks and soils, their structural and textural features and mode of occur-
rence are governed by the nature of the parent materials from which they
originated, by origination conditions (genesis) and environment (facies)
and by the character of the subsequent transformations of the particular
rock or soil due to one or another geological (geodynamic) process and
phenomenon.

As to soil mechanics, it is a science concerned with the conditions that
lead to the disturbance of the strength and stability of structures and with
the behaviour of the soil mass underlying engineering structures under the
effect of forces acting on these. Conclusions from soil mechanics rely on
the data furnished by engineering geological investigations. This discipline
develops the array of mechanical and mathematical data for evaluating the
stability and strength of soils and their deformations generally taking into
account the time factor.

In fact, soil mechanics necessarily operates with ideal soils and rocks
and uses approximate calculation formulae. The actual behaviour and
properties of soils and rocks are much more diversified and complex than
can be described by mathematical relationships. That is why in each par-
ticular job the conclusions from soil mechanics must be corrected by allow-
ing for the actual natural conditions that can be studied by the methods of
engineering geology. Thus the needed intimate connection between the two
disciplines will be achieved.



Part One
Elementary General Geology

Chapter 1
The Earth as a Cosmic Body. Tectonics

Sec. 1.1. General Facts on the Structure of the Globe

The appearance, occurrence conditions and construction properties of
a rock or soil are governed by the character of the original products or
rocks and by the conditions of their formation and subsequent action of
consolidation, weathering, cementation and others. For this reason, the
most reasonable pathway for studying the above aspects of evaluation of
rocks and soils in terms of engineering geology is to gain an insight in the
conditions of their origination and the agents acting on these rocks and
soils that are directly connected with the earth’s life.

The life of the planet Earth is determined by the following principal
factors: (1) the presence of a solidified layer enveloping the globe said to be

- the earth’s crust (lithosphere) composed of hard rocks; (2) the relatively
small thickness and rigidity of the earth’s crust; (3) complex processes are
at work in the earth’s bowels, beneath the crust, that determine the thermal
and physico-chemical regime of the earth’s interior; (4) the action of
various physico-chemical processes related to the atmospheric activities on
the crust-forming rocks and the earth’s relief.

The age of the earth as a planet is now estimated to be 4.5 to 5 billion
years. The earth’s radius is about 6400 km. On the other hand, the
thickness of the crust, according to geophysical findings, in particular,
from the speed of propagation of seismic waves passing through the mass
of the globe, does not exceed 30 to 40 km. In the Soviet Union (Cola
Peninsula) and the USA attempts are being made to directly determine the
crust’s thickness by sinking superdeep boreholes. Thus, by 1980 the depth
of a borehole reached some 10 km.

Such a thin shell, in practical terms, is unable to offer any appreciable
resistance to various deformations that have been acting on the globe. The
crust is being passively deformed in response to the deformations of the
earth itself due to the processes and phenomena that occur in its interior
which are termed endogenic.

At greater depths the pressure in the earth’s interior and hence the
temperature constantly rise to attain as much as 5000 °C. The central part
of the earth forms what is known as a core (inner and outer). The core is
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about 3000 km in diameter. The pressure there presumably attains 3.0 to
3.5 million at (0.3 to 0.35 million MPa).

As is known, the specific density of the globe as a whole, equal to 5.5,
by far exceeds the bulk density of rocks (2.5 to 2.8) that compose the crust.
It is only in the crust’s lower strata that its value increases. Therefore the
density of the globe’s central part is expected to be much greater and
amounts to 12, that is, close to the unit density of iron (Fe) and nickel (Ni).
These figures are substantiated by geophysical evidence as well.

The above circumstance led, at one time, to an assumption that the core
is composed of heavier elements (Ni, Fe, Mg) and, due to the great
pressures and heat there, the material in the inner reaches of the earth is in
a specific overheated elastic state of plastic viscosity. It has been by now
established that the core lets pass longitudinal seismic vibrations (P-waves)
and is impregnable to transverse vibrations (S-waves). This fact permits
belief that the material forming the earth’s core, at least, its outer shell, the
inner core remaining hard, is in a specific overheated liquid state.

The mantle that encloses the core is very great in thickness and
represents an intermediate zone between the core and the crust. According
to the speed of propagation of seismic waves the mantle divides into an up-
per and a lower mantle. The chemical composition of the mantle is sup-
posed to correspond to a well-known rock,. basalt, which is in a less dense
state in the upper mantle where Si, Fe, and Mg prevail that passes in the
lower mantle to a denser state where Fe, Mg, Ni occur. It is there that
catastrophic earthquakes originate.

Sec. 1.2, The Structure of the Earth’s Crust

The zone above the mantle is the crust or lithosphere. The lithosphere,
in turn, divides into the upper granite belt where Si, Al, and Fe (sial)
predominate, and the lower basalt belt. The oceanic crust differs from the
continental in that it is thinner and lacks the upper granite layer.

The external layers of the earth’s crust are composed by sedimentary
rocks (e.g. clays, sandstones, limestones) formed by decomposition and
disintegration, largely, of magmatic rocks 4 to 10 km in thickness. These
rocks are underlain by what are known as mefamorphic rocks (shales,
gneisses, marble etc.) 5 to 10 km thick. These are rocks that originate from
magmatic and sedimentary rocks transformed by the action of high
temperatures and pressures inherent to orogenesis and volcanism. The
mass of metamorphic rocks together with the granite layer provide the
crystalline foundation of the continents.

These are the oldest of known rocks whose age is well over 3 billion
years. Occasionally the rocks of the crystalline foundation may outcrop at
the earth surface. Such areas are called shields. We know the Ukranian



